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Nanotechnology has become a significant enabling technology
for a wide array of industries being integrated across diverse
areas such as medicine, electronics, biomaterials, and energy
production. For example, nano-scaled systems have been
designed and utilized for safe and effective targeted delivery of
therapeutic agents, demonstrating the rapid advancements of
nanotechnology in medical-treatment and diagnosis. At the
same time, there is also mounting concern regarding the poten-
tial impact of nanotechnology on the environment and human
health. As a result, there is a global drive to ensure that the
development of beneficial nanotechnologies is accomplished in
a responsible manner so as to avoid adverse impacts on environ-
mental and human health.

In order to develop safe-by-design nanomaterials for their
various intended applications, large amounts of data are
being generated for better understanding and mapping the
toxicology and pharmacology of nanomaterials. Nanomaterials
data are typically sought regarding their physicochemical
and structural properties, environmentally related properties,

toxicity behavior, processing information, production levels,
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environmental releases, and more. Accordingly advanced
informatics techniques are urgently required for the collection
and curation, management (e.g., achieving and sharing),
analysis and modeling of the large amount of data involved
with nanotechnology processes and materials (i.e., “nano-
data”). In order to address these requirements, nanoinformatics
has emerged over the last decade as “The science and
practice of determining which information is relevant to
the nanoscale science and engineering community, and then
developing and implementing effective mechanisms for
collecting, validating, storing, sharing, analyzing, modeling, and
applying that information.” [1]. At present, nanoinformatics
focuses primarily on: nano-data management and database
development, nano-data curation, assessment of the value of
information in nano-data, literature mining for nano-data collec-
tion and meta-analysis, data mining/machine learning of nano-
data (e.g., development of quantitative structure—activity
relationships (QSARSs)), simulation of the fate and transport of
nanomaterials, nano-bio interactions, and assessment of poten-
tial environmental and health risks associated with nanomate-

rials.
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As an interdisciplinary field consisting mainly of nanotech-
nology and data science, nanoinformatics has significantly
advanced over the last decade, playing an increasingly impor-
tant role in research and development in nanomedicine and
environmental health impact assessment of nanomaterials (often
termed NanoEHS). In addition, efforts in nanoinformatics
research have provided in a multitude of tools and resources
that are being made available through nanoinformatics cyberin-
frastructures and web platforms (e.g., nanoinfo.org [2] in the
US and eNanoMapper [3] in the EU). However, much of the
current research and advances in nanoinformatics are not docu-
mented in dedicated resources and, given the interdisciplinary
nature of nanoinformatics, are dispersed throughout a wide
range of sources and journals. As a consequence, researchers
and practitioners in other fields of nanotechnology have been at
a disadvantage not having easy access to the most recent
resources and tools provided by the nanoinformatics research
community. Accordingly, this Thematic Series is devoted to
bring together the state-of-the-art in nanoinformatics with a par-
ticular focus on the latest related developments/applications for

environmental health and biomedicine.

In this Thematic Series, recent advances in the development of
databases are reported. These databases represent a collection of
valuable data related to the physicochemical properties and
bioactivity of nanomaterials. In one contribution, the latest
version of caNanoLab is described along with a critical discus-
sion of the challenges associated with database development for
nanomaterials, as well as the needs for nano-data curation and
sharing by the biomedical research community [4]. The latest
development of the eNanoMapper database for nanomaterial
safety information is summarized in another contribution [5],
while a third contribution reports on the NanoE-Tox database
that is concerned with the ecotoxicity of nanomaterials [6]. In
addition, important improvements are reported for the
Nanotechnology Consumer Products Inventory that progres-
sively documents the marketing and distribution of nano-

enabled products into the commercial marketplace [7].

The progress in nano-data curation is covered in two contribu-
tions. One describes the Nanomaterial Data Curation Initiative,
a collaborative effort by the nanoinformatics research commu-
nity for nano-data discovery and extraction, quality assessment,
integration, and reuse [8]. Another contribution illustrates key
concepts, and discusses current practices and challenges
in the field of nano-data curation [9]. In order to facilitate
nano-data discovery and extraction, a data collection frame-
work was developed [10] through ISA-TAB-Nano (a set of
standardized specifications for nano-data representation).
Advances in automating nano-data discovery and extraction

is the subject of two other contributions that report on
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using advanced literature/text mining techniques, such as
natural language processing [11] and corpus-based automatic
information extraction [12]. In addition, bibliometric and social
network analysis is introduced and adopted in the field of
nanoinformatics to identify collaboration networks and develop-
mental patterns of nano-enabled drug delivery for brain
cancer [13].

As an imported aspect of nanoinformatics, recent advances in
data mining/machine learning of nano-data are also reported in
this Thematic Series. In one study, the toxicity of ZnO nanopar-
ticles to zebrafish (measured by mortality rate (%)) was corre-
lated to two principal components calculated from nanoparticle
size and surface properties using Kriging estimations [14].
Another contribution reports on the development of models to
predict the cytotoxicity of PAMAM dendrimers using molec-
ular descriptors [15]. Nanomaterials that have potential to cause
disease (e.g., TiO; nanoparticles, carbon black, and carbon
nanotubes) were also identified using biclustering of gene
expression data and gene set enrichment analysis methods [16].
Various visual analytical approaches (e.g., bipartite graphs, log-
ratio analysis, and multidimensional scaling) are demonstrated
in another study for exploring the impact of manufactured
nanoparticles (ZnO and TiO;) on soil bacterial communities
[17], which is an area of nanoinformatics that is only now

receiving increased attention.

The present Thematic Series also presents a simulation tool for
estimating the release and environmental distribution of nano-
materials, which provides critical information for the environ-
mental impact assessment of nanomaterials [18]. Another
contribution addresses the issue of nanomaterial risk assess-
ment and proposes a decision analysis scheme for furthering
nanoinformatics work [19]. This work considers an array of
decision analysis techniques (e.g., multicriteria decision
analysis, value of information, weight of evidence, and
portfolio decision analysis) that are potentially capable of
assessing and classifying the multitude of available nanomate-
rial data. Such an approach can serve as the basis for both
establich a decision making process and future research priori-
ties in the field.

This Thematic Series was made possible by the contribution
of numerous authors to whom we owe our gratitude. We
appreciate the time and effort of the numerous referees that
helped shape this Thematic Series and we are also grateful
for the unwavering support of the team at the Beilstein-
Institut. We particularly acknowledge and commend the
Beilstein Journal of Nanotechnology for its open access
policy, which has provided a wonderful incentive for

researchers and practitioners to contribute to this journal
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Abstract

An integrated simulation tool was developed for assessing the potential release and environmental distribution of nanomaterials
(RedNano) based on a life cycle assessment approach and multimedia compartmental modeling coupled with mechanistic inter-
media transport processes. The RedNano simulation tool and its web-based software implementation enables rapid “what-if?”
scenario analysis, in order to assess the response of an environmental system to various release scenarios of engineered nanomate-
rials (ENMs). It also allows for the investigation of the impact of geographical and meteorological parameters on ENM distribution
in the environment, comparison of the impact of ENM production and potential releases on different regions, and estimation of
source release rates based on monitored ENM concentrations. Moreover, the RedNano simulation tool is suitable for research, acad-
emic, and regulatory purposes. Specifically, it has been used in environmental multimedia impact assessment courses at both the
undergraduate and graduate levels. The RedNano simulation tool can also serve as a decision support tool to rapidly and critically
assess the potential environmental implications of ENMs and thus ensure that nanotechnology is developed in a productive and

environmentally responsible manner.

Introduction
Engineered nanomaterials (ENMs) are reported to be utilized in ~ global ENM production levels will be in excess of 340,000 tons
more than 1,000 commercial products owing to their unique by 2016 [5]. Given the rapid growth of nanotechnology, it is

size-related beneficial properties [1-4]. It is estimated that critical to assess the potential impacts associated with ENMs
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and thus to ensure that nanotechnology is developed in an envi-
ronmentally compatible manner. In this regard, various environ-
mental impact assessment (EIA) frameworks have been
proposed [6], which all require knowledge of the potential envi-
ronmental distribution of ENMs in addition to their potential
toxicological effects. However, reported ENM source release
rates, environmental monitoring data of ENM concentrations, as
well as suitable ENM measurement techniques are presently
scarce. Thus, computational models have been proposed as
support tools to estimate ENM release rates [7,8] and potential

environmental exposure concentrations [9-11].

It has been proposed that analysis of the multimedia environ-
mental distribution and exposure concentrations of contami-
nants can be accomplished via a tiered approach [12]. A
screening level assessment (tier-1 analysis) can be carried out
based on multimedia compartmental models (MCMs) [12] to
identify major exposure pathways and to monitor data gaps. In
such analysis, the environmental entry, movement, and distribu-
tion of contaminants are described by a set of mathematical
expressions. Specifically, MCMs require mechanistic quantifi-
cation of intermedia transport rates (e.g., dry and wet deposi-
tion, sedimentation, dissolution) and rates of contaminant
release to various environmental media. Typically, such a
screening level analysis is expected to provide an order of
magnitude (or better) assessment. Although MCMs have been
developed to estimate non-steady-state (i.e., temporal dynamic)
environmental concentrations of gaseous and dissolved chem-
ical pollutants (e.g., Mend-Tox [13,14], CalTOX [15],
TRIM.FaTE [16]), these are not directly applicable for ENMs.
Unlike gaseous and dissolved chemical pollutants, for which
interphase mass transport rates are governed by chemical poten-
tial (fugacity) driving forces that are constrained by thermody-
namic equilibrium, the intermedia transport of ENMs is
governed by physical transport processes of particulate matter.
Therefore, a description of the environmental fate and transport
of ENMs requires the particle size distribution (PSD) to be
accounted for within the modeling framework, as well as the
PSD dependence of the various transport processes. Higher tier
analyses, which may include the use of detailed single medium
models, can provide higher spatial resolution of the predicted
ENM distribution for the studied region (in contrast to a
regional average of ENM media concentrations). However,
such an approach requires extensive site-specific geographical
information and meteorological data for the target region (i.e.,
cs(lOl ) - 6(102) higher relative to the tier-1 approach [14]), and
thus can be more complex and computationally demanding.

Irrespective of model complexity, an important factor in
assessing the environmental multimedia distribution of ENMs is

their release rates. In order to estimate ENMs release rates, life

Beilstein J. Nanotechnol. 2015, 6, 938-951.

cycle inventory assessment (LCIA) based approaches have been
developed to track the target ENM mass throughout its life
cycle from production, through use, to final disposal and/or
release into the environment. LCIA approaches are based on
ENM production rates and empirical transfer coefficients that
quantify the fraction of mass transferred between compart-
ments (including technical compartments, such as waste
processing facilities, as well as environmental compartments,
such as air, water and soil) [7,8,17-19]. Although there are
uncertainties in the LCIA approaches (primarily due to the
inherent uncertainty in the estimated ENM production rates and
intercompartmental transfer coefficients [7]), such methods are
considered at present as being reasonably suitable for assessing
potential ENM release rates [7,17]. There have also been
attempts to extend LCIA-based methods to estimate the ENM
media concentrations (e.g., via material flow analysis) [17-19]
relying on empirically estimated media transfer coefficients
under laboratory (i.e., not environmental) conditions. In the
above methodology, estimated transport rates may violate
constraints imposed by intermedia transport mechanisms [9]. A
recently proposed approximate treatment for steady-state ENM
multimedia concentrations was provided by SimpleBox4nano
[11], which is yet to be validated against environmentally
measured concentrations of particulate matter. This model
considers a range of intermedia transport processes (including
episodic events such as rain scavenging) as continuous
processes, with constant rate coefficients throughout the simula-
tion period. SimpleBox4nano also does not consider temporal
variability of meteorological conditions or source releases, and
processes such as wind resuspension, aerosolization, foliage
washoff, and uptake by biological organisms are not included. It
is stressed that SimpleBox4nano only considers the average
particle size in each particle class (primary ENM (with size of
10 nm), ENM attached to colloids, and ENM attached to larger
particles), while assuming an arbitrary value of 0.1 for both
aggregation and attachment efficiencies [11]. As a consequence,
the above approach does not account for the temporal dynamics
of multimedia distribution and the strong dependence of ENM
intermedia transport on the complete PSDs [9].

In earlier work, a multimedia environmental distribution of
nanomaterials (MendNano) model was developed [9] based on
a mechanistic description of various intermedia transport and
reaction (including dissolution) processes, which considers the
complete PSD of ENMs and ambient particulates. This study
reported that dry and wet depositions (from air) are important
intermedia transport pathways for ENM removal from the
atmosphere and their input to the aquatic and terrestrial environ-
ments, the latter being particularly significant in the absence of
direct ENM release to those compartments. Also, the dissolu-

tion of sparingly soluble ENMs in the water compartment can
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be the dominant mechanism for removal of particulate ENMs
from water. MendNano was also applied to the modeling of the
environmental distribution of semi-volatile organics. These
organics adsorb onto ambient particles [20,21] and thus their
transport behavior is governed by the particle phase as is the
case with ENMs [9,12]. Simulation results have demonstrated
excellent agreement with environmental monitoring data to
within a factor of 2 or better [9], which is an acceptable level

for compartmental models [22-24].

Compartmental models can be used to provide a first-tier
analysis for estimating the magnitudes of potential ENM expo-
sure concentrations. However, in order to support timely deci-
sion analysis regarding the potential environmental impact of
ENMs, it is imperative to make available integrated tools that
enable rapid analysis. Accordingly, in the present work, an inte-
grated simulation tool for estimating the potential release and
the environmental distribution of nanomaterials (RedNano) was
developed. This tool integrates MendNano [9] with a LCIA-
based model for estimating ENM release rates [7,25]. RedNano
is a simulation tool suitable for estimating the potential environ-
mental ENM release and distribution, for performing multi-
media scenario analysis, and for evaluating the significance of
intermedia transport pathways. RedNano has been deployed as

Beilstein J. Nanotechnol. 2015, 6, 938-951.

a web application and was developed as a modular system. Its
structure and utility are demonstrated in the present study with a

number of illustrative use cases.

Computational Modeling

Overview of RedNano simulation tool

RedNano consists of five main elements (Figure 1): (1) user
interface for scenario design and results visualization,
(2) MendNano, which is a fate and transport model for esti-
mating environmental ENM concentrations, (3) lifecycle envi-
ronmental assessment for release of nanomaterials (LearNano)
model for estimating ENM release rates, (4) a parameter data-
base, and (5) a repository for building a library of scenarios and
simulation cases. The RedNano graphical user interface (GUI)
provides guidance for scenario design and parameter specifica-
tion; the latter may be obtained from an integrated parameter
database, input manually, or calculated by various submodels.
Based on the designed scenario, MendNano computes the
multimedia mass distribution of ENMs given a release rate and/
or initial concentration of the selected ENMs in one or more of
the environmental compartments. Simulation results are then
graphically represented via visualization modules as well as
provided in standard numerical formats. Additionally, scenario
input data as well as intermediary and final simulation results
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Figure 1: Overview of the release and environmental distribution of nanomaterials (RedNano) simulation tool and its components: (1) GUI,
(2) MendNano, (3) LearNano, (4) parameter database, and (5) scenarios database.
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are stored in the scenario database. The RedNano integrated
simulation tool was designed as a client—server web application
using a standard web development environment (i.e., HTML,
PHP, JavaScript, MySQL).

MendNano

The theoretical basis describing the dynamic distribution of
ENMs in the multimedia environment is provided in detail else-
where [9]. Briefly, MendNano treats the multimedia environ-
ment as a set of well-mixed compartments (e.g., air, water, soil,
sediment, biotas) linked via intermedia transport processes
(ITP) meaning among compartments (e.g., dry/wet deposition,
resuspension, sedimentation, dissolution) as listed in Figure 2.
The resulting unsteady state, mass balance, ordinary differen-
tial equations (Supporting Information File 1, Equation S1) are
then solved to obtain the mass of the ENMs in the various envi-
ronmental compartments, and thus the temporal evolution of
their mass distribution, concentration, and intermedia transport
rate. Intermedia transport rates are specified by mechanistic
transport processes, and are governed by geographical and
meteorological parameters, as well as material properties. The
compartmental modeling approach, which is generally suitable
for regional assessments [26-28] of a minimum area of 1 km?
[12], lends itself to screening level analysis. Spatial resolution,
however, may be increased by using nested or subcompart-
ments, as well as via hybrid approaches that integrate spatial
and well-mixed compartments [14]. In addition, the simulation
time should be greater than the longest convective residence
time in the model compartments (e.g., hours to days for air and
water, respectively [12]). MendNano accounts for the complete

_______________________ Inflow _
Dry Deposition
Wet Deposition

Dry Deposition

Wet Deposition
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Runoff

ssion

Emission

|/

Atmosphere

Dry Deposition

)
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PSD of both ENMs and ambient particulates by discretizing the
PSD into bins, and the association of ENMs with ambient
particulates is described by an attachment factor [9]. The PSD
of ambient particulates is typically taken to be self-preserving
[29-33], but may be altered when there is significant removal
(e.g., during precipitation events). The PSD of ENMs may also
be altered in a given compartment as the result of intermedia
transport processes such as dry and wet deposition from the
atmosphere, gravitational settling in aqueous systems, as well as

dissolution and reaction processes in air and water (Figure 2).

MendNano includes modules for: (a) mechanistic submodels for
rates of intermedia transport processes [9,12], (b) dynamic com-
partmental mass balance equations consisting of a set of
50-204 (depending on the user-specified scenario) ordinary
differential equations (ODEs), (c) event tracking (for episodic
events, e.g., precipitation, wind resuspension), and (d) an
ODE solver. The modular construction of MendNano allows
for adding/upgrading compartments and transport submodels
as new information becomes available (e.g., biological
compartments and associated uptake mechanisms). The com-
partmental mass balance ODEs (Supporting Information File 1,
Equation S1) are solved via the Adams—Bashforth—-Moulton
predictor—corrector method [34], with time steps dynamically
selected to achieve the numerical solution error (in terms of
compartmental ENM mass) set with 0.1% relative error toler-
ance (defined as percent change in two consecutive solutions).
At each time step, the rates of advective (i.e., via air and water
flow) and intermedia transport, reactions, and source release are
computed based on the temporally varying parameters

Qutflow

Aerosolization

Wet Deposition

-

Uptake  Elimination

Water === -
) Sedimentation
Emjssion Resuspehsion (Sed.)
Reaction
————————— »

Sediment

Emission Burial

Figure 2: Transport processes in MendNano. Green dashed lines represent intermedia transport processes, blue dash-dot lines represent reactions
(including dissolution) within the compartments that eliminate the ENM from particle phase, orange dotted lines represent advection (i.e., transport of
ENMs via the flow of air and water) into and out of the given compartment, and gray solid lines represent emissions (i.e., ENM release events into the

compartments).
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(e.g., wind speed, temperature, biological organism mass, ENM

release rates).

LearNano

Estimation of the ENM release rates can be accomplished by
the LCIA modeling approach as described in detail elsewhere
[7,17]. Briefly, in LCIA-based models, reported ENM mass
production rates [5] are allocated to the various ENM applica-
tions (e.g., paints, cosmetics, electronics, catalysts), waste
processing facilities (i.e., technical compartments), and eventu-
ally environmental compartments (Figure 3) [7,17]. Transfer
coefficients, which are dependent on the ENM type, ENM
application, and region under consideration [7,17], then serve
to quantify the fraction of ENMs entering the “source”
compartments that are subsequently transferred to the “target”
compartment (Figure 3). Accordingly, a series of algebraic
mass balance equations that describe ENM mass release rates
related to the various environmental compartments [7,17] are
incorporated in LearNano (Supporting Information File 1,
Equations S2-S4).

Implementation of the LearNano model includes user guidance
and visualization tools for data input and simulation results, a
model solver, and a parameter database. The analysis scenario
(i.e., a given combination of ENM, region, and application(s)) is
constructed within the GUI, which also captures ENM produc-
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tion rates and the various transfer coefficients between
adjoining compartments (both technical and environmental).
ENM production rates and transfer coefficients can be obtained
from a parameter database by specifying the ENM(s), applica-
tion(s), and region(s) of interest (see section, Databases).
The mass balance equations (Supporting Information File 1,
Equations S1-S4) are then solved to determine the average
ENM release rates to the environmental compartments (i.e., air,
water, and soil). Mass “flows” of ENMs among the various
compartments can be visualized using a dynamic and interac-
tive Sankey diagram (Figure 4). Also, the global distribution of
ENM release (to various environmental compartments) in
different countries can be represented on a world map
(Figure 5). It is noted that, while the present version of Lear-
Nano computes ENM release rates on a country level, esti-
mates of regional ENM release rates may be obtained by scaling
country level release rates on the basis of population, area, or
economic indicators [7,17].

Graphical user interface (GUI)

The web-based GUI for RedNano enables building multimedia
scenarios, initiating model execution, as well as visualization of
simulation results. A multimedia scenario refers to the specifi-
cation of a model environment (i.e., geographical region and
its meteorology), the target ENM, and its release rate. A

multimedia scenario is built by specifying or selecting the

Environment

' Air

- } ‘ Soil
. ' : : | S —
E Septic E } WIP ;
; System g | |
z i) | |
Cowwrp . Landfil |

Figure 3: Lifecycle tracking of ENMs. The various lines represent the paths for which transfer coefficients quantify the portion of ENMs transferred
from the source to the target compartments. Blue dash-dot lines represent direct release to environmental compartments from production and use,
green dotted lines represent ENM transfer from production and use to waste processing facilities, orange solid lines represent indirect release to envi-
ronmental compartments from waste processing facilities, and gray dashed lines represent import/export and ENM transfer from production to phase.
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Figure 4: Sankey diagram depicting the flows of different ENMs from production and use, through technical compartments, to disposal and release to
the environment. The vertical size of the bars and thickness of the links represent the magnitude of the ENM mass transfer rate.

Figure 5: Example of the global distribution of the release rates of TiO, into water.

required parameters from modules that include: (a) geography,
(b) meteorology, (c) material properties, and (d) source release
(Figure 6).

Scenario design is initiated by selecting the environmental
compartments (e.g., air, water, soil, sediment, vegetation
canopy, biota) and ITPs (e.g., dry/wet deposition, resuspension,

sedimentation, dissolution) of interest for the desired simula-
tion period (typically =1 year) and the target ENM and its prop-
erties (Figure 6). Subsequently, submodels are selected for the
specified ITPs (Figure 2) and the regional geographical and
meteorological parameters are specified for the selected region
(Figure 6). The values for these parameters may be obtained
from the system’s parameter database, or can be provided by
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Figure 6: Workflow for assessing the environmental distribution of ENMs. ITP: intermedia transport processes, PSD: particle size distribution.

the user. ENM release rates to the various compartments are
also required and these can be obtained from LearNano by
selecting the target ENM, region, and applications of interest, or
specified directly by the user (Figure 6). The temporal profile of
the ENM release rate kinetics can be specified as constant
or periodic sinusoidal (e.g., to mimic seasonal and diurnal
variability).

The specification of the required parameter values is accom-
plished in a series of web pages (or views; Figure 7) within the
GUI corresponding to the modules shown in (Figure 6). The
parameter input is validated, prior to model execution, to ensure
that the specified values are within a reasonable range and/or
constraints (e.g., minimum regional area, maximum rainfall
intensity). Additional simulation scenario validation is also
conducted to ensure that scenarios are not ill-defined (e.g.,

Mend

=@ Helcome,
=0 v laven " ~

# Home Soil

@ Scenario Design v
Init. conc. of ENM in soil: o
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Geographical | CRISR SR

. Roughness Height:

Meteorological i 8

. Average Soil Particle Size: 400
Intermedia

Transport Soil Bulk Density:

)

Release Regional Soil Type: ~ sandy Loam/Clay Loam

% Execute Model Erodibility for Soil Type: Water

Scenario Managerv | part Mode Dia. for Soil Type:
© Feedback
Crop Type:

& Back to nanoinfo

Figure 7: Examples of MendNano web-based graphical user interface
for scenario building showing inputs of soil parameters.

simulation with neither source release nor initial compartmen-
tal concentration). Upon simulation scenario design completion,
model execution is initiated (a unique Simulation ID is assigned
for compilation of a scenario library). The results can then be
visualized via a series of graphical representations. The
dynamic multimedia ENM distributions can be represented as:
(a) ENM temporal concentration (or mass) profiles in various
compartments (Figure 8), (b) intermedia mass transport rates or
fluxes, (¢) ENM mass distribution (percent) among the various
compartments, (d) ENM apportionment throughout the ambient
particle size distribution (Figure 8), and (e) the magnitude of
intermedia transport rates, as a fraction of the ENM release
rates, that allows assessment of the relative significance of
various intermedia transport processes (Supporting Information
File 1, Figure S5). For example, in the illustration of Figure 8,
ENM concentrations in air and water (left upper plot) rapidly
reach pseudo-steady state, except during episodic rain events, in
which a sharp decrease in ENM concentration in air is
observed, followed by a rapid increase after the rain event. In
contrast, ENM concentrations in soil and sediment continue to
increase, since ENM removal rates from soil and sediment are
significantly lower than the rate of ENM entering the soil and
sediment. Given these considerations and that the ENM release
rate to water was greater relative to air (Supporting Information
File 1, Figure S5, Table S5), the majority of ENM mass accu-
mulated in the sediment (right upper subplot). The ENM mass
distribution in air among the particle size fractions of ambient
aerosol is shown to follow the expected tri-modal distribution
(lower subplot). It is noted that such information can be utilized
to convert MendNano reported ENM mass concentrations to
surface area concentration [35,36] given the knowledge of the

primary particle size.
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Figure 8: Examples of graphical representations of MendNano simulation results depicting concentration profiles and mass distributions of TiO5 in the
Los Angeles region among the various compartments and among the ambient particles in air. Release of TiO5 in the above example is in air
(5,000 kg yr~1) and water (19,381 kg yr™').

Table 1: Parameters database.

Category

Subcategory

Property?

Material properties
Geographical parameters

Meteorological parameters

LearNano parameters

Physical description

Dry deposition to vegetation

Dry deposition to soil
Wind resuspension of soil

PSD (ENM and aerosol)
Interfacial Area (air—water, air—soil)
Mixing height

Water depth

Water flow rate

Average suspend solids diameter
Sediment depth

Soil depth

Roughness factor

Characteristic field length

Crop vegetation factor
Roughness height

Soil erodibility

Monthly Temperature (air, water)

Wind speed (monthly, annual average,
max)

Rainfall rate (monthly)

ENM Global production rate

Transfer coefficients (ENM specific)
Transfer coefficients (application specific)
Transfer coefficients (region specific)

a8Additional parameters, including those calculated internally by the model, are provided in Supporting Information File 1, Table S1.
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Databases

The parameter database contains material properties, geograph-
ical, and meteorological parameter values (Table 1), which are
compiled from various literature and database sources [31,37-
39]. The parameter database also includes a library of ENM
production rates and transfer coefficients corresponding to
specific ENMs and applications, for different geographic
regions (Table 1), compiled from various published studies
[17], public databases [40], and market research [5], and esti-
mated based on economic indicators [41]).

Use cases for assessing multimedia distribu-
tion of ENMs

The integrated RedNano simulation tool is suitable for a variety
of assessments regarding the environmental distribution of
ENMs and their fate and transport behavior. These assessments
can be classified into use cases that include, but are not limited
to, the following:

1. Environmental ENM concentrations and mass distribu-
tion based on a specified multimedia scenario;

2. Dynamic response of the environmental system to
temporally varying ENM release rates;

3. Impact of specific intermedia transport processes on the
temporal dynamics of ENM distribution in the environ-
ment;

4. Comparison of estimated environmental ENM concen-
trations in various regions;

5. Contribution by ENM applications (or use) to the overall
ENM releases and exposure concentrations in the various
environmental compartments;

6. Estimation of source release rates, based on matching of
model estimates and reported environmental concentra-

tions.

Results and Discussion

In order to demonstrate the above use cases, illustrative simula-
tions were conducted to estimate the environmental distribu-
tions of TiO,, CeO,, SiO,, and CNT in selected regions. The
multimedia distribution of ENMs (use case #1) and the dynamic
response of an environmental system to temporal variations of
ENM release rate (use case #2) are illustrated for TiO; in Los
Angeles. Due to a lack of transfer coefficients specific to Los
Angeles, TiO, release rates for Los Angeles were estimated by
scaling from US release rates on the basis of a population ratio.
TiO; release rates to air and water were taken to follow a sinu-
soidal release function with a cycle period of 100 days, where
the release rates fluctuated between 0 to 27.4 and 0 to
106.2 kg day™!, for release into air and water, respectively, and
were terminated thereafter. The results, as shown in Figure 9,

indicate that TiO, concentrations in air and water fluctuate
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between 3.3-4.4 ng m 3 and 195-267 ng L™}, respectively,
representing an =15% deviation (in both media) above and
below the time-averaged concentration in the respective
compartments. Following cessation of source release into air
and water (at ¢t = 100 days), the TiO, concentration in both
compartments decreased rapidly (Figure 9) to 90% of the levels
just prior to the termination of the release in =1 day and
~4 days, respectively. The TiO, concentrations continued to
decrease until a pseudo-steady state was reached in air and
water, within ~4 and =38 days, respectively. Although ENM
release into air and water ceased after 100 days, the ENM
concentrations in these compartments did not vanish since
ENMs in the soil (accumulated during the first 100 days)
continued to be transported to air via soil-wind resuspension,

and subsequently deposited to water via dry and wet deposition.
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Figure 9: Effect of release scenario on temporal dynamics of TiO»
media concentrations in Los Angeles. TiO; release rates to air and
water were obtained from LearNano (Supporting Information File 1,
Table S5). The ENM release rates (into air and water) followed a sinu-
soidal function for the first 100 days (cycle period of 100 days, ampli-
tude of 13.7 and 53.1 kg/day, for releases to air and water, respective-
ly), after which the source releases are terminated. Regional
geographical parameters are reported in Supporting Information File 1,
Table S4.

The impact of specific intermedia transport processes on the
temporal dynamics of the ENM distribution in the environment
(use case #3) is highlighted via a series of simulations for TiO,
in Los Angeles focusing on intermedia transport via dry deposi-
tion, rain scavenging, and wind dilution (Supporting Informa-
tion File 1, Figure S1). In these scenarios, the initial TiO,
concentration in air is taken to be the steady state TiO, concen-
tration reached after 1 year with all other compartments being
initially free of TiO,.

Dry deposition is a process in which particles (including ENMs)
are collected onto terrestrial (e.g., soil, vegetative canopy) and
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aquatic surfaces due to Brownian diffusion, impaction,
and interception [42]. The intermedia transport rate due to
dry deposition is a function of wind speed (among other para-
meters, e.g., surface roughness), which is typically reported to
be 3.3+ 0.95ms™! (1 standard deviation for 1996-2006) [43],
with a maximum of ~10 m s! in the Los Angeles region (LAX
station). An increase in wind speed would lead to an increase in
the rates of collection by impaction and interception [42], and
thus an increase in the overall rate of dry deposition. The pre-
dicted temporal ENM concentration profiles in air and soil
(Figure 10) reveal that the time to remove 90% of TiO; by dry
deposition alone is =100-230 days for wind speed in the range
of 2.7-10 m s™!. Additionally, at the end of a 1 year simulation,
0.1-3.4% of the initial ENM mass in air remains in the air

compartment for this wind speed range.
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Figure 10: Effect of dry deposition on the reduction of TiO, concentra-
tions in air and soil (postcessation of all ENM releases) in Los Angeles
as a function of wind speed (range of 2.7-10 m s~'). Regional
geographical parameters are reported in Supporting Information File 1,
Table S4.

Rain scavenging of particulate matter (including ENMs) by
raindrops results in the removal of particulate matter from the
atmosphere and its subsequent deposition onto terrestrial
and aquatic surfaces. The ENM removal rate by rain scav-
enging is governed by rainfall intensity (typically in the range
of 1-10 mm h™! for light to moderate rain [44], and can exceed
50 mm h™! for intense storms [45]). Rain scavenging can typi-
cally remove atmospheric particles at a faster rate relative to dry
deposition. As illustrated in Figure 11, even with a mild rainfall
intensity of 1-5 mm h™!, 90% of TiO, can be removed in hours
(i.e., =2—6 h, corresponding to a rainfall intensity of
5-1 mm h™!), compared to many days for removal by dry depo-
sition (Figure 10). Since rain scavenging is an episodic process
(in contrast to the continuous dry deposition), the annually aver-
aged ENM removal rate by rain scavenging is expected to be

lower than the instantaneous removal rate during rainfall events
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as shown in Figure 11. Nonetheless, the averaged transport rate
by rain scavenging can exceed that by dry deposition. For
example, in Los Angeles, the estimated annually averaged TiO,
removal by rain scavenging is a factor of =10 greater than by
dry deposition (Supporting Information File 1, Figure S5), indi-
cating that rain scavenging has a more significant impact on the
environmental ENM distribution relative to dry deposition.
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Figure 11: Effect of rain scavenging on TiO, concentration in air,
water, and soil in Los Angeles as a function of rainfall intensity

(1-5 mm h="). All ENM release rates are terminated at the start of a
long rain event, which was taken to last for 12 h. Regional geograph-
ical parameters are reported in Supporting Information File 1,

Table S4.

A comparative analysis of the potential environmental ENM
concentrations in various countries (use case #4) is given using
the example of CeO, ENMs, whereby release rates were esti-
mated via LearNano for 12 selected countries. These countries
were selected to represent the high ENM producing (and high
emission) regions. The estimated CeO, release rates (high esti-
mate) for the 12 countries span over the range of 7.2-486 T yr™!
for Chile and China (Figure 12). The high estimates for
the release rates for the 12 countries are, on average, a factor of
~12 greater than the low estimates, with the highest difference
being by a factor of 86 (e.g., for release to water in
Switzerland). The release rates into air, water, and soil repre-
sent, on average for the different countries, 10% (3—40%), 38%
(33-46%), and 52% (24—60%) of the total release rates, respect-
ively (Supporting Information File 1, Figure S2). The above
analysis suggests that while some differences exist in apportion-
ment of total release to various compartments between coun-
tries, the majority of ENM release events are into water, fol-
lowed by soil and air. It should be noted that among the total
ENM release to soil, only the direct release portion (=79%,
which excludes release from WWTP biosolids) may be consid-
ered to be distributed over the entire soil area in the region. The
distinction between direct release to soil and that from WWTP

biosolids is important. Although biosolids are applied to some
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agricultural lands in the USA, the USEPA estimates that <1%
of agricultural lands receive biosolids [46], which suggests that
the application of biosolids to soil does not represent a wide
spread release in the USA. Similarly, it has been reported that in
Switzerland, biosolids are not applied to soil, and are instead
processed in waste incineration plants [17].
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Figure 12: Estimated CeO,, release rates for 12 selected countries.

The compartmental concentrations of CeO, for the 12 countries
were estimated via MendNano using the release rate estimates
shown in Figure 12, and country specific geographical and
meteorological conditions (Supporting Information File 1, Ta-
ble S3). The simulations were carried out assuming that only
direct release to soil is regionally distributed. The predicted
CeO; concentrations using the high release rates estimates are
in the range of 0.0003-0.097 ng m~3, 0.0058-2.7 ng L1,
0.0095-0.74 pg kg™ !, and 0.0054-0.25 mg kg ™! for air, water,
soil, and sediment, respectively (Figure 13). Relative to these
predictions, the CeO, concentrations predicted using the low
release rates estimates are a factor of 5-1243 lower (Supporting
Information File 1, Figure S3). Clearly, there is a large uncer-
tainty in the estimated media concentrations due to uncertain-
ties in ENM release estimates. Nonetheless, it is noted that the
above predicted CeO, concentration range is significantly
below concentrations typically used in experimental toxicity
studies [47].

It is interesting to note that while the USA ranks second highest
in terms of release rates (for all compartments), it ranks 7th (out
of 12) in terms of CeO, concentration in air and soil, and 11th
based on concentration in water and sediment. In contrast, while
the UK and Switzerland rank 9th and 11th with respect to total
release rates, respectively, they rank first (i.e., highest) in terms

of the compartmental concentrations in air and water, respect-
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Figure 13: Predicted compartmental concentrations for CeO; in

12 selected countries at the end of a 1 year simulation for the ENM
release rates reported in Figure 12. Regional geographical and meteo-
rological parameters are reported in Supporting Information File 1,
Table S4.

ively. Additionally, the environmental concentrations in the
European countries are all significantly higher than that in the
US (by a factor of 1.4-15), despite having total release rates
that are lower than the USA (by a factor of 3.5-20). The
apparent resulting discrepancy between release and environ-
mental concentrations is attributed to differences in geography
and meteorology. For example, Supporting Information File 1,
Figure S4 shows that the release rate into air per unit area
(combined soil and water) in Switzerland is a factor of 17
greater than in the US; similarly, release rates into water per
unit area in the UK are a factor of 46 greater than in the US.

The contribution of ENM release rates by various ENM appli-
cations (or use) to the overall ENM release and exposure
concentrations in the various environmental compartments (use
case #5) is shown in the example of Figure 14 and Supporting
Information File 1, Figure S6. For Los Angeles, the simulations
were carried out for TiO; and SiO,, which were selected since
these are produced in the largest quantity [7], and CNT was
included due to its diverse applications [7]. The TiO, release
rates attributed to coating, paint, and pigment applications are
the primary contributors of the release of this ENM into air
(=45%) and soil (=77%). In water, TiO, release is associated
with cosmetic applications, which represent the largest fraction
at ~53%, while those associated with coatings, paints, pigments
represent ~44%, with remainder due to energy applications
(e.g., photovoltaics, energy storage [7]), environmental (e.g.,
remediation [7]), and plastic applications. These results are
consistent with reported TiO, use in coatings, paints, and pig-
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Figure 14: Apportionment of environmental release rates of selected
ENMs to specific compartments in the Los Angeles region to different
ENM applications.

ments and associated release into the environment due to weath-
ering [48] and TiO; used in cosmetics is primarily released
during washing into waste water [49]. The release of SiO; into
air (Figure 14) associated with energy and environmental appli-
cations is the largest fraction (=21%), while other applications
(i.e., automotive, catalysis, coatings/paints/pigments, elec-
tronics/optics, and sensors) contribute less, but still a signifi-
cant amount (9.5-19.6%). In contrast, the release of SiO; into
soil is dominated by energy and environmental applications,
and the group of coating, as well as paint and pigment applica-
tions (46% and 40%, respectively), while other applications
collectively contribute less than 14% of the total SiO, release to
soil. The most significant contribution to SiO; released into
water is also associated with coating, paint, and pigment appli-
cations (=41%). Finally, the largest contributions to the release
of CNTs into air, water and soil are associated with composites
(=28%), coatings, paints and pigments (=<43%), and energy and
environmental applications (=40%), respectively.

The contributions of the various ENM applications to compart-
mental concentrations (Supporting Information File 1, Figure
S6) are, as expected, typically qualitatively similar to their
contributions to the ENM release rates shown in Figure 14.
However, noticeable differences can be observed in some cases
due to intermedia transport of these ENMs from soil to air. For
example, an ENM associated with a given ENM application can
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be transported to the air compartment via soil-wind resuspen-
sion in larger portion relative to other applications. Thus,
increased ENM concentration in air may occur for that applica-
tion. Such a behavior can be expected when an ENM applica-
tion contributes to the ENM release to soil in larger proportion
relative to its contribution to ENM release to air. The above
behavior is demonstrated in Supporting Information File 1,
Figure S6 for TiO,, for which the release associated with coat-
ings, paints and pigments contributes ~45% to the total TiO,
release to air while contributing =77% of total TiO, release to
soil (Figure 14). As a result, ~54% of the TiO, mass concentra-
tion in air is attributed to releases associated with coatings,
paints, and pigments. In contrast, when 36% of the total TiO;
release to air is associated with cosmetics applications, and only
1.8% of total TiO, release to soil is associated with cosmetics,
less than 28% of the TiO, mass concentration in air is related to
this category of ENM application. Therefore, since wind resus-
pension from soil may be a significant transport pathway of
ENMs into the air compartment, the apportionment of the total
ENM release to soil associated with the various applications
may have a notable impact on the contribution of ENM applica-

tion to its concentrations in air.

The estimation of ENM release rates, based on reported envi-
ronmental ENM concentrations (use case #6), can be accom-
plished as described in the example of simulations of CeO,
environmental distribution in Newcastle (UK). In this example,
the release rate of CeO, ENMs from fuel additives in Newcastle
was estimated based on matching reported atmospheric concen-
trations before and after the introduction of the fuel additive
with MendNano simulation results. Monitoring the results
showed that following the introduction of Envirox (a CeO,
ENM-based diesel fuel combustion catalyst) to a bus fleet in the
Newcastle area, the ambient CeO, concentration increased by a
factor of ~4.2 (0.574 ng m ™3, from 0.145 to 0.612 ng m ™) [50].
MendNano simulations carried out considering the geograph-
ical and meteorological scenario setup for the Newcastle region
revealed that a CeO, release rate of 43.96 kg yr~! would result
in the reported increased CeO, concentration. The MendNano
estimate of the CeO; release rate is consistent with the release
rates estimated based on: (a) vehicle miles travelled (VMT) and
(b) the diesel fuel consumption rate in the region of Northum-
berland, which is in proximity to Newcastle and of similar
population (Supporting Information File 1, Estimation of CeO,
Release Rates in Newcastle UK by VMT and Diesel Fuel
Consumption). The estimated CeO, release rates for the above
two cases are 21.48 and 44.82 kg yr!, respectively.

Applications and Merits
In summary, an integrated release and environmental distribu-
tion of nanomaterial (RedNano) simulation tool was developed
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and implemented as a web-based application to enable rapid
“what-if?” scenario analysis. The RedNano simulation tool is
suitable for both research as well as educational purposes, and
can be utilized in both undergraduate and graduate level courses
for multimedia environmental assessment. It is envisioned that
the present multimedia analysis platform can assist regulators,
industry, and researchers to rapidly assess the potential environ-
mental implications of ENMs that may be released into the

environment.

Supporting Information

Supporting Information File 1

Additional equations and results regarding the model
equations, intermedia transport factors, use cases, and
parameters used for simulations carried out in the study.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-97-S1.pdf]
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Literature in the field of nanotechnology is exponentially increasing with more and more engineered nanomaterials being created,

characterized, and tested for performance and safety. With the deluge of published data, there is a need for natural language

processing approaches to semi-automate the cataloguing of engineered nanomaterials and their associated physico-chemical prop-

erties, performance, exposure scenarios, and biological effects. In this paper, we review the different informatics methods that have

been applied to patent mining, nanomaterial/device characterization, nanomedicine, and environmental risk assessment. Nine

natural language processing (NLP)-based tools were identified: NanoPort, NanoMapper, TechPerceptor, a Text Mining Framework,

a Nanodevice Analyzer, a Clinical Trial Document Classifier, Nanotoxicity Searcher, NanoSifter, and NEIMiner. We conclude with

recommendations for sharing NLP-related tools through online repositories to broaden participation in nanoinformatics.

Introduction

Nanotechnology may still be considered a relatively new field.
However, its impact is already realized with engineered nano-
materials (ENMs) incorporated in over 1800 consumer prod-
ucts, included in over 100 clinical trials, and contained in 40
FDA approved nanomedicines [1-3]. At the onset of the U.S.
National Nanotechnology Initiative, researchers spearheaded
efforts to “get it right the first time” by studying the potential
human health and environmental impacts of ENMs in parallel

with ENMs discovery and development. However, the creation

and establishment of data repositories as well as algorithms to
automatically analyze the collected resources has lagged
behind. As a consequence, unlike bioinformatic areas such as
genomics or systems biology, nanoinformatics is still in its

infancy.
Nanoinformatics is defined as “the science and practice of

determining which information is relevant to the nanoscale

science and engineering community, and then developing and
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implementing effective mechanisms for collecting, validating,
storing, sharing, analyzing, modeling, and applying that infor-
mation” [4]. Applications of nanoinformatics include data inte-
gration and exchange (e.g., caNanoLab, GoodNanoGuide),
nanoparticle characterization (e.g., caNanoLab, Nanomaterial
Registry), domain ontologies (e.g., NanoParticle Ontology),
terminologies and standards (e.g., ISA-TAB-Nano), data and
text mining (e.g., NEIminer, TechPerceptor), and modeling/
simulation (e.g., HDAT). Extracting information usually comes
from two different sources: (1) literature to which natural lan-
guage processing methods are applied, and (2) experimental
data to which data modeling methods, such as those used in
HDAT and NanoMiner, are applied [5,6]. Despite being a
largely overlooked area of informatics, several reviews have
been published that list the different databases and tools
currently available [7-11]. In this review, we focus on the tools
that utilize natural language processing.

Natural language processing (NLP) involves the use of comput-
ers to perform practical tasks involving written language, such
as extracting and analyzing information from unstructured text.
What separates NLP applications from other data processing
systems is their use of knowledge about human language [12].
Many of the NLP applications utilize literature retrieved from
databases. Information retrieval, document classification, and
pattern matching methods are often utilized to ensure that the
documents being analyzed by the NLP systems contain rele-

vant engineered nanomaterials information [13,14].

In the nanoinformatics literature discussed in this review, there
are several NLP methods and systems that were proposed to
extract, classify, and understand ENM-related information
within unstructured text. One of the most commonly explored
NLP applications by nanoinformatics researchers was Entity
Extraction, which is the task of identifying mentions of a
specific entity within unstructured text. The entities explored by
nanoinformatics researchers varied between very specific enti-
ties such as the particle diameter of a poly(amidoamine)
dendrimer [15] to very broad such as any toxicological hazard
of nanoparticles [16]. Within the literature, there was also a
discussion of the prospective NLP tools and algorithms that
may be useful to provide information about a set of nanotech-
nology related documents. For example, the development of a
topic identification and summarization component was
proposed for incorporation into the NanoPort system to provide
researchers with an automatically generated abstract or listing
of relevant information based on a document [13].

Terminologies and taxonomies are equally important when
building many of the NLP-based algorithms. Information Re-
trieval and Entity Extraction can be guided by relevant ontolo-

Beilstein J. Nanotechnol. 2015, 6, 1439-1449.

gies. Thomas et al. developed the first NanoParticle Ontology
(NPO) based on the Open Biomedical Ontologies (OBO)
Foundry principles, which were set up to promote the standard-
ization of ontologies and common controlled vocabularies for
data integration [17,18]. Recently, the eNanoMapper project has
developed an ontology that merges and extends existing ontolo-
gies, including the NPO [19]. Ontologies in other languages,
such as Japanese and Russian, have also been developed
[20,21]. In the following section, we describe our method for
identifying the nanoinformatics literature discussed in this
paper, and then review the different informatics methods
that have been applied such as patent mining, nanomaterial/
device characterization, nanomedicine, and environmental risk
assessment.

Methods

This review was limited to the English language literature
included in two databases, PubMED and Web of Science
[22,23]. The searches were conducted on February 12, 2015.
For the search term (nano* AND “natural language pro-
cessing”), Web of Science retrieved 5 records (2 excluded) and
PubMED retrieved 2 records (2 excluded). For the search term
(nanoinformatic*) Web of Science retrieved 38 records
(34 excluded) and PubMED retrieved 24 records (22 excluded).
For the search term (nano* AND “text mining”), Web of
Science retrieved 38 records (34 excluded) and PubMED
retrieved 2 records (2 excluded).

The following exclusion criteria were applied to the retrieved
records:

* Bioinformatics papers not specifically focused on
nanotechnology were not included.

* Bibliometric approaches were not included.

» Non-text based approaches (such as QSAR or image
analysis) were not included.

* NLP approach(es) not described in full detail were not
included.

After excluding duplicates, an initial set of 7 papers was
retrieved using the described Boolean searches. We then
expanded our search to include the literature cited within these
7 papers as well as the literature citing these 7 papers as identi-
fied in PubMED and Web of Science. A final set of 14 papers
were included for detailed review, and the results are presented
in the following section.

Review

Patent mining
Three groups across the globe (USA, Japan, China) have devel-
oped independent, NLP-based patent text mining systems. NLP
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is not the only approach to text mining and we refer the reader
to a recent review by Abbas et al. on the state of the art in patent

analysis [24].

NanoPort

NanoPort is a web portal that (1) automatically identifies nano-
related documents (website articles, patent documents, and
academic articles), and (2) supports the searching and analysis
of the documents [13]. The portal contains a content analysis
module that utilizes NLP technology in order to help the
researcher to understand and analyze the documents returned by
the search engine of the portal. The authors proposed to include
(1) a document summarizer, (2) a document clusterer, (3) a

topic mapper, and (4) a patent analyzer.

The proposed document summarizer automatically develops an
abstract containing the important points of the document for the
researcher. The authors propose using their previously devel-
oped Arizona Txttractor system, which was initially developed
for web pages. The document clusterer groups the documents
returned by the portal based on common topics identified within
the document using the author’s Arizona Noun Phraser (ANP).
ANP identifies noun phrases in text and then ranks them based
on their frequency. The highly frequent noun phrases are used
as topics by the clusterer as well as to support visualization of
the search results in the topic mapper. The proposed Patent
analyzer supports the basic analysis, content map analysis and
citation network analysis. The basic analysis contains tradi-
tional patent analysis information such as number of patents
based on country, institution or technology field. The content
map allows for the concepts from multiple patents to be viewed
and analyzed over time. The patent citation network allows
for the visualization of links between entities such as
countries, institutions and technology fields providing a wider
scope of the field for the researcher. NanoPort was hosted at
http://www.nanoport.org but unfortunately is no longer avail-

able online.

NanoMapper

NanoMapper expands on the proposed patent analyzer within
the NanoPort system [25]. The NanoMapper prototype provides
search capability, visualization and analytical tools to analyze
nanotechnology patents from the United States Patent and
Trademark Office (USPTO), European Patent Office (EPO),
Japan Patent Office (JPO), and grants from the U.S. National
Science Foundation (NSF). It includes basic statistics, citation
network analysis and content map analysis as described in the
proposed NanoPort patent analyzer as well as publication trend
analysis to compare trends of patents and grants. Similarly to
NanoPort, the NSF-funded NanoMapper was hosted at http://

nanomapper.eller.arizona.edu but is no longer available online.
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TechPerceptor

TechPerceptor is a text mining tool to conduct patent analysis
and generate a patent map based on a subject—action—object
(SAO) approach [26-28]. Their training corpus consisted of
136 patents and was initially analyzed for trends in carbon
nanotube synthesis methods [26,27]. More recently, the
research group expanded the scope to include applications of
carbon nanotubes such as incorporation in photovoltaic cells
and prostate cancer therapeutics [28]. The patents, which
spanned the years 1992 to 2009, were collected from E.U.,
Japan, Korea and U.S. patent databases with patents in Japanese
and Korean translated using K2E-PAT or Google Translate.
The group followed a four step procedure for both their SAO-
based static and dynamic patent map construction: 1) collect
patent data, 2) extract SAO structures using NLP, (3) generate a
patent dissimilarity matrix, and (4) visualize as dynamic patent
[26,27]. The patent maps were also automatically analyzed to
identify areas of high or low activity, infringement and novelty,
which were determined based on degrees of (dis)similarity to
other patents [28].

Their static tool revealed 8 patent clusters with the most patents
reporting arc-discharge and laser vaporization synthesis
methods [26]. Chemical vapor deposition (CVD) methods were
also mentioned as being invented frequently. Top patenting
companies included NEC, Samsung and Sony. Their dynamic
tool revealed a possible patent vacuum of using low tempera-
ture or microwave-based synthesis of single-walled carbon
nanotubes [27]. Analyzing hot spots revealed changes in the
type of synthesis method patented over time, with synthesis
methods evolving from arc discharging in 1999-2000 to metal-
catalyzed heat-treatment syntheses and CVD in 2003-2004, to
arc discharge with purification control in 2005-2006, to
plasma-enhanced and thermal CVD in 2007-2010. CVD is the
dominant commercial synthesis approach and catalyzed CVD
with fluidized bed has been used by Bayer to synthesize
Baytubes [29]. Competitor analysis revealed overlap between

Sony and an individual researcher, Young Sang Cho.

Text mining framework for Nano S&T

Junpeng et al. developed a patent text mining tool using NLP
[14]. Patents were retrieved from Science Citation Index, Engi-
neering Information Compendex, International Information
Services for Physics and Engineering communities, and the
Chinese Patent database. Text extraction was conducted, with
fuzzy logic used to cleanse the data. Fuzzy matching tech-
niques were used to identify and combine similar entities. List
Process, Matrix Process, Factor Analysis, Technology Group
Clustering, and Concept Hierarchy were used in the framework
to analyze the database. Multi-dimensional scaling was

employed with a path erasing algorithm. The data presented
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focused on identifying leading countries, companies and
inventors in the nanotechnology field. At the time of publica-
tion, the top three patenting institutions representing the top
three patenting countries included the Naval Research Labora-
tory (USA), Cavendish Laboratory (UK), and Hitachi Ltd
(Japan).

Nanomaterial/device characterization

Not all ENMs or nanodevices and their respective synthesis or
fabrication methods are patented. In addition, the information
provided in a patent can be limited compared to that included in
a research article. Therefore systems that can automatically
retrieve and annotate literature on ENMs/nanodevices can be
valuable tools for accelerating the discovery/design, synthesis/

fabrication and optimization of ENMs/nanodevices.

Nanodevice fabrication and characterization
analyzer

Dieb et al. generated a tool to automatically collect literature
relevant to nanodevice design and a tool to automatically
annotate literature on nanodevices [30,31]. A training set,
which consisted of two fully annotated papers with 129 sen-
tences, was manually annotated by graduate students with the
assistance of an annotation support tool, XConc Suite [32]. The
terms included: source material (SMaterial), characteristic
feature of material (SMChar), experiment parameter (ExP),
value of the experiment parameter (ExPVal), evaluation para-
meter (EvP), value of the evaluation parameter (EvPVal),
manufacturing method (MMethod), and final product (TArti-
fact).

Because terms can overlap with other terms, four tag groups
were created where the terms within a group did not overlap.
With these four tag groups, cascading style annotation could be
applied [31]. To automate the annotation process, a biomedical
entity extraction method using the supervised machine learning
algorithm, support vector machines (SVM), was applied to their
literature library. Supervised machine learning algorithms learn
patterns and make predictions based on a set of training data.
The training data for this system was generated by first parsing
the text using a part-of-speech (POS) tagger, with tag category
and boundary represented using the BIO format. The part-of-
speech information, category, and context surrounding the term
where used as features (or parameters) for the machine learning
algorithm. For the source material, a publicly available chem-
ical entity recognizer, OSCAR3-a5, was first used to parse the
papers. However, since the precision (the percentage of
correctly identified entities over all the entities identified by the
system) of OSCAR-a5 was poor (0.59), the group developed a
custom chemical entity recognizer called CNER, where they

improved issues related to chemical symbol and acronym
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confusion. CNER had improved precision (0.92) with similar
recall (0.97 compared to 0.99 for OSCAR-a5). Recall is the
percentage of correctly identified entities over all the entities in
the datatset. The authors also used a text chunk annotator based
on the sequence labeling tool called YamCha (available at
http://chasen.org/~taku/software/yamcha/) and a POS tagger
called GPoSTTL (available at http://gposttl.sourceforge.net/).

The tool was further improved by applying a physical
quantities list (based on the one listed on the website
chemistry.about.com) to refine the extraction of two tags: evalu-
ation parameter and experiment parameter [31]. However, their
annotated library only expanded from two to five papers, and
the group only used two papers to test their improved system.
The group also further improved their CNER, renaming it
SERB-CNER or syntactically enhanced rule-based chemical
entity recognizer. SERB-CNER still focused on the Source Ma-
terial tag. Here the POS tagger used was rb tagger. The machine
learning system used was CRF-++. This new system had recall
improvements of 4-7% depending on which parameter was

examined.

Nanomedicine

Through targeted and activatible delivery, nanomedicine
has the potential to greatly improve drug efficacy while
reducing side effects. Improved design can also address
emerging challenges to disease treatment such as adaptive resis-
tance. Despite the promise, few nanomedicines have success-
fully advanced from the bench to the clinic. For both devel-
oping and marketed nanomedicines, there still remain questions
on the long-term safety. Two groups have developed NLP-
based systems to annotate and classify nanomedicine articles or

clinical trials.

Nanotoxicity Searcher

The Nanotoxicity Searcher is a tool to automatically annotate
nanomedicine and nanotoxicology literature using pattern
matching techniques [9,16,33]. The group used ABNER (avail-
able at http://pages.cs.wisc.edu/~bsettles/abner/), a biomedical

named entity recognizer, to identify names of nanomaterials
(NANO), potential routes of exposure (EXPO), target organs
and/or organisms (TARGET), and types of toxicity/damage
(TOXIC) [16,34]. ABNER contains the supervised machine
learning algorithm linear-chain conditional random fields
(CRFs) from Mallet (available at http://mallet.cs.umass.edu/),
an open source freely available Java-based statistical natural

language processing toolkit [35]. To create training data for the
CRF, the authors manually annotated 300 sentences collected
from 654 abstracts retrieved in PubMed after searching
“nanoparticles/toxicity (MeSH major topic)”. For example, the

authors manually labeled the sentence
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“The purpose of this study was to review published dose-
response data on acute lung inflammation in rats after instilla-
tion of titanium dioxide particles or six types of carbon

nanoparticles.”

with the NANO, EXPO, TARGET and TOXIC mentions within
the sentence

“The purpose of this study was to review published dose-
response data on acute <TARGET> lung </TARGET>
<TOXIC> inflammation </TOXIC> in <TARGET> rats </
TARGET> after <EXPO> installation </EXPO> of <NANO>
titanium dioxide particles </NANO> or six types of <NANO>
carbon nanoparticles </NANO>).”

Features extracted from the context surrounding the mentions
were used to train the CRF.

The performance of their NER software was measured based on
three factors: precision, recall, and F-measure score. F-measure
is the harmonic mean of precision and recall. The authors evalu-
ated how well their system performed in identifying the entire
entity string (entity-level) and partial matches (token-level). For
each level, their results were reported to be greater than 0.85,
with almost all factors examined at the token level greater than
0.9. The performance of the Nanotoxicity Searcher was also
compared to a baseline method, which combines a dictionary-
based approach with a term selection scheme. The dictionary
was created manually from the same 300 sentences used to train
the CRF plus terms identified from two ontologies, the
Foundational Model of Anatomy (FMA) and the NanoParticle
Ontology [36]. The results demonstrated that overall the CRF
method obtained a significantly higher F-measure than the base-

line.

NanoSifter

The NanoSifter, which focused on a specific type of ENM, is
finer grained than the Nanotoxicity Searcher, which used four
broad nano entities encompassing all types of ENMs [15].
NanoSifter was designed to identify quantitative data (i.e.,
numerical values for different characterization parameters)
associated with a specific class of dendrimer, poly(amidoamine)
(PAMAM), which shows promise for cancer treatment.
PAMAM dendrimers are three-dimensional, highly-branched,
polymeric ENMs synthesized by growing shells of branched
molecules from a central core ethylenediamine molecule. Each
doubling of the number of amine surface groups constitutes a
new shell or generation.

The NanoSifter algorithm contains two steps. The first to iden-

tify possible mentions of the entities associated with PAMAM,
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and the second to associate the numeric values and dendrimer
property terms. The entities associated with PAMAM
were based on the NanoParticle Ontology and included:
(1) hydrodynamic diameter, (2) particle diameter, (3) molecular
weight, (4) zeta potential, (5) cytotoxicity, (6) ICsg, (7) cell
viability, (8) encapsulation efficiency, (9) loading efficiency,
and (10) transfection efficiency [17]. To identify mentions asso-
ciated with PAMAM entities, the authors utilize the freely
available open source NLP pipeline General Architecture
for Text Engineering (GATE, https://gate.ac.uk/) and its IE
module ANNIE (a Nearly-New Information Extraction
System, https://gate.ac.uk/ie/annie.html) [37]. GATE, origi-
nally developed by the University of Sheffield, is a widely

employed suite of Java tools developed for the processing
unstructured text [37]. ANNIE is an information extraction
module within GATE that contains a tokenizer, sentence
splitter, part-of-speech tagger and named entity extractor. The
named entity extractor of ANNIE is tailored to extract entities
such as persons, organizations and dates, but the components
are highly configurable and can be adapted to extract a variety

of entities.

To create a training set for the entity extractor, two domain
experts annotated 100 articles for the numeric values and
dendrimer property terms using the Java Annotations Patterns
Engine (JAPE) and integrating components from ANNIE. The
training data was then utilized by ANNIE’s IE module to iden-
tify mentions associated with PAMAM. The identified numer-
ical values cannot be automatically assumed to associate with a
PAMAM property. Therefore, to determine if the associated
numeric values of the PAMAM entities were referring to the
dendrimer property, the authors utilized a proximity metric. The
proximity metric requires the mention of a PAMAM property to
be within so many characters of the property term. This
provides the system with context information used in the litera-
ture when referring to the entity. The authors selected a prox-
imity distance metric threshold of 200 characters based on
preliminary experiments using the training set. Too large of a
proximity metric provides the system with too much informa-
tion to accurately discriminate whether the word is an entity,
which increases the false positive rate, whereas too little of a
proximity metric does not provide the system with enough
context information. Evaluating their results using precision,
recall and F-measure metrics showed that their algorithm
obtained a high accuracy and recall when identifying entities
associated with the PAMAM properties. The performance of
NanoSifter was based on comparison with annotations gener-
ated by researchers working in the Ghandehari lab at the
University of Utah. Overall, NanoSifter demonstrated good
recall (95-100% - 99%), poor precision (59-100% - 84%), a
passing F-measure (73-100% - 91%).
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Clinical trial document classifier

De la Iglesia et al. proposed a method to automatically classify
clinical trial summaries as those testing nanotechnology prod-
ucts and those testing conventional drugs [38]. A benefit of this
system is that it can automatically identify summaries of
interest for further processing by more computationally inten-
sive systems such as those discussed elsewhere in this review.
Looking for just the term “nano” is not sufficient to determine if
a summary contains nanotechnology products because many
summaries do not explicitly state that they are testing nanotech-
nology products. For example, many nanotechnology products
encapsulate insoluble or highly cytotoxic drugs within lipo-
somal or micellar particles, which alters the kinetics of the drug
in the body.

To develop their system, the group used the Natural Language
Toolkit (NLTK, http://www.nltk.org/), a suite of freely avail-
able, open source, Python-based modules developed for

processing unstructured text. They evaluated seven supervised
machine learning algorithms implemented in the package:
(1) multinomial naive Bayes classifier, (2) decision trees,
(3) stochastic gradient descent (SGD) logistic regression,
(4) L-1 regularized logistic regression, (5) L-2 regularized
logistic regression, (6) linear support vector machine and
(7) polynomial support vector machine. The authors explored
four vector-based methods for representing the document each
using a “bag-of-words” approach containing unigrams (single
content words) and bigrams (sequence of two content words) as
features (or parameters) for the machine learning algorithm.
The first is a binary representation, where a zero or one is used
to indicate the absence or presence of the feature in the
summary. The second is a feature-based representation, which
uses the number of times the feature occurred in the summary.
The third is inverse-document frequency (IDF), which quanti-
fies how discriminative a feature is based on the number of
documents it occurred within. And lastly, the fourth is term
frequency-inverse document frequency (TFIDF), which weights
IDF based on how often the term occurs.

The authors trained their algorithm on 1000 clinical trial
summaries from clinicaltrials.gov, where 500 were nanomedi-
cine-focused (nano) and 500 were not involving any nanomedi-
cines or nanodevices (non-nano). The author evaluated their
system using the leave-one-out and 10-fold cross validation
evaluation methodology and report the overall: (1) precision,
(2) recall, (3) F-measure, (3) true-positive vs false-positive
rates, (4) Mathews correlation coefficient (MCC) and (5) area
under the curve (AUC). The MCC measures the quality of the
nano/non-nano classification by the system and the AUC
measures the discriminativeness of the classifier. The results

show an F-measure greater than 0.85 regardless of the machine
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learning algorithm or feature representation. The overall results
indicate that the context within the unigram and bigram features
is able to discriminate between non-nano and nano clinical

summaries.

The authors describe several advantages of automatically cate-
gorizing clinical trials investigating nano versus non-nano
drugs. These include facilitating comparisons between
clinical trials testing nano and non-nano drug formulations
involving the same active ingredient (e.g., Doxil = pegylated
liposome [nano] encapsulated doxorubicin compared to
Adriamycin = doxorubicin). In addition, categorization could
facilitate information retrieval by users interested in this distinc-
tion. In the consumer product arena, labeling consumer prod-
ucts containing ENMs has been discussed widely, and a similar
NLP categorization tool tailored to consumer products could
potentially facilitate the categorization of products containing
nanomaterials or generated using nanotechnology-based
processes from those not involving nanotechnology.

Environmental risk assessment

Environmental release and exposure to ENMs is already occur-
ring, and it is the obligation of nanotechnology researchers to
also consider the potential effects of commercialized ENMs on
human health and environment. A wealth of data has been
collected through large-scale centers, which in the U.S. include
the Center for Biological and Environmental Nanotechnology
(CBEN) and the two Centers for Environmental Implications of
Nanotechnology (CEIN and CEINT). Surprisingly, only one
group was found to describe the use of NLP techniques in a tool
analyzing the environmental nanotechnology literature.

NEIMiner

The Nanomaterial Environmental Impact data Miner, or
NEIMiner, is a web-based tool built using CMS and Drupal
[39]. NEIMiner consists of four parts: 1) nanomaterial environ-
mental impact (NEI) modeling framework — similar to Frame-
work for Risk Analysis of Multi-Media Environmental Systems
(FRAMES), 2) data integration, 3) data management and
access, and 4) model building. This web-based tool is supported
by the company’s previously developed tool, ABMiner (avail-
able at http://discover.nci.nih.gov/abminer/). Three databases
(ICON, caNanoLab, and NBI) were used as the data sources.

Data extraction was performed using application programming

interface (API) calling via web services and data scraping via
parsing web pages. The model building component of
NEIMiner utilizes machine learning algorithms from ABMiner,
such as nearest neighbor algorithms, tree algorithms and
support vector machines. This allows for the systematic evalua-
tion of a variety of algorithms. The model building component

also contains a meta-optimizer, which automatically iterates
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through the algorithms in ABMiner that can be used to solve the
input problem to determine which algorithm will provide the
most optimal results. To demonstrate the applicability of the
model building component, the authors developed a predictive
model based on the Nanomaterial-Biological Interactions (NBI)
knowledge base. The NBI includes data on the mortality,
delayed development and morphological malformations of
embryonic zebrafish due to the toxicity of various nanomate-
rials including metal nanoparticles, dendrimer, metal oxide and
polymeric materials [40]. Java Applets were used to visualize
the data in 3D histograms and scatterplots. NEIMiner was
hosted at http://neiminer.i-a-i.com but is no longer accessible.

Conclusion
NLP perspective

Nine nanoinformatics systems utilizing NLP have been
described in the literature. Table 1 shows the components of
these systems from a NLP perspective. “NLP tasks” describes
the applications discussed by the researchers when developing
their system. “NLP subtasks” shows the underlying NLP
components that were utilized within the systems. For example,
NanoMapper, a patent analyzer developed by Li et al., utilized a
part-of-speech (POS) tagger and parser within their system to
automatically annotate the words in the document with their
part-of-speech and extract the phrasal chunks from the sen-
tences [25]. Similarly, the TechPerceptor system developed by
Yoon et al. utilizes a stemmer in order to normalize words
to their base form, and sentence similarity algorithms to
compare how close the contextual content of one sentence is
with another [26].

Many of the nanoinformatics systems were implemented using
pre-existing NLP software packages. These NLP packages were
developed to perform specific tasks, such as Abner, a biomed-
ical named entity extractor, or more general NLP systems that
provide various NLP tools such as Mallet and Natural Lan-
guage Toolkit (NLTK) [34,35]. Utilizing and adapting these
previously developed NLP tools allows for nanoinformatics
researchers to build their automated systems without needing to
develop low level NLP functionality. There were three main
types of algorithms utilized by the systems: machine learning,
pattern matching and clustering. The most common was
machine learning algorithms such as Conditional Random
Fields and Support Vector Machines (SVMs). These algo-
rithms require manually annotated training data. For example,
in building the Nanotoxicity Searcher, Garcia-Remesal et al.
manually annotated documents for various nanoparticles and
their toxicological hazards to train their entity extraction system
[16]. In many cases, the annotation toolkit (if used) was not
reported, but two annotation systems were mentioned in the
articles reviewed: 1) GATE and 2) XConc Suite.
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Lastly, although not specifically an NLP component, five
groups incorporated visualization of the extracted information
as part of their system. Visualization provides researchers with
additional capabilities to explore and analyze the data.

Data perspective

Table 2 shows the components of the nanoinformatics systems
from a data perspective. With the growing number of nanotech-
nology publications, more refined databases that automatically
identify records (e.g., articles, patents, grants, clinical trials)
relevant to specific ENMs or properties can greatly facilitate
trend analyses. The amount of information gathered automati-
cally differed widely between the systems reviewed. The Clin-
ical Trial Document Classifier focused on differentiating
between two variables, nanotechnology products and non-
nanotechnology products [38]. The four patent mining systems
(i.e., NanoPort, NanoMapper, TechPerceptor, and Text Mining
Framework) primarily extracted publication information, which
allowed for patents to be clustered by date, inventor, country,
and institution. However, the TechPerceptor also extracted
information on nanomaterial type and synthesis method [26].
Moving beyond bibliographic information, the Nanodevice
Fabrication and Characterization Analyzer automatically
extracted nanodevice physico-chemical characterization prop-
erties as well as the fabrication and evaluation parameters and
their associated values [30]. Comparing the parameters that
were extracted to the proposed minimum information for nano-
materials characterization, referred to as MINChar in the table,
64% of parameters were captured [41]. This system was trained
using two annotated articles, and its application to a larger
literature corpus has not been published. This may be due to
future plans to integrate a system, similar to the patent
analyzers, where the extracted data are associated with the cita-

tion information.

The amount of physico-chemical characterization data extracted
by the systems analyzing literature for exposure and biological
response data (i.e., Nanotoxicity Searcher, NanoSifter, and
NEIMiner) varied greatly. Focused primarily on the toxicity
endpoints, the Nanotoxicity Searcher extracted several bio-
logical response endpoints but only associated these effects with
the ENMs’ core composition [16]. The NanoSifter collected
size, surface charge and molecular weight data beyond the core
composition, which was fixed to PAMAM [15]. Incorporating
almost 80% of the minimum characterization data, the
NEIMiner appears to be the most comprehensive with regards
to extraction of physico-chemical characterization properties.

When assessing the human health or environmental impact of

ENMs, it is important to recognize that risk is a function of

exposure and hazard. Without exposure, there is no risk. All
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Table 1: Nanoinformatic system components from an NLP perspective.

Nano Nano

CRF

decision trees
machine
learning
algorithm

logistic regression
naive Bayes
nearest neighbor
SVM

machine learning
algorithm

class pattern matching

clustering x x

visualization visualization modules x x

FMA (in UMLS)

MeSH (in UMLS)
WordNet
NanoParticle Ontology

taxonomy

GATE ( NLP Toolkit)
Xconc Suite (annotator)
ABMiner (NLP Toolkit)
Abner (NER)

YamCha (Parser)
GPoSSTTL (POS Tagger)
ANNIE (GATE module)
Mallet (NLP Toolkit)
NLTK (NLP Toolkit)

NLP tools

POS tagging x x
parsing x x
concept mapping

stemming

NLP sub
task

sentence similarity

document classification
document clustering x
entity extraction

NLP task  information retrieval x

patent analyzer x x

summarization x

topic identification x x

substances are potentially hazardous depending on the dose or
concentration encountered. In addition, the biological response
data of interest can be dependent upon the application.
Nanomedicine applications are often evaluated using perfor-
mance parameters, such as drug loading efficiency and efficacy,
in addition to biological response, such as cytotoxicity or ICsy.

Since efficacy and cytotoxicity are dependent upon the adminis-

Tech
Porter Mapper Perceptor
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Text
Mining

Nano Nano Clinical NEI
Toxicity Sifter Trial Doc. Miner

Nano
Device

Framework F & C Searcher Class.
X X
X X
X
X
X
X X X
X X X
X
X
X X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X X X X

tered dose, concentration and exposure dose parameters are crit-
ical for the interpretation of this data. While text mining is
useful, it is only the first step. Current nano-focused NLP
systems are not sufficient to reveal relationships or connections
between data. Close collaboration and communication between
nanotoxicology and nanoinformatics researchers will provide

interpretive context so that computer understandable patterns
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Table 2: Nanoinformatic system components from a data perspective.

publication
information

physico-
chemical
character-
ization

exposure

biological
response

MIN Nano Nano Tech Text Nano Nano Nano

Clinical

NEI

Char Porter Mapper Perceptor Mining Device Toxicity Sifter Trial Doc. Miner

Framework F & C Searcher

citation (e.g., author,
journal, date)

laboratory/
organization

location x x x
content description x x x

patent classification
(e.g., US, EU)

particle diameter x x x

particle size
distribution

hydrodynamic
diameter

agglomeration and/or
aggregation
shape x x
core composition x x x x

crystallinity/crystallin
e state

surface area x x

surface charge/zeta
potential

surface chemistry x
purity x x
stability x
solubility x

concentration (mass,
number, SA)

method of
synthesis/preparation

molecular weight x

exposure media

exposure
pathway/route

exposure duration
exposure dose

bioavailability/uptake

biomagnification

cell viability x x
cytotoxicity x x

inflammatory
response

genotoxicity x
ECs0 (ppm) x
ICs0 x x
LCso (ppm) x
organ response x

whole organism
response

Class.
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can be developed to enable future knowledge discovery from

the literature.

Recommendations

There is a critical need to automatically extract and synthesize
knowledge and trends from nanotechnology literature. New
ENMs are continuously being discovered and NLP approaches
can semi-automate the cataloguing of ENMs and their unique
physico-chemical properties. As shown in this review, various
NLP methods have been used for patent mining, nanomaterial/
device characterization, nanomedicine, and environmental risk
assessment. We believe these approaches can be expanded upon
to automatically aggregate studies on the exposure and hazard
of ENMs as well as link the physico-chemical properties to the
measured effects. Towards this end, we conclude with the

following recommendations:

* Add the NPO to the Unified Medical Language System
(UMLS). — Impact: provide a nano-specific termi-
nology source that can be used by pre-existing systems
that currently utilize sources from the UMLS.

* Create a publicly available annotated corpus for nano-
technology. — Impact: develop new nanoinformatics
tools; provide a benchmark dataset to compare nanoin-
formatic systems.

* Encourage authors to include more experimental details,
such as the minimum characterization data, in their
manuscripts. — Impact: increase experimental repro-
ducibility and inter-study comparison.

* Encourage researchers to add nanoinformatics tools to
freely available, online repositories, such as nanoHUB or
NCIPhub. — Impact: Promote broader participation in

the nanoinformatics field.
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Abstract

Zinc oxide nanoparticles (ZnO NPs) are widely used in a variety of products, thus understanding their health and environmental
impacts is necessary to appropriately manage their risks. To keep pace with the rapid increase in products utilizing engineered ZnO
NPs, rapid in silico toxicity test methods based on knowledge of comprehensive in vivo and in vitro toxic responses are beneficial
in determining potential nanoparticle impacts. To achieve or enhance their desired function, chemical modifications are often
performed on the NPs surface; however, the roles of these alterations play in determining the toxicity of ZnO NPs are still not well
understood. As such, we investigated the toxicity of 17 diverse ZnO NPs varying in both size and surface chemistry to developing
zebrafish (exposure concentrations ranging from 0.016 to 250 mg/L). Despite assessing a suite of 19 different developmental,
behavioural and morphological endpoints in addition to mortality in this study, mortality was the most common endpoint observed
for all of the ZnO NP types tested. ZnO NPs with surface chemical modification, regardless of the type, resulted in mortality at
24 hours post-fertilization (hpf) while uncoated particles did not induce significant mortality until 120 hpf. Using eight intrinsic
chemical properties that relate to the outermost surface chemistry of the engineered ZnO nanoparticles, the highly dimensional toxi-
city data were converted to a 2-dimensional data set through principal component analysis (PCA). Euclidean distance was used to
partition different NPs into several groups based on converted data (score) which were directly related to changes in the outermost
surface chemistry. Kriging estimations were then used to develop a contour map based on mortality data as a response. This study
illustrates how the intrinsic properties of NPs, including surface chemical modifications and capping agents, are useful to separate

and identify ZnO NP toxicity to zebrafish (Danio rerio).
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Introduction

Accelerated advancements in nanotechnology and nanoscience
have found applications in a variety of scientific fields, leading
to a rapid increase in the types of engineered nanoparticles on
the market. In particular, zinc oxide nanoparticles (ZnO NPs)
are the third highest production volume nanoparticles at roughly
550 tons per year [1]. Given their value as UV-protects [2], self-
cleaning surfaces [3], sensors [4] and catalysts [5], it is expected
that the use of engineered ZnO NPs will continue to increase
with the increasing market demand. Such widespread use will
also inevitably result in increased environmental release and a
higher potential for human exposure [6]. As such, under-
standing which features of ZnO NPs increase their risks to
humans and/or the environment is of paramount importance [7].
Despite this fact, very few studies to date have looked across a
wide-range of engineered ZnO nanoparticle types to investigate
how surface chemical modifications alter toxicity.

The toxicity of ZnO NPs to a wide range of species can be
found elsewhere in literature from in vivo [8,9] to in vitro
studies [10,11]. Bare ZnO NPs (lacking surface ligands) are
known to cause delayed embryo hatching, developmental
abnormalities [12] through dissolution and release of ionic zinc
[13,14] as well as induction of DNA damage through genera-
tion of reactive oxidative species (ROS) [12,15]. ZnO NPs are
often coated with a variety of capping agents or surface ligands
with differing chemical properties to functionalize the surface
and improve stability against agglomeration and dispersibility
in a given medium [16]. These surface alterations have the
potential to alter their toxicity as a result of differences in the
release of Zn2" ions and ROS production compared to bare ZnO
NPs [17,18]. In addition, the behaviour of surface functional-

Beilstein J. Nanotechnol. 2015, 6, 1568-1579.

ized ZnO NPs may vary compared to non-functionalized (bare)
ZnO NPs by altering stability and/or agglomeration, potentially
altering bioavailability and toxicity to aquatic organisms [18-
21]. While the dissolution kinetics and agglomeration state of
the ZnO NPs is known to influence the toxicity of the materials,
this study aimed to determine if specific intrinsic features could

be used in lieu of empirical data on the material’s behaviour.

Surface chemical ligands and capping agents are more closely
related to the fate and effects of ZnO NPs than the core compos-
ition alone [18,19,22]. Thus, it is expected that surface chem-
ical properties can be employed as descriptors to model the
toxicity of various types of engineered ZnO NPs. The develop-
ment of such relationships between a set of intrinsic properties
of ligands and/or capping agents with their biological effects
could serve as the basis of nanomaterial structure—activity rela-
tionships (nanoSARs) [23,24]. However, there is a limited
understanding of how to link different nanoparticle surface
chemistries directly to the fate and effects of ZnO NPs in organ-
isms, and whether these properties can be used to develop
predictive models useful in the development of safer engi-
neered ZnO materials [7].

The main objective of this study were 1) to investigate whether
the intrinsic properties of different capping agents or surface
ligands of engineered ZnO NPs alter their toxicity and 2) to
determine if these features can be used to model the develop-
mental toxicity of ZnO nanoparticles to embryonic zebrafish
(Danio rerio) (Figure 1). Zebrafish embryos were selected as
vertebrate test species as their transparent tissues allow for easy

visual assessment of multiple developmental malformations and
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their rapid development makes them ideal for studies of
numerous types of NPs [25,26]. Due to the agglomeration of
ZnO NPs in fishwater, the chorionic membrane can serve as a
barrier to the direct interaction of NPs or dissolved oxygen with
the developing embryo, thus we chose to remove this barrier in
our study. The removal also allows for the visual analysis of the
developing embryo, which can be hampered when the chorion
is intact and coated with nanoparticles [25,27]. To achieve these
objectives, we conducted zebrafish embryo toxicity testing for
17 different types and sizes of ZnO NPs with differing surface
chemistries. Then, using bare and surface modified NP toxicity
data and eight intrinsic chemical properties related to the outer-
most surface chemistry, we conducted principal component
analysis (PCA) to extract descriptors useful as coordinates to
develop a model of how surface chemistry impacts ZnO NP
toxicity.

Selected surface features used in the PCA were those deemed
likely to influence biological interactions with the NP surface.
Size (SZ) was chosen as it has been reported by others to influ-
ence NP toxicity [11,28]. Hydrophobicity was selected as the
Log P (partitioning coefficient) of NPs has been found to be
related to toxic responses in other organisms [29]; however,
since ZnO NPs can release zinc ions [30] and Log P is pH-inde-
pendent [31], distribution coefficient (Log D) was also consid-
ered for both ionic and non-ionic forms. Polarizability was
selected (PL) as a factor to describe the molecules electronic
properties and its ability to change with external fields in
biochemical reactions [32]. Polar surface area (PS) represents
the area formed by the polar areas of the molecule and has been

Beilstein J. Nanotechnol. 2015, 6, 1568-1579.

used to predict drug intestinal absorption in humans, thus it may
be a useful predictor of other biological interactions [33]. Van
der Waals (VDW) surface area calculated by VDW radius, is
associated with the likelihood of NP agglomeration [34].
Solvent accessible surface area (SASA) can be used to estimate
the protein-ligand binding free energy [35], and molar refrac-
tivity (RF) represents the energy required to polarize one mole
of the substance and is associated with receptor binding affinity
[36]. Dreiding energy (DE) will be used to predict the binding
affinity of organic molecules with Zn and membrane proteins
[37]. Although zeta potential is known to be crucial to bio-
logical response [38]; it’s dependent on the environment in
which it is measured and thus is not an intrinsic feature of the

NP and thus was omitted from the model.

Following PCA, the ordinary kriging (OK) method was applied
to estimate the pattern of variation of mortality in a given co-
ordinate system. We hypothesized that surface chemical modifi-
cations would result in significant alterations in toxicity that
would depend on the type of surface chemical modification

performed.

Results

Estimation of intrinsic capping agent
properties

The 17 ZnO NPs (Table 1) had 6 different surface chemistries
including bare ZnO, oleic acid, octanoic acid, para-nitroben-
zoic acid, cyclohexanecaboxylic acid and benzoic acid
(Figure 2). The average primary particle sizes in this study
ranged from 4 to 70 nm (Table 1). Table 2 provides the values

Table 1: Description of zinc oxide nanoparticles included in this study (17 in total).

NBI record Particle descriptor Manufacturer Surface group Size (nm)
nbi_085 Zn0O + oleic acid Voxtel oleic acid 62
nbi_086 ZnO + oleic acid Voxtel oleic acid 26
nbi_087 ZnO Sigma-Aldrich — 62
nbi_088 ZnO Voxtel — 26
nbi_089 Zn0O + octanoic acid Voxtel octanoic acid 62
nbi_090 ZnO + octanoic acid Voxtel octanoic acid 26
nbi_091 ZnO + para-nitrobenzoic acid Voxtel para-nitrobenzoic acid 62
nbi_092 ZnO + para-nitrobenzoic acid Voxtel para-nitrobenzoic acid 26
nbi_093 ZnO + cyclohexane carboxilic acid  Voxtel cyclohexane carboxilic acid 62
nbi_094 ZnO + cyclohexane carboxilic acid  Voxtel cyclohexane carboxilic acid 26
nbi_095 ZnO + benzoic acid Voxtel benzoic acid 62
nbi_096 ZnO + benzoic acid Voxtel benzoic acid 26
nbi_136 ZnO Boise State University — 14.6
nbi_137 Zn0O Boise State University — 33.6
nbi_138 ZnO Boise State University — 4.5
nbi_139 ZnO Boise State University — 10.2
nbi_187 NanoGard ZnO (NGZ) Alfa Aesar, NanoGard, — 70

Prod.#44898, lot#D28X017
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Figure 2: Chemical structures used to calculate the surface properties.

calculated for the intrinsic features of the 6 surface chemistries.
The calculated distribution coefficient (Log D) had the least
variance of all the parameters ranging from —1.22 to 5.62. Van
der Waal surface area is the surface of the union of the spher-
ical atomic surfaces defined by the van der Waals radius of each
component atom in the molecule. Van der Waal surface area
values for bare ZnO were 50.3 A2 and ranged from 173 to
560.40 A2 for other surface chemistries. These values had the

highest variance in our estimations.

ZnO nanoparticle toxicity

Embryonic zebrafish mortality was concentration dependent
and varied with different types of bare and surface engineered
ZnO NPs as expected. Mortality for the bare and surface modi-
fied ZnO NPs as a function of exposure concentration is shown
in Figure 3. Surface modified ZnO particles caused significant
mortality at 24 hpf, in some cases at exposure concentrations as
low as 0.08 mg/L; however, despite the exposures continuing

until 120 hpf, no significant mortality or developmental prob-

Table 2: Intrinsic properties of different surface chemistries.

Intrinsic descriptor

LogD 5.62 0.53
Polarizability (A3) 34.5 16.1
Polar surface area (A2) 37.3 37.3
VDW surface area (A2) 560 283
Solvent-accessible surface area (A2) 689 403
Molar refractivity (cm3/mol) 87.1 40.7
Dreiding energy (kcal/mol) 35.7 12.1

Oleic acid Octanoic acid 4-Nitrobenzoic Cyclohexane

Beilstein J. Nanotechnol. 2015, 6, 1568-1579.

lems were noted after 24 hpf (Figure 3A). Bare ZnO NPs
showed similar results with 2 out of 7 displaying no visible
signs of toxicity at the highest concentration tested (Figure 3B).
In contrast to the surface engineered particles, the toxicity of
bare particles occurred more frequently at 120 hpf (3 out of
7 materials, Supporting Information File 2). Bare NanoGard
ZnO (NGZ) showed the highest 120 hpf mortality of all the
tested particles (bare and surface modified) with 100%
mortality (n = 24 embryos) at 50 mg/L. In addition, NGZ was
the only ZnO particle tested (bare or surface modified) that
resulted in any significant sublethal responses, eliciting swim
bladder malformations at 10 mg/L and notochord malforma-
tions at the highest exposure concentration (see Supporting
Information File 1). The results of the endpoint analysis
using the Fisher’s exact test for all tested NPs are provided in
Supporting Information File 2. Detailed raw toxicity data for
each individual exposure is also available online from
the Nanomaterial-Biological Interactions knowledgebase
(nbi.oregonstate.edu) [39].

Analysis of the 5 pairs of surface modified particles, with the
same surface chemistries and differing average particle sizes,
showed no clear trend related to the primary particle size
(Figure 3A). Smaller oleic acid coated ZnO NPs (26 nm) caused
significant mortality at the highest test concentration that did
not occur for the larger (62 nm) oleic acid functionalized parti-
cles. In contrast, the larger octanoic acid coated ZnO NPs
caused significant mortality at 0.4 mg/L while the smaller
26 nm particles did not induce toxicity until exposure concen-
trations reached 50 mg/L. Similarly, the ZnO NPs coated
with cyclohexane carboxylic acid had a significantly different
mortality rate between sizes, with the larger particles
being more toxic than the smaller version (p = 0.009, 0.234
respectively).

Principal components analysis
By selecting the most dominant components to explain the

majority of data variance, PCA effectively reduced the dimen-

Benzoic acid Zinc oxide

acid carboxylic acid

-1.22 -0.43 -1.08 -0.20
15.8 13.4 13.2 1.00
83.1 37.3 37.3 171
211 221 173 50.3
330 260 284 156
39.7 39.7 33.2 1.44
23.1 24.8 16.6 0.00

1571



Beilstein J. Nanotechnol. 2015, 6, 1568-1579.

100 name (A)
@ nbi_085: ZnO + Oleic Acid
nbi_086: ZnO + Oleic Acid
- ) . NP surface chemistry
nbi_089: ZnO + Octanoic Acid ) )
® nbi_090: ZnO + Octanoic Acid ] benzolc acid NP size
75 = ) . . B cyclohexane carboxilic acid
nbi_091: ZnO + para-Nitrobenzoic Acid ) ) s 26
N ) ) ) © octanoic acid
— @ nbi_092: ZnO + para-Nitrobenzoic Acid ) . — 62
2 ; N R @ oleic acid
=) @ nbi_093: ZnO + Cyclohexane Carboxilic Acid ) . )
S ) o B <> para-nitrobenzoic acid
= @ nbi_094: ZnO + Cyclohexane Carboxilic Acid
E 5o nbi_095: ZnO + Benzoic Acid
] @ nbi_096: ZnO + Benzoic Acid K |
= - EX
° .
=
25
0
control 0.016 0.08 0.4 2 10 250
Exposure Concentration (mg/L)
100 _ » ?
NP size name
® 62 —+- nbi_087: ZnO
* 26 ~=- nbi_088: ZnO
. 146 nbi_136: ZnO |
75 ® 336 — nbi_137:Zn01
—_ .
9 - 45 = nbi_138: ZnO |
= + 102 = nbi_139:Zn0O |
- [ (] =~ nbi_187: NanoGard ZnO
© 50
t
[=]
=
25
0
control 0.016 0.08 0.4 2 10 50 250

Exposure Concentration (mg/L)

Figure 3: Zebrafish mortality at 120 hpf following exposure to: (A) ZnO NPs with and (B) without surface modification.

sions of the dataset with keeping most information. It elimi-
nated the correlation between different independent variables by
creating different linear combinations which are independent of
each other [40]. PCA was conducted on the database that
consists of 8 property descriptors: size (SZ), Log D, polariz-
ability (PL), polar surface area (PS), van der Waals surface
(VS), solvent-accessible surface area (SASA), molar refrac-
tivity (RF) and Dreiding energy (DE) with 10 surface modified
and 7 bare ZnO NPs (17 ZnO NP datasets x 8 properties). Each
individual NP exposure dataset is comprised of results from
experiments conducted at 8 exposure concentrations, thus the
final matrix of the database was comprised of 136 rows and
8 columns (17 materials X 8 concentrations x 8 surface chem-
ical properties).

The first two principle components (PCs), whose standard devi-
ations both were greater than 1, explained 87.3% of the total

variance of the matrix. As the linear combinations (or weights)
of these two PCs were calculated based on all of the input data,
they represent all of the particle information. As such, these two
PCs were determined to be appropriate to represent the vari-
ability in this dataset (Figure 4). These two PCs were selected
as the new independent variables, reducing the independent
variables’ dimensions from 8 to 2.

Table 3 shows the 8 descriptors all have moderately similar
weights in PC1, but Log D, PS and SZ have outstanding
weights in PC2. The variable coefficients in the PC1 linear
combination all have the same sign, suggesting these parame-
ters have similar effects on the model. In contrast, the sign of
the variable coefficients for SZ and PS in PC2 are opposite to
the other parameters suggesting these variables help separate
the particles. Graphing the PCA scores for PC1 versus PC2
allows for the use of Euclidean distance to identify clusters of

1572



Table 3: Rotation of PCA (weighting of each property).

Property PC1 PC2 PC3
Sz@ 0.188 0.669 0.711
psP 0.270 0.497 -0.610
SASAC 0.404 -0.025 -0.002
RFd 0.407 -0.058 -0.063
DE® 0.378 -0.001 -0.039
Log Df 0.292 -0.535 0.339
Vs9 0.410 -0.099 -0.015
pLh 0.408 -0.070 -0.051

aSijze; bpolar surface; ®solvent-accessible surface area; 9molar refractivity;
hpolarizability.
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Figure 4: Individual variance for each of the principal components
(PCs). Black dots represent the accumulated variance explained by
each PC, while the solid line shows the Eigenvalue.

similar NPs with respect to their toxicity to embryonic
zebrafish. As predicted, the various surface modifications to
ZnO NPs resulted in distinct groupings based on these capping
agent properties (Figure 5). When partitioned into three clusters,
the plot shows a clear separation as: (Group 1) oleic acid;
(Group 2) octanoic acid, para-nitrobenzoic acid, cyclohexane
carboxylic acid and benzoic acid; (Group 3) bare ZnO with
blank control responses (Figure 5). Similar analysis using either
four or five clusters shows minor differences compared to the
use of three clusters, namely the coated 26 nm NPs (except
octanoic acid) separated out of Group 3 in the four cluster
calculation and the blank control point separated out of Group 1
in the five clusters calculation in addition to 62 and 70 nm bare
ZnO NP separating out of Group 3 (See Supporting Informa-
tion File 3).

Estimation of toxicity by ordinary kriging
method
By using the two most dominant PCs identified earlier as coor-

dinates (XY-direction) and mortality data as the response
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PC4 PC5 PC6 PC7 PC8
0.072 -0.077 -0.027 0.001 0.000
0.454 -0.262 0.100 0.063 0.139
0.173 0.844 0.196 -0.090 0.218

-0.205 -0.182 -0.320 -0.803 0.062
-0.634 -0.222 0.531 0.217 0.274
0.538 -0.359 0.142 0.069 0.266
0.053 -0.020 0.191 0.063 -0.882
-0.150 0.037 -0.714 0.536 0.072

€dreiding energy; fdistribution coefficient; 9van der Waals surface;

(Z-direction), we calculated the kriging estimation of mortality.
The ordinary kriging method, based on the spherical model, was
used to model the mortality of zebrafish embryos at each of the
different exposure concentrations for each of the 17 tested NPs.
The resulting contour map for the highest exposure concentra-
tion (250 mg/L) is shown in Figure 6 and the contour maps for
other exposure concentrations can be found in Supporting Infor-
mation File 4. The coefficient of determination was calculated
to determine how well the estimation fit the original data.
Similar coefficients of determination were found at each
concentration (0.702-0.778).

Discussion
ZnO NP toxicity to embryonic zebrafish

Of the numerous sub-lethal endpoints evaluated in our study,
most of the significant toxicity resulting from exposure to ZnO
NPs was associated with mortality, regardless of the type of
surface chemistry found on the nanoparticle. Interestingly,
when mortality occurred in the surface functionalized ZnO NPs,
it was always within the first 16—-18 hours of exposure
(observed at the 24 hpf evaluation). Embryos surviving expo-
sure to surface coated ZnO NPs after this initial period had
almost 100% survival and no significant developmental abnor-
malities (see Supporting Information File 1 and Supporting
Information File 5). In contrast, the bare ZnO particles resulted
in mortality at both 24 and 120 hpf for some materials and a
complete lack of toxicity in others. This result supports the
hypothesis that outermost surface chemistry is a primary driver
of biological interactions, even more than core composition.
This finding has been supported in other studies investigating a
wide range of NP types [27,41,42].

Given that dissolution and the resulting release of zinc ions and
ROS are the primary cause of ZnO NP toxicity [8], it is possible
that the lack of late-onset mortality in coated particles is the
result of decreased dissolution of these particles [7,21]. It has

been reported that the release of zinc ion from ZnO NPs coated
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Figure 5: Clustering analysis based on Euclidian distance for ZnO NPs partitioned into 3 clusters. Shown on the left (blue hash marks) are the bare
ZnO NPs with the blank control point. In the middle (tan hash marks) are ZnO NPs with 4 different surface chemistries and on the right are the oleic
acid modified particles.
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Figure 6: Kriging estimation contour map for embryonic zebrafish exposed to 250 mg/L of each type of zinc oxide nanoparticle using the first two
surface chemistry-based principal components as the coordinates and 120 hpf total mortality as response. The coefficient of determination was found
to be 0.702.
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with organic molecule can be slower than uncoated ZnO NPs by
up to 10 days, due to the protective effect of the surface coating
[43]. The idea that coated particles were more benign overall is
also supported by the most toxic response being noted for a bare
particle (NGZ, Figure 3). In addition, the observed mortality at
24 hpf for some of the surface functionalized particles could
have been due to either residual impurities or zinc ions, as any
dissolved zinc would have remained in the exposure media due
to the static nature of these experiments. The delayed mortality
response in the bare ZnO particles could also relate to the onset
of mouth-gaping behavior during fish development that led to
increased uptake over the exposure period; however, this would
likely have occurred with the coated particles as well unless this
was specific to zinc ion uptake or direct impacts of generated
ROS.

Only one ZnO NP (NGZ) caused any significant sublethal
impacts in the developing fish with notochord malformations as
well as significant malformations of the swim bladder. Despite
NGZ being an uncoated ZnO NP, its unique toxicity relative to
the other non-coated ZnO NPs suggests some other features,
such as crystal morphology, may be contributing to the
observed differential toxicity. It is known that ZnO NPs with
sharper angles have been noted to contribute to lower viability
in cell culture studies with A549 and HT29 cells [30]. Similar
morphology effects on toxicity have been observed in studies of
manganese oxide, where the sharp points and edges were found
to generate more ROS than smooth surfaces [44]. We tested this
hypothesis by comparing X-ray diffraction (XRD) results for
NGZ relative to a representative sample of the other bare ZnO
NPs (Sigma-Aldrich, 63 nm, NBI 0215) using a Bruker-AXS
D8 Discover XRD instrument (Karlsruhe, Germany and
Madison, WI). No differences in the lattice parameters were
identified, thus other intrinsic factors must be contributing to
the unique toxicity of this commercial ZnO NP (see Supporting
Information File 6).

Since the size of the ZnO NP did not elicit any general trends in
the toxic responses observed, it is likely that surface features of
the particle impacting interactions with biological membranes
may drive toxicity more than the size of the particle itself. NP
agglomeration in aquatic environments often occurs and can be
influenced by physicochemical properties of the particle surface
and environmental factors affecting the zeta potential
[27,45,46]. Therefore, it is possible that the agglomeration of
the particles in the fishwater media could indirectly affect disso-
lution or interactions with the developing embryo. Previous
studies have found that uncoated ZnO NPs form smaller aggre-
gates on the surface of bacteria than are formed in suspension
[47], and this type of surface aggregation cannot be ruled out as

a contributing factor in our results. Previous studies with the
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freshwater crustacean Daphnia magna based on 30, 80—100
and 200 nm ZnO NPs found that toxicity was not dependent
on the primary particle size [11]. This is similar to what we
found for the bare ZnO NPs in our study which range from 4 to
70 nm.

Overall, the toxicity results suggest that surface features do
impact ZnO NP toxicity. In addition, the evaluation or mortality
at multiple time points during development is useful in
modeling nanoparticle—biological interactions using zebrafish
[45].

PCA

PCA combines as much information as possible to provide an
overview of the known and unknown relationships between
inherent NP features and developmental toxicity. The eight
original intrinsic properties descriptors were correlated with
each other based on similarities in value of PC1 weights,
however more separation was gained using the weighting of
PC2 (Table 3). The latent factor suggested by PC2 is the Log D,
which plays a different role in the ZnO NPs toxicity compare to
size and polar surface effects. The unique clustering of both
sizes of oleic acid functionalized particles suggests the prop-
erties of this ligand are somewhat unique relative to the others,
perhaps due to the long chain length (Figure 2) and high
hydrophobicity of oleic acid (Table 2). Oleic acid coated ZnO
NPs which have the highest hydrophobicity (Log D 5.62),
showed the smaller size one was more toxic and separated from
the remainder of the coated particles in the PCA. In contrast, the
remaining surface functionalized particles all had much lower
log D values (Table 2) and clustered together in our analysis.
The Log D calculations can be affected by electrolyte
concentration, however in our study this was too small
(CI~ 0.0174 mol/L and Na*, K* 0.0165 mol/L) to affect its
value relative to water, thus these inherent properties value are
expected to reflect the true properties in fishwater. This
suggests that future studies should continue to investigate
surface features impacting the hydrophobicity of the particle as
potential contributors to toxicity. However, this result depends
on our assumption that the coating chemicals dominate the
hydrophobicity of the metal oxide NP [22]. Even when surface
chemistry is constant among ZnO NPs, differential particle
morphology and variations in the suspension media will likely
affect dissolution and alter the hydrophobicity in comparison to
theoretical values of Log D [30].

Other intrinsic properties not considered, such as the propor-
tional amount of ligand coverage on the surface of the nanopar-
ticle, may improve model performance further. Unfortunately
this level of detailed characterization of the surface chemistry is

often unavailable from manufacturers and is cost- and time-
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intensive to determine for a wide range of surface chemistries.
Further refinement of the model could likely also be achieved
by including more complex calculation of intrinsic values that
are based on the actual ligand-nanoparticle structure rather than
surface ligand structure alone (in the absence of consideration
of bonding with the NP). In studies of multiple engineered
nanoparticles, it is nearly impossible to set single variable
control groups due to correlated descriptors and constraints in
characterizing NPs in the experiment conditions. However, we
have shown that PCA can be used as a valuable alternative
method to estimate the relative effects of multiple inherent
properties simultaneously to support the development of predic-
tive models that will allow for the development of safer ZnO
materials.

Based on the large differences in molecular properties between
the organic surface coatings and the bare zinc oxide properties
(Table 2), it was expected that each group would separate
during clustering analysis, as was the case with this data
(Figure 5). Identified clusters suggest that a set of appropriate
intrinsic properties of surface chemistry can be used to partition
NPs into different groups. The 17 ZnO NPs partitioned into
clusters that were fairly easy to identify using only capping
agent properties. However, with more complex surface struc-
tures, overlap between clusters might happen making determin-
ation of the cluster number the first concern. Although there are
several algorithms to decide the cluster number, the lack of
robust data sets such as this preclude a current understanding of
which algorithm may be appropriate [48].

Kriging estimation

Based on the two most dominant PCs that explained 87.3% of
the variance in the toxicity data, we performed the kriging esti-
mation at each of the exposure concentrations. Interestingly, the
exposure concentrations had little influence on the coefficients
of determination with similar values being determined at each
concentration (Figure 6, Supporting Information File 4).
Kriging estimation further elucidated the impacts of NP size.
Based on Figure 6, we can see that the largest bare particle
(NGZ) also has the highest mortality (Figure 3B) and the cluster
2 surface modified 26 nm particles were predicted to have
overall lower toxicity than the larger versions of the same
particle. However, this trend does not hold for the oleic
acid functionalized particles as the smaller particles are
predicted to be higher in toxicity. Therefore, outermost surface
chemistry continues to play a more important role in deter-

mining toxicity.

Conclusion
The observed toxic responses of developing zebrafish embryos

to ZnO NP exposure varied with surface chemical modification
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and were only minimally impacted by particle size. Only NGZ,
a bare ZnO NP, had relatively high toxicity, suggesting specific
product features of bare ZnO NPs drive toxicity. This work has
shown that large databases of similar NPs with varying surface
features studied under identical experimental design protocols,
are invaluable in the development of models of nanoparticle-
biological interactions. We have shown that intrinsic features of
NPs, particularly those encompassing the outermost surface
chemistry, are useful in the classification and clustering of NP
toxicity data. Our finding that hydrophobicity was the strongest
determinant of toxicity of the many surface features we investi-
gated will contribute to the development of predictive models of
ZnO NP-biological interactions. We have found that PCA is a
useful tool for reducing numerous surface molecular properties
to fewer dimensions. Future development of highly accurate
predictive models will depend on detailed information provided
by in silico modeling and analysis of the outermost surface of
the nanoparticle. Overall, identification of specific material
features, such as outermost surface chemistry, that drive bio-
logical interactions appears feasible and models such as this
should continue to be tested and refined to achieve safer design
principles for the manufacture of ZnO NPs.

Experimental

Nanomaterials

The ZnO NPs with different capping agents and sizes were
obtained from a variety of commercial and research labora-
tories (Table 1). More detailed characterization of the nanoma-
terials are also available on the open-source Nanomaterial-Bio-
logical Interactions Knowledgebase [39] provided by Oregon
State University.

Estimation of surface chemical parameters
The eight surface chemical descriptors we utilized were size,
hydrophobicity (Log D), polarizability, polar surface area, van
der Waals surface area, solvent accessible surface area, molar
refractivity and Dreiding energy (Table 2). Except for the pri-
mary particle sizes (which were provided by manufacturers),
the seven other intrinsic properties of capping agents were
calculated by software (Table 2). Log D is calculated using
Advanced Chemistry Development (ACD/Labs) Software
version 11.02. PL is retrieved from ChemSpider (Mar. 2014),
which was predicted by ACD/Labs Percepta Platform -
PhysChem Module. VDW surface (VS), PS, SASA, RF and DE
were calculated in Marvin Beans (version 6.2.2, Cambridge,
MA). All inherent chemical properties were calculated based on
the pH used in zebrafish toxicity test.

Embryonic zebrafish assay

Wild-type 5D zebrafish (Danio rerio) embryos were obtained
from group spawns of adult fish housed at the Sinnhuber
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Aquatic Research Laboratory at Oregon State University
(Corvallis, OR). All NP dilutions and exposures were conducted
in fish water (FW). The FW was prepared with 0.26 g/L Instant
Ocean salts (Aquatic Ecosystem, Apopka, FL) combined with
approximately 0.01g NaHCO3 pH buffer in reverse osmosis
water (pH 7.0-7.4, conductivity 450-600 pS). Embryos were
collected at 6 hours post-fertilization (hpf) and maintained at
27 °C under 14/10 light and dark cycle. Embryos were exposed
individually in 96-well plates to 7 different concentrations
(0.016 to 250 mg/L) of each type of ZnO NP suspended in FW.
Prior to exposure, embryos were dechorionated at 6 hours post-
fertilization (hpf) with pronase (Sigma-Aldrich) and then rinsed
several times with FW [25]. The control groups are FW alone
without NPs present. A total of 21 endpoints were observed
during development at 24 and 120 hpf that included mortality as
well as morphological, behavioral and developmental
endpoints in sub-lethal exposures [49]. The 19 sub-lethal
endpoints include developmental progression (DP), spontan-
eous movement (SP), notochord (N), yolk sac edema (Y), axis
(A), eye (E), snout (Sn), jaw (J), otic (O), heart (H), brain (B),
somite (So), pectoral fin (PF), caudal fin (CF), pigment (P),
circulation (C), trunk (T), swim bladder (SB), and touch
response (TR).

Statistical analysis

Due to the non-parametric nature of the data and the small
sample size (<30 embryos for each exposure concentration), the
Fisher’s exact test (Sigma Plot v12.0, San Jose, CA) was used
to analyze individual endpoints recorded at 24 and 120 hpf [50].
P-value was calculated based on two-tailed test and a p < 0.05
significance level was maintained for all analyses. Mortality
data was compared between NPs with the same capping agent
but different sizes using two-way analysis of variance (R,
version 3.1.0, Vienna, Austria).

Principal component analysis (PCA) was conducted in R using
the primary particle size and seven intrinsic properties of NPs’
surface chemistry shown in Table 1 and Table 2, respectively.
To include control groups (blank group) in the analysis, all of
the intrinsic NP properties are set to 0 for the blank groups. The
same intrinsic properties were used for all exposure concentra-
tions (0.016 mg/L to 250 mg/L) for a given particle type. The
normalization process was conducted on the dataset as a matrix
in PCA, with the mean of normalized data equal to 0 and stan-
dard deviation equal to 1. Then 8 different linear combinations
consisting of 8 independent variables and their coefficients (also
called “rotation” in R) were generated as new vectors, called
principal components (PCs). The converted value, called score
(stored as “x” in R), was used to model the toxic responses. The
ordinary kriging was conducted in R using the additional

“Kriging” and “gstat” packages.
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Supporting Information

Supporting Information File 1

Zebrafish malformation and behavioral data. The 19
sub-lethal endpoints are developmental progression (DP),
spontaneous movement (SP), notochord (N), yolk sac
edema (Y), axis (A), eye (E), snout (Sn), jaw (J), otic (O),
heart (H), brain (B), somite (So), pectoral fin (PF), caudal
fin (CF), pigment (P), circulation (C), trunk (T), swim
bladder (SB), and touch response (TR).
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-160-S1.x1sx]

Supporting Information File 2

Fisher’s exact test p-value. The 19 sub-lethal endpoints are
developmental progression (DP), spontaneous movement
(SP), notochord (N), yolk sac edema (Y), axis (A), eye (E),
snout (Sn), jaw (J), otic (O), heart (H), brain (B), somite
(So), pectoral fin (PF), caudal fin (CF), pigment (P),
circulation (C), trunk (T), swim bladder (SB), and touch
response (TR). Included are three mortality (M) endpoints
at 24 and 120 hours post fertilization after the exposure to
ZnO NP and the sum of two M.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-160-S2.x1sx]

Supporting Information File 3

Cluster analysis of converted data using Euclidean distance
to partition into A) 3, B) 4, C) 5, D) 6 clusters.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-160-S3.png]

Supporting Information File 4

Kriging estimations of zebrafish mortality data at
A) 0.016 ppm, B) 0.08 ppm, C) 0.4 ppm, D) 2 ppm,
E) 10 ppm, F) 50 ppm.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-160-S4.png]

Supporting Information File 5

Embryonic zebrafish mortality at 24 and 120 hours post
fertilization after ZnO NP exposure.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-160-S5.x1sx]

Supporting Information File 6

XRD analysis of three different ZnO NPs.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-160-S6.png]
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The cancer Nanotechnology Laboratory (caNanoLab) data portal is an online nanomaterial database that allows users to submit and

retrieve information on well-characterized nanomaterials, including composition, in vitro and in vivo experimental characteriza-

tions, experimental protocols, and related publications. Initiated in 2006, caNanoLab serves as an established resource with an

infrastructure supporting the structured collection of nanotechnology data to address the needs of the cancer biomedical and nano-

technology communities. The portal contains over 1,000 curated nanomaterial data records that are publicly accessible for review,

comparison, and re-use, with the ultimate goal of accelerating the translation of nanotechnology-based cancer therapeutics, diagnos-

tics, and imaging agents to the clinic. In this paper, we will discuss challenges associated with developing a nanomaterial database

and recognized needs for nanotechnology data curation and sharing in the biomedical research community. We will also describe

the latest version of caNanoLab, caNanoLab 2.0, which includes enhancements and new features to improve usability such as

personalized views of data and enhanced search and navigation.

Introduction
The U.S. annual report to the nation on the state of cancer indi-
cates a steady decline in overall mortality rates, with increases

in incidence for many cancers [1]. Internationally, cancer inci-

dence paints a more dramatic picture in which the number of
new cases has increased from 12.7 million in 2008 to

14.1 million in 2012, with this number expected to rise even
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further by an additional 75% in the next two decades [2].
Regardless of whether the focus is limited to the U.S. or consid-
ered internationally, the implied and actual burden of cancer is
clear, calling for earlier detection and treatment modalities to
alleviate this problem. Standard cancer therapeutics are often
characterized by poor water solubility and rapid degradation
leading to narrow therapeutic windows and doses limited by
toxicity [3]. In turn, diagnostics are often hindered at the level
of sensitivity, and time between testing and diagnosis. Opportu-
nities for the potential to improve current cancer therapeutics
and diagnostics are sorely needed. Nanotechnology provides
tremendous opportunities in applications to medicine to make
improvements in both these areas. At the nanoscale, the prop-
erties of materials yield unique chemical, physical, and bio-
logical features that make them advantageous drug delivery
vehicles and imaging agents that can target tumor cells, while
sparing healthy cells — thereby drastically reducing the
toxicity of treatments [4]. Even more so, nanotechnology can
be utilized to deliver newer drugs that in the absence of
nanotechnology-based vehicle are undeliverable at effective
doses [5].

Yet, major hurdles remain to be overcome before we can expect
to see regular use of nanotechnology in the clinic that are
inherent to new technologies at the clinical trial stage, such as
the cost of development, and biological challenges that need to
be addressed to ensure patient safety and efficacy. There are
only five U.S. Food and Drug administration approved nano-
technology-based drugs — Doxil, DaunoXome, DepoCyt,
Marqibo, and Abraxane — while many more are in clinical trials
[6]. Similarly, there are a limited number of approved diag-
nostic devices and tests [7]. In other areas of research, espe-
cially genomics, the sharing of experimental data has been
shown to be vital for the advancement of scientific discovery
and translation [8,9]. Databases such as dbGaP have provided
investigators access to hundreds of genomics studies, resulting
in three times that number of publications and scientific
advances in the genetic basis of disease [8]. Unlike genomics,
nanotechnology data management systems, which are at rela-
tively early stages of development, must consider the hetero-
geneity of nanomaterial data and varied needs based on applica-
tion (e.g., research focus — environmental vs medical vs
energy). Even within a given research area, multi-disciplinary
contributions to the field further complicate the development
of management systems that address the needs of different

communities.

The task of creating relevant databases for nanotechnology risk
assessment, manufacturing, characterizations, and literature data
is being taken on globally by government, academic, and regu-

latory organizations. To date, there are approximately 38 data-
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bases at various stages of development from initial schema inte-
gration to storage of structured, accessible data [10]. However,
obstacles still exist in accessing well-characterized datasets and
computational tools for further analyses, validation, and guid-
ance in the design optimization of nanomaterials. Further, the
development and adoption of data standards to enable efficient
data deposition into databases and sharing between laboratories
and individual investigators is of great importance. Building the
infrastructure for organized data management systems is seen as
a potential avenue to overcome these challenges to technology
development and clinical translation.

Here we discuss considerations for developing a user-friendly
nanomaterial repository in biomedicine and sharing well anno-
tated nanotechnology data. In particular, we describe the cancer
Nanotechnology Laboratory (caNanoLab) data portal, a web-
based database that allows users to submit and retrieve informa-
tion on highly described nanomaterials used in biomedicine. We
provide an overview of caNanoLab functionality and the release
of caNanoLab 2.0, which contains new features and enhance-
ments that address some of the barriers to data sharing
described above and enable more efficient data submission and
greater support for users.

Results and Discussion

caNanoLab 2.0 navigation, search, and
submission

As we have previously reported, the caNanoLab project
(https://cananolab.nci.nih.gov/) was initiated as a collaborative
effort between the National Cancer Institute’s (NCI) Office of
Cancer Nanotechnology Research and Center for Biomedical

Informatics and Information Technology to address the charac-
terization requirements for federal regulatory review of nano-
material-based investigational new drugs, diagnostic devices,
and imaging agents [11,12]. caNanoLab was originally de-
signed to capture information about the nanomaterial sample
and its composition, associated in vitro characterizations, ex-
perimental protocols, and relevant publications. The ultimate
goal being to accelerate the clinical use of cancer nanomedi-
cines by providing efficacy and safety information to support
the above mentioned review process for the use of these nano-
material in human cancer clinical trials, one of the first step to
clinical use. Moreover, caNanoLab was designed to enable the
sharing of highly described and complete nanomaterial datasets
that can then be re-used for downstream analyses and nanoma-
terial optimization. In the past decade since its launch,
caNanoLab has been expanded to further address the needs of
the biomedical research community by enabling the submission
and retrieval of diverse nanomaterial types (Figure 1) and char-
acterizations, including in vivo and ex vivo characterizations, to

additionally support computational modeling and simulation of
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Figure 1: Example nanomaterial types supported by caNanoLab.
Pictured is a subset of supported nanomaterials, along with a list of
example high-level metadata specific for the listed particle types.

nanoparticle behavior. Standardized metadata are provided to
aid these efforts.

caNanoLab navigation and search features

In support of data sharing, caNanoLab compliments other nano-
material data resources [11] and provides facilities that enable
the retrieval and submission of standardized nanomaterial data.
Currently, more than 1,000 curated nanomaterial records are
publicly accessible and can be queried directly from the
caNanoLab homepage. Web usage statistics indicate the
majority of users are from the U.S., but has grown to include
users from several other countries such as Great Britain,
Germany, China, the Netherlands, Spain, and Japan. In 2014,
the number of unique portal visitors numbered over 3,000.
Options for browsing curated protocols, samples, and publica-
tions are available on the homepage. In the caNanoLab 2.0
release, the homepage layout and interface were changed to

improve navigation, including enhancements to the User

Beilstein J. Nanotechnol. 2015, 6, 1580-1593.

Actions options, and access to commonly asked questions and
answers. By selecting “Search Samples,” users are taken to a
screen from which nanomaterial samples can be queried by
keyword, name, or nanomaterial feature. Each sample provides
information on the nanomaterial developer, which is also
provided as a search option (Sample Point of Contact), and
listed in detail in the subsequent Sample Search Results screen
(Figure 2).

By selecting “View” next to the sample of interest, users can
analyze information about individual nanomaterial sample
records such as composition, which includes standard metadata
used to describe composition properties (Figure 3). Importantly,
the “Navigation Tree” allows for viewing of other pertinent
features of the selected nanomaterial such as general informa-
tion about the developer (e.g., organization and role) and
performed characterizations. Similarly, recommended metadata
are provided for various characterization assay information such
as assay type, experimental techniques, protocols, instruments,
and experimental conditions to ultimately support comparison
between nanomaterial studies (Figure 4). These metadata
were derived from review of nanomaterial properties provided
by NCI’s Nanotechnology Characterization Laboratory
(http://ncl.cancer.gov/), collaborations with the NanoParticle

Ontology (NPO; http://www.nano-ontology.org/), and discus-

sions with the research community.

In addition to sample searches, caNanoLab users can search for
protocol and publication information by name or nanomaterial
feature from the caNanoLab homepage or by using tabs at the
top of a viewed nanomaterial sample record (Figure 3). Query
results can be either printed or exported into spread-sheet based
reports using options available on the results screen. In
caNanoLab 2.0, a search for sample characterization and com-
position information using the associated publication’s identi-
fier has been implemented and returns a compiled sample infor-
mation page (Figure 5). Users can search by either Digital
Object Identifier (DOI) or PubMed ID. This feature is also
available for publication vendors to interface online articles
with corresponding caNanoLab data by leveraging the publica-
tion’s DOI. By creating this interface, we hope to promote the
discoverability and usage of data in caNanoLab.

caNanoLab submission

To submit information into caNanoLab, data submitters are
guided through the process with the help of a workflow diagram
containing active links (Figure 6) that directs users to web-
based forms. Users request an account on the homepage and
once credentials are provided, may login to submit protocols,
samples, and publications. All data submissions are reviewed
for completeness by an in-house curator, and require approval
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Figure 2: Sample search. Users can search for samples by keyword, name, point of contact, or feature. Following a search (red highlighted box and
arrow), users are taken to a sample search results screen from which users can review the results and select sample records to view.

before being made publicly available on the caNanoLab
website. To improve this process, caNanoLab 2.0 introduces a
MyWorkspace feature as illustrated in Figure 7 to allow submit-
ters to view and access their submitted data, and monitor
submission status.

Nanotechnology protocols (Figure 8) for characterization,
safety, radiolabeling, sample preparation, and other detailed
procedures that might be part of an experiment can be entered
into the portal. Protocols currently available are primarily for
physico-chemical and in vitro characterizations, however, other
protocol assays are strongly encouraged and welcomed,
including video-recorded procedures. Submitters can specify

protocol type from a drop-down list (e.g., in vitro assay, sample
preparation, other) and protocol version if multiple variations or
updates exist. Protocols can be submitted as files or URLs to
videos or other protocol documents maintained externally. Once
submitted, protocols can then be associated with characteriza-
tion assays described for submitted samples.

In addition to protocols, caNanoLab supports the submission of
sample composition and characterizations. For the purposes of
caNanoLab, a sample is defined as a formulation of a base
nanomaterial platform and any additional components that
contribute to the function(s) of the nanomaterial. Submitters can

enter nanomaterial composition information (Figure 9)
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Figure 3: Example nanoparticle composition in caNanoLab of a triazine dendrimer with paclitaxel. Composition information captures properties
inherent to the dendrimer (e.g., generation), as well as properties inherent to several particle types (e.g., chemical name, molecular formula). Bottom
diagram highlights high level concepts and properties pertaining to composition.

including: nanomaterial entities (e.g., dendrimer), functional-
izing entities (e.g., small molecule), and chemical associations
(e.g., covalent bond). This composition model supports the
submission of complex particles (e.g., liposome encapsulated in
a quantum dot) and supports the capture of properties unique to
each particle type. Nanomaterial characterizations include
physico-chemical, in vitro, and in vivo characterizations. When
submitting characterizations, submitters can specify the
protocol, instruments, and techniques used in the described
characterization assay (Figure 10). Research findings informa-
tion, including empirical data and experimental conditions, may
also be uploaded as files and/or in a data matrix (Figure 11).
Once a sample is successfully submitted to the database, either

the submitter or curator can generate a data availability metrics
table for the sample (Figure 12). Such a data availability metrics
compares the submitted data to a checklist of data supported by
caNanoLab and data recommended in the MinChar standard
(https://characterizationmatters.wordpress.com/parameters/).

The caNanoLab identified metadata illustrates information
pertinent for nanomaterial composition and specific characteri-
zations, while MinChar is suggested minimum metadata
proposed by researchers and others involved in assessing nano-
material safety to enable cross-comparison of nanomaterial data
and data interpretation. Access to this table is available
following a sample search on the sample search results screen
(Figure 2).
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Assay Type molecular weight
Point of Contact DNT

Characterization Date N/A

Protocol N/A
Design Description N/A
Experiment Technique Instruments Description
Configurations asymmetrical flow field-flow
fractionation with multi-angle laser
light scattering(AFFF-MALLS)
Characterization Results Data and Conditions
sample concentration | molecular weight | solventmedia | PDI
(observed,mg/mL) (observed,kDa) (observed) (observed)
2 20.74 PBS 1.078

Molar mass versus elution time plot of NCL22 and NCL23 by AFFF-MALLS. Concentration
of NCL22: 1 mg/mL in H O; concentration of NCL23: 2 mg/mL in PBS; Conditions: Injection
volume: 100 uL; 10kDa regenerated cellulose membrane; 350 um channel thickness; 1
mL/min channel flow; 3 mL/min cross-flow. AFFF is an innovative separation method for an
efficient separation and characterization of nanoparticles, polymers, and proteins thatis
both fastand gentle. When coupled with a MALLS system, the molar mass and rms radius
can be obtained for the fractionated sample. The molar mass distribution plot shows that
NCL22 and NCL23 have similar molar mass by using AFFF as separation method. The
calculated molar mass of NCL22 and NCL23 was 21.63 kDa and 20.74 kDa, and the
polydipersity index was 1.046 and 1.078, respectively (the molar mass of both NCL22 and
NCL23 was determined by using the dn/dc value of NCL22, which was measured using an

RI detector).

Magnevist.
| — e -
Mokcular Veight . MolarMass vs. Volume
NCL22: 21632 4 g/mel Py [ Nzt
NCL23: 20746+4 g/mal y \_‘ @ noLzzvar

% 3

Molar Mass f3/mof)

2

2.0
Volums (mL)

Figure 27. Molar mass versus elution time plot of NCL22 and NCL23 by AFFF-MALLS.
Concantration of NCL22: 1 mg/mL in H,0: concentration of NCL23: 2 mg/mL in PBS; Conditiona:
Injection voluma: 100 pL; 10kDa regensrated celluloes membrane; 350 pm channel thickness;

1 mUmin channd flow: 3 mL/mir flow. AFFF is an i i paration method fer an
efficiant separation and characterization of nanoparticlee, polymers and proteins that is both fast
and gentle. Whan couplad with a MALLS system, ths molar mass and rms radius can be obtainad
for the fractionated sample. Ths molar mass distribution plot shows that NCL22 and NCL23 have
eimilar molar mass by using AFFF as a separation method. The caloulated molar mass of NCL22 and
NCL23 was 21.63 kDa and 20.74 kDa. and the polydieparaity index was 1.046 and 1.078, reepactivaly
{the molar mass of both NCL22 and NCL23 was datarminad by ueing the dn/dc value of NCL22.
which was measured using an Rl detector).

Analysis and Conclusion NCL23 and NCL22 have a similar molar mass by using AFFF as a separation method. NCL23 is NCL22 with associated

Characterization

[ ) 1

Figure 4: Example Nanoparticle Characterization in caNanoLab of a Dendrimer. Characterization information captures information about the assay
type and experimental conditions (e.g., technique, concentrations, and observed measurements). Pictured here is an example in which the molecular
weights of two curated nanomaterials are compared by light scattering (top and bottom left). Bottom right diagram highlights parameters and factors

specific to characterization assays.

caNanoLab also supports the submission of publications
(Figure 13) and other reports. Through integration with
PubMed, information about publications can be populated
into caNanoLab simply by providing the PubMed ID.
Previously submitted samples can be associated with a
publication during the publication submission process (if
samples were described in a published work), enabling the

simultaneous retrieval of publication and sample information

following a query.

Data submitters are allowed to make their data public or private,
with the option to grant access to a limited number of users for
varied levels of sharing. Submission instructions are provided in

caNanoLab’s online user manual, as well as through a video
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Sample Information by Publication

e sample sample

Help Glossary

DOl Id: Rancan, F, Intracellular uptake and Samples curated in  Samples curated in | Photochemistry 2007 83:1330-
10.1111/4.1751- Helmreich, M, Molich, ' phototoxicity of 3(1),3(2)- caNanoLab: caNanoLab: and 1338
1097.2007.00163.x A, Jux, N, Hirsch, A, didehydrophytochlorin-fullerene | UC HU UEN- UC HU UEN- Photobiology
Rdder, B, Bhm, F hexaadducts FRancanPhPh2007- FRancanPhPh2007-

01 01

UC HU UEN- UC HU UEN-

FRancanPhPh2007- FRancanPhPh2007-

02 02

UC HU UEN- UC HU UEN-

FRancanPhPh2007- FRancanPhPh2007-

03 03

UC HU UEN- UC HU UEN-

FRancanPhPh2007- FRancanPhPh2007-

04 04

The main challenge in searching for new photosensitizers is to improve their specificity for target cells to avoid toxicity towards normal cells. New modular
drug delivery systems were proposed consisting of a multiplying unit with the property of carrying several drug moieties and an addressing unity with high
selectivity for target cells. Following this concept, two new fullerene-bis-pyropheophorbide a derivatives were synthesized: a mono-(FP1) and a hexa-
adduct (FHP1). The photophysical characterization of the compounds revealed significantly different parameters related to the number of addends at the
fullerene core. In this study, the derivatives were tested with regard to their intracellular uptake and photosensitizing activity towards human leukemia T-
lymphocytes (Jurkat cells) in comparison with the free sensitizer, pyropheophorbide a. The C(60)-hexa-adduct FHP1 resulted to have a significative
phototoxic activity (58\% dead cell, after a dose of 400 mJ/cm(2), 688 nm) while the mono-adduct FP1 had a very low phototoxicity and only at higher light
doses. The photosensitizing activity of the fullerene hexa-adduct, FHP1, resulted to be lower than that of pyropheophorbide a. The lesser intracellular
concentration reached by the C(60)-hexa-adduct FHP1 is probably the reason for its lower phototoxicity with respect to pyropheophorbide a.

Figure 5: caNanoLab sample information by publication. List and active links to all curated data for a given publication are provided following a DOI-
based search for samples by publication. This option is available under the Publication tab once the user has initiated a publication search.

tutorial that guides users through the caNanoLab 2.0 submis-
sion procedures. Both resources can be found on the caNanoLab
FAQ webpage (https://wiki.nci.nih.gov/x/UKml), accessible

through the caNanoLab homepage under the “How To” box.

Assistance is also provided by the in-house curator.

SUBMISSION

Data integration and sharing

To optimize the design and utility of nanomaterials in biomedi-
cine, researchers need to integrate and compare datasets gener-
ated by different research groups. However, the lack of avail-
ability and access to datasets stored across a variety of resources

e

Protocols

General lnform‘an

Composition

caractenmuons

Publications

SEARCH [

Search
Protocols

Search
Publications

Search
Samples

Figure 6: caNanoLab data submission and search workflow. A graphic available upon login that illustrates the functionality in caNanoLab. Both work-
flows provide active links for the indicated options. Reprinted with permission from [12]. Copyright 2014 IEEE.
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My Samples
[rcions | Samveame | SampeSubmision Saus | Crosed Do SamweAccoss
View Edit Dendrimer-Demo In Draft 12/17/10 (Owner, Shared by: Curator, Demo University)
View Edit  Liposome-Demo In Draft 12/9/11 (Owner, Shared by: Curator)
View Edit Carbon_Nanotube-Demo In Draft 2/29/12 (Owner, Shared by: Carbon Tube Group, Curator)
View Edit | Metal_Particle-Demo In Draft 424112 (Owner, Shared by: Curator)

My Protocols

m Protocol Name Protocol Submission Status Created Date Protocol Access

View Edit  NIST - NCL Joint Assay Protocol, PCC-6 Retracted 12/8/10
View Edit | NIST - NCL Joint Assay Protocol, PCC-7 Approved 12/8/10
View Edit  NIST - NCL Joint Assay Protocol, PCC-10 Approved 12/8/10
View Edit  NIST - NCL Joint Assay Protocol, PCC-8 Approved 12/8/10
View Edit | NIST - NCL Joint Assay Protocol, PCC-9 Approved 12/8/10
View Edit  NIST - NCL Joint Assay Protocol, PCC-11 Retracted 12/8/10
View Edit  NIST - NCL Joint Assay Protocol, PCC-14 Approved 12/8/10
View Edit  NIST - NCL Joint Assay Protocol, PCC-12 Approved 12/8/10
View Edit  NIST - NCL Joint Assay Protocol, PCC-13 Approved 12/8/10
View Edit  ITA-14 Approved 12/8/10
View Edit | ITA-5.1 Approved 12/8/10
View Edit ITA5.2 Approved 12/8/10
View Edit = NCL Method GTA-14 Approved 12/8/10
View Edit = NCL Method GTA-11 Approved 12/8/10
View Edit  NCL Method GTA-12 Approved 12/8/10

Figure 7: caNanoLab MyWorkspace screen.
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Help Glossary

Protocol Type *
Protocol Name*

Protocol
Abbreviation

Protocol Version

Protocol File

File Title

Description

Group Name
Curator
Public

| physico-chemical assay v |

[NIST - NCL Joint Assay Protocol, PCC-13

[pcc-13 |
i )
© upload @® Enter File URL
|http:/incl.cancer.gov/NCL_Method_PCC-13.pdf | [Discisimer]
[Measuring the pH of Nanoparticl: P
Protocol for measuring the pH of dilute particle ition similar to NIST

Reference Materials (RMs) 8011, 8012, and 8013, which contain gold nanopamcles in a dilute
electrolyte solution

a|

Access to the Protocol m

Access
read update delete
read

Delete

Figure 8: caNanoLab protocol submission screen.

Update
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NCL-23-1 Sample Composition - Nanomaterial Entity -

Help  Glossary

Description

G4.5 COONa terminated PAMAN dendrimer-!.!agnevist&@ complex

Dendrimer Properties

Branch 1-4

Generation 45

Composing Element [0

core (name: Diaminobutane (DAB))

PubChem ID
Molecular Formula
Description
Function

Composing Element Info

modifier
monomer

Malarular Earmula

Figure 9: caNanoLab sample composition submission screen.

Type* Chemical Name* Diaminobutane (DAB)
PubChem PubChem Id
DataSource excipient

Internal buffer -
Amount lipid Amount Unit v

Malarular Earmula

Sample NCL-23-1 Edit Characterization Help Glossary

Assay Type size ~ Protocol Name -

Version

Characterization DNT

Source acoustic microscopy

alternating magnetic field
7 flow field-flow/
atomic absorption spectroscopy
atomic force microscopy
The effect of size | biochemical quantitation
capillary electrophoresis
cell counting
centrifugal fitration

Design and Methods
Description

Technique and =3 colony counting
Instrument computed tomography
confocal laser scanning microscopy
Technique coulter principle

R R dark field microscopy
dynamic light scattering "

differential centrifugal sedimentation
dynamic light scattering
Technique and Instrum| electron microprobe analysis

-
with multi-angle laser light scattering \i

ccoagulation detection

)

Description

Technique* dynamic light scattering

Abbreviation

Instrument m
Manufacturer Model Name
Malvern

Figure 10: caNanoLab sample characterization submission screen — techniques and instruments.

with limited data exchange hinders this goal. The caNanoLab
team strongly supports interoperability between databases, and
engages in activities focused on the development of standards to
enable data exchange. In particular, the design of the
caNanoLab data model was informed by the NPO, which repre-
sents knowledge underlying the description, preparation, and

characterization of nanomaterials in cancer nanotechnology
research [13]. caNanoLab data model class names and attrib-
utes are maintained in the NCI cancer Data Standards Reposi-
tory (https://cdebrowser.nci.nih.gov/CDEBrowser/), and defini-

tions for caNanoLab concepts are maintained in the NCI
Thesaurus (http://ncit.nci.nih.gov/). The caNanoLab team is
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Figure 11: caNanoLab sample characterization submission screen — data and conditions.

also working with the ISA-TAB (http://isatab.sourceforge.net/)

285.html)). A nanomaterial data sharing coordinator must be

and nanotechnology communities to develop a specification
that provides descriptive information applicable to nanotech-
nology using spreadsheet-based file formats — ISA-TAB-Nano
[14]. Curated caNanoLab data are annotated by terms from
Bioportal (http://bioportal.bioontology.org) and entered into
ISA-TAB-Nano files that are available for download at
https://wiki.nci.nih.gov/x/IgFwBg by individual users or other

databases to enable data exchange.

In addition to the development and utilization of data exchange
standards, another challenge to data sharing, as viewed by
caNanoLab, has been access to investigator-derived data, and
submission of these data by individual investigators. The
majority of data submitted into caNanoLab are curated from
published articles. The most challenging aspect of this process
is acquiring additional information from the author. To address
this challenge, many of the features in caNanoLab 2.0 to
enhance navigation and enable personalized views of data were
designed to improve individual investigator/user data submis-
sion. Further, the NCI Alliance for Nanotechnology in Cancer

program (http://nano.cancer.gov), a network of extramural

research centers and projects also supported by NCI’s Office of
Cancer Nanotechnology Research, now requires awardees to
share data through appropriate publicly accessible databases
such as caNanoLab, and has made nanomaterial data deposition
a Term and Condition of award (see RFA-CA-14-013 (http://
grants.nih.gov/grants/guide/rfa-files/RFA-CA-14-013.html);
PAR-14-25 (http://grants.nih.gov/grants/guide/pa-files/PAR-14-

named for each award and plans for data sharing must be
included with each application submission. Information on how
to incorporate the use of caNanoLab into a data sharing plan is
available on the caNanoLab website to make this process easier.
Although this is not yet a requirement for other nanomaterial-
related funding opportunity announcements, NCI’s Office of
Cancer Nanotechnology Research hopes this will encourage
data sharing and acceptance of nanomaterial data deposition as
a standard practice similar to what has been observed
for genomics data and currently instituted federal data sharing
policies [8,15].

Addressing future needs of biomedical data-
bases supporting nanotechnology

The genomics community expressed the need for standards and
databases to house the extensive amount of data generated by
gene expression and sequencing experiments, yielding such
efforts as the development of the minimum information about a
microarray experiment (MIAME) [16]. As a result, the MIAME
guideline, and others, have been adopted by journals, databases,
and researchers as an accepted format for annotating data — a
requirement called for by these groups [17]. Similarly, in order
for the nanoinformatics field to grow, the relevance of nano-
technology data and associated information must be empha-
sized by the community. In discussions amongst community
members, primarily in consultation with journals, researchers
acknowledged and agreed with the importance of implementing

minimum characterization requirements and guidelines, but the

1589


http://isatab.sourceforge.net/
http://bioportal.bioontology.org
https://wiki.nci.nih.gov/x/lgFwBg
http://nano.cancer.gov
http://grants.nih.gov/grants/guide/rfa-files/RFA-CA-14-013.html
http://grants.nih.gov/grants/guide/rfa-files/RFA-CA-14-013.html
http://grants.nih.gov/grants/guide/pa-files/PAR-14-285.html
http://grants.nih.gov/grants/guide/pa-files/PAR-14-285.html

caNanoLab Availability Score: 36.0% (11 out of 30) MINChar Availability
Score: 44.0% (4 out of 9)

caNanoLab MINChar Caltech-HHanBC2013-
10
agglomeration and/or
aggregation
crystal structure/crystallinity
General Sample v
Information
Sample Composition chemical composition v
nanomaterial entities w/
functionalizing entities v
chemical associations
attachment surface chemistry v
encapsulation
entrapment
sample function v
Physico-Chemical Characterization
surface
surface area surface area
surface charge surface charge
zeta potential surface charge v
molecular weight
physical state
purity purity
relaxivity
shape shape
size particle size/size v
distribution
solubility
In Vitro Characterization
blood contact
cytotoxicity v
enzyme induction
immune cell function
metabolic stability
oxidative stress
sterility
targeting v
transfection
In Vivo Characterization
pharmacokinetics
toxicology
Publications v

Figure 12: caNanoLab data availability metrics table. The first and
middle columns list data supported and recommended by caNanoLab
and the MinChar standard, respectively. The last column is a compari-
son of the data curated for the indicated sample to the caNanoLab and
MinChar column lists. Data availability is provided for samples in
Sample Search Results.

manner in which to identify these features were debated [18].
Different types of information are needed based on the purpose
of the study, which may vary based on the nanotechnology
application [19]. Considering these issues, caNanoLab and
other nanomaterial databases require input and support from
users including informatics experts, nanotechnologists, biolo-

gists, and clinicians to better understand their needs. Active

Beilstein J. Nanotechnol. 2015, 6, 1580-1593.

outreach and collaborations are required to meet these goals, as
well as sustained interest in the use of databases by the commu-
nity, and increased data exchange between resources and

researchers.

Enhancing data interoperability by collabora-
tive development of data standards and best

practices

The caNanoLab team is engaged in many activities to better
serve the needs of the nanotechnology research community and
increase adoption of caNanoLab and other nanomaterial
resources. Activities range from engaging publication vendors
to facilitate linkages between publications and nanotechnology
databases (as described above), to working with other groups to
develop data standards and guidelines for data submission and
sharing. In particular, interoperability with other databases is
seen as important both for NCI and the caNanoLab user
community. To achieve this goal, the caNanoLab team actively
works with other databases, community-based programs, and
federal initiatives such as the National Cancer Informatics
Program (NCIP) Nanotechnology Working Group (Nano
WG) and the National Nanotechnology Initiative (NNI;
http://www.nano.gov), to develop data standards and deposi-

tion guidelines. Accelerating the meaningful exchange of infor-
mation across the nanotechnology community is a priority for
the Nano WG. Consisting of researchers from academia,
government, and industry, much of the group’s focus has been
on the collaborative development and dissemination of data
standards. Key efforts in this area have included development
and enhancement of the NPO and ISA-TAB-Nano. ISA-TAB-
Nano is currently used by NCI, the NBI Knowledgebase
(http://nbi.oregonstate.edu/), and the EU NanoSafety Cluster
(http://www.nanosafetycluster.eu/) to enable interoperability

between databases. Most recently, the Nano WG established a
subgroup focused on developing guidelines for data curation,
and is in the process of writing a series of consensus papers on
curation workflows, data completeness and quality, curator
responsibilities, metadata, and integration between datasets and
databases, as an overview of current curation practices and
recommendations (Nanomaterial Data Curation Initiative,
https://nciphub.org/groups/nanotechnologydatacurationinterest-

group) [20,21].

In line with the goals of this subgroup, the journal Nature Nano-
technology recently published an editorial to announce their
plans to participate in Nature’s initiative to improve consis-
tency and reporting of data in life sciences articles [22]. Starting
in January 2015, the journal requires the submission of a check-
list that ensures authors disclose all the information necessary
for others to reproduce their work. This full disclosure

includes the deposition of data into comprehensive public
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Figure 13: caNanoLab sample publication submission screen. Information for PubMed articles is auto-populated by leveraging PubMed’s Application

Programming Interface for information retrieval.

databases such as caNanoLab and the Nanomaterial Registry

(https://www.nanomaterialregistry.org/). The journal expressed

interest in working with communities to develop customized
checklists appropriate for specific research fields to streamline
data reporting and deposition during the manuscript submission
process. As part of this effort, caNanoLab is listed as a recom-
mended data repository for Scientific Data, a Nature journal that
publishes descriptions of scientific datasets, and the caNanoLab
team participates in the NCIP Nano WG’s Nanomaterial Data
Curation Initiative. Increased interactions between caNanoLab
and journal publishers are also underway to facilitate the devel-
opment of reporting guidelines in an effort to increase data
deposition at the manuscript submission stage [12].

Federal members of the caNanoLab team participate in the NNI
Signature Initiative on Nanotechnology Knowledge Infrastruc-
ture (NKI) — enabling national leadership in sustainable design
[23]. The purpose of the NNI Signature Initiatives is to rapidly
advance science and technology by coordinating the program-
matic efforts of member federal agencies in areas identified to

be of national importance such as nanotechnology data manage-

ment. The NKI is focused on major thrust areas, including the
creation of a data infrastructure to support data sharing, and
management to enable novel nanotechnology-based innova-
tions across disciplines. As such, the NKI works with varied
groups to accomplish the initiative’s goals of ultimately
sustaining new innovation and knowledge discovery in the
design and application of nanomaterials in science.

Conclusion

Access to detailed nanomaterial characterization data is seen as
a prominent need to advance cancer nanomedicines to the clin-
ical environment. To aid this process, caNanoLab will continue
to evolve as a valuable resource to the biomedical nanotech-
nology community through portal enhancements and through
integration with other community-identified resources. Plans
are underway for a caNanoLab 2.1 release, which will include
increased usability and performance enhancements, a Google-
like search capability, advanced search and query features, pop-
up instructions for data submission fields, and enhancements to
the MyWorkspace feature. The caNanoLab 2.1 release will be

available in late summer 2015. caNanoLab software is open

1591


https://www.nanomaterialregistry.org/

source and available for download from GitHub for local instal-
lation (https://github.com/NCIP/cananolab). This code is
customizable, and code contributions back to the community

via GitHub are strongly encouraged to support further develop-
ment of caNanoLab. As part of the evolution of the portal, the
caNanoLab team plans to maintain collaborations with other
nanomaterial resources used by the community in support of
nanomaterial data standards development, integration, and
analysis. The future development of caNanoLab will be guided
by community practices supporting data interoperability and
exchange, such as the use of ISA-TAB-Nano and community
developed common web services.

User Feedback

The caNanoLab team is interested in feedback from the user
community on the new caNanoLab features and plans for future
enhancements. A discussion forum was created to receive this
feedback at https://nciphub.org/groups/cananolab usability. The

team is especially interested in the community’s ideas for

needed features, as well as data.
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Abstract

The increase in nanomaterial research has resulted in increased nanomaterial data. The next challenge is to meaningfully integrate
and interpret these data for better and more efficient decisions. Due to the complex nature of nanomaterials, rapid changes in tech-
nology, and disunified testing and data publishing strategies, information regarding material properties is often illusive, uncertain,
and/or of varying quality, which limits the ability of researchers and regulatory agencies to process and use the data. The vision of
nanoinformatics is to address this problem by identifying the information necessary to support specific decisions (a top-down ap-
proach) and collecting and visualizing these relevant data (a bottom-up approach). Current nanoinformatics efforts, however, have
yet to efficiently focus data acquisition efforts on the research most relevant for bridging specific nanomaterial data gaps.
Collecting unnecessary data and visualizing irrelevant information are expensive activities that overwhelm decision makers. We
propose that the decision analytic techniques of multicriteria decision analysis (MCDA), value of information (VOI), weight of evi-
dence (WOE), and portfolio decision analysis (PDA) can bridge the gap from current data collection and visualization efforts to
present information relevant to specific decision needs. Decision analytic and Bayesian models could be a natural extension of
mechanistic and statistical models for nanoinformatics practitioners to master in solving complex nanotechnology challenges.

Introduction

Extensive nanomaterial research has yielded an increasing future developments in nanomaterial research [2]. Nanoinfor-
amount of nanomaterial data [1]. The nanomaterial data are  matics is defined as (a) “the science and practice of deter-
currently so vast that it has become difficult to find data rele- mining which information is relevant to the nanoscale science
vant to a specific need. However, a formal knowledge infra- and engineering community”, and (b) “developing and imple-

structure, inclusive of current nanomaterial data, is essential to menting effective mechanisms for collecting, validating,
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storing, sharing, analyzing, modeling, and applying that infor-
mation” [3]. This definition implies the integration of top-down
methods for assessing scientific community needs with bottom-
up methods for data collection and management [4,5]. Such
integration will enhance the reproducibility and distribution of
data and the ability to transform the vast nanomaterial data into
accessible, integrated information.

Two recent workshops sponsored by the National Nanotech-
nology Initiative [5] and the National Nanomanufacturing
Network [6] were focused on assessing the state of nanomate-
rial risk management, nanoinformatics, determining gaps in the
information and risk management technologies, and evaluating
opportunities for improvement. These nanoinformatics work-
shops highlighted a number of resources that were already using
nanoinformatics to aggregate and organize nanomaterial data
[6]. The Nanoparticle Information Library (NIL) is a database
from the National Institute for Occupational Safety and Health
(NIOSH) that aggregates the physical characteristics of nano-
materials for industrial users, researchers, and health profes-
sionals to access and share [7]. The NanoHub offers a collabo-
rative workspace for users to share research, identify possible
opportunities to work with others, and to learn more about
nanotechnology [8]. This includes the GoodNanoGuide, a
resource that serves as a best practice exchange for nanomate-
rials in the workplace [9]. The Nanomaterial Registry archives
nanomaterial data according to their properties and environ-
mental and health implications, including their compliance
scores [1]. These efforts all focus on developing resources that
satisfy the bottom-up part of the nanoinformatics definition
presented above. The top-down part, in which the appropriate-
ness of information to a specific need is determined, is not
addressed to the same extent in any of the aforementioned
efforts. A few existing efforts implement parts of the envi-
sioned top-down strategy but none have bridged the gap to link
top-down analytics to the bottom-up data. Some of the closest
existing efforts include the various hazard and control banding
tools [10], as well as the SUN [11] and LICARA [12] projects
of the European Union Seventh Framework Programme. The
need for comprehensive top-down approaches was called for
after the NNI workshop and decision analytic tools were specif-
ically mentioned as a way of supplementing data intensive visu-
alization methods for the goals of risk management [5,13,14].

For a successful nanoinformatics enterprise, top-down decision
analytic tools and bottom-up data management methods need to
be integrated. Decision analytic tools are able to bridge the gap
between the data needed and the data available to make
informed decisions about a new technology. Decision analysis
typically formulates models for important decisions in order to

identify which alternatives are most desirable given the avail-
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able information and the preferences of the decision makers,
thus incorporating the top-down (decision) perspective. In addi-
tion, once decision modeling structures are in place, it is
possible to shift attention from selection of alternatives to
understanding the data’s support for those alternatives. In other
words, decision modeling structures can be used to first synthe-
size information toward a decision focus and second to identify
gaps and delve further in areas of need in order to establish
which particular data would be most relevant to the decisions at
hand. The ability of decision modeling to identify the relevance
of existing data and to distill which areas of research would be
most helpful are especially useful when large amounts of data
are available and when the data are uncertain and ambiguous.

This paper discusses several decision analytic tools that hold
promise for nanoinformatics. We describe the methodology and
application of case studies. In particular, we review the use of
multicriteria decision analysis (MCDA), value of information
(VOI), weight of evidence (WOE), and portfolio decision
analysis (PDA) from the perspective of nanoinformatics. We
propose that this set of decision analytic methods should be
explicitly developed as the next step to advance the nanoinfor-
matics vision of efficiently guiding research and seamlessly
identifying and synthesizing available information for decision
making.

Discussion

Multicriteria decision analysis

Multicriteria decision analysis (MCDA) refers to a set of
methods that are employed to rank decision alternatives from
most to least preferred. To accomplish this, MCDA allows the
user to break down complex problems into more manageable
pieces, assess those pieces with respect to the relevant data for
each alternative, and reassemble them to present an overall
conclusion to decision makers [15]. The process of completing
an MCDA can be divided into four steps: (1) identifying the
problem, the stakeholders, and the criteria relevant to the deci-
sion; (2) extracting weights, thresholds, and other parameters to
be inputs in the mathematical model, and assigning measure-
ments for each alternative; (3) executing the model via soft-
ware; and (4) evaluating the results of the model [16].

MCDA can be applied to nanoinformatics decisions, for
example, to help users evaluate and choose a nanomaterial type,
formulation, fabrication technique, supplier, coating, or risk
management strategy for a new product. From a portfolio of
alternatives, MCDA pinpoints those that are most worthy of
further consideration based on an aggregated score across all
selected evaluation criteria. Most nanomaterial hazard and
control banding tools implicitly implement MCDA by using
physiochemical property data to relate hazard scores to indi-
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vidual criteria. The criteria are weighted by importance, and the
sum of these weighted scores is used to derive an overall hazard
score for a nanomaterial. In this way, MCDA-based tools can
synthesize data in the context of material development deci-
sions to identify materials with the highest overall hazard
scores, typically omitted from use or selected for additional
study. The MCDA structure can be used to loosely guide more
detailed research and development, because the criteria most in
need of further review can be compared in the decision model
to find which has the greatest contribution to the overall hazard
score [17].

In a case study by Tervonen et al. [18], an MCDA framework
was applied for the classification of five nanomaterials: nCg,
multiwalled carbon nanotubes (MWCNTs), CdSe, silver
nanoparticles (Ag NPs), and aluminum nanoparticles (Al NPs).
The SMAA-Tri MCDA model was selected as it is well suited
for the classification of nanomaterials with uncertain or unavail-
able physiochemical properties. Five extrinsic characteristics
(agglomeration, reactivity, critical functional groups, particle
size and contaminant dissociation) and three factors that are
dependent on the characteristics listed above and that may influ-
ence hazards (bioavailability, bioaccumulation and toxic poten-
tial) were used to evaluate the selected nanomaterials [18].

Five alternative risk classifications were proposed for the ma-
terials: extreme risk, high risk, medium risk, low risk, and very
low risk. The nanomaterials were sorted based on the proba-
bility of classification in a particular risk category, given
complete information. CdSe was identified as the nanomaterial
most likely to receive the highest hazard score, with a 98%
chance of being categorized as “high risk.” With these results in
mind, the contribution of each criterion to the total score can be
evaluated to see which of the eight factors might reasonably
benefit from further investigation [18]. This method of deter-
mining relevant information with MCDA is a top-down ap-
proach. Decision analysis starts with the research objective and
ends with decision making. Standard risk assessments, on the
other hand, begin with data and end with risk measurements [4].
By starting with the goal of the research, the top-down ap-
proach is able to clarify the research needed to achieve the
objective and to efficiently make an informed decision.

Beyond this, a series of next steps can be explored to expand
the use of MCDA in nanoinformatics. Hazard and control
banding tools can be tailored for each funding or regulatory
agency’s mission and goals, and additional tools can be devel-
oped to meet the needs of other common types of decisions.
Furthermore, MCDA capabilities can be integrated into existing
nanoinformatics platforms to let users develop their own top-

down frameworks, which are linked to the bottom-up data, and
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to interactively explore evaluations of the best materials for a
given design or product. Finally, MCDA can potentially address
the need for rapid, real-time screening of nanomaterial hazards
and the need for incorporating cost—benefit information along-
side environment, health and safety data in a cost—benefit
screening.

Value of information

Value of information (VOI) is a decision analytic concept char-
acterizing the amount a decision maker would pay to acquire
additional information that would improve the quality of a deci-
sion [19]. As such, it prioritizes research based on its decision
relevance, which is the degree to which it is expected to reduce
uncertainty regarding the best alternative. Decision relevance is
context dependent but vastly more nuanced than approaches
that only consider the magnitude of uncertainties in the
unweighted and uncontextualized underlying data. Specifically,
to calculate the VOI associated with a decision under uncer-
tainty, (i) the best perceived alternative is selected with the
benefit of some contemplated information; these outcomes will
always be, on average, preferable or at least equal to those of
the same decision where (ii) the best perceived alternative is
selected in the absence of that information. The expected value
of information is the maximum cost which would be spent to
get that information while still leaving the decision maker indif-

ferent between (i) and (ii).

The significance of new nanomaterial research and data for a
decision maker is often initially unknown. Ideally, further
studies would be prioritized such that research plans addressing
the greatest amount of uncertainty, or eliminating the uncertain-
ties the decision maker most wants to eliminate, are completed
first. The VOI is able to quantify the benefits of this complex
bundle of information for a particular decision making situation.
In some cases, the VOI also locates a point at which enough
information is known, that is, where the marginal returns to
additional information diminish to less than the marginal cost of

obtaining that information [19].

In a case study from Linkov et al., an MCDA framework evalu-
ates four alternative technologies for single wall carbon
nanotube synthesis and a VOI model prioritizes further research
[20]. The MCDA process identified pertinent criteria: synthesis
cost, material efficiency, energy consumption, life cycle envi-
ronmental impacts, and risks to human health. A probability
distribution of scores for each technology was specified for
each criterion via author judgment and the literature. Monte
Carlo simulations were used to normalize and aggregate indi-
vidual criteria distributions into distributions of overall perfor-
mance using criteria weights associated with preferences of
different key stakeholders [20].
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After developing result distributions that reflect current uncer-
tainties, the study evaluated research that might best improve
decision confidence. Monte Carlo simulations of possible
research outcomes (to reduce uncertainty in the input data) and
decision outcomes (resulting reduced uncertainty in the distri-
butions of overall scores) were produced for each nanomaterial,
showing the likelihood that each nanomaterial would rank first
for each stakeholder under different research efforts. This
revealed the VOI in terms of increase in the average score of the
best alternative selected with the benefit of increasing manufac-
turing research, health research, both types of research, or
neither. The VOI analysis showed that the biggest potential gain
in decision confidence in that case would come from health
research, which would substantially increase confidence in deci-
sions for both regulators and environmental groups, but not for
other stakeholders. In contrast, additional manufacturing
research would not substantially improve decision confidence
for any of the stakeholders [20]. Applied broadly, this type of
analysis can provide a strong basis for identifying and

promoting research relevant to future technology development.

A series of next steps can be explored for including VOI in
nanoinformatics efforts. Databases can be expanded to include
uncertainties for criteria other than hazards (e.g., cost or perfor-
mance), providing a foundation in the data for the VOI. This is
important because research activities that quantify or reduce
uncertainty about environmental concerns, material costs, and
other cost-benefit parameters are of great value to funding
agencies and scientists. Like the suggestion for MCDA tech-
nology, VOI algorithms can be imbedded within existing nano-
informatics platforms and tied to the data, putting new capabili-
ties into the hands of the user. Finally, VOI can potentially
enable the continuous and immediate classification of uncer-
tainties based on aggregated nanoinformatics data. In this way,
the focus could be shifted towards those uncertainties that are
relevant to technologies with high potential.

Weight of evidence

A major challenge in nanoinformatics is how to compare and
harmonize the large volume of independently derived, possibly
conflicting, and possibly incompatible data into a coherent
argument. Weight of evidence (WOE) is a method of inte-
grating and aggregating different and diverse types of evidence
to draw a conclusion [21]. The WOE method can be used to
fuse information such that discrepancies in data quality and
gaps in evidence are considered [21]. WOE was first intro-
duced in the form of a Bayesian model [22] that updates prior
beliefs about a hypothesis to form posterior beliefs due to the
introduction of new evidence. In this formulation, the Bayes
factor is defined as the ratio of prior odds to posterior odds, and
the WOE is the natural logarithm of the Bayes factor. More
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varied qualitative and quantitative applications of the WOE

methodology have evolved since then [23].

On the basis of experience with WOE approaches, the National
Research Council has recommended a shift towards defensible
qualitative and quantitative methods. Quantitative Bayesian
approaches and MCDA were both recommended as quantita-
tive supplements and replacements for solely qualitative WOE
practices. Thus, the Bayesian approach is able to account for
uncertainty and varied sources and types of evidence, while the
MCDA approach considers the quality of the evidence and its
source as criteria [23]. As in the previous sections, information
is first synthesized using the analytical tools, and from this,
critical information for decisions or further nanomaterial

research is identified.

A case study by Hristozov et al. used a quantitative WOE
framework to evaluate the hazards associated with titanium
dioxide nanoparticles. Three sets of criteria (physiochemical
properties, toxicity, and data quality) were used to evaluate and
calculate the hazard scores by means of MCDA. Uncertainties
derived from expert judgment were considered in Monte Carlo
simulations [24]. As with MCDA, once the WOE hazard score
is determined, each contributor to the hazard score can be
further reviewed to see which had the largest effect on the score
and which might benefit from further research.

A series of next steps can also be explored for including WOE
in nanoinformatics efforts. When data is added to nanoinformat-
ics databases, additional quantitative and qualitative metrics
(e.g., data statistical significance, precision, applicability,
soundness, completeness, uncertainty and variability, degree of
review) can be included to contextualize the weight that each
data source should carry based on its relevance, quality, resolu-
tion, etc. WOE approaches can also be imbedded in nanoinfor-
matics toolsets to help users clarify conflicting and uncertain
evidence for early stage nanomaterial evaluations. WOE
approaches can be implemented alongside or within hazard and
control banding tools to allow differentiation between input
data. In the future, continuous and immediate application of a
standardized WOE approach with nanoinformatics data could
provide a real-time and more accurate initial summary of nano-
material hazards or other conclusions that can be drawn from
the body of knowledge [24].

Portfolio decision analysis

Portfolio decision analysis (PDA) is similar in aim to the tools
discussed earlier, but with one major distinction: instead of
choosing one option from a set of choices, a subset of items (a
portfolio) is selected [25]. The MCDA, VOI, and WOE
methods are all appropriate for use with either single choice
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decision analysis or portfolio decision analysis. Once a series of
possible portfolios has been evaluated, the portfolios with the
highest score at any given budget or level of resource availabil-
ity can be further investigated. The nanomaterials that contrib-
ute most to the portfolio score will be identified, along with the
qualities shared among the high scoring nanomaterials.

Bates et al. applied PDA to sets of nanomaterial hazard research
efforts, in order to prioritize research portfolios at the national
level. This PDA was an extension of a VOI approach evalu-
ating multiple research topics for three emerging nanomaterials:
multiwalled carbon nanotubes, silver nanoparticles, and tita-
nium dioxide nanoparticles [26]. First, a preliminary screening
tool (CB Nanotool 2.0 [17], an MCDA-based approach) was
used to assign distributions of hazard scores for each character-
istic of a chosen nanomaterial. These scores were summed
across properties to assign a distribution of overall hazard
scores for each material. Based on these total scores, the ma-
terials were probabilistically classified as high risk, moderate

risk, and low risk.

From there, the VOI model estimated the improvement in
hazard-identification accuracy for each unique research effort.
Each research effort was assumed to reduce the uncertainty
associated with a single parameter for a single nanomaterial.
Research portfolios for each nanomaterial were defined as sets
of research efforts addressing parameters for that material.
Monte Carlo simulations were used to estimate the expected
benefit of each research effort and portfolio, with the assump-
tion that research undertaken on a material property would
reveal a true hazard score prior to the decision, and otherwise,
that score would only become known after material classifica-
tion. For each realization of the simulation, the correct score
and classification of the material are assumed to be the score
and classification identified when all parameter values are
known. The proportion of realizations for which a research port-
folio is expected to lead to the correct classification and the
degree to which it produces hazard scores matching the correct
hazard scores can be tabulated. By comparing this performance
to that of a baseline portfolio in which no research is done, it is
possible to determine the average increase in value for each
research portfolio. These calculations are properly performed at
the portfolio level because the potential for any given effort to
affect a material’s classification and significantly reduce hazard
uncertainty depends on the state of knowledge of other parame-
ters for the material [26].

To better reflect the national decisions that are typical of
funding agencies, the portfolios of research efforts were also
aggregated across materials. Plotting each aggregated

portfolio’s increase in performance against its difficulty or cost
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revealed an efficient set of most desirable portfolios (those with
a value higher than any others of similar cost) [26]. It is then
simple to inspect any of these types of portfolios and observe
what research on which nanomaterials and properties might be
most attractive at different levels of overall investment.

A series of next steps can also be explored for including PDA in
nanoinformatics efforts. Funding agencies, research institutions,
corporations, and individual research teams can use nanoinfor-
matics data with PDA techniques to help prioritize future
research efforts. PDA algorithms can be tailored to work more
seamlessly with existing and future MCDA, VOI, and WOE
tools supporting decisions in nanotechnology. Finally, as with
the other tools, PDA algorithms can be added to nanoinformat-
ics tool sets to put greater top-down analytical power in the
hands of the end user.

Conclusion

Recent discussions from the Nanotechnology Knowledge Infra-
structure have heralded the creation of a communication portal
for the various nanotechnology databases and tools. The
tremendous amount of data that would be available via that
portal would necessitate not only the bottom-up accumulation,
sorting, and visualization of data, but the top-down identifica-
tion of decision-relevant information. The four tools described
here can accomplish both facets of that goal, and overall,
provide capability to expand the reach of current nanoinformat-
ics tools.

Part of this expansion should be accomplished through use of
expert elicitations, which are often featured in decision analysis
to supplement and connect hard data to the decision while
leaving a transparent record of the way in which this connec-
tion is made. In the context of nanoinformatics, properly imple-
mented human judgments can help users navigate and incorpor-
ate available information resources. Each of the applications
described herein uses such judgments. The weights on criteria
for a given stakeholder are nearly always subjectively assigned
(although they use techniques that are transparent, maximize
logical consistency, and minimize psychological biases). While
some uncertainties involving the outcome of repetitive
processes can be readily characterized on the basis of statistical
data, it may be impossible or inadequate to do so in situations
involving new or ambiguous factors. It is a philosophical point
emphasized in decision analysis that in making choices, it is
rational for decision makers to act consistently with what is
implied by their beliefs in conjunction with the information they
have.

The use and implementation of these decision analytic tech-

niques are not without challenges [27]. These include involving
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the right experts and stakeholders so that results will be cred-
ible, guarding against motivational and other biases in elicita-
tion and dissemination [28], and communication of results in a
way that they will be known, understood and trusted by the
people who can use them [29]. In addition, the academic deci-
sion analysis community is often focused on the creation of new
tools, and is less interested in their immediate application. Open
advocacy and networking from the community could better

relay the benefits of these approaches and techniques.

Thus expanded from information retrieval to decision support,
nanoinformatics has the potential to improve the characteriza-
tion of nanomaterials, the reproducibility of nanomaterial
research, and the accessibility of data. Currently, nearly all
nanoinformatics efforts are working from a bottom-up perspec-
tive to create databases and archives and to organize all of the
available data instead of employing a top-down decision ap-
proach to identify relevant data. Without the incorporation of
both top-down and bottom-up concepts, the full definition and
scope of the nanoinformatics vision may not be realized. A
range of decision analytic techniques, starting with MCDA,
VOI, WOE, and PDA, as described here, can help to sort
through and organize the vast nanomaterial data to inform both
current choices and the prioritization of future nanomaterial
research. These techniques focus the attention of researchers
and policy makers toward what is most relevant to their deci-
sions and provide consistent and transparent frameworks for
integrating that information. In the future, we expect that both
decision analytic techniques and Bayesian models will be used
as extensions of standard mechanistic and statistical models to
leverage and advance developments in nanoinformatics [21].
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Abstract

Background: The NanoSafety Cluster, a cluster of projects funded by the European Commision, identified the need for a computa-
tional infrastructure for toxicological data management of engineered nanomaterials (ENMs). Ontologies, open standards, and inter-
operable designs were envisioned to empower a harmonized approach to European research in nanotechnology. This setting
provides a number of opportunities and challenges in the representation of nanomaterials data and the integration of ENM informa-
tion originating from diverse systems. Within this cluster, eNanoMapper works towards supporting the collaborative safety assess-
ment for ENMs by creating a modular and extensible infrastructure for data sharing, data analysis, and building computational toxi-
cology models for ENMs.

Results: The eNanoMapper database solution builds on the previous experience of the consortium partners in supporting diverse

data through flexible data storage, open source components and web services. We have recently described the design of the
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eNanoMapper prototype database along with a summary of challenges in the representation of ENM data and an extensive review
of existing nano-related data models, databases, and nanomaterials-related entries in chemical and toxicogenomic databases. This
paper continues with a focus on the database functionality exposed through its application programming interface (API), and its use
in visualisation and modelling. Considering the preferred community practice of using spreadsheet templates, we developed a
configurable spreadsheet parser facilitating user friendly data preparation and data upload. We further present a web application
able to retrieve the experimental data via the API and analyze it with multiple data preprocessing and machine learning algorithms.

Conclusion: We demonstrate how the eNanoMapper database is used to import and publish online ENM and assay data from
several data sources, how the “representational state transfer” (REST) API enables building user friendly interfaces and graphical
summaries of the data, and how these resources facilitate the modelling of reproducible quantitative structure—activity relationships

for nanomaterials (NanoQSAR).

Introduction

Nanotechnology is an increasingly dynamic area in materials
science research and development, introducing novel materials
with unique properties due to their size in the range of nanome-
tres. A database and framework supporting nanomaterials safety
has to comply with diverse requirements, set-up by the nano-
technology community. A number of challenges exist in the
representation and integration of engineered nanomaterials
(ENMs) data mainly due to the complexity of the data and the
need to capture provenance.

Physicochemical identity

The eNanoMapper framework must capture the physical and
chemical identity of ENMs, including the notion of mixtures
and their particle size distributions, differences in the amount of
surface modification, manufacturing conditions and batch
effects. It must also capture the biological identities (e.g., toxi-
city pathways, effects of ENM coronas, modes of action), inter-
actions (cell lines, assays) and a wide variety of measurements.
A number of analytic techniques have been proposed and devel-
oped to characterise the physicochemical properties of nanoma-
terials, including the commonly used dynamic light scattering to
measure the particle size distribution and zeta potentiometry to
estimate the pH-dependent surface charge.

Biological identity

With the expanding insight into the factors determining toxicity,
the list of measurable effects is growing increasingly long. The
need for validated in vitro tests has been advocated since 2006
[1]. It is proposed to extend the list of endpoints for hazard
identification to include cell uptake, cell viability, oxidative
stress, inflammation, fibrosis, immunotoxicity, cardiovascular
toxicity, ventilation rate, gill pathologies, mucus secretion and
brain pathology. The EU guidance document lists the main
known effects from experimental studies [2]. High-throughput
omics data and kinetics [3] are becoming increasingly impor-
tant in the assessment of nanomaterials, presenting challenges

in both data management and analysis. A common requirement

of all categories of users is to link the ENM entries with studies
in which toxicology or biological interference of the nanomate-
rials have been studied, in addition to an accurate physicochem-
ical characterisation.

Data input, data formats, provenance,

visualisation

The framework should allow for the representation of data
and facts compatible with regulatory expectations and
(inter)national standards. This usually translates into a set of
available study summaries (rarely raw data) for a given ENM.
The inclusion of links to product databases could also be
considered (e.g., whether the nanomaterial occurs in nature,
whether it is emitted by cars or is present in certain food
sources, as well as known therapies in which the nanomaterial
is used). However, supporting raw data files (including
microscopy images) is an important requirement in contexts
other than regulatory, enabling the reproducibility of the data
preprocessing and analysis. Links to the corresponding proto-
cols and data sources should be added, where available.
Clear visualisation of nanomaterials that goes beyond just
structural formulae should be available, in order to make
the data less abstract biologists with less knowledge about
nanomaterials.

Support for data analysis

The modelling community presents a different requirement: the
data analysis methods usually require a “spreadsheet” or matrix
view of data for multiple ENMs. The experimental data in the
public datasets are usually not in a form appropriate for model-
ling. Standardisation in these sources is specific to each data-
base. Even in curated collections the preparation of data for
modelling is not a straightforward exercise (e.g., the experi-
mental values can be merged in many different ways into a
matrix, depending on which experimental protocols and condi-
tions are considered similar; also there could be multiple values

due to replicates or similar experiments). The framework should
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allow for the addition of information based on the outcomes of
the predictive toxicology models, including the biological role
of the ENM, clearance, accumulation, and pathway information
(e.g., WikiPathways entries [4]).

Existing databases

Several databases exist that are relevant for ENM toxicity
assessment. They list nanomaterials and a variety of their prop-
erties, or products containing nanomaterials: NanoMaterialReg-

istry (http://www.nanomaterialregistry.org/) [5], Nanoparticle

Information Library NIL (http://nanoparticlelibrary.net/) [6],

Nanomaterial-Biological Interactions Knowledgebase (http://
nbi.oregonstate.edu/), caNanoLab (http://cananolab.nci.nih.gov/
caNanoLab/) [7], InterNano (http://www.internano.org/), Nano-
EHS Database Analysis Tool (http://icon.rice.edu/report.cfim),

nanoHUB (nanohub.org/resources/databases/), NanoTechnolo-
gy Characterisation Laboratory (http://ncl.cancer.gov/), EC JRC

NanoHub (http://www.napira.eu/), the DaNa Knowledge Base

(http://nanopartikel.info/) [8], and NanoWerks Nanomaterial

Database (http://www.nanowerk.com/). The EU NanoSafety

Cluster alone (http://www.nanosafetycluster.eu/) has many

projects with database generating activities, such as NanoMiner
[9]. An extensive review of existing nano-related data models,
databases, and nanomaterials-related entries in chemical and
toxicogenomic databases is presented in two recent publica-
tions [10,11]. Reviews of emerging databases and analysis tools
in nanoinformatics have started to appear in the literature [12].
It becomes clear that nano-related data is relatively abundant,
but also quite dispersed across many different sources.
Combining data from various sources is hampered by the lack
of programmatic access in most cases and the absence (or infre-

quent use) of suitable domain ontologies.

Experimental
The eNanoMapper prototype database (http://
data.enanomapper.net/) is part of the computational infrastruc-

ture for toxicological data management of ENM, developed
within the EU FP7 eNanoMapper project [13]. It provides
support for upload, search and retrieval of nanomaterials and
experimental data through a REST web services API (http://
enanomapper.github.io/API/) and a web browser interface. It is

implemented by a customized version of AMBIT web services
[14]. The database has been populated with content provided by
project partners. We have recently described the design of the
eNanoMapper prototype database [10] along with a summary of
ENM data representation challenges and comparison to existing
data models used to describe nanomaterials and assay data. The
focus of this paper is the database functionality exposed through
an application programming interface (API), and the use of the
API for visualisation and modelling. While starting from the

chemical compound-centric OpenTox API, the eNanoMapper

Beilstein J. Nanotechnol. 2015, 6, 1609-1634.

prototype database implements a REST API, allowing for the
representation of chemical substances with complex compos-
ition, and experimental data associated with those substances.
The NMs are considered a special case of substances, which is
consistent with the ontology representations, ECHA guidelines
and peer-reviewed publications as elaborated in the next
section.

Chemical structures, substances,

nanomaterials and measurements

The Nano Particle Ontology (NPO) defines a nanomaterial
(NPO _199) as equivalent to a chemical substance (NPO_1973)
that has as constituent a nano-object, nanoparticle, engineered
nanomaterial, nanostructured material, or nanoparticle formula-
tion. Chemical substances are classified as types of chemical
entity (NPO_1972). The default approach for representation of
chemical compounds in ISA-Tab [15] is an ontology entry,
which typically points to a single chemical structure. This is
insufficient for describing substances of complex composition
such as nanomaterials, hence a material file was introduced to
address this need in ISA-Tab-Nano [16]. The latest ISA-Tab-
Nano 1.2 specification recommends using the material file only
for material composition and nominal characteristics, and to
describe the experimentally determined characteristics in
regular ISA-Tab assay files. The definitions of the terms
“substance” and “material” are discussed in [17], comparing
ISO, REACH and general scientific definitions of the terms.
The REACH definition of a substance encompasses all forms of
substances and materials on the market, including nanomate-
rials; a substance may have complex composition. The paper
[17] notes that the OECD Harmonized Templates (OHT) defini-
tion of “reference substances” is very similar to the definition of
the term “reference material”. The same publication refers to
the “test” and “measurement” terms as the fundamental
concepts [17]. The OECD guideline defines the “test” or “test
method” as the experimental system used to obtain the informa-

i

tion about a substance. The term “assay” is considered a
synonym. The term “testing” is defined as applying the test
method. The endpoints recommended for testing of nanomate-
rials [18] by the OECD Working Party on Manufactured Nano-
materials (OECD WPMN) use the terms and categories from
the OECD Harmonized Templates. The NPO distinguishes
between the endpoint of measurement (e.g., particle size,
NPO_1694) and the assay used to measure the endpoint (e.g.,
size assay, NPO_1912), where the details of the assay can be
further specified (e.g., uses technique electron microscopy,
NPO_1428). This structure is generally the same as the one
supported by the OHT (e.g., in the OHT granulometry type of
experiment several size-related endpoints can be defined, as
well as the equipment used, the protocol and specific condi-
tions). The CODATA UDS [19,20] requires specification of
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how each particular property is measured. ISA-Tab-Nano also
allows for defining the qualities measured and detailed protocol
conditions and instruments. The level of detail in the OHT,
CODATA UDS, ISA-Tab-Nano and available ontologies differ,
which is due to their different focus. Mapping between terms
defined in the different sources is an ongoing effort supported
by the eNanoMapper ontology team and the EU NanoSafety
Cluster database working group. In Supporting Information
File 1, we provide a table of OECD WPMN recommended
endpoints and their potential correspondence to UDS and ISA-
Tab-Nano concepts.

To summarise, the most important data objects necessary to
represent nanomaterials and NM characterisation are the
substance with its composition, and a data object, able to repre-
sent a test method, its application to the substance under
specific conditions and the measurements obtained as a result of
this process. Therefore, the objects supported by the API are
“substances” (as a superclass of nanomaterials), “protocols”,
“endpoints”, “conditions”, “protocol applications” and
“measurements”. A “protocol application” (a term borrowed
from ISA-Tab) explicitly describes a single step of the experi-
mental graph, namely the application of a particular protocol
with its specific parameters to the source material and includes
the corresponding results (be it a sample or data readouts). For
the purposes of ENM database integration, the source material
is always a chemical substance (ENM) with its composition and
linkage, while the result is a set of measurements, each anno-
tated with the relevant endpoints and experimental conditions.
While we support importing files generated from IUCLIDS5
database and thus all OECD WPMN recommended endpoints,
the list of endpoints in the database is not fixed, and arbitrary
endpoints can be imported through spreadsheets and further
annotated with ontology entries. The measurement can be speci-
fied by a value, range of values, error measure and units, or by a
link to a raw data file (e.g., an image). This representation
directly supports the OHT data model, and the notion of a set of
measurements is very similar to the measurement group concept
in the Bio Assay Ontology (BAO) [21], as well as encom-
passing the measurement value concept in the CODATA UDS.
In order to support raw data, we decided to extend the measure-
ment value beyond scalar values and include links to measure-
ment artifacts, such as image and raw data files, similarly to the
ISA-Tab approach. The ability to describe derived measure-
ments, by linking measurement groups, as supported by BAO
and implied in UDS, is currently being considered, especially in
order to support the modelling activities in eNanoMapper. The
data model is sufficiently flexible to represent scenarios like
multiple endpoints readouts within a single experiment, dose
response data as well as replicated measurements. Examples are

shown in the visualisation section.
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Ontology

The eNanoMapper strategy to adopt and extend ontologies in
support of data integration has recently been described [22].
eNanoMapper supports ontology re-use, for example it re-uses
the content of the NPO and BAO, through automated modular
import of content subsets into an integrated whole. However,
the scope of the ontology goes beyond any of the individually
imported ontologies, encompassing the whole of the domain of
nanomaterial safety assessment. The strategy of re-use of
existing ontology content enables downstream annotated data in
different repositories to be integrated wherever the same identi-
fiers are used in annotation. The ontology is available at http://
purl.enanomapper.net/onto/enanomapper.owl, from BioPortal at

http://bioportal.bioontology.org/ontologies/ENM, and for down-
load in full from the development repository on GitHub (https://
github.com/enanomapper/ontologies). This section describes the

strategy for application of the ontology to the annotation of the
prototype eNanoMapper database content.

All data in the database is targeted for annotation with relevant
ontology entries from the composite eNanoMapper ontology.
Each entry in the ontology has a unique IRI (International
Resource Identifier), for example “nanomaterial” (a class
imported from the NPO) has the IRI http://purl.bioontology.org/
ontology/npo#NPO 199. The IRI consists of an ontology name-

space as prefix, followed by a unique identifier for the particu-
lar term. For brevity, throughout this manuscript we have
referred simply to ontology identifiers (IDs) without the full IRI
including the prefix. However, expansion from the short ID to
the full IRI is a deterministic transformation. Classes are also
associated with a unique label and a descriptive textual defini-
tion. The IRI, based on the same underlying Semantic Web
technology as the eNanoMapper database prototype, offers a
semantics-free stable identifier that is suitable for use in data
annotation, as it is resistant to minor changes in the label and
improvements in the definition of the class.

Examples of annotations that have already been included in the
database are: “particle size distribution (granulometry)” anno-
tated to the ID CHMO 0002119 in the Chemical Methods
Ontology namespace, “aspect ratio” annotated to the ID
NPO 1365 and “shape” to ID NPO_274 in the NPO name-
space (Figure 1).

Annotations are selected from the available classes in the
eNanoMapper ontology; a best match approach is used which
aims to select the most specific class available for annotation.
When no suitable class is present, a suitable class may be found
in the broader BioPortal collection which is then targeted for
inclusion in the eNanoMapper ontology. If no suitable class

exists even within the full collection of ontologies in BioPortal,
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Search ¥ Nanomaterials ¥ OpenTox * Demo ~ Help ~
A Free text searct Showing 14 enfries (1 to 14)
Term < Title < Related to < Hit Find
Free text search importance studies <
size distribution PC_GRANULOMETRY | Particle size (Granulometry) CHMO_0002119 4.986 subclass
3 OECD Guideline 110 (Particle Size Distribution / Fibre Length and Diameter AGGLOMERATION_AGGREGATION | 4.986 by protocol
Entries Distributions|
Al T OECD Guideline 110 (Particle Size Distribution / Fibre Length and Diameter ASPECT_RATIO_SHAPE 4986 by protocol
Query expansion Distributions|
without v QECD Guideline 110 (Particle Size Distributicn / Fibre L ength and Diameter CRYSTALLITE_AND_GRAIN_SIZE 4.986 by protocol
Distributions;
Search QECD Guideline 110 (Particle Size Distribution / Fibre Length and Diameter PC_GRANULOMETRY 4.986 by protocol
Distributions|
1SO 15501-1:2005 with Cor 1:2007 (Pore size distribution and porosity of solid POROSITY 4.986 by protocol
oo =3 «J gETY materials by mercury porosimetry and gas adsorption - Part 1. Mercu
porosimetry
NPO_1654 Particle size in media CRYSTALLITE_AND_GRAIN_SIZE 1617 by endpoint
NPO_1694 PARTICLE SIZE PC_GRANULOMETRY 1617 by endpoint
NPO_1694 PARTICLE SIZE D10 PC_GRANULOMETRY 1617 by endpoint
NPO_1694 PARTICLE SIZE D50 PC_GRANULOMETRY 1617 by endpoint
NPO_1694 PARTICLE SIZE D90 PC_GRANULOMETRY 1617 by endpoint
NPO 1694 PARTICLE SIZE DT95 PC_GRANULOMETRY 1617 by endpoint
NPO_1694 PARTICLE SIZE DT399 PC_GRANULOMETRY 1617 by endpoint
NPO_1694 NPO_1617 | Core size PC_GRANULOMETRY 1617 by endpoint

Figure 1: Screenshot illustrating free text search finding ontology annotated database entries (e.g. protocols and endpoints in the second column).

The last column is a link leading to a list of studies.

a request is issued for the class to be added in the eNanoMapper
ontology manually. We formally document all such requests
via our public GitHub issue tracker (https://github.com/

enanomapper/ontologies/issues). Once the term has been

included in the ontology it is released to the wider community

and becomes available in tools such as BioPortal automatically.

The hierarchical classification structure of the ontology,
together with the use of domain-specific relationships, is envi-
sioned to enable intelligent searching, browsing and clustering
tools to be developed in the future, as well as to enable
templates to be implemented for database content entry

compliant with Minimum Information guidelines.

Application programming interface (API)

The eNanoMapper architecture has been informed by the prior
experience of several of the authors in designing and building
the OpenTox predictive toxicology framework for chemicals
[23] and their involvement in developing and supporting the
ToxBank [24] data warehouse for the SEURAT-1 research
cluster [25]. The framework design adopts the REpresenta-
tional State Transfer (REST) software architecture style, a
common information model that supports ontology annotation,
and an identity service and an access control based on OpenAM
[26]. The REST architecture can be briefly summarized as
being composed of a collection of information entities
(resources), in which each entity can be retrieved by its address
and supports a limited number of operations (e.g., read and
write). The overall system architecture of eNanoMapper
extends the OpenTox [23] and ToxBank [24] designs. Both
consist of a set of web services that provide access to experi-

mental protocols, raw and processed data, and data analysis
tools. The web services do not need to be deployed on the same
machine, but can also be distributed on independent servers.
Communication through well-defined interfaces facilitates
adding new services, such as services that support new data
types or search functionality. The eNanoMapper API is
documented online using the Swagger (http://swagger.io/) spec-
ification, accessible as interactive documentation at http://
enanomapper.github.io/API/.

Substance resource

While the OpenTox framework is intentionally centred on
chemical compounds, eNanoMapper uses an extension,
allowing representation of chemical substances with a defined
composition (Figure 2) and experimental data, associated with
substances, rather than associated with chemical structures.

The substance resource supports assigning a nanomaterial type,
a chemical composition with relevant concentration and
constituents roles, and links to the OpenTox compound
resources for specifying the chemical structure, where relevant.
NMs are considered a special case of substances. Figure 3
shows the eNanoMapper prototype database user interface
displaying the components of a gold nanoparticle with an
organic coating. The visualisation is implemented as a
JavaScript widget, which consumes the substance API.

The experimental data are assigned to a substance (e.g.,
nanoparticle) and a JSON (JavaScript Object Notation) repre-
sentation of the data can be retrieved through a

“/substance/{uuid}/study” API call. As an example, in Figure 4,
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Figure 2: Top level substance APl documentation. The “GET /substance” call is used to retrieve or search a list of NM, subject to multiple query para-
meters defining the NM search. The “POST /substance” call is used to upload NM and study data in supported formats. The “/substance/{uuid}” call is
used to retrieve the substance specified by its unique identifier. Each substance is identified with an unique identifier, generated or specified on import
in the form of UUID. The rest of the calls allow to retrieve the component of the NM, the study data and a summary of the available data for the NM,

grouped by endpoints.

-@ENM A ; Search substances by identifiers Showing from 1 to 1 in pages of | 10 v o Previous Next
a Substance Substance UUID Substance Type Public Reference ‘Owner Info
Name name substance UUID
@ -1 G15.AC ECSV-bc77c03d-4.. nanoparticle G15.AC FCSV-50ccad21d... | Protein Corona Fingerprinting Predicts the Cellular Classification = Anionic
-] B =} Interaction of Gold and Silver Nanoparticles.csv
Compaosition UUID: FCSV-bc77c03d-4e75-3fab-bb3d-17b983663819
Type - Name EC Na. CAS No. Typical concentration Concentrafion ranges Structure

Coating o (2r2-Acetamido-3-Sulfany- 0% ) 0% ) 0% ) Also contsined
Propsnoic in.. i
Acid, Pwkskimoespyis- o /"Y
Bypyzucnsa-

o

N.Inchi=1s/CShano3siC1-3(7)6- s
4{2-10)5(8)8/H4,10h,2h2,1h3,
(H.6.7)(H.B.9)T4/MOIS1,(2rk2-
Acetamido-3-Sulfanyipropsnoic
Acid, (21} 2-Acetamido-3-
Mercapto-Propionic Acid, (2r}2-
Acetamido-3-
Mercaptopropanoic Acid, N-
AcetyHL-Cysteine

Core £ [au] LET) 0 % (wrw) LET) Also contained

in
Au

Figure 3: Screenshot showing a nanomaterial entry (a gold nanoparticle with the name G15.AC) and its components (a gold core and organic
coating). The components can be retrieved through the “/substance/{uuid}/composition” API call and are linked to the OpenTox APl compound
resources, which allows for the execution of chemical structure based calculations and predictions. This NM entry is part of the the Protein Corona
dataset described below and was imported via a spreadsheet (.csv) file. The “reference substance UUID” refers to the chemical structure, which is
considered the main component (Au in this case). The “Owner” column typically refers to the NM manufacturer, or if such information is missing it
refers to the data file used for import. The “Info” column may contain an arbitrary key-value data, typically referring to the NM identifiers in other

systems.

we present an excerpt from the JSON serialisation of a cell
viability assay for the NanoWiki [27] entry with identifier
NWKI-56d49cc3-4a76-354b-9a77-4b2ecb2dbef0), retrieved
from https://apps.ideaconsult.net/enanomapper/substance/
NWKI-56d49cc3-4a76-354b-9a77-4b2ecb2dbef0/study.

Similarly to the nanoparticle composition shown in Figure 3,
the visualisation of physico-chemical and biological data
(Figure 5) is implemented as a JavaScript widget, consuming
the substance API.

Search

The API offers access to a variety of searches by substance
identifier, any combination of measurement endpoints, and/or
chemical structure (Figure 6). The JSON serialisation is the
same as above, screenshots of the currently implemented user
interface are shown in the Results section.

Data import

The data model (Figure 7) allows for integration of content
from a variety of sources, namely OHTs (IUCLIDS .i5z files or
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"study": [
{
"uuid":"NWKI-0271c1d6-e324-4eba-85eb-b060d5807faf",
"owner":{

"substance":{
"uuid":"NWKI-56d49cc3-4a76-354b-9a77-4b2ecb2dbef0"

+

"company":{
"uuid":"NWKI-9f4e86d0-c85d-3e83-8249-a856659087da",
"name" : "NanoWiki"

" http://dx.doi.org/10.3109/17435390903276933",
0"

:"Nanotoxicology"

rotocol":{
"topcategory":"P-CHEM",
"category":{
"code": "PC_GRANULOMETRY_SECTION",
"title":"4.5 Particle size distribution (Granulometry)"

"endpoint":"Particle Size"
T,
"parameters":{
"DISTRIBUTION_TYPE":null,
"TESTMAT_FORM" :null

}

"reliability":{
"r_isRobustStudy":"false",
"r_isUsedforClassification":"false",
"r_isUsedforMsDS":"false",
"r_purposeFlag":null,

"r_value":null

Figure 4: Experimental data JSON example.

Beilstein J. Nanotechnol. 2015, 6, 1609-1634.

direct retrieval of information from IUCLIDS servers, http://
iuclid.eu/); custom spreadsheet templates (e.g., Protein Corona
CSV files or ModNanoTox Excel files), and custom formats,
provided by partners (e.g., the NanoWiki RDF dump [27]).
ISA-Tab [15] files are converted by compressing the chain of
protocols into a single entry, yet retaining all the protocol para-
meters and recording the material as a substance and the rest of
the factors as experimental conditions. The NanoWiki RDF
dump is converted with a custom parser. The supported import
formats are currently being extended to include ISA-Tab-Nano
[16] and a large set of custom spreadsheet templates.

Taking into account the observation that the use of spreadsheet
templates is the preferred approach for data entry by the
majority of the EU NanoSafety Cluster projects, we developed a
configurable spreadsheet parser facilitating user friendly data
preparation and upload. The parser enables import of the data,
stored in the supported set of spreadsheet templates, and accom-
modates different row-based, column-based or mixed organiza-
tions of the data. The parser configuration is defined in a sepa-
rate JSON file, mapping the custom spreadsheet structure into
the internal eNanoMapper storage components: “Substance”,
“Protocol”, “Measurement”, “Parameters” and “Conditions”.
The JSON configuration syntax includes a set of keywords,

-@éuwl'l #  Substance ; NWKI-9f37da26-8619-3eb1-0c20-e50ea09de54 ; Study
[ Subotanee-| [ eonem e oot
Micron
4.5 Particle size distribution (Granulometry) (2) P
Test
bl . o Method
Endpoint Value Reference ‘Guideline uuID
type num. type
Form
B B B PARTICLE SIZE —om bo1 bLS bLs :‘wm—ﬂa395%—5955—45!:0—._
- - = PARTICLE SIZE =221 DOI _ I‘;WKPchbsMs—S?sn—mle—...
Showing 2 study(s) (1 to 2) 4 Previous Next B
Sub iti P-Chem (4) Tox (5
1 1 1 (5)
Micron
8.100 Cell Viability Assay (5) =
Reference cell line Doses/concentrations Endpoint Result Owner uuID
2011 HaCaT = 100 ma/L Percentage Viable Cells =095 Chemosphere réwKI_3563“42'5535'4503'"'
{ hnp:f,’du.dui.ulgﬂOJD]B,’J.:hemvsph:l:Zﬂ]]mmﬂ o - - =
2011 aCaTl = ma/L Percentage Viable Cells =98 Chemosphere ;WKI Rt e
2011 HaCaT = 1000 mg/L Percentage Viable Cells =92 Chemosphere gWKI-bea4233-:&97-45&:-_,_
2011 HaCaT = 10 mg/L Percentage Viable Cells =101 Chemosphere I‘;WKPlbcdzs?a—zgle—ql?g—_"
2011 HaCaT = 7000 mg/L Percentage Viable Cells = 74.3 Chemosphere :WKI’7234393b’5dd7*4b(:f*.,_
Showing 5 study(s) (1 to 5) o Previous Next B

Figure 5: Physico-chemical and toxicity data from the NanoWiki data set.
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compound : Chemical structures search
/query/compound/{term}/{representation}

/query/similarity
/query/smarts

substance : Substance search

38 /query/substance/facet

38 /query/substance/reference

38 /query/substance/related

38 /query/substance/study/experiment/{term}
38 /query/substance/study/owner/{term}

38 /query/substance/study/protocol/{term}

3 /query/study

Figure 6: Compound, substance and study search APl documentation.
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Figure 7: Outline of the data model: Substances are characterised by
their “composition” and are identified by their names and IDs. The
event of applying a test protocol to a substance/material is described
by a “protocol application” entity. Each protocol application consists of
a set of “measurements” for a defined “endpoint” under given “condi-
tion”. The measurement result can be a numeric value with or without
uncertainty specified, an interval, a string value, or a link to a raw data
file (e.g., a microscopy image).

specifying different strategies for reading the data from one or
several sheets, as well as allowing combination of the excel
structures (sheets, rows, columns, blocks of cells and cells)

into the eNanoMapper data model. The parser code, the

Beilstein J. Nanotechnol. 2015, 6, 1609-1634.

Show/Hide  List Operations = Expand Operations | Raw
Exact compound search

Similarity search

Substructure search

Show/Hide  List Operations = Expand Operations = Raw

Search substances by study owner

Search substances by reference structures

Search substances by related structures

Search substances by protocol application parameters
Search substances by study owner

Search substances by study protocol parameters

Search endpoint summary

JSON syntax, documentation and example files are available at
https://github.com/enanomapper/nmdataparser/. The mapping

enables a uniform approach towards import, storage and
searching of the ENM physicochemical measurements and bio-
logical assay results. While the parser itself is open source, the
configuration files may not be, thus not revealing the organisa-
tion of confidential data templates. The parser is currently being
used to parse ModNanoTox templates and confidential
templates from EU NanoSafety Cluster projects. Maps of the
confidential spreadsheet templates are available on request, in
compliance with the agreements between the corresponding
projects. More formats will be supported as needed for indexing
data from different sources. The development of ISA-Tab-Nano
and RDF import and export tools is ongoing.

The data import is performed by HTTP POST to the substance
resource (Figure 2), which translates to a regular web form for
file upload (Figure 8). The two checkboxes control whether the

Search ¥ Nanomaterials ¥ OpenTox ¥ Help ~

ESENM

A  Substances ' Import

Single file upload

Choose File | No file chosen

File (.i52 or .i5d or xisx)@*

JSON map for XLSX file @ Choose File | No file chosen

Clear existing study records o Clear existing composition records ]

Submit ‘

Figure 8: Data upload web page of the database system showing
support for two file formats.
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composition records and study records for the materials being
imported will be cleared, if already in the database. Each ma-
terial entry in the database is assigned a unique identifier in the
form of a UUID. If the input file is *.i5z or *.i5d, the identifiers
are the [UCLIDS generated UUIDs already present in these files
(e.g., IUC5-5f313d1f-4129-499c-abbe-ac18642e2471). If the
input file is a spreadsheet, the JSON configuration defines
which field to be used as an identifier and uses the field itself or
generates UUID from the specified field (e.g., FCSV-bc77¢03d-
4e75-3fab-bb3d-17b983663819 indicates the entry imported
from CSV file). The parser may be configured to use a custom
prefix on import, e.g., "NWKI-" for NanoWiki entries, gener-
ating UUID like "NWKI-71060af4-1613-35cf-95¢ee-
2a039be0388a”.

Datasets of substances (bundles)

A “bundle” (Figure 9) is a REST resource that groups a selected
set of substances and a selected set of endpoints. This function-
ality was introduced to enable creating groups of diverse nano-
materials, to specify the endpoints of interest, which can vary
from physicochemical to proteomics assays, and to enable
retrieving all this data with a single REST call. A bundle may
include the nanomaterials and assay data from a single investi-
gation as well as serve as a container for a set of NMs and for
data (typically representing different experiments) retrieved
from the literature. The latter is currently difficult to achieve in
ISA-Tab, as its purpose is to capture the experimental graph of
a single investigation. The bundle API can be considered an
extension of the original OpenTox compound-centric dataset

bundle : Datasets of substances

/bundle
/bundle

= /bundle/{idbundle}

H

08 /bundle/{idbundle}

pEta  /bundle/{idbundle}

(%]
i

/bundle/{idbundle}/compound
U /bundle/{idbundle}/compound

/bundle/{fidbundle}/dataset

(%]
i

[n]

-

/bundle/{idbundle}/matrix/{matrixtype}
0 /bundle/{idbundle}/matrix/{matrixtype}
PU /bundle/{idbundle}/substance

<388 /bundle/{idbundle}/substance

ll
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concept to allow for datasets of nanomaterials. The experi-
mental values may include replicates and range values and can
be merged in many different ways into a matrix (Figure 10),
depending on which experimental protocols and conditions are
considered similar. The API in Figure 9 provides one of many
possible ways of conversion into a matrix form through the
“/bundle/{id}/matrix” call. The users can build external applica-
tions, retrieving the experimental data and applying custom
conversion procedures, as does the Jagpot Quattro application
described in the “Modelling” section.

Results

The results include using the eNanoMapper database described
above to import and publish online ENM and assay data from
several sources; as well as the demonstration of how the REST
API enables building a user friendly interface and graphical
summaries of the data, and last but not least, facilitates repro-
ducible Quantitative Structure Activity Relationship for nano-
materials (NanoQSAR) modelling.

The demonstration data provided by eNanoMapper partners —
(i) NanoWiki, (ii) a literature dataset on protein coronas and
(iii) the ModNanoTox project dataset — illustrates the capability
of the associated REST API to support a variety of tests and
endpoints, as recommended by the OECD WPMN.

NanoWiki

NanoWiki was originally developed as an internal knowledge
base of the toxicity of, primarily, metal oxides at the Karolinska

Show/Hide  List Operations = Expand Operations = Raw

Get all bundles

Create bundle

Get a bundle

Update bundle

Delete bundle

Get chemical structures per bundle

Add or delete a compound to the bundle
Get substance dataset

Get substance matrix (dataset copy)
Import studies for this bundle

Add or delete a substance to the bundle

Get a list of all substances in a dataset

Figure 9: Bundle API documentation at http://enanomapper.github.io/API. A bundle is a REST resource, allowing one to retrieve all information about
a selected set of NMs and endpoints by a singe REST call. The PUT calls allow one to select or deselect the NMs and the endpoints.
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Filter...

Substance Name Data source Diagram Constituent Nami 4.5. Particle size distribution (Granulometry)
-1~ G15.AC Protein Corona [Au] Core size mean 14.9 nm @ (doi: 10.1021/nn406018q) @
Fingerprinting - Density = 10.1 g/em~2 @ (doi: 10.1021/nn406018q) @
d predicts the B MW = 197 o/mol ¢ (doi: 10.1021/nn406018q) @
Ceflular N-Acetyl-L-cysteine Mol/NP ¢ (doi: 10.1021/nn406018q) @
Interaction of Y SA/NP cm~2me @ (doi: 10.1021/nn405018q) @
Gold and Silver . . .
Nanopartides.cev » z q Diameter mean 22.36 nm ¢ (MEDIUM =, doi: 10.1021/nn406018q) @
z q ic Diameter mean 57.53 nm ¢ (MEDIUM = Human serum (Sigma #H4522), doi: 10.1021/nn406018q) @
Volume Mean Hydrodynamic Diameter = 21.94 nm ¢ (MEDIUM =, doi: 10.1021/nn406018q) @
Volume Mean ic Diameter = 21.75 nm ¢ (MEDIUM = Human serum (Sigma #H4522), doi: 10.1021/nn406018q) @
Number Mean Hydrodynamic Diameter = 23,49 nm @ (MEDIUM =, doi: 10.1021/nn406018q) @
Number Mean Diameter = 18.38 nm @ (MEDIUM = Human serum (Sigma #H4522), doiz 10.1021/nn406018q) @
Mean iameter = 23.49 nm @ (MEDIUM =, doi: 10.1021/nn406018q) @
Mean ic Diameter = 70.97 nm ¢ (MEDIUM = Human serum (Sigma #H4522), doi: 10.1021/nn406018q) @
-2- G15.AHT Protein Corona [Au] Core size mean 14.9 nm @ (doi: 10.1021/nn406018q) @
d Fingerprinting - Density = 19.1 g/em*3 @ (doi: 10.1021/nn406018q) @
d Predicts the - MW = 197 o/mol ¢ (doi: 10.1021/nn406018q) &
Cellular 6-Amino-1-hexanethiol | Mol/NP @ (dol: 10.1021/nn406018q) @
Wi 2 . SA/NP cm~2/ne @ (doi: 10.1021/nn406018q) @
(el a"dlsuve' ) ic Diameter mean 30.95 nm @ (MEDIUM =, doi: 10.1021/nn406018q) @
Nanopartides.cs Diameter mean 90.06 nm ¢ (MEDIUM = Human serum (Sigma #H4522), doi: 10.mzunnquenmq)°
Volume Mean Hydrodynamic Diameter = 11.76 nm @ (MEDIUM =, doi: 10.1021/nn406018q) @
Volume Mean Hydrodynamic Diameter = 67.79 nm ¢ (MEDIUM = Human serum (Sigma #H4522), doi: 10.1021/nn406018q) @
Number Mean ic Di = 47.5 pm @ (MEDIUM =, doi: 10.1021/nn406018q) @
Number Mean = 53.87 nm @ (MEDIUM = Human serum (Sigma #H4522), doi: 10.1021/nn406018q) @
ity Mean = 47.5 nm ¢ (MEDIUM =, doi: 10.1021/nn406018q) @
Mean = 106.7 nm @ (MEDIUM = Human serum (Sigma #H4522), doi: 10.1021/nn406018q) @
3 G15.Ala-SH Protein Corona [Au] Core size mean 14.9 nm @ (doi: 10.1021/nn406018q) @
.._] Fingerprinting = Density = 19.1 g/em~3 @ (doi: 10.1021/nn406018q) @
d Predicts the B MW = 197 o/mol ¢ (doi: 10.1021/nn406018q) @
Celluar Thiolated L-alanine Mol/NP ¢ (doi: 10.1021/nn4060180) @
Interaction of SA/NP cm~2e @ (doi: 10.1021/nn406018q) @
s::,:::izgl » z Diay mean 22.64 nm @ (MEDIUM =, doi: 10.1021/nn406018q) @
z q mean 44.43 nm ¢ (MEDIUM = Human serum (Sigma #H4522), doi: 10.1021/nn406018q) @

Volume Mean Hydrodynamic Diameter = 22.32 nm ¢ (MEDIUM =, doi: 10.1021/nn406018q) @

Volume Mean Hydrodynamic Diameter = 44.8 nm ¢ (MEDIUM = Human serum (Sigma #H4522), doi: 10.1021/nn406018q) @

Number Mean Hydrodynamic Diameter = 35.03 nm @ (MEDIUM =, doi: 10.1021/nn406018q) @

Number Mean Hydrodynamic Diameter = 34.07 nm ¢ (MEDIUM = Human serum (Sigma #H4522), doi: 10.1021/nn406018q) @
i ic Diameter = 35.03 nm @ (MEDIUM =, doi: 10.1021/nn406018q) @

Intensity Mean Hydrodynamic Diameter = 63.72 nm 4 (MEDIUM = Human serum (Siama #H4522), doi: 10.1021/nn4060184) @

Figure 10: Screenshot of the bundle view with the Protein Corona data set. In addition to the Substance API, which allows one to retrieve study data

for a single NM as in Figure 5, the bundle API provides efficient means to retrieve information about a set of NMs.

Institutet and Maastricht University. The database is developed
as a wiki using the Semantic MediaWiki platform, running on a
virtual machine using the VirtualBox software. The wiki
contains physicochemical properties and toxicological data for
more than three hundred nanomaterials: more than two hundred
metal oxides, 80 carbon nanotubes, and a few metal and alloy
particles. All nanomaterials originate from data in 34 papers,
identified by Digital Object Identifier (DOI), from twenty scien-
tific journals. Because the amount of physicochemical detail
differs from one paper to another, each material is character-
ized with different measured characteristics. Each measurement
may have a single value (median or average, though this is not
always specified), a minimum and maximum value, or a single
value and a standard deviation. Biological measurements are
linked to assays (such as cytotoxicity, cell growth, cell viability,
genotoxicity, and oxidative stress), endpoints measured on that
assay (e.g., ROS concentration, GI50, percentage viable cells),
and cell line information, though not consistently.

Importing the data into eNanoMapper takes advantage of
NanoWiki using Semantic MediaWiki and its template frame-

work: all data relevant to NanoQSAR can be retrieved from the
wiki as RDF, in the form of a RDF/XML data dump [27] (in
addition to the common MediaWiki XML and SQL dumps of
the wiki content).

ModNanoTox
The ModNanoTox EU FP7 project (http://

www.birmingham.ac.uk/generic/modnanotox/index.aspx) has

produced a survey and selection of relevant physicochemical
properties to use towards building a range of descriptors of
engineered nanoparticles (mainly metal-based) and their poten-
tial toxicity. This dataset nicely demonstrates the complexity of
the nanosafety domain. The ModNanoTox database provides
physicochemical descriptors and toxic activities of nanoparti-
cles from several studies. The database version from August
2013 includes 86 assays with more than 100 different endpoints
affecting 45 species.

Unfortunately, only a few nanoparticles (usually fewer than

three) have been tested for each endpoint. Physicochemical

descriptors for the characterisation of nanoparticles are incom-
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plete as well (about 75% missing values). The two most
comprehensive species in the dataset are Daphnia magna (water
flea) and Danio rerio (zebrafish), with 34 and 14 assays each.
The best represented endpoint for Daphnia is “Mortality”, and
we were able to extract about forty “LC50” and sixty
“% survival” data entries. In both cases the number of measured
nanoparticle properties was very low. Most studies report only
two to four different nanoparticle properties (descriptors) and
the descriptor types are very inconsistent (overall 36 different
descriptors, which results in very sparse matrices with a high

number of missing values).

The ModNanoTox data import is currently being tested and is
not yet available online. The ModNanoTox data set was
provided as a MSExcel spreadsheet file. It consists of four
sheets describing, respectively, (i) investigation study details,
(ii) particle details and physicochemical properties, (iii) assay
protocol description and (iv) assay measurement outcomes. The
information in all sheets is organized as a sequence of dynamic
blocks of data, each one containing a variable number of rows.
The configurable spreadsheet parser described in the “Data
Import” section supports the recognition of blocks and the
synchronization between blocks within the four sheets. The next
step is to divide the data in each block into groups and sub-
groups and match them across the sheets. This last operation is
implemented by a dedicated command line application, built on
top of the configurable data parser and allowing parsing of the
entire ModNanoTox complex organisation into the internal
eNanoMapper data model.

Protein Corona

The demonstration data set, extracted from [28], focuses on the
biological identity of ENMs. The authors used the composition
of the protein corona “fingerprint” to predict the cell associ-
ation of a 105-member library of surface-modified gold
nanoparticles (see Figure 3). 785 distinct serum proteins were
identified by LC-MS/MS, from which 129 were suitable for
relative quantification. The fingerprint of serum proteins was
defined by the relative abundance of each protein on a nanopar-
ticle formulation. The value of individual proteins within the
serum protein fingerprint for predicting cell association was
explored by the authors by developing a series of log-linear
models that model the influence of the relative abundance of
each adsorbed serum protein on net cell association. Among the
factors in play in protein corona, biological interaction was
chosen to be represented by cell association because of its rele-
vance to biodistribution, inflammatory response potential, and
in vivo toxicity. The eNanoMapper prototype described in this
paper is able to capture this protein corona, and modelling
approaches were extracted from these data for statistical

analysis.
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Data quality considerations

While there is a common agreement on the importance of data
curation, there is no well established common understanding of
how it should be performed. Approaches range from simple
data cleaning to the entire spectrum of data-related activities
including evaluation, on-going data management, and added
value provisioning through analytic tools. The focus of this
publication is on the data management system, allowing for a
unified approach to storage and querying of NM related data.
Using the data for modelling and being able to write the predic-
tion results back is only one of the possible ways to add value.
Future developments may include providing support for
emerging paradigms such as Adverse Outcome Pathways [29],
categorization strategies via decision trees [30] and principal
components [31]. We intentionally do not discuss data evalua-
tion and clean-up for the following reasons. Firstly, at
present we are not aware of universally adopted criteria for
evaluation of NM data, although there are a number of related
activities in the EU NanoSafety Cluster projects and worldwide,
as well as specific sets of rules implemented in existing
databases such as the NanoMaterial Registry (https://
www.nanomaterialregistry.org/about/WhatlsCuratedData.aspx).

In regulatory toxicology the Klimisch codes [32] are the
accepted approach, enforced in Europe by the relevant guid-
ance [33] and the IUCLID database. They provide definitions
and support for annotating the data records by relevance, relia-
bility and adequacy. Some of the criteria necessarily overlap
with rules defined elsewhere (availability of the raw data,
adequate description of the study, protocols, parameters, puri-
ties/impurities and the origin of the test substances; proof of
ability of the lab to do the study). Klimisch codes (or scores)
define four reliability categories (1 = reliable without restric-
tions, 2 = reliable with restrictions, 3 = not reliable, 4 = not
assignable), where score 1 or 2 can only be assigned if the data
are generated through accepted standard methods (e.g., OECD
guidelines or equivalent national or international standards) and
according to Good Laboratory Practice (GLP). In practice, very
few of the publicly available NM datasets can be assigned relia-
bility code 1 or 2, due to the lack of standard or validated proto-
cols, deviations, or just an absence of details. The criteria for
experimental protocol validation are out of scope for this paper
as well as for the eNanoMapper project. However, the database
and import templates are designed to require that the test
protocol be specified for every data entry. Secondly, as the goal
is to support data originating from different sources and typi-
cally already having undergone some kind of evaluation and
assigned relevant labels, the most appropriate way is to import
the data as it is and keep the original quality labels. For example
the OECD HT templates do include fields for Klimisch scores
and the eNanoMapper database does store these scores, as is

shown in the JSON serialization. The data generated or gath-
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ered from the literature by EU NanoSafety Cluster projects have
already been evaluated as part of these project activities, and we
intend to keep this information, where it is available. Once the
data are converted into the common data model, rules checking
the presence or absence of raw data, protocols, deviations, and
parameters can be applied automatically, which is a more effi-
cient approach than checking these rules manually before
import. The ontology annotation might help to overcome some
of the challenges, such as different evaluation criteria and
different terminology for the quality labels. In cases where auto-
matic tools fail, working closely with data providers to improve
the quality and gain common understanding of the data is neces-
sary. This approach is also in line with the intention “not to
exclude automatically the unreliable data from further consider-
ations” [32] and that “there is unlikely to be a single out-of-the-
box solution that can be applied to the problem of data curation.
Instead, an approach that emphasizes engagement with
researchers and dialogue around identifying or building the
appropriate tools for a particular project is likely to be the most
productive” [34].

Visualisation

User interface

The following screenshots illustrate the eNanoMapper proto-
type database user interface, as implemented by AMBIT web
services [14], with the help of JavaScript widgets consuming
the REST API. The screenshots in Figure 11 and Figure 12
illustrate the data model support and the visualisation of experi-
mental data, consisting of a variety of endpoints, experimental
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conditions and multiple endpoints values. The origin of the data
is the ECHA dissemination site [35], and the data were manu-
ally entered into a local IUCLIDS instance, exported into
IUCLIDS .i5z file and imported into the database.

The API is tightly integrated with a chemical structure and
chemical similarity search (implementation details previously
published in [14,36,37]). Chemical similarity is a pivotal
concept in cheminformatics, encompassing a variety of compu-
tational methods quantifying the extent to which two chemical
structures resemble each other. Apart from the “intuitive
notion” of chemical similarity typically acquired during chem-
istry education, the computational methods vary from structure-
based (2D, 3D), descriptor- and field-based approaches [38].
Chemical similarity evaluation requires two components,
namely a numerical representation of the chemical structure and
a measure allowing for comparing two such representations.
The representations derived from the molecular graph are by far
the most common (e.g., hashed fingerprints and various
flavours of substructure keys) and the Tanimoto coefficient is
the most popular similarity measure. The chemical similarity
values usually range from zero (no similarity) to one (identical
structures). Similarity searching (along with chemical substruc-
ture searching) in chemical databases is considered standard
functionality and is nowadays offered by all state-of-the-art

chemical databases and cheminformatics tools [39].

The chemical similarity search in the eNanoMapper prototype
database enables querying by a chemical structure of a NM

4.1 Appearance (1)
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Figure 11: Physicochemical data for multi-walled carbon nanotubes. The screenshot illustrates the data model and Ul support for size distribution
(through percentiles D10, D50, D90), multiple endpoints per measurement (Mass median diameter and particle size), and multiple experiments using

different protocols.
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Figure 12: Toxicity data for multi-walled carbon nanotubes. The repeated dose toxicity (inhalation) is shown in the expanded row, illustrating support

for multiple endpoints (LOAEL, NOAEL) and test types.

component and highlighting the results as a core, coating or
functionalisation component (Figure 13). The reason for the
wide adoption of the similarity approach is the assumption of
the “similarity property principle” or “neighbourhood behav-
iour”, namely that “similar compounds should have similar
properties”. This principle puts the chemical similarity at the
core of methods and tools supporting property prediction, struc-
ture—activity relationship, chemical database screening, virtual
screening in drug design, and diversity selection. The similarity
assessment based on structure analogy is the basis of read
across and chemical grouping. However, there is a common
understanding that the most difficult part in read across is
“rationalising the similarity”. Violations of the “similarity prop-
erty principle” exist due to a variety of reasons [38], and nowa-
days the existence of “activity cliffs” (small changes in the
chemical structure leading to a drastic change in the biochem-
ical activity) is well known. A recent review by Maggiora [40]
outlines the methods used as well as the pros and cons of using
the molecular similarity framework in medicinal chemistry. In
the context of nanosafety assessment there is not yet a standard-
ized approach for NM similarity, however a number of attempts
for NM grouping and read across have been published recently
[41,42].

Apart from enabling searching by well-defined chemical struc-
tures, the chemical similarity and substructure search enhances

the data exploration capabilities of the system (e.g., finding

nanoparticles with similar coatings). The data exploration is
also supported by REST API calls retrieving data summaries
(e.g., number of zeta potential entries) and endpoint prefix
queries, allowing for building dashboards and supporting auto-
completion fields. Therefore a suitable user interface can be
built to allow data search without requiring a priori knowledge
of the database content and field names (Figure 14). The search
and results retrieval API can be used for many applications, one
of which being NanoQSAR modelling. Future extensions,
currently under development, include free text search with
query expansion based on the eNanomapper ontology and anno-
tated database entries, with an indication of the relevance of the
hits. Visual summaries can be integrated in the eNanoMapper
web interface, as well as used as widgets in external web sites

as demonstrated in the following section.

JavaScript visual summaries

To further demonstrate the use of the eNanoMapper API for
visualisation we have developed a series of example web pages
(HTML) using the JavaScript d3.js library [43]. This library has
been used for a wide variety of visualisations (as can be seen on
their website), and here used to summarize some of the data in
the database. To simplify the interaction with the eNanoMapper
API a JavaScript client library, ambit.js, was written to allow
asynchronous calls to the web service [44]. However, because
the d3.js methods require the data to be provided in a specific
JavaScript object, the JSON returned by the API has to be
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Figure 13: Screenshot showing the results of a chemical similarity query (octyl amine, SMILES CCCCCCCCN) with a similarity threshold Tanimoto
coefficient = 0.6. The results include octadecylamine (similarity 0.94), hexadecylamine (similarity 0.94), hexadecyltrimethylammonium bromide (simi-
larity 0.65), 11-amino-1-undecanethiol (similarity 0.65), all used as coating of silver and gold nanoparticles in the protein corona dataset. The first row
shows expanded view with details of the NM.
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Figure 14: Screenshot showing query results in the NanoWiki data set for particle sizes between 50 and 60 nm. The widget at the left side repre-
sents an overview of all experimental data in the system, organized in four groups of physicochemical, environmental, ecotoxicological and toxicity
sections. Each section lists available endpoints and the number of available data entries. The text boxes support auto-completion, i.e., the available

values will be displayed and can be selected by either pressing an arrow-down button (to list all available values) or by entering the first letters of a
possible value.
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converted to a structure understood by the d3.js code. The
sources of the examples presented here are available from the
ambit.js project page at http://github.com/enanomapper/

ambit.js/. The source code and documentation of the ambit.js
library are available at the same location.

The first example shows a summary of the number of materials
in the database, sorted by the dataset they originate from
(NanoWiki, protein corona, and others), as shown in Figure 15.
Here, a single API call was sufficient and the data needed for
the pie chart were extracted from the JSON returned by this
call. Because of the asynchronous nature of the client—server
interaction, a callback function has to be defined. The combina-
tion of the callback function (the full implementation is left out
for brevity but is available from the ambit.js repository as with
Example 2) and the actual API call is done by the ambit.js code
given in Figure 16.

NanoWiki

Figure 15: Pie chart created with d3.js and ambit.js in a web page
showing that the NanoWiki and Protein Corona datasets contain the
most nanomaterials in the database.

var callback = function(success, status, response){
// here the data is extracted from the JSON in the
// response variable, and visualized with d3.js

var substances = new Ambit.Substance(
"https://apps.ideaconsult.net/enanomapper"

)i

substances.list(callback);

Figure 16: API call in ambit.js code.

The second example shows a histogram of nanomaterial sizes

(size reported, or average if a size range was given). Because

Beilstein J. Nanotechnol. 2015, 6, 1609-1634.

the list of materials does not provide the size information, the
callback function of the “Ambit.Substance.list()” call has to
make a subsequent call for each material in the list. The
example web page keeps track of the number of remaining calls
to this second “Ambit.Substance.info()* API call in a second
callback function which also aggregates the material sizes in a
global variable. Therefore, the total number of API calls equals
the number of materials plus one. When the second callback
function notices that there are no further calls to be returned, it
calls a plot function that takes the aggregated list of sizes and
visualizes it with d3.js, resulting in Figure 17.

250 300 350 400

Figure 17: Histogram of nanomaterial sizes created with d3.js and
ambit.js.

A variation of the second example shows a scatter plot of the
zeta potential values against nanomaterial sizes. Here, the same
approach is used and the bits of information are aggregated in a
global variable. The results are shown in Figure 18. The red
colour of the dots was chosen arbitrarily, but could reflect
another feature, possibly the data sources as shown in the first

example.
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Figure 18: Scatter plot of nanomaterial zeta potentials against the
nanomaterial sizes, also created with d3.js and ambit.js.

Modelling
The OpenTox API implementations contain all major statistical
and machine learning (ML) algorithms required for the develop-

ment of regression, classification or clustering models, as well
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as cheminformatics algorithms, such as structure optimisation
and descriptor calculation. A ML algorithm is made available as
a web resource and a model is created by sending a HTTP
POST to the algorithm URI, with specified dataset URI and
modelling parameters, where relevant. The model is again a
web resource, and another HTTP POST to the model URI can
be used to launch prediction of a specified dataset of chemical
structures or materials. However, the OpenTox algorithm and
modelling API is centred on chemical structures, and requires
clean datasets in a specific form. On the other hand, the
eNanoMapper prototype database is explicitly designed to
handle all peculiarities of experimental data, including repli-
cates, range and error values. Therefore, a tool, converting the
experimental data into a form suitable for modelling algorithms,

is required.

This section describes the approach taken by eNanoMapper,
namely the Jagpot web application, the API documentation of
which can be found at http://app.jaqpot.org:8080/jaqpot/

swagger, providing one possible solution for this challenge.
Jagpot is a web application that currently supports data prepro-
cessing, statistical, data mining and machine learning algo-
rithms and methods for defining the applicability domain of a
predictive model. A screenshot of the Jagpot web services is
presented in Figure 19. Jaqpot provides asynchronous execu-
tion of tasks submitted by users, authentication, authorisation
and accounting mechanisms powered by OpenAM. It was origi-
nally developed during OpenTox [23] and is an open-source
project, written in Java and licensed with the GNU GPL v3

©

http://localhost:8080/jagpot/services/api-docs
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licence. Jagpot Quattro is an extension, developed within
eNanoMapper and featuring improved efficiency and addition-
al functionality. Jaqpot Quattro is part of the eNanoMapper
framework and communicates with other web services in the
framework via the common REST API described above. The
source code is publicly available from https://github.com/

KinkyDesign/JaqpotQuattro. The main features of Jaqpot

Quattro are presented next.

Producing datasets from bundles

The Jaqpot algorithm services require input data in a standard-
ized format in order to generate a predictive model and raw
experimental data cannot be used directly for modelling
purposes. The experimental data are, more often than not,
heterogeneous by nature and properly structuring these is not a
trivial task. To this end, a web service acting as a link between
experimental data and data for modelling was introduced, which
will be hereafter referred to as the “conjoiner service”. This
service performs the task of mapping the experimental data into
a modelling-friendly format and producing standardized
datasets as specified in the OpenTox API. One can initiate a
conjoiner service operation by specifying a bundle URI. A
bundle (see Figure 9) is an eNanoMapper resource that acts as
an assortment of experimental effects, images and molecular
structures, for nanomaterials, and the job of the conjoiner
service is to combine all that disparate data into a dataset suit-
able to be fed to an algorithm service. Concerning experimental
data, multiple individual measurements, interval-valued
measurements (lower and upper values), or values accompa-

AQIC5wWM2LY4SfcweUOLSQMI m

Jmodel/id}/pmml
E /model/id}/independent
/model/{id}/dependent
/model/{id}/predicted
20 /modeiia)

M /model/{id}
/model/{id)

Show/Hide ~ ListOperations | Expand Operations = Raw

Finds Model by Id

Lists the independent features of a Model

Deletes a particular Model resource

Finds Model by Id

Figure 19: Screenshot of the Jagpot Quattro modelling web services API, compatible with the eNanoMapper API. A list of REST endpoints is
presented to the end user. These correspond to the main entities/resources of eNanoMapper: datasets, models, algorithms, BibTeX entities, asyn-
chronous tasks and more. The user can click on any of these to get a list of the available operations related to each entity. In the inset of this figure we
see the list of model-related operations. For more information consult the OpenTox Model API http://opentox.org/dev/apis/api-1.2/Model.
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nied by a standard measurement error, may be included for the
same endpoint in a bundle, and need to be aggregated into a
single value. This is currently done by taking the average value
of all experimental measurements having excluded outliers
identified by a Dixon’s g-test [45], but different aggregation
procedures will be implemented in the future based on more
elaborate outlier detection criteria and rejection/aggregation
schemata [46,47]. The client will then be able to customise this
procedure. The overall procedure is illustrated in Figure 20.

Preprocessing

Scaling, normalization and handling of missing values are
important preprocessing steps for efficient model training, as
most algorithms are sensitive to nonscaled data [48] such as
SVM [49]. All these preprocessing steps are offered as options
when a client calls a Jagpot Quattro algorithm service. Further-
more, Jagqpot Quattro makes use of the Predictive Model
Markup Language (PMML) file format that allows clients to
define a “data dictionary” and a “transformations dictionary”,
by providing the URI of a PMML document [50,51]. The data
dictionary selects a number of features out of the original
dataset that will be provided as inputs to the modelling algo-
rithm, while the transformation dictionary defines mathemat-
ical formulae to be applied on the selected features. The predic-
tive model will be then trained using the transformed features as

input.

experimental
data
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PMML, which has been developed for enabling models to be
portable across different computational platforms, is a well-
adopted standard in the machine learning and QSAR commu-
nity. PMML documents are essentially XML documents that
contain all necessary information to reproduce a model
including the definition of input parameters, targets (predicted
properties), preprocessing steps (e.g., scaling, normalization,
transformation of inputs), and the main model (e.g., MLR,
SVM). The PMML format of the produced NanoQSAR models
is also supported by Jaqpot Quattro algorithm services.

An example of a PMML document that selects two properties
and applies subtraction, division and absolute value operations

is given in Figure 21.

Notice that the “DataDictionary” block defines the required
input features. The trained model, however, needs to transform
these features into the internal variables “zp_ch”, “zp rel”,
“zp_synth_mag” and “zp_serum_mag” as specified in the

“TransformationDictionary” of the PMML document.

API for dynamic algorithm integration

The Jaqpot Protocol of Data Interchange, in short JPDI, is a
new feature of the Jagpot Quattro web services that allows
developers of machine learning algorithms to integrate their

implementations in the framework. This integration requires

Bundle
(collection of experimental data)

1
1 1
1
v | Image :
1 Descriptors \
L . ! 1
Conjoiner service [€—>» I
' MOPAC .
1 Descriptors |
1 1
! i i ; 1
h y Deserptor calculation services |
Dataset
JSON

Figure 20: Conjoiner API: modelling-oriented information can be extracted from bundles of experimental data. Data as heterogeneous as chemical
structures, raw experimental measurements, spectra and microscopy images can be combined by the conjoiner service to produce a dataset for

modelling purposes.
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<PMML version="4.0"
xsi:schemalLocation="http://www.dmg.org/PMML-4_0
http://www.dmg.org/v4-0/pmml-4-0.xsd"
xmlns="http://www.dmg.org/PMML-4 0"
xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance">
<DataDictionary numberOfFields="2" >
<DataField name="property/1" optype="continuous" dataType="double" />
<DataField name="property/2" optype="continuous" dataType="double" />
</DataDictionary>
<TransformationDictionary>
<DerivedField dataType="double" name="zp ch" optype="categorical">
<Apply function="-">
<FieldRef field="property/1"/>
<FieldRef field="property/2"/>
</Apply>
</DerivedField>
<DerivedField dataType="double" name="zp rel" optype="categorical">
<Apply function="/">
<FieldRef field="property/1"/>
<FieldRef field="property/2"/>
</Apply>
</DerivedField>
<DerivedField dataType="double" name="zp synth mag" optype="categorical">
<Apply function="abs">
<FieldRef field="property/1"/>
</Apply>
</DerivedField>
<DerivedField dataType="double" name="zp serum mag" optype="categorical">
<Apply function="abs">
<FieldRef field="property/2"/>
</Apply>
</DerivedField>
</TransformationDictionary>
</PMML>

Figure 21: Example of a PMML document.

little engagement with intricate software development and
allows algorithm developers to outsource their implementations ﬁ pl:lthOﬂ
and make them available to the nanomaterials design commu-

nity through the eNanoMapper framework. y “)

The communication between eNanoMapper services and third- Custom Algorithm
Implementation

party JPDI services is carried out by exchanging JSON docu- opanceU

ments that contain no more information than a modelling
service needs to train a predictive model, calculate descriptors, Thlrt—parFy
JPDI-compliant

f dicti luate the domain of applicability of .
perform a prediction, evaluate the domain of applicability of a Web Services

model, or perform other tasks. This is well illustrated in

Figure 22. 0
Y
Once a developer (possibly third-party) has prepared a JPDI- eNanoMapper
compliant web service, they need to register it to the API
eNanoMapper framework and specify (i) the name of the algo- Client A
rithm, (ii) metadata for the algorithm, such as a description, v
tags, copyright notice, bibliographic references and any other
eNanoMapper

metadata supported by the Dublin core ontology (http://dublin-
core.org/) and/or the OpenTox ontology [52], (iii) the URI of

Web Services

their implementation to be used as an endpoint for training,

(iv) the corresponding URI for the prediction web service, Figure 22: JPDI-compliant web services can be seamlessly incorpo-
rated into the eNanoMapper framework. The client communicates with
eNanoMapper services through the eNanoMapper API while certain
the OpenTox Algorithms ontology (e.g., “ot:Regression” or operations such as model training are delegated to JPDI-compliant
services.

(v) an ontological characterization of the algorithm according to

“ot:Classification”, or “ot:Clustering” (http://www.opentox.org/
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dev/apis/api-1.1/Algorithms), and (vi) a set of tuning parameter

definitions, optional or mandatory, that the client may provide
during training. The algorithm is then registered by POSTing a
JSON document containing all this information to “/algorithm”.
Once registered, the algorithm acquires a URI, and is exposed
as a web service, that can be consumed. Algorithms can be
registered (POST), removed (DELETE) and modified (PATCH)
using the Algorithm API presented in Figure 23, which extends
the OpenTox Algorithm API (http://opentox.org/dev/apis/api-

1.2/Algorithm).

A JPDI request for training is presented in Figure 24. This
request is issued by an algorithm web service of eNanoMapper

to a JPDI-compliant web service.

Notice the three most important components in a training
request, which are the “dataset”, the “prediction feature” and the
“tuning parameters” of the algorithm. Once the model is
trained, the JPDI service will return it to the caller in JSON
format in which the actual model is encoded. Figure 25 gives an

example:

Notice that the JPDI web service may select only some of the
features of the initial dataset, which are defined in the PMML.
Then, the JPDI service requires that a dataset containing these

features be posted back to it, i.e., a JPDI service in order to

Beilstein J. Nanotechnol. 2015, 6, 1609-1634.

"dataset": {
"dataEntry": [

{
"compound ":
"URI":

{
"http://some.

’

server.org/substance/1"
"values": {

"http://some.
"http://some.

}

server.
server.

org/property/1": 0.268,
org/property/2": 0.667,

I

{

"compound": {
"URI": "http://some.

’

server.org/substance/2"
"values": {

"http://some.
"http://some.

}

server.
server.

org/property/1": 0.115,
org/property/2": 0.759,

+

1
I
"predictionFeature":
"parameters": {
"theta": 49,
"mvh": 1.0

"http://some.server.org/feature/1",

Figure 24: A JPDI request for training.

perform predictions requires (i) the model it has previously
produced and (ii) a dataset containing values for the features it

has selected.

algorithm Show/Hide | List
falgorithm
538 /algorithm
lalgor Paramet
3l ele e Description
2o /algorithm/{id} N ooy : e
— tral
) - . B ttp://z.0r9/p
b3k /algorithm/{id} “ontolegicalClasses”: |
“pt:Algoritha",
“ot:Regression”
m ]a|g0|’|thmf{|d} ]P.‘:fr‘-!l??.l'.\fl...\,.,.....".ﬂ"
"pA|4m;!lr'.": I
{
“name”: "epsilon”,
“scopa” : "OPTIONAL",
“value":0.03
}
1
}
Parameter content type: | applicationfjson 2
subjectid Authorization token
title SVM Tithe of your algorithm
description |sypport Vector Machine Short description of your
algorithm
tags Tags for your algorithm (in a
separated list) 1o
facilitate look-up

Figure 23: Algorithm API that allows to consume as well as register new algorithms (following the JPDI specification). Clients can use this API to
(i) GET a list of all algorithms, (ii) register a new algorithm, (iii) GET the representation of an existing algorithm, (iv) Use an algorithm, (v) Delete an
existing algorithm or (vi) use the HTTP method PATCH to modify an algorithm resource.
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"rawModel": "<Raw model (encoded)>",

"pmmlModel": "<PMML-XML>",

"additionalInfo" : "<Extra information the algorithm

service needs saved with the model>",

"independentFeatures": [
"http://some.server.org/property/1",
"http://some.server.org/property/2"

]

Figure 25: A model returned by JPDI service in JSON format.

Upon training, the model returned to the caller is stored as-is by
the called service and will be returned back to the JPDI-
compliant service when the client requests a prediction. This
way, as already mentioned, the JPDI service providers do not
need to maintain a database while the eNanoMapper services do
not need to know how the third-party services perform compu-
tations.

Likewise, when Jagpot Quattro needs to consume a JPDI web
service to perform predictions, it POSTs to it a JSON document
with (i) the input dataset containing substances and (ii) the
model that was previously created by the JPDI service. An
example of JSON prediction request is shown in Figure 26.

Integration with third party services

The JDPI protocol allows one to dynamically and seamlessly
incorporate any custom algorithmic implementation into
eNanoMapper and without any need for resource management
(i.e., the algorithm providers do not need to maintain a database

"dataset": {
"datasetURI":
"dataEntry": [{
"compound": {
"URI":

"values": {

Beilstein J. Nanotechnol. 2015, 6, 1609-1634.

system). The protocol specifies the form of data exchange
between eNanoMapper services and third party algorithm web
service implementations. The eNanoMapper framework already
provides wrappers for WEKA [53] and the R language [54].
Integration with R is made possible through the OpenCPU
(https://www.opencpu.org/) system, which defines a HTTP API

for embedded scientific computing based on R although this ap-
proach could easily be generalized to other computational back
ends [55]. OpenCPU acts as a wrapper to R that is readily able
to expose R functions as RESTful HTTP resources. The
OpenCPU server takes advantage of multi-processing in the
Apache2 web server to handle concurrency. This implementa-
tion uses forks of the R process to serve concurrent requests
immediately with little performance overhead. By doing so it
enables access to those functions on simple HTTP calls
converting R from a stand-alone application to a web service. R
(http://www.r-project.org/) has become the most popular

language for computational statistics, visualization and data
science, in both academia and industry [56]. One of the most
important benefits for R users is cost-free, easy access to the
frontline of methods in predictive modelling and statistics that
are produced and are under continuous review from leading
data science researchers [57]. In Bioinformatics, the Biocon-
ductor R branch (http://www.bioconductor.org/), provides open

source tools for high-throughput omic data analysis. Biocon-
ductor users enjoy access to a wide array of statistical
and graphical methods for genomic data analysis and makes
it much easier to incorporate biological metadata in
genomic data analysis, e.g., PubMed literature data (http://

["http://some.server.org/dataset/1"],

"http://some.server.org/substance/1"

"http://some.server.org/property/1": 0.268,
"http://some.server.org/property/2": 0.667,

}
oA
"compound": {
"URI":
"values": {

"http://some.server.org/substance/2"

"http://some.server.org/property/1": 0.115,
"http://some.server.org/property/2": 0.759,

}
I

"rawModel": ["<Encoded raw model>"],

"additionalInfo":

}

Figure 26: An example of a JSON prediction request.

["<other info the JPDI algorithm service needs>"]
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www.ncbi.nlm.nih.gov/pubmed), annotation data extracted

from Entrez genes, etc. This is one of its important features,
since users can easily gather all the relevant biological informa-
tion and analyse their integrated findings or validate their
results. We are planning on integration with other software
packages, developed in Matlab (or Octave) and Python. Python
is gaining considerable momentum for machine learning appli-
cations as various packages facilitate the analysis of data, devel-
opment and validation of models, conduction of various statis-
tical analyses and other tasks. Scikit-learn (http://scikit-

learn.org/stable/), pyBrain (http://pybrain.org), and mlpy (http://
mlpy.sourceforge.net/) are a few of the numerous machine

learning packages for Python.

Algorithm Implementations

Currently, Jagpot Quattro contains the following API-compliant
algorithm services: two implementations of multiple linear
regressions (MLR) (using R and Weka [53] functionalities), and
implementations of the partial least squares (PLS) algorithm
(based on Weka), the support vector machine method (using the
LIBSVM library [58]) and the sub-clustering algorithm devel-
oped in-house for Radial Basis Function Neural Networks [59].
As an example, the R implementation of the MLR regression
algorithm was applied on the corona dataset to generate a linear
NanoQSAR model that relates net cell association of gold
nanoparticles (the logarithm base 2 transformed values) to zeta
potential after synthesis, zeta potential after serum exposure,
and a number of transformation defined in the PMML file found
at http://app.jagpot.org:8080/jagpot/services/pmml/corona-stan-

dard-transformations. The produced model, trained with

the algorithm with ID “ocpu-lm” (located at http://
app.jagpot.org:8080/jagpot/services/ocpu-lm) can be found

under the following address: http://app.jagpot.org:8080/jagpot/
services/model/corona-model. OCPU-LM is implemented in R

(using OpenCPU) and exposed via the JPDI API as explained in

-@QM Search ~ Nanomaterials * OpenTox Demo ¥ Help ~

Beilstein J. Nanotechnol. 2015, 6, 1609-1634.

the previous section. To access these resources the client needs
to provide an authentication token as specified by the access
control API. Alternatively, the end user can easily access it via

the Jagpot Swagger interface (http://app.jaqpot.org:8080/jaqpot/
swagger) using an authorization token produced automatically.

Apart from experimental descriptors available through the data-
base, datasets used for modelling may contain theoretical
descriptors, which are calculated using services that were origi-
nally developed during the OpenTox project, but are now being
updated and extended, such as CDK [60] and MOPAC [61].
The eNanoMapper MOPAC implementation (available at:
https://apps.ideaconsult.net/enanomapper/algorithm/

ambit2.mopac.MopacOriginalStructure) was used to calculate

quantum-mechanical descriptors for metal oxides, including
HOMO (highest occupied molecular orbital), LUMO (lowest
unoccupied molecular orbital), band gap and ionization poten-
tial. Figure 27 shows the results for Sb,O3 (available at http://
enanomapper.github.io/bjnano7250433 ; login as guest is

required for access). Calculations are available in various
formats, including CSV, JSON, CML and SDF.

The leverage method for defining the “applicability domain”
(AD) of NanoQSAR models has also been implemented and
offered as a service. According to the OECD definition, the “ap-
plicability domain of a (Q)SAR model is the response and
chemical structure space in which the model makes predictions
with a given reliability” [62,63]. Defining the chemical struc-
ture space for nanomaterials is not trivial, hence the descriptor-
based approach is adopted. The AD is created by applying a
POST at an instance of the AD web service. Then, the predic-
tive model can be linked to the AD model in such a way that
predictions are accompanied by an indicator that informs us
whether the query compound is in or out of the AD of the
model.

uest] Log out

Home ' Datasets = Dataset browser

https://apps.ideaconsult.net/enmtest/dataset/26?feature uris...

s

@ Diagram® CAS©@ EINECS® 1UCLIDS UUID® select all unselect all
Showing from 1 to 1 in pages of | 20 + |entries 4 Previous Next p
Diagram InChi Key InChli NO. OF FILLED LEVELS TOTAL ENERGY FINAL HEAT OF FORMATION IONIZATION POTENTIAL ELI
o CDYHEIPEUMOGQP-  InChi=1S... | 36 ~-2950.697 275.055 7.108 -1
| ‘ ‘ UHFFFAQYSA-L L}

Figure 27: Screenshot of the descriptors calculated with quantum mechanics MOPAC web service.
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Integration of modelling services in the

framework

Dataset resources from any dataset service may be used by any
modelling service which in turn will store the produced dataset
of prediction on any dataset service. The eNanoMapper web
services design assumes a distributed architecture in which data
are not required to be stored or even indexed by a common
system. Among services that implement the API, input data can
come from any dataset service, be used by any modelling
service, which in turn will submit the produced dataset with
prediction results to any dataset service for storage. Linked-data
principles are combined here with a REST-based design to
enable this distribution of resources.

Discussion

The API with resources supporting substances, protocols and
measurements is in line with recent publications in the domain
and is able to support a variety of tests and endpoints, recom-
mended by the OECD WPMN. The annotation with ontology
entries is an ongoing collaboration between the eNanoMapper
database and ontology teams and the EU NanoSafety Cluster.
Data heterogeneity is a pervasive challenge within the
nanosafety domain, with the complexity of the nanomaterials
and their biological interactions being measured via multiple
different types of assays and endpoints across a wide range of
experimental technologies. While our prototype database and
ontology already illustrate a range of these different measure-
ments, the list of possible endpoints and characterisation prop-
erties is growing all the time as the science evolves, and our
objective is ultimately to represent all relevant properties and
endpoints in our ontology, which is currently growing through
community feedback and as it is being used for annotations.
Given the heterogeneity of the data being represented, a chal-
lenge of inconsistency may also emerge. Our platform is
inspired by the OECD recommendations to define a minimum
set of information that needs to be included as metadata in the
case of each experiment type. Through templates, the fields that

are required for different protocols can be customised.

The demonstration data provided by partners illustrates the
capability of the API and the implementation to handle diverse
information. It has been used for NanoQSAR modelling.
Research is ongoing to extend the OpenTox algorithm and
modelling APIs for nanomaterials, allowing these new models
to be exposed with unique URIs suitable for reuse. The REST
API with JSON serialisation is the current state of the art in web
system development and data integration and enables building
graphical summaries of the data, JavaScript widgets, custom
user interfaces and programmatic interaction. The next steps
include provision of RDF serialisation of the resources, support

for multiple data formats on import and export, support for
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multiple search interfaces (including ones based on semantic
technologies), and improvements of the data model, API and
the implementation, based on the feedback and close collabora-
tion with all eNanoMapper partners and EU NanoSafety Cluster
working groups.

The eNanoMapper database discussed here is a design architec-
ture that allows, in a first stage, for the import of experimental
data and calculated descriptors by those who have measured or
calculated them respectively, and in a second stage the use of
data from the database for propagation or modelling. The
eNanoMapper team from the beginning of the project paid
attention to designing a system that would be strict in enforcing
traceability of data, and in recording the details in its represen-
tation of nanomaterials and the specifics of how the data were
generated (experimental conditions, methods). Users of the plat-
form prototype feed it with data they have curated and know to
be accurate. Any problematic uploads can be traced back to
their source. In future work, metrics on the data such as the
compliance level suggested by the Nanomaterial Registry

(https://www.nanomaterialregistry.org/about/HowIsCompli-

anceCalculated.aspx) could be introduced in order to progress

the nanomaterial safety community towards a holistic approach
to data quality that may be triggered from data storage, but this
also needs to go back to the data origins, i.e., the specifics of
experiments/measurements/calculations. Besides being acces-
sible online at data.enanomapper.net, the system presented is an
open source solution, which can be downloaded, installed and
hosted by individual researchers or labs, and as such presents an
open distributed platform for NM data management, rather than
being restricted to use as a single database instance.

Data format conversions
Formatting experimental data as ISA-Tab files manually is very
cumbersome and time consuming, even if using “semantically

aware” tools, such as ISAcreator (https://github.com/ISA-tools/

ISAcreator). Formatting data as ISA-Tab-Nano is even more
challenging, as there is no publicly available validator of ISA-
Tab-Nano, and the available examples at https://
wiki.nci.nih.gov/display/ICR/ISA-TAB-Nano are more useful

to convey the idea of the format, rather than to be considered
the ultimate specification-compliant instances. Furthermore,
while ISA-Tab validation relies heavily on XML assay
templates, specifying the fields required by experiments with a
defined endpoint and technology, the ISA-Tab-Nano wiki does
not provide such templates, which makes it impossible to use
existing ISA-Tab tools to generate ISA-Tab-Nano compliant
files, even if ignoring the ENM-specific material files. Last but
not least, the ISA-Tab specification only defines the metadata
format and does not impose any restrictions on the actual data

files. We consider two parallel roads towards improvement of
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the status quo. First, enabling ISA-Tab-Nano support by the
core ISA-Tab tools (ISAcreator), and second, an automatic
generation of ISA-Tab archives, given the ubiquitous and con-
venient Excel templates as input. We have initiated work
towards the first goal by extending a fork of the ISA-Tab core
code to enable parsing of ISA-Tab-Nano files (https://
github.com/enanomapper/ISAvalidator-ISAconverter-BlIman-

ager). As this code is part of the ISAcreator application, it
would potentially allow for loading and validating of ISA-Tab-
Nano files through the core ISA-Tab tools. While ISA-Tab is
designed to ensure that all experimental details are retained, the
chemical compound or ENM is hidden in a step of the experi-
mental graph, and such a data model is usually less convenient
for preparing and querying the data and applying subsequent
predictive modelling. Building on previous experience and
taking into account the observation that the majority of EU
NanoSafety Cluster projects prefer to prepare their experi-
mental data using custom spreadsheet templates, the
eNanoMapper team took an alternative, but pragmatic, ap-
proach by implementing support for a large set of custom
spreadsheet templates for data preparation. We developed the
configurable Excel parser described in the “Data import”
section above. Being able to parse diverse spreadsheets, as well
as other input formats (such as OHT) into the same internal data
model and export the data from this data model into different
formats allows us to provide format converters, in the same

fashion as OpenBabel [64] (http://openbabel.org/) interconverts

between chemical formats. Extending the tools to include
ontology annotations and to be able to write the internal data
model into ISA-Tab files will not only accomplish the second
goal of automatically generating the files, but will also enable

exporting query results from the database in a desired format.

Modelling

We are now developing a new R package that automates the
creation of the best possible NanoQSAR regression model (vali-
dated using cross validation and external testing), by searching
over many different regression algorithms and tuning the para-
meters for each algorithm. The suggested workflow automates
the development of a reliable and well-validated NanoQSAR
model or set of models by a simple call to an R function. The R
package will be integrated within the eNanoMapper system
using the JDPI and OpenCPU functionalities, described before.

Transmission electron microscopy (TEM) is a valuable tech-
nique for the characterization of nanomaterials. TEM image
analysis yields number-based results, allows the extraction of
size and shape-related attributes and characterization of surface
topologies, and provides distinctions between the characteriza-
tions of primary particles and of aggregates/agglomerates.

Based on TEM images, Gajewicz et. al. have proposed a set of
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image-derived descriptors for characterizing nanomaterials,
such as volume, area, porosity and circularity [65]. These
descriptors will be included in the set of descriptors to be
computed by an image analysis tool that is under development
in the context of the eNanoMapper project based on the stan-
dard and well accepted Fiji/Image]J [66] open-source software,
which was selected after an assessment of the most relevant
software tools that are available and in use by the scientific

community.

Integration of the facilities provided by R will allow for easy
access to a wealth of additional algorithms and methods
focusing on the analysis of omics data and utilization of useful
information included in public ontologies such as the Kyoto
Encyclopedia of Genes and Genomes (KEGG) [67]. Recent
studies suggest that integrating multi-omics additional genomic
knowledge can greatly assist towards fully understanding
various phenotypes [68], as opposed to the conclusions drawn
by focusing on only a single level of genomic data. Along these
lines, we are working on an integration clustering analysis of
the proteomics data included in protein corona datasets also
incorporating information from the underlying relations in the
data using the Gene Ontology [69]. For example, a hierarchical
clustering algorithm is applied to NP proteomics data to build a
hierarchy of protein clusters and compare them to those estab-
lished by Gene Ontology; similarities between the two should

reinforce any toxicology related outcome.

Technology

The REST API has become the most commonly used approach
for web application development. Because of its simplicity and
performance scalability it has replaced solutions such as the
simple object access protocol (SOAP). The OpenTox project
was in 2008 one of the first to define and implement a REST
API in the cheminformatics and QSAR domains [14,23,70], but
nowadays all the major chemical (and some material) databases
provide access via REST. This applies to both data as well as
computational functionality, including wrappers for popular
software as R, science-as-a-service platforms, and high-perfor-
mance computing, because the demand for interfacing via web
services increases. REST is defined as a software architecture
style designated for network-based applications, as the outcome
of a thorough analysis of network architectures [71]. It is
compliant with the successful architectural principles behind the
World Wide Web that characterizes RESTful applications.
Specifically, the principles were selected to ensure the distrib-
uted system will feature a set of particular properties:
simplicity, scalability, performance, modifiability, visibility of
communication, portability, reliability, and resistance to failure.
The granularity of the REST resources is not fixed, but can be
designed to fit particular application needs. A set of resources is
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a resource itself, hence there are no efficiency limitations on the
retrieval of large amounts of data. A potential challenge when
processing large amounts of data is the output in textual format,
however a resource representation can be compressed, and in
principle the JSON output used is much more terse than other
formats (e.g., RDF). REST allows for the provision of represen-
tations in multiple formats, hence formats suitable for repre-
senting sparse data can be utilized. A known limitation is that a
REST API specifies how questions can be asked and therefore
restricts the users in what they can ask, compared to being able
to access the data directly via, e.g., SPARQL (SPARQL
protocol and RDF query language) or SQL (structured query
language). While eNanoMapper plans to enable SPARQL
queries for NM data, this approach has its own drawbacks
which often motivate the hiding of SPARQL behind a REST
API. Despite the overwhelming use of REST with HTTP
protocol and HTTP URIs, originally REST was a protocol-inde-
pendent architecture and could be used outside of the HTTP
context, which, in principle, allows for the adoption of binary
protocols for effectiveness (such as Google protocol buffers,
Apache Thrift, etc.). However binary protocols are much harder
to use. We do not expect a solution other than HTTP to be
required in the lifetime of the eNanoMapper project. Finally, it
deliberately adopts the choice of a distributed database system,
which follows the same idea as the World Wide Web, and is in
accordance with the REST architecture of an ecosystem of
distributed entities that interact and are made available indepen-
dently from each other.

Conclusion

The eNanoMapper database builds on previous experience from
the OpenTox and ToxBank projects in supporting diverse data
through flexible data storage, semantic web technologies, open
source components and web services. A number of opportuni-
ties and challenges exist in nanomaterials representation and
integration of ENM information, originating from diverse
systems. We adopted the concept of substances, allowing a
more elaborate representation of ENMs, overcoming limita-
tions of existing compound-based databases and integration
solutions. We describe how an approach of adopting an
ontology-supported data model, covering substances and
measurements, provides a common ground for integration. The
data sources supported include diverse formats (ISA-Tab,
OECD harmonized templates, custom spreadsheet templates),
as well as other formats via custom import scripts. Besides
retaining the data provenance, the focus on measurements
provides insights into how to reuse chemical structure database
tools for nanomaterials characterization and safety.

The database is still under development within the

eNanoMapper project. Future work includes support for high-
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throughput screening (HTS) data, further annotation with
ontologies, and support for data from aforementioned third-
party databases, such as PubChem and ArrayExpress. HTS and
high-content analysis data are currently being generated in
several of the projects within the EU NanoSafety Cluster,
including the eNanoMapper partners. As these datasets become
available, they will be able to serve in generating use cases for
further development, refinement and proof-of-concept of the
current state of the eNanoMapper database and ontology frame-
work.

Nanomaterials synthesis until the final product stage may poten-
tially involve several analyses, where go, no-go decisions are
made from evaluating safety and other aspects of the materials.
Ultimately, we envision that the eNanoMapper infrastructure
should be directly applicable to such a safe-by-design principle,
directly coupling the material and product development stages
with safety analysis. The current prototype provides us with the
means of comparing new nanomaterials to an expanding collec-
tion of reference data.

Supporting Information

Supporting Information File 1

OECD WPMN recommended endpoints and their potential
correspondence to UDS and ISA-Tab-Nano concepts.
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The impact of ZnO and TiO, manufactured nanoparticles (MNPs) on soil bacterial communities for different exposure periods and

MNP doses was explored via data visualization techniques. Interrelationships between MNP treatments and responses of bacterial

taxa were illustrated by bipartite graphs, allowing fast identification of important soil bacterial taxa that are susceptible to MNPs.

Contribution biplots with subcompositional coherence property were generated via log-ratio analysis (LRA), which jointly display

the treatment distribution and the variance (contribution) of bacterial taxa. The LRA contribution biplots and nonmetric multi-

dimensional scaling (NMDS) of the dataset, along with hierarchical clustering, demonstrated that high doses of ZnO and TiO,

MNPs caused significant compositional changes in soil bacterial communities. The suitability of family level for MNP taxonomic

impact assessment was demonstrated by both the LRA biplots and simplified NMDSs with quantification provided by the distance

correlation between MNP impacts summarized at different taxonomic levels. The present study demonstrates that visual explo-

ration could potentially assist in knowledge discovery and interpretation of data on soil bacterial communities exposed to MNPs

and thus evaluate the potential for environmental impacts.

Introduction
Manufactured nanoparticles (MNPs) are now routinely used in
numerous products and applications due to their novel func-

tional properties that arise at the nanoscale [1,2]. However, as

the applications of MNPs rapidly expand [2,3], there is an

increased public concern regarding the potential environmental
and health risks associated with MNPs [4-9] throughout their
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lifecycle [10-14]. MNPs may be released to the environment as
the result of a variety of human-related activities (air emissions
and/or direct discharge to surface water, etc.), wherein they can
move across environmental boundaries and are therefore likely
to be found in most media [13,14]. The presence of MNPs in
the environment could lead to exposures of ecological recep-
tors to MNPs via multiple pathways [13]. Although there is lack
of field monitoring data regarding environmental concentra-
tions for most MNPs, various simulations [14,15] of multi-
media environmental distributions of MNPs suggest that MNPs
tend to accumulate in soil and sediment [16,17]. Various studies
[18-22] have reported that MNPs could lead to adverse environ-
mental impacts. For example, Ag and Pt MNPs may interfere
with zebrafish embryo hatching [23]; ZnO MNPs may cause
compositional changes in soil bacterial communities [18,19];
quantum dots (QDs) were linked to DNA damage of both fresh-
water mussels and gills [24]; and carbon nanotubes have been
found to induce harmful effects to various organs (such as
aquatic animals, bacteria, and plants) [25].

MNPs in soil can cause compositional changes to soil bacterial
communities and thus may induce profound impacts on terres-
trial ecosystems [16,26]. Soil microbial communities, as one of
the most abundant and diverse groups of organisms on earth,
perform many critical ecosystem functions (e.g., element
cycling and waste decomposition) [27,28] and are important
biotic indicators of soil health [29]. Therefore, information
about MNP effects on soil microbial communities is critical for
environmental impact assessment [13]. Recently, efforts
[18,19,26,30,31] have been devoted to investigate the impacts
of various MNPs on soil bacterial communities, resulting in
large datasets of high dimensionality (e.g., over 10° soil DNA
sequences extracted for a treatment) [18,19]. Therefore, ad-
vanced data exploration/visualization approaches are required to
allow researchers to design subsequent confirmatory experi-
ments and/or perform detailed statistical analyses. Graphical
displays of multivariate (high-dimensional) ecological data can
also facilitate data comparison and interpretation (e.g.,
acquainting variables of important roles/contributions and iden-
tifying similarity/distribution among samples) [32]. In addition,
since bacterial community data are usually compositional (each
sample is profiled by a set of non-negative values that add up to
unity), it is important that their analyses are subcompositionally
coherent (i.e., the relationship between two components (vari-
ables) should be the same and not dependent on the presence/
absence of other components) [32].

Accordingly, in the present work, we report on a range of visual
exploration approaches suitable for analysis of high content
dataset for bacterial communities exposed to MNPs. Bipartite

graphs [33-35] were established to illustrate interrelationships
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between MNPs and responses of bacterial taxa. Log-ratio
analysis [32,36,37] that has subcompositional coherence prop-
erty was utilized to generate biplots for joint displays of sample
(treatment) separation/distribution and the contribution of bacte-
rial taxa (i.e., the variances of bacterial taxa across all the treat-
ments). In addition, the impacts of different MNPs were
projected and explored via two-dimensional (2D) maps
constructed by hierarchical clustering [32,38,39] and multidi-
mensional scaling [32,40]. Also, a recently developed distance
correlation [41] was employed to quantify the consistency
between MNP impacts summarized at a range of taxonomic
levels.

Materials and Methods
Data for soil bacterial communities exposed
to MNPs

Visual exploration was conducted for a previously reported
dataset of MNP impacts on soil bacterial communities [18]. The
dataset contained 15 treatments (i.e., different MNP exposure
tests) including TiO, and ZnO MNPs of primary size in the
range of about 15-20 nm and about 20-30 nm [42], respective-
ly. The soil bacteria were exposed to the above MNPs for 15
and 60 days at three different doses (0.5, 1.0, and 2.0 mg/g
(soil) for TiO, MNPs and 0.05, 0.1, and 0.5 mg/g (soil) for ZnO
MNPs) as well as 0, 15, and 60 day controls (without MNPs)
[18]. Soil DNA sequences were recovered for the above
15 treatments (in quadruplicate). The recovered DNA sequences
were clustered into 31,621 bacterial operational taxonomic units
(OTUs) [18], with the number of DNA sequences clustered into
the same OTU counted to quantify the impact of the
15 treatments on soil bacterial communities [18]. The OTUs
were further summarized/assigned into a set of hierarchical taxa
(i.e., genus (446), family (135), order (53), class (41), and
phylum (19); the total number of taxa at each taxonomic level is
given in the parentheses) [18]. For each taxonomic level
(including OTU), the total counts of sequences assigned to a
specific taxon represent its abundance, while the relative abun-
dance of the taxon in the whole community was used as a

measure of the impacts of the 15 treatments [18].

Exploration workflow

Visual exploration of the above soil bacterial community data
[18] followed a workflow summarized in Figure 1. The analysis
was conducted to identify significant MNP-bacterial taxon
interrelationships and to assess the similarity of MNP impacts
on soil bacterial communities. For each taxonomic level (from
genus to phylum), bacterial taxa that are susceptible to MNP
treatments were identified according to a threshold of inter-
percentile range. Interrelationships between the MNP treat-
ments and the identified susceptible bacterial taxa were illus-

trated using bipartite graphs [33-35]. Biplots were generated by
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log-ratio analysis [32,36,37] (of subcompositional coherence
property) to jointly display the separation (distribution) of treat-
ments and the contribution (variance) of bacterial taxa. Multidi-
mensional scaling analysis [32,40] was conducted, along with
hierarchical clustering, in order to illustrate the main under-
lying structure of the soil bacterial community dataset. In addi-
tion, distance correlation coefficients [41] were calculated to
assess the consistency of MNP impacts summarized at different

taxonomic levels.
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Figure 1: Workflow for visual data exploration of soil bacteria suscep-
tible to MNP treatments.

MNP-Bacteria Interrelationships

The interrelationships between MNPs and the responses of bac-
terial taxa were explored using bipartite graphs [33-35]. It is
noted that some bacterial taxa demonstrated only marginal vari-
ance across the 15 treatments (in quadruplicate), indicating their
insusceptibility to the treatments. It is noted that the presence of
treatment insusceptible bacterial taxa will complicate bipartite
graphs without adding useful information. Therefore, in the
present work, bacterial taxa which is in the 95th—5th percentile
range in terms of relative abundance across all the 15 treatments
(in quadruplicate) less than a prescribed threshold (e.g., 10/n,
where n denotes the total number of bacterial taxa at a given
taxonomic level) were discarded as being treatment insuscep-
tible. The relative abundances of the remaining bacterial taxa
that were considered as treatment susceptible were re-scaled to
sum up to unity for each treatment. Bipartite graphs were then
established based on the averaged relative abundance of bacteri-
al taxa for each quadruplicated treatment. In an established
bipartite graph, treatments and bacterial taxa were represented
as nodes on opposite sides of the graph, with linkages between
them indicating the bacterial taxa (and their relative abundance)

identified for each treatment or vice versa.
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Log-ratio analysis

Log-ratio analysis (LRA) [32,36,37] was conducted for the bac-
terial taxa that were identified as treatment susceptible in order
to further explore and visualize the impact of TiO; and ZnO
MNPs on the soil bacterial communities. In LRA, the relative
abundances of bacterial taxa (i.e., compositional variables) were
transformed to log-ratios to attain subcompositional coherence
[32,36,37]. For example, given a dataset of four compositional
variables (i.e., components) a, b, ¢, and d, a subcompositional
dataset of a’, ', and ¢’ can be obtained by discarding
component d (note that the subcompositional dataset is closed
again, i.e,a’=a/(a+b+c),b’=>b/(a+ b+ c), and
c’=cl/(a+b+c)sothata’+ b’ + ¢’ =1). After log-transfor-
mation, the distance between the composition a”’ and b’ is given
by:

U log(al) ~log(b)))?

(D
- \/1/,12?:1 (log(a;) - log(h;))*

where n denotes the total number of samples in the dataset. It is
noted that the log-ratio distance between two components
remains the same irrespective of the presence/absence of other

components (i.e., subcompositional coherence).

In LRA, once a compositional data matrix G (e.g., relative
abundance of bacterial taxa) is transformed into log-ratios, a
double centered matrix (i.e., row and column sums are all equal
to zero) is constructed as:

A= (I—er)log(G)(I—clT )T @)

where I and 1 denotes identity matrix and vectors of ones of
appropriate size, respectively. In addition, the two vectors r and
c are the row and column sums of G relative to the grand total.
The above double centered matrix is further weighted as
follows:

S =D"AD, 3)

where D, and D, are the diagonal matrices corresponding to
vectors r and c, respectively. Singular value decomposition
(SVD) [43] of the weighted matrix produces:

S=UIWV @)
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From the above SVD, the following coordinate matrices can be
obtained:

Contribution row coordinates : U

Contribution column coordinates : V'

Standard row coordinates : Drfl/zU

®)

Standard column coordinates : DC_I/ZV
Principal row coordinates : Drfl/zU b))

Principal column coordinates : DC_I/ZV 2

Based on the coordinates provided by LRA, various biplots can
be constructed to represent treatments (samples) and bacterial
taxa (variables) together. For example, principal row and stan-
dard column coordinates can be displayed (using the first two
columns of the coordinate matrices) jointly as a row-principal
biplot, while the combination of standard row and principal
column coordinates yields a column-principal biplot. When
there are many components (e.g., bacterial taxa) a convenient
alternative is to derive a contribution biplot by combining stan-
dard row and contribution column coordinates or contribution
row and standard column coordinates [36]. It is noted that LRA
requires the compositional data matrix to be strictly positive.
However, a few zeros could remain in the compositional data
matrix even after the removal of the bacterial taxa that are iden-
tified as treatment insusceptible. In the present work, for a given
taxonomic level, the remaining vanishing relative abundances
of bacterial taxa was substituted by half of the smallest non-zero
value in the complete data (before the removal of treatment
insusceptible bacterial taxa) [36], followed by a rescaling step
to close the data again (i.e., the relative abundance sums to

unity for each treatment).

Multidimensional scaling analysis
Multidimensional scaling (MDS) analysis [32,40] was also
conducted for the soil bacterial community dataset with the
objective of representing the treatments in a two-dimensional
(2D) map while maintaining (as closely as possible) the inter-
treatment distance. Unlike LRA, MDS is not subcomposition-
ally coherent [32,36,37] and thus was conducted with the
complete dataset (i.e., no bacterial taxa removed) of each taxo-
nomic level (from OTU, genus, ..., to phylum). For a given
taxonomic level, in order to conduct MDS, distances between
treatments need to be calculated first based on their relative
abundances. In the present work, Bray-Curtis dissimilarity
(BCD), as the most widely used dissimilarity metric in ecolog-
ical data analyses [32,44], was calculated to quantify the differ-
ence between the 15 treatments (in quadruplicate). For raw
OTU counts, BCD between two treatments [32] was calculated
by:
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dij = Zp [y —np |12 [y +n gy | (6)

in which n;; and nj; represent the k-th OTU count for treatment
and j, respectively. As the OTU counts were converted into
relative abundances (r;; = nj/Zin;i), the BCD reduces to the
regular L; distance [32]:

dij = Zp g —rp |12 (M

The above L, distance calculation resulted in a 60 x 60 matrix
for each taxonomic level since quadruplicates were used for
each of the 15 treatments.

Coordinates for plotting the treatments in 2D maps were
derived from the L distance matrices via MDS [32,40] (using
the isoMDS function of R package MASS [45]). Since the L,
distance is a non-Euclidean distance, the above MDS is referred
to as nonmetric MDS (NMDS) [32,40]. The quality of the
NMDSs was then quantified by the normalized sum of squared
approximation errors known as stress [32,40]. In the NMDS
established for each taxonomic level there were 60 points,
corresponding to the 15 treatments (in quadruplicate). In order
to avoid obscureness induced by treatment replicates, reduced
NMDSs were developed by using the average-link as the metric
to measure the distance between different treatments. The

average-link between treatment S; and S; was calculated as:
d(Si’Sj) = ExeSiZyede(x’y)/|Si”Sj‘ ®)

The developed NMDs were converted into biplots by adding
vectors to represent bacterial taxa [32]. For a bacterial taxon,
the relevant vector was obtained via linear regression of the
relative abundance (quadruplicates averaged for the bacterial
taxon) on the NMDS coordinates. The vector was formed by the
regression coefficients of the NMDS coordinates which then
served to indicate the direction the greatest ascent in the regres-

sion plane (i.e., gradient vector) [32].

In addition, hierarchical clustering [32,38,39] was carried out
based on the L; distance matrices to identify treatments that
induced similar impacts on the soil bacterial communities (i.e.,
the main underlying structure of the MNP soil bacterial commu-
nity data). Hierarchical clustering successively merges together
similar treatments or treatment groups until a single cluster is
attained [38,39], providing a dendrogram of hierarchical simi-
larity among the treatments. In the hierarchical clustering,
average-link (defined as zxeC,- zyeCj d(x,y) / ‘CiHCJ“ for two
clusters C; and C;) was used as inter-cluster distance measure

since it is robust to outliers [38,39]. An advantage of the hierar-
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chical clustering based on the L distance matrix is that L; < 0.5
represents a meaningful threshold to cut a dendrogram (hierar-
chical tree) into suitable meta-clusters, whereas a threshold
above 0.5 will lead to clustering of treatments that are more
dissimilar than similar [32].

Consistency analysis of MNP impact

A recently developed distance correlation [41] was used to
assess the consistency of MNP impacts on soil bacterial
communities summarized in different taxonomic levels. It is
noted that each taxonomic level contained a range of taxa,
representing a set of vectors where the number of components
(i.e., dimensionality) could be much larger than the total treat-
ments (e.g., there are 446 bacterial taxa in genus level and
31,624 in OTU levels). Therefore, conventional correlation
analyses such as Pearson correlation [46] and canonical correla-
tion [47] are not applicable for analyzing the consistency
between different taxonomic levels. For the above problem, dis-
tance correlation is particularly suitable, which quantifies the
similarity in treatment distance for different taxonomic levels.
In distance correlation analysis [41], a new matrix A4 is first
constructed from the distance matrix a that was calculated at

taxonomic level Ty as Al-j =a; —a,—a ;+a.,in which a;, a

) 1 g

and a. are the means of the i-]th row, j-jcolumn, and the entir]e
matrix a, respectively. Similarly, another matrix B can be
derived from the distance matrix b calculated at taxonomic level
Tg. The distance variances for taxonomic level Tp and Tg

along with their distance covariance can be defined as:

2 1 & 2
Vi)=— Y 42,
n- g =1
n

2 1 2
Vi(B)=— > B, ©
i

1 n
V2(A4,B) =— > 4;B;
nj =1

where n identifies the dimensionality of matrix 4 and B.
Accordingly, the distance correlation between taxonomic level
Ta and Ty is given by:

V(A,B)

R=— 22
JWVAV(B) (10)

An important property of the above distance correlation is that it
becomes zero if and only if the random variables (e.g., different

taxonomic levels) are statistically independent [41].
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Results and Discussion
Bipartite graphs between MNP treatments
and bacteria responses

For taxonomic levels from genus to phylum, soil bacterial taxa
for which the range of 95th—5th percentile with respect to rela-
tive abundance (across all the quadruplicated treatments) was
no less than 10/n (n denotes the total number of bacterial taxa at
a given taxonomic level) were identified as treatment suscep-
tible. Interrelationships between the 15 treatments and the
responses (quantified as relative abundance) of bacterial taxa
were illustrated as the bipartite graphs [33-35] established in
Figure 2, Figure 3 and Figure 4, as well as Figure 5, Figure 6
and Figure 7. In the bipartite graphs (Figures 2—7), the relative
abundances of the soil bacterial taxa identified as treatment
susceptible were re-closed (i.e., rescaled such that the relative
abundances sums up to unity for each treatment), and then aver-
aged for the quadruplicate of each treatment. It is also noted
that, for the genus level, the threshold of 95th—5th percentile
range was increased to 50/n (where n = 446 denotes the total
number of bacterial taxa at genus level) in order to avoid clut-
tering the bipartite graph.

In the bipartite graphs (Figures 2—7), soil bacterial taxa identi-
fied as treatment susceptible are denoted by the bars (nodes) on
the right side, with the bar height proportional to their total rela-
tive abundance over the 15 treatments. For example, Actinomy-
cetales is abundant in all the 15 treatments with an average rela-
tive abundance of 52% (Figure 2), while, for a specific treat-
ment with ZnO MNPs at the dose of 0.1 mg/g (soil) and expo-
sure time of 60 days, its relative abundance is 50% (Figure 4).
Each taxon bar is further split into sub-bars representing its
distribution (in terms of relative abundance) across the
15 treatments. The bars on the left side of the bipartite graphs
(Figures 2—7) identify the 15 treatments with the bar height
indicating the total relative abundance of the taxa identified for
the treatments. In the present work, such total relative abun-
dance was 100% for each treatment since the soil bacterial taxa

identified as treatment susceptible were re-closed.

The established bipartite graphs can be useful for inspecting soil
bacterial taxa that are susceptible to MNPs along with their rela-
tive abundance for each treatment. For example, the bipartite
graph (Figure 2) for order level shows that only 14 of the 53
bacterial taxa were identified as treatment susceptible, based on
the threshold of 95th—5th percentile range > 10/n in relative
abundance. It is also noted that relative abundances of the above
order bacterial taxa vary significantly from 1% to 52%. More-
over, bipartite graphs (Figures 2—7) allow bidirectional explo-
ration of the soil bacterial community data for detailed informa-
tion about a specific treatment (i.e., bacterial taxon — treat-

ment) or a taxon at different taxonomic levels (i.e., treatment —
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Treatments <> Bacterial Taxon

Treatment TRA (%)
Ctrl.00d 100 (7%)
Ctrl.15d 100 (7%)
Ctrl.o0d 100 (7%)

TiO02.15d.050c 100 ( 7%)

TiO2.15d.100c 100 ( 7%)
Ti02.15d.200c 100 ( 7%)
Ti02.60d.050c 100 ( 7%)
Ti02.60d.100c 100 ( 7%)
Ti02.60d.200c 100 ( 7%)
7Zn0.15d.005¢ 100 (7%)
Zn0.15d.010c 100 (7%)
Zn0.15d.050c 100 (7%)
Zn0.60d.005¢ 100 (7%)
Zn0.60d.010c 100 (7%)

7Zn0.60d.050c 100 ( 7%)

Order TRA (%

Acidimicrobiales 15.6 (1%)
Actinomycetales 773 (52%)
Bacillales 292 (2%)
Burkholderiales 0.7 (3%)
Caulobacterales 847 (1%)
Gemmatimonadales 34.8 (2%)
Myxococcales 20.8 (1%)
Rhizobiales 216 ( 14%)
Rhodospirillales 16.8 (1%)
Rubrobacterales 41.8 (3%)
Solirubrobacterales 98.3 ( 7%)
Sphingobacteriales 108  ( 7%)
Sphingomonadales  52.2  (3%)
Xanthomonadales ~ 34.7 (2%)

Figure 2: Bipartite graph for MNP-bacteria interrelationships at order level. Soil bacteria taxa identified for the above graph are for the 95th-5th
percentile range = 10/n (n denotes the total number of bacterial taxa at a given taxonomic level) in relative abundance. TRA denotes total relative
abundance. The treatments are labelled as “--.##d.##c”, where “--” identifies the treatment type (i.e., TiO» MNP, ZnO MNP, or control), “##d” denotes
exposure time of ## day, and “##c” represents exposure dose of ##x1072 mg/g (soil).

bacterial taxon). For example, in the direction of bacterial taxon
— treatment, focusing the bipartite graph of order level on
Rhizobiales (Figure 3) revealed that, compared to the controls,
the exposure to high TiO; (2.0 mg/g (soil)) or ZnO (0.5 mg/g
(soil)) MNP doses for 15 and 60 days reduced the relative abun-
dance of Rhizobiales by up to 32% and 35%, respectively. Such
relative abundance reductions of Rhizobiales indicate that the
two MNPs at high dose could stress the Rhizobiales. Studies
have reported that Rhizobiales is an important order taxon
containing Nj-fixing bacteria that are able to symbiotically as-
sociate with legume roots to fix atmospheric N, into ammoni-
um for plant growth [48]. One can also explore the effect of
treatment on bacterial taxa (treatment — bacterial taxon). For
example, the relative abundances of the 14 order taxa displayed

in Figure 4 illustrates treatment with ZnO MNPs at the dose of
0.1 mg/g (soil) and exposure time of 60 days, showing that
Actinomycetales and Caulobacterales are the bacterial taxa of
the highest (49.7%) and lowest (0.5%) relative abundance, res-
pectively. The above bidirectional exploration using bipartite
graphs can be conducted along the taxonomic hierarchy
(Figures 5-7) to identify informative MNP-bacteria interrela-
tionships at different levels (e.g., drill down to genus level or
roll up to phylum level).

Contribution biplots generated by log-ratio

analyses
Results of the log-ratio analysis (LRA) [32,36,37] for the soil
bacterial community dataset are illustrated in the contribution
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Treatment «<— Bacterial Taxon

Treatment TRA (%)
Ctrl.00d 17.7  (8%)
Ctrl.15d 182 (8%) .
Ctrl.60d 149 (7%) .
Ti02.15d.050c  17.5 (8%)
TiO02.15d.100c  16.4 (8%) .
Ti02.15d.200c 124 (6%) .
Ti02.60d.050c  14.3 (7%)
Ti02.60d.100c  10.9 (5%) .
Ti02.60d.200c  11.1  (5%) .
Zn0.15d.005¢ 153 (7%)
Zn0.15d.010c  17.8 (8%) .
Zn0.15d.050c  12.6  (6%) .
7n0.60d.005¢  14.4  (7%)
7n0.60d.010c  13.5 (6%) .
7n0.60d.050c  9.62 (4%) -

Order
Acidimicrobiales 15.6

TRA (%)
(1%)

. Actinomycetales 773 (52%)
=== Bacillales 292 (2%)
= Burkholderiales 50.7 (3%)
======_ (Caulobacterales 847 (1%)
Gemmatimonadales 34.8  (2%)
Myxococcales 20.8 (1%)
Rhizobiales 216 (14%)
Rhodospirillales 16.8 (1%)
Rubrobacterales 41.8 (3%)
Solirubrobacterales  98.3  ( 7%)
Sphingobacteriales 108  ( 7%)
Sphingomonadales  52.2  ( 3%)
Xanthomonadales ~ 34.7 (2%)

Figure 3: Bipartite graph for bacterial taxon — MNP treatment at order level. Soil bacteria taxa identified for the above graph are for the 95th—5th
percentile range = 10/n (n denotes the total number of bacterial taxa at a given taxonomic level) in relative abundance. TRA denotes total relative

abundance. The treatments are labelled as in Figure 2.

biplots [32,36] given in Figure 8, which display treatments and
bacterial taxa jointly in the same maps. In a contribution biplot
(Figure 8), the treatments (samples) are displayed as scatter
points using the first two principal row coordinates (i.e., dim1
and dim2) provided by LRA, while the bacterial taxa contribu-
tions (variables) were added as vectors (from the origin) scaled
to fit into the same range of the principal row coordinates. The
scatter plots maintain the distance between different treatments
in the complete datasets to a reasonable approximation. The
vectors, on the other hand, are indicative of both the contribu-
tion (variance across all the treatments) of the bacterial taxa (via
vector length) and the correlations between them (via angles
between the vectors).

The above configuration of biplots (Figure 8) that display bacte-
rial taxa according to their contributions (variances) to the prin-
cipal row coordinates allows a visual separation of determinant
ones from the large number of bacterial taxa. The correlations
between bacterial taxa can be readily inferred from the biplots
(Figure 8) along with their contribution to treatment separation.
For example, a number of bacterial taxa of significant contribu-
tion (vectors of large length) to treatment separation are
outlined in each biplot (Figure 8). It is noted that, for order
level, Rhizobiales is a primary bacterial taxon that separates
TiO, and ZnO MNPs from the controls at the high dose. The
biplot for order level (Figure 8d) demonstrate that the MNP
treatments at high dose had lower relative abundances of Rhizo-
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Treatment — Bacterial Taxon

Treatment TRA (%)

Ctrl.00d 100 (7%)
Ctrl.15d 100 (7%) .
Ctrl.60d 100 (7%) .
TiO02.15d.050c 100 ( 7%)
TiO02.15d.100c 100 ( 7%) .
Ti02.15d.200c 100 ( 7%) .
Ti02.60d.050c 100 ( 7%)
Ti02.60d.100c 100  ( 7%) .
Ti02.60d.200c 100 ( 7%) .
7Zn0.15d.005¢ 100 ( 7%)
7Zn0.15d.010c 100 ( 7%) .
7Zn0.15d.050c 100 ( 7%) .
Zn0.60d.005¢ 100 ( 7%)
Zn0.60d.010c 100 (7%) .
7Zn0.60d.050c 100 ( 7%) .

Order TRA (%)
= Acidimicrobiales 1.07 (1%)
| Actinomycetales 49.7 (50%)
BN Bacillales 1.84 (2%)
B Buskholderiales  3.19 (3%)
= Caulobacterales 0.499 (0%)
P Gemmatimonadales 2.88  (3%)
s Myxococcales 145 (1%)
I Rhizobiales 13.5 (13%)
s Rhodospirillales 0915 (1%)
P Rubrobacterales 229 (2%)
. Solirubrobacterales 6.57 ( 7%)
l Sphingobacteriales  9.39  ( 9%)
- Sphingomonadales  3.90 (4%)
- Xanthomonadales  2.81 (3%)

Figure 4: Bipartite graph for MNP treatment — bacterial taxon at order level. Soil bacteria taxa identified for the above graph are for the 95th—5th
percentile range = 10/n (n denotes the total number of bacterial taxa at a given taxonomic level) in relative abundance. TRA denotes total relative

abundance. The treatments are labelled as in Figure 2.

biales compared to controls. The above observation (Figure 8d)
is consistent with the bipartite exploration result of order level
(Figure 3). Moreover, due to the subcompositional coherence
property of LRA [32,36,37], the removal of some bacterial taxa
will not change the correlations between the remaining bacteri-
al taxa. For example, the biplot for phylum level remains essen-
tially the same with (Figure 8f) or without (Figure 9) the
Gemmatimonadetes.

The biplots given in Figure 8 also provide useful information
regarding the main underlying structures in the soil bacterial
community dataset. For example, the biplots for OTU, genus,
and family levels (Figure 8a—c) demonstrate that there are two

groups of MNP treatments (corresponding primarily to 15 days
and 60 days exposure, respectively) separated from the controls.
However, as the taxonomic hierarchy increases to order, class,
and phylum levels (Figure 8d-f), the treatments are more
dispersed (less separable). This indicates that the above taxo-
nomic levels are too high to differentiate the impact of MNPs
on soil bacterial communities. In other words, family, as the
highest taxonomic level that maintains the main underlying
structure of the soil bacterial community data, could be a suit-
able taxonomic level for MNP impact assessment. Indeed, the
distance correlation (Figure 10a) calculated between log-trans-
formed relative abundance of bacterial taxa at different taxo-

nomic levels revealed that the six bacterial taxonomic levels can
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Treatment TRA (%)

Ctrl.00d 100 (7%)
Crl.15d 100 (7%)
Ctrl.60d 100 (7%)
Ti02.15d.050c 100 ( 7%)
Ti02.15d.100c 100 (7%)
Ti02.15d.200¢c 100 (7%)
Ti02.60d.050¢c 100 (7%)
Ti02.60d.100c 100 (7%)
Ti02.60d.200c 100 (7%)
Zn0.15d.005¢ 100 (7%)
Zn0.15d.010¢ 100 (7%)
7Zn0.15d.050¢c 100 (7%)
Zn0.60d.005¢ 100 (7%)
7Zn0.60d.010¢c 100 (7%)
7Zn0.60d.050¢ 100 (7%)

Figure 5: Bipartite graphs for MNP-bacteria interrelationships at genus levels. At genus level, soil bacteria taxa were identified according to an
increased threshold of 95th—5th percentile range = 50/n (n denotes the total number of bacterial taxa at genus level) to avoid cluttering the bipartite

Treatment «> Bacterial Taxon
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Genus TRA (%)
Actinomadura 1.79  (0%)
Actinoplanes 19.7 (1%)
Adhaeribacter 8.15 (1%)
Aeromicrobium 9.90 (1%)
Afipia 6.07 (0%)
Agromyces 29.1 (2%)
Amycolatopsis 11.8 (1%)
Bacillus 247 (2%)
Balneimonas 83.3 (6%)
Blastococcus 493 (3%)
Bradyrhizobium 484 (3%)
Catelliglobosispora 4.65 (0%)
Caulobacter 6.88 (0%)
Conexibacter 774 (1%)
Cystobacter 332 (0%)
Dactylosporangium 2.65 (0%)
Ferruginibacter 10.7 (1%)
Flavisolibacter 46.3 (3%)
Friedmanniella 6.76  (0%)
Gemmatimonas 56.5 (4%)
Glycomyces 4.02  (0%)
Gpl 3.55 (0%)
Gplé 18.7 (1%)
Gpl7 5.61 (0%)
Gp3 332 (2%)
Gp4 81.8 (5%)
Gp5 8.02 (1%)
Gp6 126 (8%)
Gp7 9.50 (1%)
Tamia 126 (1%)
Tlumatobacter 10.6 (1%)
Kineosporia 2.86  (0%)
Kitasatospora 577 (0%)
Knoellia 1.94 (0%)
Kribbella 56.5 (4%)
Leifsonia 830 (1%)
— Luteibacter 3.53  (0%)
Marmoricola 324 (2%)
Massilia 249 (0%)
Mesorhizobium 347 (0%)
Methylibium 6.82 (0%)
Methylobacterium 8.84 (1%)
Microbacterium 16.1 (1%)
Microlunatus 245 (2%)
Micromonospora 35.1 (2%)
=== Modestobacter 931 (1%)
Mycobacterium 315 (2%)
Niastella 175 (1%)
Nocardia 257 (0%)
Nocardioides 64.1 (4%)
— Patulibacter 491  (0%)
— Promicromonospora 4.00  (0%)
Pscudonocardia 6.33  (0%)
Rhizobium 510 (0%)
Rhodoplanes 192 (1%)
Rubrobacter 69.3  (5%)
Skermanella 11.0  (1%)
Solirubrobacter 70.2  (5%)
Sorangium 550 (0%)
Sphingomonas 282 (2%)
Steroidobacter 8.02 (1%)
Streptomyces 149 (10%)
TM?7_genera_incertac_sedis ~ 9.40  ( 1%)
Terrabacter 1.64  (0%)
Terrimonas 10.0 (1%)
Variovorax 537 (0%)
Xanthomonas 7.64 (1%)

graph. TRA denotes total relative abundance. The treatments are labelled as in Figure 2.
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Treatment TRA (%)

Ctrl.00d 100 (7%)
Ctrl.15d 100 (7%)
Ctrl.60d 100 (7%)
Ti02.15d.050¢ 100 (7%)
Ti02.15d.100c 100 (7%)
Ti02.15d.200¢ 100 (7%)
Ti02.60d.050¢c 100 (7%)
Ti02.60d.100¢ 100 (7%)
Ti02.60d.200c 100 (7%)
7Zn0.15d.005¢ 100 (7%)
Zn0.15d.010¢ 100 (7%)
7n0.15d.050¢ 100 (7%)
7n0.60d.005¢ 100 (7%)
Zn0.60d.010¢ 100 (7%)
Zn0.60d.050¢ 100 (7%)

Figure 6: Bipartite graphs for MNP-bacteria interrelationships at family levels. Soil bacteria taxa identified for the above graph are for the 95th—5th
percentile range = 10/n (n denotes the total number of bacterial taxa at a given taxonomic level) in relative abundance. TRA denotes total relative
abundance. The treatments are labelled as in Figure 2.

Treatment <> Bacterial Taxon
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Family TRA (%)
Acetobacteraceae 926 (1%)
Acidimicrobiaceae 2,69 (0%)
Acidimicrobidae_incertae_sedis ~ 8.98 ( 1%)
Actinosynnemataceae 348 (0%)
Bacillaceae 351 (2%)
Beijerinckiaceae 330 (0%)
Bradyrhizobiaceae 156 (10%)
Burkholderiaceae 227 (0%)
Burkholderiales_incertae_sedis 10.1  (1%)
Caulobacteraceae 1.7 (1%)
Cellulomonadaceae 1.62  (0%)
Chitinophagaceae 128  (9%)
Comamonadaceae 218 (1%)
Conexibacteraceae 6.54  (0%)
Cystobacteraceae 559 (0%)
Cytophagaceae 105 (1%)
Erythrobacteraceae 2.76 (0%)
Flavobacteriaceae 1.52  (0%)
Gemmatimonadaceae 48.5 (3%)
Geodermatophilaceae 594 (4%)
Glycomycetaceae 375 (0%)
Hyphomicrobiaceae 203 (1%)
lamiaceae 10.7  (1%)
Intrasporangiaceae 759 (1%)
Kineosporiaceae 270 (0%)
Methylobacteriaceae 8.53 (1%)
~  Methylocystaceae 1.56 (0%)
Microbacteriaceae 63.8 (4%)
Micrococcaceae 3.61 (0%)
Micrococcineae_incertae_sedis 1.06 (0%)
Micromonosporaceae 145 (10%)
Mycobacteriaceae 26.7 (2%)
Nitrospiraccac 220 (0%)
= Nocardiaceae 333 (0%)
Nocardioidaceae 151 (10%)
Oxalobacteraceae 995 (1%)
Paenibacillaceae 1.65 (0%)
Patulibacteraceae 4.15 (0%)
Phyllobacteriaceae 437 (0%)
Planctomycetaceae 1.50 (0%)
Planococcaceae 0.925 (0%)
Polyangiaceac 123 (1%)
Promicromonosporaceac 433 (0%)
Propionibacteriaceac 382 (3%)
Pseudomonadaceae 2.80 (0%)
Pseudonocardiaceae 274 (2%)
Rhizobiaceae 5.39 (0%)
Rhodospirillaceae 113 (1%)
Rubrobacteraceae 58.7 (4%)
Sinobacteraceae 7.30  (0%)
Solirubrobacteraceae 59.4  (4%)
Sphingobacteriaceae 2.86 (0%)
Sphingomonadaceae 69.1 (5%)
Streptomycetaceae 148 (10%)
Streptosporangiaceae 4.60 (0%)
Thermomonosporaceae 245 (0%)
Xanthomonadaceae 41.0 (3%)
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Treatment

Ctrl.ood

Ctrl.15d

Ctrl.60d

Ti02.15d.050c

Ti02.15d.100c

Ti02.15d.200c

Ti02.60d.050c

Ti02.60d.100c

Ti02.60d.200¢c

Zn0.15d.005¢

Zn0.15d.010¢

Zn0.15d.050¢

7n0.60d.005¢

7Zn0.60d.010c

7Zn0.60d.050c

Treatment
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(a). Treatment < Bacterial Taxon

Ctrl.00d

Ctrl. 15d

Ctrl.60d

Ti02.15d.050¢

Ti02.15d.100c

Ti02.15d.200c

Ti02.60d.050¢

Ti02.60d.100c

Ti02.60d.200¢

Zn0.15d.005¢

Zn0.15d.010c

Zn0.15d.050c

7n0.60d.005¢

Zn0.60d.010c

Zn0.60d.050c

TRA (% Class TRA (%)
= Acidobacteria_Gpl6  9.62  (1%)
100 (7%) === Acidobacteria_Gp3  17.0 (1%)
Acidobacteria_Gp4 424 (3%)
100 (7%) Acidobacteria_Gp6 ~ 64.8  (4%)
Acidobacteria_Gp7 490  (0%)
100 (7%)
100 (7%)
100 ( 7%)
100 (7%)
Actinobacteria 815 (54%)
100 (7%)
100 (7%)
100 (7%)
100 (7%)
100 (7%) ;
Alphaproteobacteria 287 (19%)
100 (7%)
) Bacilli 250 (2%)
100 (7%) Betaproteobacteria 520 (3%)
Deltaproteobacteria 205 (1%)
100 (7%) Gammaproteobacteria 41.7  (3%)
Gemmatimonadetes 292 (2%)
100 (7%) Sphingobacteria 90.6  (6%)
(b). Treatment <> Bacterial Taxon
TRA (%) Phylum TRA (%)
100 (7%
LT Acidobacteria 142 (9%)
100 (7%)
100 (7%)
100 (7%)
100 (7%)
Actinobacteria 752 (50%)
100 (7%)
100 (7%)
100 (7%)
100 (7%)
Bacteroidetes 86.9 (6%)
100 (7%)
=== Firmicutes 242 (2%)
Gemmatimonadetes  27.0  ( 2%)
100 (7%)
100 (7%)
1 7%
LOEGI) Proteobacteria 468 (31%)
100 (7%)
100 (7%)

Figure 7: Bipartite graphs for MNP-bacteria interrelationships at (a). class, and (b). phylum levels. Soil bacteria taxa identified for the above graph are
for the 95th—5th percentile range = 10/n (n denotes the total number of bacterial taxa at a given taxonomic level) in relative abundance. TRA denotes

total relative abundance. The treatments are labelled as in Figure 2.

1645



Beilstein J. Nanotechnol. 2015, 6, 1635-1651.

03+ L M H(dose) : ® 04 | Y
100 * ® 15 i o, ®
L 2. = m 60d NN B 03 N
l o o 15d : ° (4
0.2 0, | . eod R <, - ° | L ..‘..
. I ° = 0.2 - R : treptomyces
2 0.1 X L
> © 01k y
foe) N~ o ®
~ 00 = L Baineim
a0 N Loa ebdinemonas__—o i
g | E 00 Glycomyces
o
01+ " . . u -0.1 Solirubrobacter .
"o L
I 0d 154 60d|  * L T 2" I : L Tea
H n
02k Ctl »  « -« 3 ‘ o 02 - -
i o 03l - Kribbella
_03 1 1 n 1 I 1 L " 1 1 1 1 1 L 1 L 1 I 1 I 1 L 1 L 1 n - 1 1 1 n l L 1 1 1 L 1 L
-06 -05 -04 -03 -02 -01 00 01 02 03 -06 -05 -04 -03 -02 -0 00 01 02 03 04
Dim1 (17.5%) Dim1 (35.1%)
(a). OTU (b). Genus
031 @ 02F e |
L ' " Actinomycetales®™
i ) I i -
02} ; ° o' . i ] "
‘e [ 0.1 | :
S [ e e o .l y ° Q . e "
x : X :
S 01k . . e : feptomycetaceae o Sohrubrgbacterales - | |
0 o "dyrhizobi 3 te] . -
= | .?radyrhlzoblaceaeE ) Q0.0 L@ B T
N 40 N Chitnophagaceae | & * Bacillales o8 o
= Geodermatophilaceae = . . H
Q r " " Q Burkholderiales =
o e 0.1 Rhizobiales ® ©
01 Micromonosporaceae [ | . s ° ° Sphin@bageriales
. - T\ - mgme i :
. i m g ol i
02 - ' i Nocardioidaceae 02 ‘e
[ H R SR U SR N S ) 1 A 1 A 1 ] . 1 A 1
-04 -03 -02 -01 0.0 0.1 0.2 0.3 0.4 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
Dim1 (51.4%) Dim1 (56.8%)
(c). Family (d). Order
0.2 . 0.2 T
. f e . Protdobacteria  ®
F s | o o Alphaproteobacteria 3 e *
o1 ‘ Bacili L 3 Firmicutes
. acilli
2 01 :
—_ ° . — b .4 ‘ ¢
e R e L ‘A0|do_bacterla§ N
te) o) o
S 0.0 g —g O B ~ in
N °" o © 00 e e o o
o~ o~ ’ ®
£ . = £ | Bacteroigetes - -
001 . o .
: 0.4 |
B! m  Actinobacteria !
02k o r m " Actinobacteria
. n .
i ‘fm
! . 1 . i . I . 1 . 1 . 02h . 1 A i . ! : 1 . !
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 -0.2 -0.1 0.0 0.1 0.2 0.3
Dim1 (57.8%) Dim1 (58.7%)
(e). Class (f). Phylum

Figure 8: Contribution biplots generated by log-ratio analyses for taxonomic levels from OTU to phylum. The total variance in the complete datasets
as accounted by the two principal row coordinates (dim1 and dim2) is provided in the appended parentheses. The contribution vectors (bacterial taxa)
were scaled to fit into the scatter plots of the treatments. For the treatments (TiO2 and ZnO MNPs and controls (Ctrl)), the exposure time is denoted
by “##d” with “L”, “M”, “H” corresponding to doses of 0.5, 1.0, 2.0 mg/g (soil) and 0.05, 0.1, and 0.5 mg/g (soil) for TiO2 and ZnO MNPs, respectively.
The contribution vectors are omitted for the plot of OTU level to avoid cluttering the plot.
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Figure 9: Contribution biplot for phylum level with Gemmatimon-
adetes removed. The treatments are labelled as in Figure 8.
Phylum Class Order Family Genus OTU
Phylum 1.00 0.96 0.96 0.79 0.76 069 g
Class 096 100 095 081 080 0.75 §
Order 096 095 100 0.87 083 0.76 g
Family 0.79 0.81 0.87 1.00 0.94 0.86 %
Genus 0.76 080 083 094 1.00 0.96 =
OoTU 069 075 0.76 086 096 1.00 —
Phylum Class Order Family Genus OTU
Phylum 1.00 0.99 0.97 0.83 0.81 0.72 3
Class 0.99 1.00 0.98 0.86 0.84 074 §
Order 0.97 0.98 1.00 0.90 0.87 0.76 g
Family 0.83 086 090 1.00 098 083
Genus 0.81 0.84 0.87 0.98 1.00 0.86 =
OoTU 0.72 074 076 083 086 1.00 —

Figure 10: Distance correlation between taxonomic levels from OTU to
phylum using (a) log-ratio (LR) distance and (b) L distance.

be divided into two groups of high consistency. The first group
contains phylum, class, and order levels with average distance
correlation of 0.96, while family, genus, and OTU formed a
second group of average distance correlation of 0.92. Compared
to the high intra-group consistencies, the average distance
correlation between the two groups dropped to 0.78. The above
distance correlation analysis again suggests that family could be
a suitable taxonomic level for MNP impact assessment as it is
the highest taxonomic level of good consistency to the OTU
level. The distance correlation analysis (Figure 10a) also indi-
cates that, in general, levels closer in the taxonomic hierarchy

are more consistent with each other. Finally, it is also noted

Beilstein J. Nanotechnol. 2015, 6, 1635-1651.

that, the two principal row coordinates (i.e., dim1 and dim2) of
the biplots for OTU, genus, and family levels (Figure 8a—c)
account for <80% of the total variance in the complete datasets
(which can be considered as the information preserved by the
biplots). The above explained variance increased to >80% in the
biplots for order, class, and phylum levels, indicating that the
inter-treatment distances were closely maintained in these
biplots [32].

Multidimensional scaling maps

The L; distance matrix calculated for the 15 treatments (in
quadruplicate) at the OTU level is illustrated in Figure 11 as a
hierarchically clustered heatmap [32,38,39] established using
average-link [32,38,39]. According to the recommended
threshold of L < 0.5 [32], three meta-clusters were identified
from the heatmap with Cluster II and III mainly comprised of
MNPs exposed for 15 and 60 days and Cluster I formed by the
remainder (Figure 11). Characterization of Cluster II and III by
exposure time is consistent with the contribution biplot for OTU
level (Figure 8a) and previous studies [18,19] that also demon-
strated significant impact of exposure period on soil bacterial
communities. In addition, all high doses of TiO; (2.0 mg/g
(soil)) and ZnO (0.5 mg/g (soil)) MNPs are found in Cluster II
and III, while all controls are found in Cluster I (Figure 8), indi-
cating that both MNPs altered soil bacterial communities at
relatively high dose.

Based on the distance matrix calculated for the OTU level, a 2D
map (Figure 12) was established using nonmetric multidimen-
sional scaling (NMDS) for direct presentation of inter-treat-
ment (in quadruplicate) distances. The NMDS established for
the OTU level (Figure 12) agrees well with the hierarchical
clustering result (Figure 11) with the treatments in Cluster II
and III located mainly in the first and fourth quadrants, while
the treatments contained in Cluster I are scattered in the second
and third quadrants. In addition, the NMDS (Figure 12) further
demonstrates that there is large variance within the replicates of
each treatment, which obscures the inter-treatment distance
relationships. The NMDS for OTU level (Figure 12) is also
similar to the contribution biplot (Figure 8a) generated for the
same level. Although the above NMDS (Figure 12) had a good
stress of 14.85% [49]; however, stress is usually an over-opti-
mistic measure of preserved/lost information [32] compared to
the percent of explained variance (which is not defined for
NMDS).

The obscureness caused by the quadruplicate of each treatment
is avoided in the NMDS using the average-link of L; distance
between different treatments (Figure 13). Without the interfer-
ence of replicates, the simplified NMDS clearly shows that the
high dose of ZnO (0.5 mg/g (soil)) and TiO, MNPs (2.0 mg/g

1647



Cluster |

Beilstein J. Nanotechnol. 2015, 6, 1635-1651.

Cluster Il Cluster Il

ATl

MRl

4
3
4
2
3
1
4
1
1
2
2
2
v
4
4
3
1
3
4
3
2
1
2
2

558 E¥R: 55 R R R e e e R R R R PR
888833888 g8 S8 88E 88838888883 8888888888
a8 824 22 8282288284383882334823432338344
S8 gsg 88 SB8RE5S8855855855 8588885828812
SESEEESSe So it b e e
333555333 B3 2ZEREEE Y e NN R R RE RSB B R
BB8006232 83 CEEEEEE R D b LR b b
e e S Soaaaanan N5 O NN NN O

88 288 28 5285555502222 @522266552522¢2
EEN NEFE NiZ FNEEFFEEFFENNNNNENNNEESEENENNN

Figure 11: Clusters of treatments obtained via hierarchical clustering based on their L1 distances calculated at OTU level. Three meta-clusters were
identified according to the recommended threshold of L1 < 0.5 [34]. The treatments are labelled as in Figure 2 with an additional “.r#” identifying

different replicates.
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Figure 12: Nonmetric multidimensional scaling (NMDS) for OTU level

(stress = 14.85%). The treatments are labelled as in Figure 8.

(soil)) have significant impacts on soil bacterial communities at
the OTU level (Figure 13a) as they are distant from the controls.
Similar behavior of the ZnO and TiO, MNPs is also observed in
the simplified NMDSs (Figure 13b,c) established for the genus
and family levels. However, as the taxonomic hierarchy
increased to order, class, and phylum levels, the treatments
(controls and MNPs) disperse and mix with each other on the
NMDSs (Figure 13d-f), signifying that the taxonomic levels are
too high to differentiate the impact of MNPs on soil bacterial
communities. The above observations with the NMDSs are
consistent with those from the contribution biplots (Figure 8)
generated by LRA. In addition, the distance correlations calcu-
lated between the six different taxonomic levels based on L
distance (Figure 10b) are also similar to those obtained based on
the log-transformed relative abundance of bacterial taxa. In the
NMDSs, a number of bacterial taxa of significant gradients

(vectors of large length) are outlined (Figure 13), indicating that
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Figure 13: Simplified nonmetric multidimensional scaling (NMDS) for taxonomic levels from OTU to phylum. The gradient vectors of bacterial taxa
were scaled to fit into the scatter plots of the treatments. The gradient vectors are omitted for the plot of OTU level to avoid cluttering the plot.
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their relative abundance varies significantly across the treat-
ments [32]. However, these gradient vectors are not directly
related to the contributions of the corresponding bacterial taxa
to treatment separation and the NMDSs are not subcomposition-
ally coherent [32,36,37].

Conclusion

The impact of manufactured nanoparticles (MNPs) on soil bac-
terial communities was analyzed using a series of visual explo-
ration approaches. The analyzed soil bacterial community
dataset contained the counts/relative abundance of a set of hier-
archical taxa (at operational taxonomic unit (OTU), genus,
family, order, class, and phylum levels) measured for 15 soil
treatments with exposure to TiO, (at dose of 0.5, 1.0, and
2.0 mg/g (soil)) and ZnO (at dose of 0.05, 0.1, and 0.5 mg/g
(soil)) MNPs for periods of 15 and 60 days or 0, 15, and
60 days without exposure to MNPs (i.e., controls). Bipartite
graphs were established to illustrate the inter-relationships
between MNPs and responses of bacterial taxa. The bipartite
graphs were shown to be useful for identifying, from numerous
MNP-bacteria interrelationships, those that reflect significant
change in relative abundance of bacterial taxa. Contribution
biplots of subcompositional coherence property were generated
by log-ratio analysis (LRA) [32,36,37], providing joint displays
for the separation (distribution) of treatments and the contribu-
tion (variance) of bacterial taxa. The LRA contribution biplots
and two-dimensional maps, constructed from the dataset using
hierarchical clustering and nonmetric multi-dimensional scaling
(NMDS), also demonstrated that high doses of ZnO and TiO,
MNPs caused significant compositional changes in soil bacteri-
al communities. The LRA contribution biplots and the simpli-
fied NMDSs, together with the distance correlation analysis for
the consistency between MNP impacts summarized at taxo-
nomic levels, suggest that family could be a suitable taxonomic
level for MNP impact assessment. Utilization of the above
visual data exploration approaches can be particularly useful if
deployed as a web-based platform for rapid assessment of the
impact of MNPs on bacterial soil communities, as well as other
ecological systems to guide the development of safe-by-design

nanomaterials.
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Abstract

The rapid development of new and emerging science & technologies (NESTs) brings unprecedented challenges, but also opportuni-
ties. In this paper, we use bibliometric and social network analyses, at country, institution, and individual levels, to explore the
patterns of scientific networking for a key nano area — nano-enabled drug delivery (NEDD). NEDD has successfully been used clin-
ically to modulate drug release and to target particular diseased tissues. The data for this research come from a global compilation
of research publication information on NEDD directed at brain cancer. We derive a family of indicators that address multiple facets
of research collaboration and knowledge transfer patterns. Results show that: (1) international cooperation is increasing, but
networking characteristics change over time; (2) highly productive institutions also lead in influence, as measured by citation to
their work, with American institutes leading; (3) research collaboration is dominated by local relationships, with interesting infor-
mation available from authorship patterns that go well beyond journal impact factors. Results offer useful technical intelligence to
help researchers identify potential collaborators and to help inform R&D management and science & innovation policy for such
nanotechnologies.

Introduction

Drug delivery research has grown rapidly over the past two  frequency, and encourage patient convenience and compliance

decades and has enabled drug development by designing suit-

able delivery systems that improve efficacy, lower dosing

[1]. Within the last ten years, nano-enabled drug delivery
(NEDD) has drawn the attention of research and industry areas,
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as a key nanotechnology. Nanoparticulate drug-delivery vehi-
cles have been developed using various nanomaterials and
components (mainly polymers). Such systems have the ability
to encapsulate and carry the payload (therapeutics) and pene-
trate through biological membranes to deliver that payload to
specific target disease sites [2-4]. The outstanding advantage of
NEDD is that the applicable nanoparticles can keep the pharma-
ceutical well protected from degradation and prolong the expo-
sure of the pharmaceutical through controlled release. Thus,
NEDD provides a novel approach to medical therapy, including
treatment of chronic diseases and genetic disorders [5]. At the
present, various kinds of nanoparticles have been developed as
drug carriers, such as liposomes, micelles, polymeric conju-
gates and so on [6-8]. Among these, the brain tumor-targeting
drug delivery systems, which increase drug accumulation in the
tumor region and reduce toxicity in the normal brain and

peripheral tissue, are a promising new approach [9].

Collaboration fosters interactions between different actors
within and across fields, which reflects sharing of knowledge
and other resources [10]. Linkages generated among actors
accelerate communication and information exchange for mutual
benefit [11]. In these circumstances, research collaboration
facilitates keeping up with advances in methods and findings in
related fields. It is vital in interdisciplinary arenas and nano-bio-
informatics can bolster intelligence concerning advances and
potential collaborators. “R&D landscaping” to understand
collaboration and developmental patterns can offer global-level
insights [12]. This paper aims to support policy-makers or
managers who are making strategic technical decisions
regarding NEDD for brain cancer gain useful intelligence on
technical and international capabilities. The research employs
bibliometric, text analytic, and social network analysis methods
to explore the collaboration patterns at the country, institution,
and author levels to understand better the international develop-
ment of NEDD for brain cancer.

This paper highlights three points:

1. The international collaboration index (ICI), calculated
using a paper collaboration ratio (PCR) and an interna-
tional collaboration range (ICR), is applied to measure
networking for the top 10 countries at the following
stages: 1990-1999, 2000-2009 and 2010-2014;

2. An organization diversity index (ODI) and a country
diversity index (CDI) are used to judge the collaboration
diversity of leading institutions;

3. The matrix of co-authorship performance, which crosses
two dimensions — a paper impact index (PII) and an
author contribution index (ACI) — locates the contribu-

tion of outstanding domain authors.

Beilstein J. Nanotechnol. 2015, 6, 1666—1676.

Together, these provide a new perspective on scientific collabo-
ration and academic evaluation.

The paper is organized as follows: The first section provides
general background on NEDD for brain cancer research. In
the second part, search strategy and data are introduced. We
focus on the scientific activity and collaboration network at
the country, institution, and individual levels in the third
section. In the conclusion, we make a brief summary of the
research findings and identify promising opportunities for
further research.

Search strategy and data

To develop the search strategy of NEDD for brain cancer, we
first characterized and classified the essential components,
building on a previously developed framework [13].

With the help of knowledgeable colleagues and previous
NEDD-related work [14,15], we devised a Boolean, term-based
search algorithm for NEDD directed at brain cancer, informed
by various reviews and "foresight" pieces. This led us to the
following categorization with which to frame our current
search, as per Table 1.

We thus obtained 1859 records (language is English and docu-
ment type is Article), from 1990 to 2014, from the Science Cita-
tion Index Expanded (SCI-Expanded) and the Social Sciences
Citation Index (SSCI) of the Web of Science (WoS).

Nanomedicine research is a multidisciplinary activity, so
exploring the disciplinary distribution is illuminating. Figure 1
offers a science overlay map [16] of NEDD for brain cancer,
based on the Web of Science categories of the journals in which
the 1859 papers appeared. The map shows that biomedicine and
materials science are the most active disciplines. Cognitive
science, chemistry and clinical medicine are other prominent
disciplines.

Results and Discussion

International collaboration analysis

International scientific collaboration has been a driving force
for promoting scientific and technological advancement. In this
paper we examine the countries of the authors’ affiliations.
Figure 2 shows the number of publications by country, based on
the location of all author affiliations (not just first authors),
from 1990 to 2014.

Among the publication trends, the USA and China stand out.
The USA has led over the past 20 years (Japan had a small
advantage in 1998), yet China has dramatically caught up over
the last 5 years. According to this trend, China will boast the

1667



Beilstein J. Nanotechnol. 2015, 6, 1666—1676.

Table 1: Search Strategy of NEDD for Brain Cancer in Web of Science.

Set Category Records Search Terms

#1 T (Target) 63,707 TS = (((brain or "central nervous system" or CNS) near/1 (cancer* or
anticancer* or tumor* or tumour* or oncology or neoplasm* or
carcinoma®)) or glioma* or glioblastoma®)

#2 N (nanoparticles and materials) 1,135,180 TS = (nano* or micelle* or liposome* or dendrimer* or metal complex*
or hydrogel* or “quantum dots*” or chitosan* or alginate*)

#3 M (Medicine) 128,626 TS = (temozolomide or procarbazine or carmustine or BCNU or
lomustine or CCNU or vincristine or everolimus or irinotecan or cisplatin
or carboplatin or methotrexate or etoposide or bleomycin or vinblastine
or actinomycin or dactinomycin or cyclophosphamide or ifosfamide)

#4 P (Pharmaceutical) 40,937 TS = (siRNA or "short interfering RNA" or "small interfering RNA")

#5 D (delivery systems) 4,936,370 TS = (deliver* or vehicle* or carrier* or vector™ or treat* or therap* or
"control* releas™" or "sustain* releas*" or transduct* or transfect* or
transport* or translocat*)

#6 Final 1859 #1 AND #2 AND (#3 OR #4 OR #5)

e N g

Social Studies

Figure 1: NEDD for brain cancer research across the disciplines.

largest proportion of literature in the near future, and the USA
and China will remain the key players in the field of NEDD for

brain cancer.

To better understand the various development patterns of the
top 10 countries, we introduce centrality analysis models that
help answer the question, "What characterizes an important
vertex?” [17]. These models are degree centrality (DC), close-
ness centrality (CC), and betweenness centrality (BC).

Math Methods

For DC, which is defined as the number of links incident upon a
node, the USA maintains the highest value, meaning that US
researchers have more linkages with researchers in other coun-
tries. Germany also has wide academic collaboration networks,
especially since 2000.

Based on CC, which is a measure of the total distance to

sequentially spread information to all other nodes [18], the USA
is located in the core position, making it more likely to collabo-
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Figure 2: Publication trend of top 10 countries in 1990-2014.

rate with other countries. All other countries share a similar dis- (1) Paper collaboration ratio (PCR) is defined as how much a

tance among other nodes, from 2000 to 2014. country’s multinational papers accounted for the country or
region’s total number of papers. This is derived from “the share

From the BC perspective, the USA and Germany perform well, of international publications” [19].

acting as a bridge along the shortest path between two other

countries. The most striking finding is that, although China is a Z Py Jk
leader in publication, it plays a quite limited role in connecting PCRy = k2N M
other countries (shown as Table 2). Py

Additionally, the international collaboration index (ICI), calcu-  In Equation 1, N indicates the country want to calculate, Py j is
lated by paper collaboration ratio (PCR) and international the number of papers produced from the cooperation between
collaboration range (ICR), is applied to measure the top acad- country ‘N’ and country ‘k’. Thus,

emic internationalization degree for the top 10 countries within

1990-1999, 2000-2009 and 2010-2014 respectively, as shown z PN,k

in Figure 3. kN

Table 2: Centrality analysis for top 10 countries in different stages.

1990-1999 2000-2009 2010-2014
DC cc BC DC cc BC DC cc BC
USA 8 0.833  0.208 23 0.706  0.340 35 0709  0.392
China 0 0.000  0.000 6 0486  0.011 11 0519 0.030
Japan 1 0476 0.000 7 0.522  0.044 11 0514 0.057
Germany 3 0.588  0.084 16 0643  0.225 21 0596  0.099
France 2 0.500  0.000 7 0522 0.054 19 0554 0115
Italy 0 0.000  0.000 5 0468  0.006 18 0583  0.091
India 0 0.000  0.000 3 0439 0.001 11 0500  0.017
South Korea 0 0.000  0.000 1 0419 0.000 10 0519 0015
Canada 3 0526 0.003 5 0500  0.003 12 0533  0.058
UK 1 0476 0.000 13 0.581  0.139 11 0519 0.021
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Figure 3: Scatter plot of international collaboration index (ICI) for top 10 countries in (a) 1990-1999; (b) 2000-2009; (c) 2010-2014. The guides indi-

cate the average value of these top 10 countries.

represents the total amount of multinational papers produced
from a certain country or region that has taken part in related
research by collaboration with the country ‘N,” and Py repre-
sents the total amount of papers produced from the country ‘N’.

(2) International collaboration range (ICR) is defined as how
many partner countries have been involved in collaborations
and reflects the breadth of one country or region’s international
collaboration from a macro view [20].

ICR =TN @)

In Equation 2, TN is the total number of countries or regions
with which a country or region has cooperated.

From the scatter plots (Figure 3), we identify some interesting

1. All the top 10 countries show an improvement, both in
PCR and ICR, which indicates that international co-
operation is becoming more and more frequent in the
field of NEDD for brain cancer;

2. The USA always leads the global research, and it has the
widest academic collaboration networks and relatively
fruitful cooperation outcomes;

3. Compared to other regions, Asian countries, including
China, Japan, India and South Korea, are located at the
low-ICR and low-PCR area, which means they have
relatively less connection with researchers of other
nationalities, despite their recent growth in articles
published.

Institutional co-authorship analysis
In general, the research levels of a certain country depend on its

findings: leading institutions. Figure 4 shows the 12 leading institutions
[J2010-2014
100 [@2000-2009
M 1990-1999
80
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T 60
3
@
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Figure 4: Publications of the top 12 institutions in 1990-2014.
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in NEDD for brain cancer research. Most institutions show
good performance for the last 5 years, and Fudan University
achieves an amazing number of research results, showing that
their number of publications between 2010 and 2014 is far
greater than any other institution in the same time period.
Nagoya University led the domain development previously, but
it encountered a serious decline recently and is losing ground.

Among these top 12 institutions, half come from the USA, three
are from China, and the remaining three organizations are in
Japan, France, and Singapore. Citations that establish links to
other works or other researchers are treated as an indicator of
impact [21]. From Table 3, we can see that papers published by
the National University of Singapore are the most cited by other
researchers (63 per paper), and they also reference more
previous work (57 records) per publication. Additionally, some
other institutions from the USA perform outstandingly in cita-
tions as well, including the University of Michigan, Harvard
University, and the University of Washington. However, cita-
tion is usually skewed, so we introduce the median times cited
that is the median value of all times cited to further evaluate the
citation behavior. University of California, San Francisco
(UCSF) shows most expressive performance in median times
cited, and followed by University of Michigan, Ohio State
University and National University of Singapore. Even through
Harvard University stands out in average times cited, most of

the citations are contributed by the few highly cited papers.
In the area of collaboration activity, we introduce the organiza-

tion diversity index (ODI) and the country diversity index
(CDI) to locate the top 12 institutions.

Table 3: Publications and citation information for the top 12 institutions.?

Organization Records Average times cited
Fudan Univ 95 19.9
Nagoya Univ 53 255
Univ Michigan 51 52.9
Ohio State Univ 40 35.5
Harvard Univ 37 52.0
Univ Calif San Francisco 35 38.7
Johns Hopkins Univ 31 24.6
Tianjin Univ 28 32.0
Univ Washington 27 47.3
INSERM 24 13.8
Natl Univ Singapore 24 63.2
Shanghai Jiao Tong Univ 24 13.2

aCitation counts include self-citation.
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(1) ODI is defined as the index of the collaboration distribu-
tions and collaboration times of certain organizations with other
organizations through multi-institutional publications. It can be
expressed as follows:

>(e)
ODI =1-{€—
TQ

3)

In Equation 3, Q' represents the number of multi-institutional
publications involving collaborators from certain institutions '7'.
C represents the set of historical collaborators of the targeted
organization, 7Q represents the total multi-institutional publica-

tions of the organization.

(2) CDI has a definition similar to ODI, but it is set to explore
the country level, rather than the institutional level.

In Figure 5 we see that Harvard University, INSERM, Tianjin
University, and Ohio State University have wide international
academic collaboration and influential research results. In com-
parison with some other institutions, such as University of
Michigan and National University of Singapore, they tend to
have more connections with international institutions than
domestic organizations. The University of California, San Fran-
cisco (UCSF), has a strong partnership with other institutions in
its country. Other leading institutions — including Fudan
University, Nagoya University, Johns Hopkins University, and
the University of Washington — have strong cooperative rela-
tions inside their organizations.

Median times cited Average times citing  Country
12.0 13.0 China
14.0 17.0 Japan
27.0 38.3 USA
27.0 24.0 USA
19.5 46.4 USA
32.0 23.9 USA
10.0 231 USA
14.0 26.6 China
21.0 35.5 USA
7.5 11.8 France
26.5 57.4 Singapore
3.0 10.7 China
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Author activity analysis

No matter the advantages of a country or the influence of an
institution, it is the researchers that make them truly great.
Exploring the core authors in the NEDD for brain cancer field
can help researchers take advantage of leading potential
cooperative partners. Figure 6 shows the co-author network of

Park, John W (17)

9
@Jﬁb
J
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the top 20 authors, in terms of numbers of research papers.
From Figure 6, we see that the majority of the authors in the
NEDD for brain cancer field have strong connections in the
micro-community. In other words, they often come from the
same institution (see Table 4). There are five main partnering
relationships: Nagoya University—University of California, San
Francisco (UCSF) group, Fudan University group, University of
Angers group, Ohio State University group, and a University of
Michigan group.

Even though the USA ranks first in this new field, none of its
authors rank in the top three of the author list, and only two
rank in the top 10. Yoshida and Mizuno, both of whom come
from the Department of Neurosurgery, Nagoya University
School of Medicine in Japan, rank first and second in the list,
respectively. Among the top 20 authors, however, US scholars
represent 45% of the total, showing that the USA does hold a
strong position in NEDD brain cancer research. Besides the
representation from the USA, four authors come from China,
three from France, three from Japan and one from Germany.

It should be noted that authorship analysis focuses on the
productivity of authors and their contributions in their respec-
tive fields. In multi-authored papers, the first author position is
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Figure 6: Co-author network of the top 20 authors.
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occupied by the individual nominally making the greatest
contribution [22]. Authors in the top 20 list, while productive in
domain publications, are not often listed as the first author.
Only 4 researchers occupy the first position in more than 20%
of their respective papers. In addition, publication amounts do
not always match the results of the citation evaluation, which
can be observed as the average times cited and the h-index
(shown as Table 4). What’s more, we can figure out that the
research areas of these leading researchers tend to emphasize
oncology, materials science, pharmacology & pharmacy, chem-

Beilstein J. Nanotechnol. 2015, 6, 1666—1676.

researchers coming from the same institution tend to focus on
similar research areas and collaborate on within-domain

research.

In order to better evaluate author activity, we introduce the
paper impact index (PII) and author contribution index (ACI).

(1) Paper impact index (PII) is defined as the sum of the impact
factors of all published papers. It can be expressed as follows:

istry, neurosciences & neurology, research & experimental PII = ZIFi
medicine and engineering, which indicates that nanomedicine ied )
research is a multidisciplinary activity. At the same time,
Table 4: Top 20 authors in NEDD for brain cancer.
Authors Records Tst-Author A_ver_age h-index Organization Country  Research area
records citations
Yoshida, Jun 46 7 24.59 18 Nagoya Univ  Japan ﬁgﬁf;‘;g?gnces & Neurology
Mizuno, M 39 8 18.74 15 Nagoya Univ Japan 823?(!2?:?;%3 & Neurology
Jiang, Xinguo 36 0 2136 14 FudanUniv  China gﬁ;f;ﬂgofggnge;harmacy
Benoit, Jean-Pierre 35 0 16.4 13 Univ Angers France CP:Eaem:tﬁyogy & Pharmacy;
Kopelman, Raoul 31 1 6197 19  UnivMichigan USA I\C/Ig?g:ilzltgy;Science
Pang, Zhiging 27 2 22.71 14  FudanUnv  China ';,"ﬁ::;a:gj:g;”;egharmacy
Gao, Huile 25 14 12.81 9  FudanUnv  China  harmacoogy & Pharmacy;
Kreuter, Joerg 23 3 68.26 18 Univ Frankfurt ~ Germany CP)Eaem:t?;.llogy & Pharmacy;
Barth, Rolf F 21 3 51.9 17 Ohio State Univ USA 82:2:33%;
Passirani, Catherine 20 0 15.5 10 Univ Angers France gﬂimx;bgy & Pharmacy;
- Univ Materials Science;
Zhang, Migin 19 0 53.68 13 Washington USA Chemistry
Bankiewicz, Krystof S 18 0 38.35 13 Univ Qallf San USA Neurosciences & Neurology;
Francisco Oncology
Park, John W 17 1 53.83 14 Univ (_3a||f San USA Neurosciences & Neurology;
Francisco Oncology
Wakabayashi, Toshihiko 17 2 32.24 11 NagoyaUniv  Japan gfgg:fﬁé’ngﬁﬂe:éfgn&e
Chen, Jun 16 0 1848 11  FudanUniv  China 'I\E":;?r:fr'fi'nsgc'e”"e?
Garcion, Emmanuel 16 1 19.56 9 Univ Angers France guzm:tcr;bgy & Pharmacy;
Philbert, Martin A 16 0 86.25 15 Univ Michigan USA gﬂ::mztg;logy & Pharmacy
Saito, Ryuta 16 7 47 81 1 Univ (;allf San USA Neurosciences & Neurology;
Francisco Oncology
Yang, Victor C 15 0 4873 12 UnivMichigan USA gﬁ;ﬁ;‘iij:;”;iharmacy
Yang, Weilian 15 6 136 8  Ohio State Univ USA gr?:?r:?s%/y
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In Equation 4, IF; represents the impact factor (IF) of the
journal that published the article ‘i’ of certain author, as indi-
cated by the journal citation reports (JCR), provided by
Thomson Reuters; ‘4’ represents the set of articles that the
author published.

(2) Author contribution index (ACI) is defined as the total
contribution of the author in all authored papers. Authorship
order only reflects relative contribution (with considerable vari-
ability in norms), whereas evaluation committees often prefer
other quantitative measures. A reasonable method for quanti-
fying contributions is to give the first author credit for the
whole contribution, the second author half, the third a third, and

so forth [23]. In this paper, we take the value as follows:

ACI=H1+0.5H2+0.25H3+0.125Hn )

In Equation 5, Hy, Hp, H3 represents the number of a certain
author’s first-, second- and third-author papers within a period,
and H,, represents the number of papers in which his or her
name appears after the first three in the authorship order.

The author activities of top 20 authors in NEDD for brain
cancer are shown as Figure 7.

Beilstein J. Nanotechnol. 2015, 6, 1666—1676.

From the standpoint of research performance, many authors
publish papers in high IF journals, which allows their work to
be more widely accessible and more influential on other
researchers. Jiang (Fudan University), Pang (Fudan University),
Kopelman (University of Michigan), Benoit (University of
Angers), and Zhang (University of Washington) have similar
activity patterns of marked research influence. From the stand-
point of contributions in multi-authored publications, Mizuno
(Nagoya University), Yoshida (Nagoya University) and Gao
(Fudan University) all published more papers as the first author
during our survey period.

Typically, advanced scholars will publish their research results
in high IF journals, while promising scholars publish more
papers as the first author. According to this logic, the author
activity pattern can be divided into four types, based on acad-

emic influence and research contribution:

1. High-PII and High-ACI: Prestigious and active
researchers

2. High-PII and Low-ACI: Experienced and senior
researchers

3. Low-PII and High ACI: Growing and promising
researchers

4. Low-PII and Low-ACI: New and emerging researchers.
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Figure 7: The author activities of top 20 authors in NEDD for brain cancer.
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Thus, we see that, in the NEDD for brain cancer field, there is a
leading minority of key authors while most of the other authors

are still in the stage of exploring this NESTs.

Conclusion
The above analyses reveal some interesting and meaningful
findings for the NEDD for brain cancer field:

1. International cooperation is becoming more and more
frequent overall, but most countries have different co-
operation characteristics, and their academic status varies
in different periods.

2. Leading institutes with higher publication numbers
perform strongly in terms of citations. American insti-
tutes are especially prominent, both in citation behavior
and in the collaboration index, as measured by country
diversity and organization diversity.

3. Academic researchers tend to seek internal partnerships.
Their contributions in published literature should be
further evaluated with respect to authorship patterns,
even though these publications are accepted by high-

impact journals.

NEDD systems are rapidly growing as a key area for nanotech-
nology application and emerging on a variety of R&D fronts to
address a large range of challenges, and curing brain cancer is a
high potential application of NEDD that is worth of more explo-
ration. Exploring nano biomedicine research from the respec-
tive of social science causes us great interest. Literature infor-
matics, such as our multi-tier R&D landscaping, can help
inform science policy makers about collaboration patterns and
help technology managers prioritize developmental prospects.
Analyzing large compilations of research publication (and/or
patent) records can help track developmental trajectories and
forecast innovation pathways. Topical analyses within field, not
emphasized here, can further aid researchers in identifying
potentially useful techniques and research findings in adjacent
fields, as well as spotting potential collaborators. The method
proposed in the paper can be applied to other research fields to
support policy-makers or managers who are making strategic
technical decisions with the goal to enhance their technological
innovation capabilities and international competitiveness.
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Abstract

The Nanomaterial Data Curation Initiative (NDCI), a project of the National Cancer Informatics Program Nanotechnology Working
Group (NCIP NanoWG), explores the critical aspect of data curation within the development of informatics approaches to under-
standing nanomaterial behavior. Data repositories and tools for integrating and interrogating complex nanomaterial datasets are
gaining widespread interest, with multiple projects now appearing in the US and the EU. Even in these early stages of development,
a single common aspect shared across all nanoinformatics resources is that data must be curated into them. Through exploration of
sub-topics related to all activities necessary to enable, execute, and improve the curation process, the NDCI will provide a substan-
tive analysis of nanomaterial data curation itself, as well as a platform for multiple other important discussions to advance the field
of nanoinformatics. This article outlines the NDCI project and lays the foundation for a series of papers on nanomaterial data cura-
tion. The NDCI purpose is to: 1) present and evaluate the current state of nanomaterial data curation across the field on multiple
specific data curation topics, 2) propose ways to leverage and advance progress for both individual efforts and the nanomaterial data
community as a whole, and 3) provide opportunities for similar publication series on the details of the interactive needs and work-

flows of data customers, data creators, and data analysts. Initial responses from stakeholder liaisons throughout the nanoinformatics
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community reveal a shared view that it will be critical to focus on integration of datasets with specific orientation toward the

purposes for which the individual resources were created, as well as the purpose for integrating multiple resources. Early acknowl-

edgement and undertaking of complex topics such as uncertainty, reproducibility, and interoperability is proposed as an important

path to addressing key challenges within the nanomaterial community, such as reducing collateral negative impacts and decreasing

the time from development to market for this new class of technologies.

Introduction

The topic of Big Data, and its promise to combine and analyze
vast amounts of information to produce new knowledge, has
gained widespread interest across many fields and in popular
science literature today. The bioinformatics community
provides a concrete illustration of the value that mechanisms for
synthesizing large and disparate datasets could bring to the
broader scientific community. Collaborative approaches
to synthesize data add value to the scientific community
in terms of a variety of parameters, including: leveraging
research investments across multiple initiatives, facilitating
trans-disciplinary translation of information, accelerating
scientific discovery, and enabling faster risk assessment
and commercialization of new technologies. These parameters
are especially critical for emerging technologies, such
as nanotechnology. The issues addressed in this initiative are
certainly not unique to nanomaterials; in fact, they are impor-
tant to chemistry, materials science and toxicology fields as a
whole. However, drawing on existing experience with stan-
dards development, data handling and data integration to
address viable solutions for complex data integration
within the scope of nanomaterial data may serve as a specific
case that could ultimately provide insights useful to broader
data spheres.

Challenges for the global development of

engineered nanomaterials

Researchers and product developers around the globe are
currently working toward understanding and controlling the
behavior of matter at the nanoscale. Engineered nanomaterials
(ENMs), typically classified as materials with at least one
dimension between 1 and 100 nanometers that exhibit unique
physical, biological, or chemical behavior due to their size,
present both the opportunity to harness their novel properties
for a wide range of applications, as well as to anticipate and
mitigate potential collateral consequences (e.g., accumulation of
biopersistent materials in environmental media and latent
adverse health effects of a material) [1,2]. Because under-
standing the behavior of nanomaterials of natural or incidental
origin is a critical aspect of investigating the impacts of nano-
materials that are engineered, data are being gathered on all
classes of these materials; therefore, throughout the paper we
refer to “nanomaterials” to encompass all types (i.e., natural,

incidental, engineered), except in cases in which we explicitly

state ENM(s). The large variety of potential nanomaterial
physicochemical characteristics and applications has led to
diverse and rapidly emerging data in terms of materials (both
pristine and modified), their interactions in environments (both
laboratory-based and natural), and across a broad spectrum of
potentially relevant biological interactions. The prospect of inte-
grating nanomaterial datasets is thus difficult in itself. Add to
this the fact that protocols for fabricating, measuring and testing
nanomaterials are still in the process of being developed. More-
over, nanomaterials are dynamic, often transforming dramati-
cally upon release to the environment, or into the body. Such
challenges make the process of integrating diverse nanotech-
nology-related datasets a seemingly intractable problem.
Progress toward defining and achieving a level of “functional
interoperability” of datasets, which we define as the level of
sameness within a dataset that facilitates sharing and compari-
son for a given analytical purpose, will require a collaborative
effort by the nanomaterial community (i.e., researchers, prod-
uct developers, funding agencies, regulators). Specifically,
community members will need to define the purposes for
sharing and to develop and apply complementary approaches to
collect, manage and share data in ways that can support those
purposes.

Community focus on building effective

nanoinformatics approaches

The need for collaborative and dedicated attention to infor-
matics in the nanomaterial community was a focal point of two
recent National Research Council (NRC) reports on nanomate-
rial research progress for environment, health and safety (EHS)
[3,4]. A number of efforts to begin enabling interoperability in
nanomaterial datasets are already underway that draw on estab-
lished data management approaches. Examples of specifically
funded data repository projects include: the RTI International
Nanomaterial Registry (http://www.nanomaterialregistry.org)

and the National Cancer Institute (NCI) Nanotechnology
Characterization Lab (http://ncl.cancer.gov). The Nanotech-

nology Knowledge Infrastructure (NKI), one of six signature
initiatives of the National Nanotechnology Coordination
Office, also provides a resource for federal agencies in
the United States to work toward shared data streams
(http://www.nano.gov/NSINKI). The Materials Genome Initia-

tive (http://materialsinnovation.tms.org/genome.aspx) is a
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broader, but related data management effort to catalogue ma-

terials and their key characteristics [5].

Prior to the development of these efforts, the NCI established
the National Cancer Informatics Program (NCIP) Nanotech-
nology Working Group (Nano WG) for nanomaterial
researchers with a specific interest in informatics and computa-
tional approaches. This working group includes active member-
ship and input from many communities (e.g., nanoEHS,
commercial industry, standards community), but began with a
particular emphasis on nanomedicine. From this area of
emphasis, the NCIP NanoWG is well-positioned to serve as a
conduit for sharing experience and best practices of the bioin-
formatics community with the emerging nanoinformatics
community. In doing so, the NCIP NanoWG facilitates the
translation of lessons learned in prior efforts to link disparate
datasets and probe important community research questions; the
group also leads discussions of data issues unique to the uncer-
tainties inherent to nanomaterials and other emerging tech-
nologies that have inherent uncertainties. The NCIP NanoWG
now encompasses additional stakeholder groups including
industry representatives and environmental risk forecasters, all
similarly interested in how the novel properties of engineered
nanomaterials affect their interactions and behavior.

Since its inception, the NCIP NanoWG has supported the devel-
opment of the NanoParticle Ontology (NPO) (http://www.nano-

ontology.org) vocabulary standards, first published in 2011 and
periodically updated. In addition, the group recently developed
and published data-exchange standards along with tools to
enable the use of these standards (ISA-TAB-Nano; ASTM
International E2909-13) [6]. To build on these efforts, the NCIP
NanoWG is now developing a shared vision for curation of data
related to nanoscale materials via the broad, community-inclu-
sive NDCI project presented here.

A vision of nanoinformatics roles and
responsibilities

The NCIP NanoWG-lead Nanomaterial Data Curation Initia-
tive (NDCI) explores the critical aspect of data curation within
the development of informatics approaches to understanding
nanomaterial behavior. The following working definition
(expanded from the Nanoinformatics 2020 Roadmap [7]) has
been proposed [8]: “Nanoinformatics is the science and prac-
tice of determining which information is relevant to meeting the
objectives of the nanoscale science and engineering community,
and then developing and implementing effective mechanisms for
collecting, validating, storing, sharing, analyzing, modeling,
and applying the information, and then confirming that appro-
priate decisions were made and that desired mission outcomes

were achieved,[...]” with additional steps in the informatics
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lifecycle including “[...]conveying experience to the broader
community, contributing to generalized knowledge, and
updating standards and training.” Successful nanoinformatics

endeavors will apply all of the steps in the process.

In the context of the overall working definition of nanoinfor-
matics, the roles and responsibilities of the myriad individuals
who are engaged in the development and application of
nanotechnology can be viewed as fitting into four categories:
data customers (who specify the data needs for their intended
purposes), data creators (who will develop relevant and reli-
able data to meet the customer needs), data curators (who will
perform the central roles described in this NDCI work), and
data analysts (who will develop and apply models for data
analysis and interpretation that are consistent with the quality
and quantity of the data and that meet customer needs). In some
instances, the same individuals may perform all roles, and in the
larger global reality the individuals and their roles may extend
over significant distances, organizations, and time periods.

The central role of curation

Data curation has been defined as “the active and on-going
management of data through its lifecycle of interest and useful-
ness to scholarship, science, and education; curation activities
enable data discovery and retrieval, maintain quality, add value,
and provide for re-use over time” [9]. Data curation has been
chosen as the focus of the collaborative initiative because of its
central role in facilitating all aspects of the informatics life-
cycle. Resources like those noted above that are developing to
organize and analyze nanomaterial data represent efforts that
can differ widely in terms of data scopes, driving goals, and
development phases. Despite these potentially divergent
aspects, one commonality shared across all nanoinformatics

resources is that data must be curated into those resources.

The purpose of this article

This article outlines the NDCI project and lays the foundation
for a series of papers on nanomaterial data curation. Ultimately,
through this series of papers, the NDCI will: 1) present and
evaluate the current state of nanomaterial data curation across
the field on multiple specific data curation topics, 2) propose
ways to leverage and advance progress for both individual
efforts and the nanomaterial data community as a whole, and
3) provide opportunities for similar publication series on the
details of the interactive needs and workflows of data
customers, data creators, and data analysts.

The specific objectives of the NDCI paper series include:

* to capture a snapshot of current nanomaterial data cura-

tion practices and issues,
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* to develop recommendations for moving the nanoinfor-
matics community toward increasingly standardized
curation practices; and

« to facilitate collaborations between researchers, product
developers, and others working with nanomaterials that
establish and utilize common datasets for cross-boundary
work (e.g., application of data from an academic institu-

tion to nanomaterial product development in industry).

In the subsequent sections below, we expand on the rationale
and approach for our focus on data curation as an integral piece
within the nanomaterial community’s efforts to progress
towards the functional interoperability of datasets, and we
conclude with an invitation for active community collaboration

in these efforts.

The NDCI focus on data curation

The motivation

The term nanoinformatics can encompass a vast scope and
differ in meaning to different audiences. These scopes and
meanings may refer to such diverse data types and uses as: cata-
logues of self-identified nano-enabled products on the market;
efforts to derive nano-specific quantitative structure activity
relationships (QSARS); or estimating environmental concentra-
tions based on a mixture of measurements and models. The
range of definitions, scopes and purposes of nanomaterial data-
driven efforts is broad, but what is shared between these efforts
are the needs to leverage limited resources and to understand
clearly what the emerging data mean. There are many aspects to
consider and optimize in moving toward a true knowledge or
data commons as called for in various ways by the NRC, the
NNI and the EU Nanosafety Cluster. Multiple focal areas and
driving goals must be considered across the data life cycle;
multiple roles exist as well, with different orientations toward
the data including creators, customers, curators, and analysts. At
this nascent stage in the formation of a nanoinformatics
community, even in the face of so much disparity, one common
aspect shared across all nanoinformatics resources is that in
some form, data must be curated into them. Through explo-
ration of sub-topics related to all activities necessary to enable,
execute, and improve the curation process, it is our goal that the
NDCI will provide a substantive analysis of nanomaterial data
curation itself, as well as a platform for multiple other impor-
tant discussions to advance the field of nanoinformatics.

Scientific data curation, a mature field within library science
and a maturing sub-field of most data-driven academic
domains, is increasingly a topic of interest within the nanomate-
rial research and associated nanoinformatics communities [10].
The methods, protocols and parameters guiding data generation

within this young area of science are developing in parallel with

Beilstein J. Nanotechnol. 2015, 6, 1752—-1762.

data characterizing these novel materials, their performance,
and their potential impacts. With the innumerable materials,
functionalities, and complex application and implication
scenarios, testing ENMs on a case-by-case basis is an
intractable proposition; leveraging research investments across
the community will be critical to enable the type of iterative
feedback between disciplines and sectors necessary to meet the
important challenges of responsibly commercializing nanotech-
nologies. By working together from the beginning to tackle
difficult data issues including uncertainty, reproducibility, and
interoperability of complex datasets, the nanoinformatics
community could collaboratively address these challenges. In
doing so, the community can help decrease the time from devel-
opment to market and reduce collateral negative impacts of

nano-enabled technologies.

The goals of this initiative are to describe the current baseline of
curation practices and to develop recommendations for moving
the nanoinformatics community forward. Data curation is a
broad term encompassing all aspects involved with assimilating
data into centralized repositories or sharable formats. Borrowed
from the concept of art curation, the term “curation” is selected
to signify that this process entails more than a series of data
management tasks, but also includes elements of discernment
and judgment inherent to this decision process. The curation
practices captured through the NDCI will incorporate aspects of
both reasoning and methods for curation steps including:
sourcing and parsing of information into datasets; organizing
data into cyberinfrastructures; formatting data for current or
future interoperability; and identifying implications that
commonly adopted data and meta-data formatting conventions
may have on defining data quality and therefore impacting
future experimental design. A goal of the NCIP NanoWG
Nanomaterial Data Curation Initiative is to help establish an
understanding of what a wide range of stakeholders in data
curation mean when they talk about and undertake this process.
In doing so, we can identify synergies and disconnects between
different efforts, both of which are necessary to advance toward
interoperability of large, disparate nano datasets. There are
many ways to orient a discussion on the integration of tools and
datasets; nano curation was selected as a focus because the
process of understanding how different organizations consume
and manage nanotechnology related data will require us to
explicitly discuss underlying assumptions and practical
approaches to individual efforts. In turn, we can better under-
stand and communicate with the scientific community what
would be required to integrate the efforts. Though we will
present synthesized recommendations for moving forward, we
are also committed to reporting dissenting opinion. Indeed,
where disagreement can be identified, we may diagnose the root

cause of disconnects between approaches to curation. This in
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itself will represent a useful exercise as we map out the land-
scape of nano data curation and determine what level of interop-
erability between datasets and systems will be necessary to
support a range of goals across the community (e.g., devel-
oping new ENM consumer products, designing nanotherapeu-
tics, evaluating potential toxicity of multiple nanomaterial

types).

The fundamental driver underlying all the layers of the nano
curation discussion is to understand: What is it that must match
between materials, systems, and data fields in order to enable
comparisons? This project will move through that question by
probing what is meant by each part of this fundamental ques-
tion: What materials? What systems? What data fields? And
what comparisons? The answer to these questions, as expected,
will be “it depends”. Our approach in writing this series of
papers will be to systematically illuminate on what it depends,
and why.

Table 1: NDCI curation sub-topics.

# sub-topic area planned focus

1 curation workflows

Beilstein J. Nanotechnol. 2015, 6, 1752—-1762.

Critical sub-topics in nanomaterial data curation

A paper will be developed for each of a number of sub-topic
groups relevant to nano curation (Table 1). We acknowledge the
vast scope of the topics as outlined in Table 1, each of which is
complex and relevant to informatics approaches within many
other fields. This is a dynamic initiative and the list is provided
as a starting point; it may grow and/or change over time through
community dialogue and the identification of topical areas that
are in need of exploration and clarification. We may also
choose to condense and rearrange subtopics, but the list below
represents the primary ideas generated collectively by the NCIP
NanoWG, and reiterated by the participation of nanomaterial
data curation stakeholders (to be discussed below). The
currently planned series of NDCI papers is scheduled for
production over the next two years, with the first manuscript
accepted for publication in the Beilstein Journal of Nanotech-
nology, the following three in preparation, and the final topic
being scoped by a designated author team.

Addresses workflow aspects such as curation protocols for consuming data from primary literature as

well as data transfers between repositories or between data customers and data consumers. Discusses
mechanisms for both primary curation of data into repositories and interoperable sharing between

resources.

A direct comparison of officially documented and/or informally institutionalized curation protocols will
provide a clear baseline and allow concrete discussion of next steps for protocol standardization.

Also addresses a starting point for the workflows in terms of sourcing, including various approaches for
identifying sources: active sourcing, where the data repository does the work (either automated or
manual) of identifying data sources, or passive sourcing where the dataset owners are the agents that

seek access to the repository.

2 data completeness
and quality

Includes discussion of both data quality and data completeness. Completeness is a measure of the raw
data, assays, processed data, or derived data. What are different ways data completeness could be

defined, and are these completeness criteria shaped of the goals for the data being curated?

High quality data could still be sparse or “incomplete”, so separately, what approaches are employed to
define and evaluate data quality? This sub-topic encompasses issues such as precision, error, and
sufficiency of meta-data for reproducibility. Are there differences when evaluating data quality captured
from a database versus from the primary literature?

3 curation
responsibilities

Covers curation responsibilities, including established and developing roles and division of curation labor
and exploring the real challenges associated with quantity vs. quality of data entries. Curation training

and performance expectations will also be addressed, as will the roles of other non-curators in defining
the curation process (e.g. how might data “customers”, such as peer-reviewed journals, influence the

process).

4 integration
between databases

and datasets and analysis?

How do we define and operationalize integration between databases and datasets? What level of
interoperability is required to support data integration in a way that supports various goals for comparison

Specific topics that can be challenges to interoperability will be discussed, for example, questions such
as what is the primary key — the root or kernel that makes an individual record unique? Some
infrastructures base the primary key on the nanomaterial, whether on the batch, the lot level, or just the
product name. Others utilize a particular study or experiment as the basis around which the structure is
oriented. This definition of a unique entry into a database is fundamental to the structure of the database,
often differs between different resources, and greatly impacts how data are curated from a source.
Finding ways to map across these differences in record definition will be an important consideration.

5 metadata

The way metadata are handled within a database and within data records is critical to every other
nanotechnology data curation topic listed.

For example, environmental and biological media characterizations are critical for interpretation as well
as comparison of data. Temporal metadata are also key; how experimental and characterization timing is
incorporated to data collection and infrastructure is integral to enabling reproducibility of data and to
achieving functional interoperability between datasets.
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In each paper, we will examine each of the sub-topics, identi-

fied in Table 1 following this consistent discussion structure:

1. Why this sub-topic is important and relevant to the
understanding of nanomaterial data curation, and the
subsequent functional interoperability of datasets.

2. How does the purpose of an individual nanomaterial data
resource or curation effort (e.g., to inform product devel-
opment, to identify data gaps for research prioritization)
impact (i) the approaches to this aspect of curation and
(ii) particular challenges involved with this aspect of
curation?

3. What are established handling methods for this sub-topic
in mature fields (e.g., biological data curation)?

4. What are key challenges specific to emerging materials/
nanomaterials with regard to this sub-topic? Are there
any specific use cases to illustrate these issues and make
them tangible?

5. What are some recommendations for advancing nanoma-
terial data curation in support of functional interoper-
ability between datasets and resources: (i) Opportunities
to leverage existing nanoinformatics resources (e.g. ISA-
TAB-nano) in addressing integration for this sub-topic,
or reasons not to do so? (ii) Practical next steps for indi-
vidual stakeholders or the community as a whole?

Results and Discussion

For each sub-topic paper, information relevant to the discussion
topics listed above will be gathered from a group of Stake-
holder Liaisons who represent various organizations with activi-
ties related to curation of nanomaterial data. The role of the
Stakeholder Liaisons will remain consistently defined through-
out the NDCI series, but the make-up of the group is envi-
sioned as dynamic. First, with increasing visibility of the
project, it is the hope of the authors to gain more interest and
widen participation in the Stakeholder Liaison group. While
maximum retention will be sought for consistency and compari-
son across all topics, realistically the NDCI team realizes some
individuals may choose to be involved in all papers within the
series while others may elect to abstain from a given paper
given interest or time constraints. In the interest of maximizing
the scope of the baseline view of the nanocuration field, the
NDCI will be inclusive of all Stakeholder Liaison responses.
Our first step in this project was to identify these stakeholders
through a series of inquires sent out by appropriate members of
the NCIP NanoWG leadership team. Five organizations
responded to our initial invitation recruiting Stakeholder
Liaisons and provided answers to a set of foundational ques-
tions for this initial framing paper; their responses are presented
in Tables 2—4 (see below). It is important to note that all Stake-
holder Liaisons have been made explicitly aware that their
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names and institutions are associated with their responses to
these questions, in an effort to foster a transparent discussion;
all respondents were also provided the opportunity to review the
final draft of this manuscript for as inclusive a process as
possible. Several more have agreed to serve as Stakeholder
Liaisons going forward on the other sub-topic papers, and we
intend to continue expanding upon the initial group as this
project moves forward. We will begin each sub-topic paper
process by the NCIP NanoWG leadership team posing a set of
questions to the Stakeholder Liaison group. A period of one
month is allotted for response preparation, and the NDCI team
has committed to circulating no more than one set of questions
at a time to address the topics in series and to be mindful of the
time and effort requirements placed on the Stakeholder
Liaisons. As in this article, all stakeholder responses will be
presented in the published articles to transparently represent the
community perspectives; although as the liaison list grows, due
to various limiting considerations of some participating organi-
zations, decisions may be made to forego full liaison trans-
parency in favor of being able to include the input of as broad
as possible a swath of nanomaterial data stakeholders. Together,
the responses provide a baseline snapshot of current practical
experiences, and a range of views that will feed into a synthe-
sized summary of recommendations addressing curation on
behalf of the nanoinformatics community. The collection of this
diverse and expanding group of stakeholder perspectives will
foster development of preliminary recommendations for how to
advance nanomaterial curation in principal and in practice,

while identifying a community of practice in the process.

Establishing a baseline of nanomaterial

curation considerations

For the current article, the NCIP NanoWG leadership team
established communication with individuals in the current nano-
curation Stakeholder Liaison group and posed three funda-
mental questions:

1. Briefly describe the scope (goals and research questions)
of your data curation efforts.

2. What do you believe are the major challenges in
nanoscience/nanotechnology data curation?

3. Within your effort, what data (information) is necessary
to directly compare nanomaterials and determine if they
are the same material?

As expected, responses showed variety in both purpose (of the
resource and the organizations represented) and scope. In
response to the first question, the responses show that the
purpose of curation encompasses efforts across the life cycle of
nanomaterials and the life cycle of datasets generated about

nanomaterials (Table 2). Some efforts focus on capturing data at
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Table 2: Liaison question #1.

liaison

Bill Zamboni

Christoph Steinbach,

Clarissa Marquardt

Marina (Nina) Vance

Christine Ogilvie
Hendren

Julio Cesar Facelli,

David Eugene Jones

affiliation

UNC

DaNa database
NanoRA

nanotechnology
Consumer
Products
Inventory

CEINT NIKC
(Center for
Environmental
Implications of
NanoTechnology
Nanolnformatics
Knowledge
Commons)

NanoSifter
(University of
Utah)
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scope of data curation effort

My research program at UNC is involved in the profiling and translational development
of nanoparticle agents. My research program focuses on evaluating the
pharmacokinetics (PK) and pharmacodynamics (PD) of nanoparticle agents in
preclinical models and in patients. Specifically, we are involved in evaluating the
factors that alter the function of the mononuclear phagocyte system (MPS) which then
alters the PK and PD of nanoparticle agents in preclinical models and in patients. We
have developed phenotypic probes of MPS function that predicts the PK and PD of
nanoparticles in animals and patients.

We are also developing a high throughput screen (HTS) of the interaction between
nanoparticles and the MPS which predicts in vivo PK of the nanoparticles. The MPS
HTS can be used to screen and select nanoparticles with high and low MPS uptake
prior to going into in vivo studies.

We are also evaluating how the MPS may be involved in the clearance and distribution
of nanoparticles via capture (i.e. nanoparticle goes to the spleen and then is taken up
by the MPS) and/or hijacking (i.e. the nanoparticle is taken up by the MPS cells in the
blood and then delivered to tissues while inside the MPS cells).

The goal of our project is to provide impartial information and the real knowledge on
safety aspects of (manmade) nanomaterials. DaNa in the acronym for DAtabase
NAnomaterials but today we prefer talking about our Knowledgebase Nanomaterials
and that describes our goals very well: We try to separate publications which are
suitable for assessment of safety aspects of nanomaterials from those who are not
suitable. So we try to collect not only arbitrary data but scientifically proven knowledge.
The need to perform such kind of assessment is documented e.g., in a publication by
Hristozov et al. [11].

Our curation effort is centered on the nanotechnology Consumer Products Inventory
(CPI). The CPI was developed by the Woodrow Wilson International Center of
Scholars in 2005 and it is currently the most comprehensive listing of consumer
products that contain or claim to contain nanomaterials. The main goal of the CPl is to
document the way in which nanotechnology is entering the consumer market.
Specifically, we want to provide the science and regulatory communities, as well as
consumers, with current and accurate information about nano-enabled consumer
products and the nanomaterials they contain.

Our curation effort is centered around interrogating the data gathered from across the
Center for Environmental Implications of Nanotechnology along with comparative
literature from throughout the field external to the center. Though our controlled
material sourcing has created a rich integrated dataset as a starting point, we have a
wide range of data types and fields, representing our focus on complex environmental
interactions and transformations as well as impacts across a biological continuum and
including ecosystem-wide measures. Our central research goals driving the data
integration process are to 1) Probe mechanistic relationships between material and
system properties and their combined effects on nanomaterial fate and effect in the
environment, 2) Organize our disparate data to provide directional guidance to risk
assessors even prior to achieving goal 1, and 3) Test our hypotheses that a amassing
data on a small number of semi-empirical functional assays measurements will allow
us to further goals 1 and 2. Beyond supporting CEINT mission-focused research
questions, two key goals of our data integration project are to build a
cyberinfrastructure that captures the data in a way that enables reproducibility and
quality control down the road, and to ultimately develop associated tools to involve
researchers in self-curation of their data so they can shorten the curation timeline and
realize the benefits of analyzing their data together with other comparable datasets.

The purpose of the NanoSifter project here at the University of Utah is to create a
natural language processing (NLP) tool which is capable of extracting nanoparticle
data associated to nanoparticle properties directly from the primary literature.
Currently, the tool can extract data associated to hydrodynamic diameter, particle
diameter, molecular weight, zeta potential, cytotoxicity, ICs5q, cell viability,
encapsulation efficiency, loading efficiency, and transfection efficiency. We plan to
expand the information that NanoSifter can extract, while also improving the precision,
recall, and f-measure of this tool.

the point of generation (academic or industrial research), and  product life cycle presents an opportunity to identify and enable

some focus on capturing data after its packaging and release in  information hand-offs that facilitate targeted integration of

publications. Stakeholder representation from across the ENM-  nanomaterial data. The differences in curation scope will allow
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us to explore the extent to which curation practices need to be
the same in order to enable data comparison. In addition, we
may be able to identify whether or not there are drivers to inte-
grate datasets between organizations with very specific and

more general scopes.

The stakeholder responses to the second question we posed on
challenges to curation (Table 3) include aspects of every sub-
topic area to be addressed within this project, including social
aspects, such as reluctance to share, data quality issues,

Table 3: Liaison question #2.

Beilstein J. Nanotechnol. 2015, 6, 1752—-1762.

ontology development and adoption decisions, and a simple
lack of data. Other issues listed pertained to larger epistemolog-
ical issues pervasive throughout the field of nano science. These
included uncertainty about which material and system parame-
ters are appropriate for predicting material behavior and inter-
action; and the struggle to make near-term decisions based on
emerging science.

The stakeholder responses to the open-ended question on com-
parison of nanomaterials all honed in on the critical question

liaison

Bill Zamboni

Christoph Steinbach,
Clarissa Marquardt

Marina (Nina) Vance

Christine Ogilvie
Hendren

Julio Cesar Facelli,

David Eugene Jones

affiliation

UNC

DaNa database
NanoRA

Nanotechnology
Consumer
Products
Inventory

CEINT NIKC
(Center for
Environmental
Implications of
NanoTechnology
Nanolnformatics
Knowledge
Commons)

NanoSifter
(University of
Utah)

major challenges to curation of nanomaterial data

The complexity and high variability nature of MPS function in animal models and
patients which results in high PK and PD variability of nanoparticles.

The current inability to predict nanoparticle PK and PD in vivo based on standard
critical micelle concentration (CMC)-like measurements (e.g., size and charge).
The need to evaluate the interaction between the MPS and nanoparticles early in
development and even before going into in vivo studies.

We think we are taking care of one of the most important challenges in nanomaterials
data curation: separating valid from invalid data. In this regard, the major challenge is
to gain information on the identity of a nanomaterial in a given study, which involves a
careful physical-chemical characterization of a nanomaterial. Most of the data we
consider invalid has a lack of information on material properties, which also hampers
comparability of studies.

Moreover, the collection of standard operating protocols (SOPs) or harmonized
protocols for nanotox-testing is the second important challenge we want to address
within the next four years.

From a more information technological point of view, the development of suitable data
models and adequate ontological structures to support next generation electronic
infrastructures is another challenge.

One major challenge we face is a general lack of support from the nanotechnology
industry. Secrecy is inherent to the product development strategy of most companies,
which makes it very difficult to provide a detailed characterization of industrial
nanomaterials. A potential contributing factor to this problem, which applies specifically
to the CPI, is a fear that association to the CPI may negatively affect the image of the
consumer products.

Another challenge we face in curating the CPl is keeping it up to date with the fluidity of
the consumer market. Consumer products come and go daily, their names and models
change over time, as do their companies’ websites. To attempt to tackle this issue, we
have added crowdsourcing capabilities to the CPI, so that interested consumers,
manufacturers, or researchers can enter new data or suggest edits to any entry. Now,
our main challenge is to catalyze the participation of the CPI contributors.

Absence of established data-sharing protocols for existing measurement techniques
(not to mention those that are currently being developed).

Complexity of the interactions of nanomaterials in the environment, and large numbers
of influential parameters governing transformations.

Wide range of variety in systems studied and particular parameters reported in those
systems.

How time points are handled with respect to explaining when materials were
characterized, measured along the trajectory of a long-term experiment is a challenge;
this gets back to our driving goal of creating a database that supports reproducibility
and multi-study comparison.

In my opinion, there are a number of major challenges in nanoscience/nanotechnology
data curation. The first is developing standards and protocols to report data in the
literature which the nanoscience/nanotechnology community adheres to and follows.
There are so many different ways that properties of nanoparticles can be reported in
the literature, which makes the retrieval of such information quite cumbersome.
Another major challenge is further development of the nanoparticle ontology (NPO) to
add more functionality, metadata, and relationships to the ontology.
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begged by asking what materials are the same: what do we
mean by “sameness”? Similar definitional questions arose

around curation resource purpose (Table 4).

From these initial framing questions alone, it is clear that in
order to make progress in integrating data through consistent
nano curation processes, and to achieve functional interoper-
ability that will render efforts to establish nanoinformatics

fruitful, the nanomaterial community will have to maintain a

Table 4: Liaison Question #3.

Beilstein J. Nanotechnol. 2015, 6, 1752—-1762.

focus on the need for purpose-based integration. Therefore
through interaction with stakeholder liaison that will follow this
inaugural publication, and the synthesis of their input, we will
distill the recommended tenets of nanomaterial data curation
both in terms of baseline requirements for all nanoinformatics

activities as well as for a range of purposes.

The experience to date in the NCIP NanoWG and in assem-
bling the NDCI has already begun addressing the third NDCI

liaison

Bill Zamboni

affiliation

UNC

Christoph Steinbach, DaNa database

Clarissa Marquardt

NanoRA

Marina (Nina) Vance Nanotechnology

data deemed necessary for nanomaterial comparison

The need to be able to evaluate encapsulated/conjugated and released drug as part of
formulation development and as part of in vivo PK studies.

The need to evaluate biodistribution differences to tumor, tissues and the MPS.

The need to evaluate the bi-directional interaction between nanoparticles and the MPS.

A very good question which is extremely hard to answer: What does “same material”
mean, not only from the informational point of view but also from the other side, the
definition of “same material”? Which set of parameters do you need? Even if you
change the size or shape of a particle totally different behavior can be achieved. We
have developed a set of criteria (see http://www.nanopartikel.info/files/methodik/DaNa-
Literature-Criteria-Checklist_Methodology.pdf) which need to be fulfilled that we accept
a certain publication as “knowledge” in the meaning described in the answer to the first
question. Here we also describe the material characterization criteria. In fact we are
absolutely aware that this does not make finally sure, that we are always talking of the
“same” material, but for our purposes it's enough. We think that a lot of further
research is necessary to determine the right “same material” parameters.

Furthermore the comparability in nano-sciences does not end with the “same” material
as it is shown in certain round robin experiments [12,13]. Does it help when you
assume to have the same material and the following experiments show different results
because of other factors?

| do not know if that leads to a better solution: Perhaps some kind mathematical
probability that tells us x parameters (out of y parameters which can be determined
with today’s characterization methods) of one substance are the same for another. The
higher the number of same parameters the higher the probability the two substances
are the “same”?

Within the CPl, it is very difficult to determine if a nanomaterial present in two or more
products is, in fact, the same. We can group nanomaterials of the same composition
together, but without a detailed description from the manufacturer, that would be
impossible. In order to directly compare nanomaterials within consumer products, we
would need, in the very least, the following: Composition, Shape, Size, Composition of

This depends on the level of granularity in the comparison. We believe that in order to

Consumer
Products
Inventory
coatings, Crystallinity
Christine Ogilvie CEINT NIKC
Hendren (Center for

Julio Cesar Facelli,

David Eugene Jones

Environmental
Implications of
NanoTechnology
Nanolnformatics
Knowledge
Commons)

NanoSifter
(University of
Utah)

support comparison and analysis in support of our research goals (elucidate
mechanisms governing nanomaterial behavior and translate this into forecasts of risk),
what is absolutely required are intrinsic characteristics of the nanomaterial, the
surrounding system characteristics (e.g., be the system lab controlled, environmental
media, biological systems), and system-dependent or "extrinsic" material
characteristics. Only when all of these aspects, and their appropriate corresponding
metadata describing preparation and testing protocols, are consistently reported can
we know that direct comparison of two datasets is possible.

The data (information) that is most necessary to directly compare nanomaterials and
determine if they are the same material are the molecular descriptors and biochemical
activity of the nanomaterials. The molecular descriptors (e.g., molecular weight,
hydrodynamic diameter) and biochemical activity (e.g., cytotoxicity, cell viability,
transfection efficiency) of the nanomaterials can be used by data mining and machine
learning methods to compare materials and determine their similarity if the materials
are discrete compounds. If the materials are not discrete compounds (i.e., polymers),
properties such as molecular weight distribution and polydispersity will be the
properties to assess for comparison of materials.
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goal of facilitating the interdisciplinary and trans-sector collab-
orations that we believe will be critical ingredients in successful
advancement of nanoinformatics efforts. The team-writing
experience within the author teams of the NDCI topic papers
includes promising aspects that can foster collaborations. For
each topic paper, a group of self-selected NCIP NanoWG
members are volunteering to lead the topic, assembling author
groups that, in the case of the four papers already being under-
taken, often consist of people who have never collaborated or
published together prior, and soliciting the broad input provided
by Stakeholder Liaisons across the nanomaterial data commu-
nity. New connections are being made between individuals and
organizations, and for each topic these new teams are working
through the available literature across a variety of academic
disciplines, synthesizing the baseline input from Stakeholder
Liaisons, and shaping recommendations and future questions
for the consideration of the growing nanoinformatics field.
Though there are not direct Stakeholder Liaison interactions
planned as part of the NDCI, the transparency and sharing of
their responses through the NDCI series will offer fertile ground
for potential communication and collaboration between like or
complimentary groups in future efforts. Lastly, the recommen-
dations emerging from the NDCI series will no doubt include
suggestions on opportunities regarding the potential for link-
ages and collaborations.

We welcome input from the nanomaterial community on the ap-
proach for the project laid out in this article and encourage
continued feedback as the effort moves forward, including via
participation from growing list of nanomaterial data stake-
holders. Interested community members can share feedback or
join the NCIP by visiting to https://nciphub.org/, and can

learn more about the NDIC in particular by visiting https://
nciphub.org/groups/nanotechnologydatacurationinterestgroup/

wiki/MainPage.
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Abstract

To document the marketing and distribution of nano-enabled products into the commercial marketplace, the Woodrow Wilson
International Center for Scholars and the Project on Emerging Nanotechnologies created the Nanotechnology Consumer Products
Inventory (CPI) in 2005. The objective of this present work is to redevelop the CPI by leading a research effort to increase the
usefulness and reliability of this inventory. We created eight new descriptors for consumer products, including information
pertaining to the nanomaterials contained in each product. The project was motivated by the recognition that a diverse group of
stakeholders from academia, industry, and state/federal government had become highly dependent on the inventory as an important
resource and bellweather of the pervasiveness of nanotechnology in society. We interviewed 68 nanotechnology experts to assess
key information needs. Their answers guided inventory modifications by providing a clear conceptual framework best suited for
user expectations. The revised inventory was released in October 2013. It currently lists 1814 consumer products from 622 compa-
nies in 32 countries. The Health and Fitness category contains the most products (762, or 42% of the total). Silver is the most
frequently used nanomaterial (435 products, or 24%); however, 49% of the products (889) included in the CPI do not provide the
composition of the nanomaterial used in them. About 29% of the CPI (528 products) contain nanomaterials suspended in a variety
of liquid media and dermal contact is the most likely exposure scenario from their use. The majority (1288 products, or 71%) of the

products do not present enough supporting information to corroborate the claim that nanomaterials are used. The modified CPI has
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enabled crowdsourcing capabilities, which allow users to suggest edits to any entry and permits researchers to upload new findings

ranging from human and environmental exposure data to complete life cycle assessments. There are inherent limitations to this type

of database, but these modifications to the inventory addressed the majority of criticisms raised in published literature and in

surveys of nanotechnology stakeholders and experts. The development of standardized methods and metrics for nanomaterial char-

acterization and labelling in consumer products can lead to greater understanding between the key stakeholders in nanotechnology,

especially consumers, researchers, regulators, and industry.

Introduction

Advancements in the fields of nanoscience and nanotechnology
have resulted in myriad possibilities for consumer product
applications, many of which have already migrated from labora-
tory benches into store shelves and e-commerce websites.
Nanomaterials have been increasingly incorporated into
consumer products, although research is still ongoing on their
potential effects to the environment and human health. This
research will continue long into the future.

To document the penetration of nanotechnology in the
consumer marketplace, the Woodrow Wilson International
Center for Scholars and the Project on Emerging Nanotechnolo-
gy created the Nanotechnology Consumer Product Inventory
(CPI) in 2005, listing 54 products [1]. This first-of-its-kind
inventory has become one of the most frequently cited
resources showcasing the widespread applications of
nanotechnology in consumer products. In 2010, the CPI listed
1012 products from 409 companies in 24 countries. Even
though it did not go through substantial updates in the period
between 2010 and 2013, it continued being heavily cited in
government reports [2] and the scientific literature — the website
http://www.nanotechproject.org has been cited over 2,580 times

in articles according to Google Scholar — and became a popular
indicator of the prevalence of nanotechnology in everyday life
and the need to further study its potential social, economical,
and environmental impacts [3-6]. The CPI has also been criti-
cized due to its lack of science-based data to support manufac-
turer claims. Other longstanding suggestions for improvement
included: more frequent updates, indications when products
were no longer available for purchase by consumers, and the
inclusion of more product categories to improve the searcha-
bility of the CPI database [7].

Since the creation of the CPI, other nanotechnology-related
inventories have been developed around the world. In 2006, a
German company launched a freely accessible internet data-
base of nanotechnology products [8]. The website associated
with this database was not accessible at the time of this writing
and its last available record is from May 2014, when 586 prod-
ucts were listed. In 2007, Japan’s National Institute of
Advanced Industrial Science and Technology created an inven-

tory of “nanotechnology-claimed consumer products” available

in Japan [2]. This inventory is freely accessible online and it
acknowledges the CPI in its website. At the time of this writing,
the inventory listed 541 product lines and 1241 products; its last
update occurred in 2010 [9]. In 2009, two European consumer
organizations, the European Consumers Organization (BEUC)
and the European Consumer Voice in Standardization (ANEC),
joined efforts to develop an inventory of “consumer products
with nano-claims” available to consumers in Europe [10]. A
new inventory was generated annually from 2009 to 2012, but
the 2011 and 2012 versions focused exclusively on products
containing silver nanoparticles (nanosilver); the latest version in
2012 listed 141 nanosilver products. This inventory does not
provide a searchable online database, but it can be downloaded
for free as an Excel spreadsheet. In 2012, the Danish Consumer
Council and Ecological Council and the Technical University of
Denmark’s Department of Environmental Engineering launched
“The Nanodatabase”, an inventory of products available for
purchase that are claimed to contain nanomaterials and are
This
inventory has been continually updated and it currently lists
1423 products.

available in the European consumer market [11].

These worldwide efforts to understand the transition of nano-
technology from the laboratory bench to the commercial
marketplace substantiate the need for applying the concept of
nanoinformatics to a nanotechnology-enabled consumer prod-
ucts database, which is to determine the most relevant and
useful information needed by a variety of stakeholders and to
develop tools for its most effective use [12]. Databases such as
the CPI offer information useful and relevant to a variety
of stakeholders who are interested in a) understanding
which consumer products incorporate nanotechnology and
b) developing strategies, tools, and policies that may be needed
to ensure safe and responsible use of those products.

Nanomaterials are regulated without specific provisions in the
U.S. as hazardous chemical substances and pesticides, under the
EPA’s Toxic Substances Control Act (TSCA) [13] and the
Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA)
[14]. When used as food additives, drugs, or cosmetics, nano-
materials are regulated under the Federal Food, Drug, and
Cosmetic Act (FFDCA).
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In the European Union, nanomaterials are regulated under the
Concerning the Registration, Evaluation, Authorization and
Restriction of Chemicals (REACH) and the Classification,
Labeling, and Packaging (CLP) regulations when those are clas-
sified by the Commission as hazardous chemical substances
[15]. The Biocidal Products Regulation (BPR) has special
provisions for biocidal materials that consist of nanoparticles,
aggregates, or agglomerates in which at least 50% of primary
particles have at least one dimension between 1 and 100 nm,
with no provisions for “novel properties” stemming from their
small size [16]. Cosmetics that contain nanomaterials are also
regulated by the European Commission, and although the use of
nanoscale titanium dioxide is permitted, zinc oxide is not [17].
The German Federal Environment Agency performed an Impact
Assessment of a European Register of Products Containing
Nanomaterials and determined that when compared to the
implementation of a variety of national registries, an unified
European registry would bring many advantages, including a
lower cost for industries and, ultimately, a registry would

benefit consumers, companies, and governments [18].

The objective of this work was to modify the CPI to improve its
functionality, reliability, and utility to the diverse group of
stakeholders who have come to depend on it as a critical
resource for current information on nano-enabled consumer
products. Specific objectives were (1) to update the CPI data to
gain an insight into the penetration of nanotechnology in the
consumer products market over the past decade; (2) to deter-
mine and implement improvements to the CPI based on the
scientific literature and a survey of nanotechnology experts and
CPI users; and to (3) develop a sustainable model to facilitate

future CPI maintenance using crowdsourcing tools.

Below, we present a brief history of this inventory over a
decade of existence. We also describe the specific changes

Table 1: Number of products in the CPI over time.

Year Total products Products added Products archived
2005 54 54 0
2006 356 302 0
2007 580 278 0
2008 803 223 0
2009 1015 212 107
2010 1015 0 0
2011 1015 0 0
2012 1438 426 0
2013 1628 190 288
2014 18142 2382 2232

Beilstein J. Nanotechnol. 2015, 6, 1769-1780.

made in the inventory during this project (referred here as CPI
2.0). Finally, we present an overview of the current data present

in the CPI after the completion of this project.

Results and Discussion

CPI growth over time

Table 1 lists the growth of the CPI since 2005. In 2011, before
this current project, the CPI described 1314 products. Since
then, 489 products that are no longer available or marketed as
containing nanotechnology have been archived and 500 prod-
ucts have been added. The new total of 1814 products as of
March 2015 represents a thirty-fold increase over the 54 prod-
ucts originally listed in 2005 — which is not a complete repre-
sentation of the growth of this market, as our methodology has
also evolved over time. Based on our review, the CPI is the
largest online inventory of nanotechnology consumer products
available. Products come from 622 companies located in
32 countries (Supporting Information File 1, Table S1).

The products listed on the CPI 2.0 satisfy three criteria: (1) they
can be readily purchased by consumers; (2) they are claimed to
contain nanomaterials by the manufacturer or another source;
and (3) their claim to contain nanomaterials appears reasonable
to CPI curatorial staff.

Although the steady growth of the inventory indicates that the
popularity of products claimed to incorporate nanotechnology is
continually increasing, not all products have persisted in the
consumer market. In the past seven years, 34% of the entries in
the inventory have been archived because the product is not
currently available in the market or their claim to contain nano-
technology can no longer be verified. One example of a claim
that can no longer be verified is a product that is still available
for purchase on a manufacturer’s website but no longer refer-
ences, explicitly, the incorporation of nanotechnology into that

Data collection notes

Beginning of CPI as a static pdf document.

Launch of the online CPI.

Nanoscale silver emerged as most cited nanomaterial.

Health and fitness products represented 60% of the inventory.
Added archiving function to the CPI.

No data collected.

No data collected.

Beginning of CPI 2.0 project, focus on adding new products.

Launch of crowdsourcing component. Extensive effort put into
adding and archiving products.

Extensive effort put into adding and archiving products.

aThe CPI now has crowdsourcing capabilities, so these numbers are a snapshot in time and will not represent the CPI at the time of reading.
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product. Even after archiving, a product can return to the main
inventory listing if a third party makes the claim that the prod-
uct indeed contains nanomaterials or if the manufacturer

restates their nanomaterial claim.

In the CPI, entries are grouped under eight generally accepted
consumer goods categories that are loosely based on publicly
available consumer product classification systems (Figure 1)
[19]. The Health and Fitness category includes the largest
listing of products in the CPI, comprising 42% of listed prod-
ucts (excluding archived products). Within the Health and
Fitness category, Personal Care products (e.g., toothbrushes,
lotions, and hairstyling tools and products) comprise the largest
subcategory (39% of products). Starting in 2012, a large
continual effort has been put into periodically checking prod-
ucts for their current availability and current claim to contain
nanotechnology. This effort resulted in archiving 316 products
in the Health and Fitness category — mainly in the Personal Care
and Clothing subcategories — with 86 and 78 products archived
between 2012 and 2014, respectively.

5 Goods for Children

—_— 23

. Appliances 39
ool fo0dandbeverage | | | | 7
Electronics
49 70
Cross—cutting 95
43 152
M
7 246
Home and Garden
64
701
Supplements:
Health and Fitness
Sunscreens 505

Filtration
Sporting Goods

Cosmetics

Clothing

Personal Care

2007 2008 2009 2010 2011 2012 2013 2014

Figure 1: Number of available products over time (since 2007) in each
major category and in the Health and Fitness subcategories.
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New nanomaterial descriptors

Eight new product descriptors were introduced to facilitate the
use of this database by a variety of stakeholders (namely
industry and the scientific and regulatory communities):

main nanomaterial composition or type,
nanomaterial shape and size,
nanomaterial coating or stabilizing agent,
nanomaterial location within the product,
nanomaterial function in the product,
potential exposure pathways,

“how much we know”,

® NN =

“researchers say”.

The experimental section of this paper describes all new prod-
uct descriptors. The results of the five new quantitative descrip-
tors are presented and discussed below. Since the “nanomate-

CEINNTI

rial shape and size”, “coating and stabilizing agent”, and the
“researchers say” categories are text-entry data fields, thus
qualitative information at this point, we have not included their

analysis in this paper.

Nanomaterial composition

Of the 1814 products listed in the CPI, 47% (846 products)
advertise the composition of at least one nanomaterial compo-
nent and 62 of those products list more than one nanomaterial
component (e.g., a product comprised of both silver and tita-
nium dioxide nanomaterials). There are 39 different types of
nanomaterial components listed in the inventory (listed in
Supporting Information File 1, Table S2), which have been
grouped into five major categories in Figure 2 and Figure 4, to
improve their legibility: metal, carbonaceous, silicon, not adver-
tised, and other. Nominally, metals and metal oxides comprise
the largest nanomaterial composition group advertised in the
inventory, listed in 37% of products.

Titanium dioxide (Ti0O,), silicon dioxide, and zinc oxide are the
most produced nanomaterials worldwide (on a mass basis) and
the global annual production of silver nanoparticles represents
only 2% of that of TiO, [20,21]. However, silver nanoparticles
are the most popular advertised nanomaterial in the CPI, present
in 438 products (24%). The CPI reports the numbers of
different consumer products and product lines available in the
market, so there is no implication on mass, volume, or concen-
tration of nanomaterials incorporated into products or the

production volume of each product.

Of carbonaceous nanomaterials (89 products), the majority of
products listed contains carbon nanoparticles (sometimes
described as carbon black, 39 products) and single- or multi-

walled carbon nanotubes (CNT, 38 products). Unfortunately,
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891 (49%) of the products included in the CPI do not present
the composition or a detailed description of the nanomaterial

used (Figure 2).
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Figure 2: (a) Claimed composition of nanomaterials listed in the CPI,
grouped into five major categories: not advertised, metal (including
metals and metal oxides), carbonaceous nanomaterials (carbon black,
carbon nanotubes, fullerenes, graphene), silicon-based nanomaterials
(silicon and silica), and other (organics, polymers, ceramics, etc.).

(b) Claimed elemental composition of nanomaterials listed in the
metals category: silver, titanium, zinc, gold, and other metals (magne-
sium, aluminum oxide, copper, platinum, iron and iron oxides, etc.).
(c) Claimed carbonaceous nanomaterials (CNT = carbon nanotubes).

The percentages of nanomaterial compositions in the CPI 2.0
are somewhat in agreement with those of the Danish Nanodata-
base. The Nanodatabase also lists a high fraction of products
with unknown nanomaterial composition (944 products or 66%)
and, among known compositions, silver is also the most
frequently advertised nanomaterial component, with 207 prod-
ucts or 14.5% [11]. Silver nanoparticles are popular consumer
product additives due to their well-documented antimicrobial
properties [22].

Figure 3 shows how the availability of these major nanomate-
rial composition groups changed over time. Since the start of
the CPI 2.0 project (2012), products with unknown (not adver-
tised) nanomaterial compositions have decreased by 12%,
which is partially due to these products being archived and of
their composition being identified and added to the inventory.
Products advertising to contain metal and metal oxide nanoma-
terials, silicon-based nanomaterials (mostly SiO, nanoparticles),
and a variety of other nanomaterial components (organics,
ceramics, polymers, clays, nanocellulose, liposomes, nano
micelles, carnauba wax, etc.) have been growing in popularity.
During the same period, carbonaceous nanomaterials have
remained stable at around 50 products available in the market.

Of the 846 products listed in the CPI for which we were able to

determine a nanomaterial composition, 61 products (7%) adver-
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Figure 3: Major nanomaterial composition groups over time.

Carbon = carbonaceous nanomaterials (carbon black, carbon
nanotubes, fullerenes, graphene). Other = organics, ceramics, poly-
mers, clays, nanocellulose, liposomes, nano micelles, carnauba wax,
etc. Note the difference in scale between the top and bottom panels in
this plot.

tise to contain more than one main nanomaterial component.
Figure 4 presents 11 nanomaterial components that were most
frequently listed with others in the same product.

Silver and titanium dioxide are the nanomaterial components
most likely to be combined with other nanomaterials in
consumer products, with 35 and 30 product combinations, res-
pectively. Silver and titanium dioxide were paired with each
other in 10 products (cosmetics and electronics); titanium
dioxide and zinc oxide were paired in 10 products (sunscreens,
cosmetics, and paints). The European Commission’s Cosmetics
Regulation has permitted the use of nanoscale titanium dioxide

in sunscreens, but not zinc oxide [17].

Calcium and magnesium were listed together in dietary supple-
ments. Nano-ceramics and silver are used in combination in
water filtration products, cosmetics, and a humidifier. These
results demonstrate the use of nanohybrids [23] in consumer
products and indicate that the use of nanotechnology-based
consumer products in the home may, in some cases, lead to
multiple exposures from a combination of nanomaterial com-
positions. These results suggest the need to examine nanomate-
rial toxicity effects that could be synergistic, additive, or even

antagonistic.
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Figure 4: Major nanomaterial composition pairs in consumer products.
Carbonaceous nanomaterials (carbon black, carbon nanotubes,
fullerene, and graphene) were combined into the same category
(carbon). Grey boxes in the diagonal represent the total times each
nanomaterial composition has been listed with other compositions in
the same product.

Nanomaterial location

About 29% of consumer products in the CPI (528 products)
contain nanomaterials suspended in a variety of fluids (e.g.,
water, skin lotion, oil, car lubricant). The second largest group
in this category — with 307 products — comprises solid products

with surface-bound nanoparticles (e.g., hair curling and flat

Beilstein J. Nanotechnol. 2015, 6, 1769-1780.

irons, textiles). Figure 5 shows the location of nanomaterials for

which a composition has been identified [24].

The majority (64%) of carbonaceous nanomaterials are
embedded in solid products, whereas products of all other com-
positions are more commonly suspended in liquid. Of the few
bulk nanomaterials that are available for purchase by consum-
ers, the largest group (42%) consists of metal and metal oxide
nanomaterials. Metals and metal oxides were also the largest
composition for surface-bound particles and those suspended in
liquid products. The majority (67%) of products with nanostruc-
tured surfaces consist of nanomaterials of undetermined com-
position. An example of such product is a liquid or spray prod-
ucts that forms a nanofilm upon application over a surface. Of
nanostructured bulk materials, the majority (57%) are silicon-
based nanomaterials (e.g., computer processor parts). It is
interesting to note that we expect nano-electronics to exist now
in massive numbers of consumer products, such as mobile
devices, where field effect transistors, the heart of chip tech-
nology, have components (sources, gates, collectors, channels)
that are now in the nanoscale [25] and would fit into the nanos-
tructured bulk category. However, because most of these prod-
ucts do not advertise their use of nanomaterials, we believe that
they are grossly underrepresented in the CPIL.

Nanomaterial function

Of the 1814 inventory entries, 1244 were grouped according to
the expected benefits of adding such nanomaterials to the prod-
uct (Figure 6). A significant portion of products in the CPI
(31% of products analyzed) utilize nanomaterials — mostly
silver nanoparticles, but also titanium dioxide and others — to
confer antimicrobial protection. Nanomaterials such as titanium
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)
s
£ 100 A
S L
=
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Bulk Nanostructured Nanostructured  Surface-bound Suspended Suspended
bulk surface particles in fluids in solid

Figure 5: Locations of nanomaterials in consumer products for which a nanomaterial composition has been identified.
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dioxide and silicon dioxide are used to provide protective coat-
ings (15%) and for environmental treatment (to protect prod-
ucts against environmental damage or to treat air and water in
the home, 15%). Cosmetic products (12%) are advertised to
contain a variety of nanomaterials such as silver nanoparticles,
titanium dioxide, nano-organics, gold, and others. A wide
variety of nanomaterial compositions (silver, nano-organics,
calcium, gold, silicon dioxide, magnesium, ceramics, etc.) were
also advertised to be used for health applications, such as
dietary supplements (11%).

Anticaking agent
Miniaturization
Hardness and strength
Health applications
Cosmetic

Environmental treatment
Coatings

Antimicrobial protection

0 100 200 300 400
Number of products

Figure 6: Expected benefits of incorporating nanomaterial additives
into consumer products.

Potential exposure pathways

Since critical information such as nanomaterial size and concen-
tration are not known for most products listed on the CPI, the
actual health risks of these products remain largely unknown.
Nevertheless, the CPI may be useful for inferring potential
exposure pathways from the expected normal use of listed prod-
ucts. To investigate this utility, we analyzed a subset of
770 products from the CPI to determine their most likely

route(s) of exposure (Figure 7).
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Figure 7: Potential exposure pathways from the expected normal use
of consumer products, grouped by major nanomaterial composition
categories.

We identified the skin as the primary route of exposure for

nanomaterials from the use of consumer products (58% of prod-
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ucts evaluated). This is because many entries in the CPI consist
of (1) solid products that contain nanomaterials on their
surfaces and are meant to be touched or (2) liquid products
containing nanomaterial suspensions which are meant to be
applied on the skin or hair. Of the products evaluated, 25%
present nanomaterials that can possibly be inhaled during
normal use (e.g., sprays and hair driers) and 16% contain nano-
materials that may be ingested (e.g., supplements and throat
sprays). Hansen et al. developed a framework for exposure
assessment in consumer products. In this framework, products
that contain nanomaterials suspended in liquid and products that
may emit airborne nanoparticles during use are expected to
cause exposure [26].

Since metals and metal oxides are the most common nanomate-
rial composition in the CPI, they are also the most likely ma-
terials to which consumers will be exposed during the normal
use of product via dermal, ingestion, and inhalation routes.
Products containing nanomaterials of unknown composition are

most likely to lead to exposure via the dermal route.

Berube et al. [7] offered a critique of the original CPI in 2010,
which focused primarily on the lack of data pertinent to the
dosages of nanomaterials to which consumers might be exposed
through CPI-listed products. This is a valid criticism given that
information used to populate the CPI is based primarily on
marketing claims made by manufacturers. However, the most
recent modifications of the CPI offer a potential remedy for data
gaps through the contributions of third-party research teams.
These modifications are especially timely as there is a growing
number of published studies assessing consumer exposure to
nanomaterials released during the use of nanotechnology-
enhanced consumer products [27], such as cosmetic powders
[28], sprays [29,30], general household products [31], and prod-
ucts for children [32,33]. One challenge is that there are no
standardized methods for assessing consumer risks from using
nanotechnology-enabled consumer products or a set of agreed-
upon metrics for characterizing nanomaterials to determine
environmentally relevant concentrations [34]. The development
of such standards is seen as a top strategy for safe and
sustainable nanotechnology development in the next decade
[35]. The Consumer Product Safety Commission recently
requested $7 million to establish the Center for Consumer
Product Applications and Safety Implications of Nanotechnolo-
gy to help develop methods to identify nanomaterials in
consumer products and to understand human exposure to those
materials [36].

How much we know

Through the “How much we know” descriptor, inventory

entries are rated according to the reliability of the
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manufacturer’s claim that products contain nanomaterials. We
evaluated 1259 products present in the inventory for the “How
much we know” descriptor and the majority (71%) of products
are not accompanied by information sufficient to support claims
that nanomaterials are indeed used in the products, such as a
manufacturer datasheet containing technical information about
nanomaterial components (e.g., median size, size distribution,
morphology, concentration). Only nine products have been
classified in Category 1, “Extensively verified claim” due to
the availability of scientific papers or patents describing
the nanomaterials used in these products (Figure 8). The
experimental section, below, presents a full description of these
categories.

1. Extensively verified claim
2. Verified claim

3. Manufacturer-supported
4. Unsupported claim

5. Not advertised

r T T T

0 250 500 750
Number of products

1000

Figure 8: Distribution of products into the “How much we know” cate-
gories.

Hansen [37] performed interviews with 26 nanotechnology
stakeholders who agreed on an incremental approach to nano-
material regulation in consumer products, including classifica-
tion and labeling. The European Commission’s Classification,
Labeling, and Packaging (CLP) regulation covers nanomate-
rials that are classified by the Commission as hazardous chem-
ical substances [15]. Becker [38] reported that there are
diverging opinions in the nanotechnology industry with regards
to labeling, ranging from “‘If it’s a nano-scale material, people
should know, hands down” to not supporting labeling because
“it wouldn’t accurately inform consumers of anything
and would be bad for business because it would scare

consumers.”

Appropriate nanomaterial labeling containing sufficient tech-
nical information (i.e., at a minimum, nanomaterial compos-
ition, concentration, and median size) would better inform con-
sumers and highly benefit researchers interested in under-
standing consumers’ exposure and nanomaterial fate and trans-

port in the environment.

Crowdsourcing
Since October 29, 2013, when the modified inventory (CPI 2.0)
was released, 557 new user accounts have been requested. Of

these, only approximately 10 users who were not directly or
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indirectly involved in the research team performing the CPI
upgrade and maintenance suggested updates or edits to CPI
entries. These edits have all been suggested by users from
industry and academia.

Future work is needed to better educate users on their role as
curators of CPI 2.0 and the importance of the data they
contribute. Providing the supporting technical data required to
verify the nature and quantity of nanomaterial components in
CPI-listed products is a massive undertaking, and no single
laboratory can accomplish it on its own or within a short
amount of time. A long-term solution is to promote the impor-
tance of crowd-sourcing data collection and implementing stan-
dard data collection and reporting best practices that can help
reliably populate the CPI with much needed supporting data.
The new crowd-sourcing capability can also be used to provide
high school-, undergraduate- and graduate-level educators with
meaningful assignments that can help teach students about the
prevalence of nanotechnology in everyday products and will
contribute to the continued growth of this resource.

Nanotechnology expert survey

The survey was submitted to 147 people who have published
research papers or reports in the applications of nanotechnolo-
gy in consumer products and its potential impacts, participated
in recent conferences in the field, or were notably involved in
the field of nanotechnology and the consumer products
industry. The survey had a 46% response rate (68 respondents),
which is in the expected range for this type of survey [39]. The
majority of respondents (59%) had six to ten years of experi-
ence working with nanotechnology and 38% of respondents had
more than ten years of experience. Half (51%) of respondents
work in academic institutions and 25% work in governmental
agencies. Most respondents (88%) have previously used the CPI
in their work, and all respondents believe they will or may use it
again in the future.

Results convey a general belief or hope that the CPI will
become more useful after the modifications reported in this
publication. When asked the following open-ended questions:
“How did you use the CPI in your work?” and “To what end do
you think you might use the CPI in the future?”, answers could
be easily grouped into three main categories: (1) for raising
awareness, teaching, or for urging the need for regulation, (2) to
justify the need for research in research proposals or papers, and
(3) to use the inventory data for research (Figure 9).

Half the respondents (51%) have used the CPI in the past to
gather data for research (e.g., searching for consumer products
of a certain nanomaterial composition to understand their poten-

tial applications or consumer exposure) while 74% believe they
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Figure 9: Nanotechnology survey answers on how respondents have
used the CPI in the past and how they might use it in the future.

will use the CPI for that purpose in the future. The majority
(79%) of survey respondents believed the modified CPI
would present more products than its previous version,
which indicates their belief in the growing prevalence of
nanotechnology in consumer products.

Survey respondents suggested a number of new categories of
information for the CPI 2.0, including nanomaterial type or
composition, location of nanomaterial within the product, nano-
material size, relevant scientific publications that describe the
products in the inventory, a summary of known toxicity of the
advertised nanomaterial, supply chain information, volume

produced, and life cycle assessment information.

Most of these suggestions were included in the CPI 2.0 as the
new categories described in this work. Others, such as known
nanomaterials toxicity were not pursued since toxicity can vary
greatly depending on particle size, coating, and exposure route

(e.g., inhalation versus ingestion).

Piccinno et al. and Keller et al. provide global estimates for
production and major applications of nanomaterials [20,21]. We
recommend that future work associated with this inventory or
others include information on the production volumes for each

product, since this information is presently unavailable.

Additional results from this survey are available in Supporting
Information File 1.

Conclusion

The modified version of the Wilson Center’s nanotechnology
consumer products inventory (CPI 2.0) was released in October
2013. We improved the searchability and utility of the inven-
tory by including new descriptors for both the consumer prod-
ucts and the nanomaterial components of those products (e.g.,
size, concentration, and potential exposure routes). The updated
CPI 2.0 now links listed products to published scientific infor-

mation, where available, and includes a metric to assess the reli-
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ability of the data associated with each entry. Finally, the CPI
2.0 has enabled crowdsourcing capabilities, which allow regis-
tered users to upload new findings such as basic product com-
position information, human and environmental exposure data,
and complete life cycle assessments. There are inherent limita-
tions to this type of database, but recent improvements address
the majority of issues raised in published literature and in a

survey of nanotechnology experts.

Improvements to the CPI were motivated, in part, by the recog-
nition that it represents and will continue to represent an impor-
tant information resource for a broad range of stakeholders,
especially consumers and the academic and regulatory commu-
nities. The CPI is a useful interactive database for educating
consumers and legislators on the real-world applications of
nanotechnology. Michaelson stated that the CPI transformed
“the face of nanotechnology away from innovations in the
realm of science fiction to the iconic images of everyday
consumer products” [2]. The academic community can continue
to make use of this inventory to help prioritize, for example,
which types of products or nanomaterial components to eval-
uate in human exposure or toxicity studies, life cycle assess-

ments, and nanomaterial release studies.

The CPI is useful for policy makers interested in regulating
nanotechnology in consumer products by understanding their
increasing numbers in the market, the main nanomaterial
components that are chosen by manufacturers, and the likeli-
hood for exposure. Beaudrie et al. [40] urge that there should be
regulatory reforms to improve oversight of nanomaterials
throughout their life cycle.

Finally, the current lack of global standardized methods and
metrics for nanomaterial characterization and labeling in
consumer products is an issue that, if addressed, can lead to
greater understanding between the key stakeholders in nano-
technology, especially researchers, regulators, and industry.
Further, as we recognize the growing importance of tools like
the CPI for the needs of diverse stakeholder groups, steps
should be taken to help ensure that those tools are fully devel-
oped and refined to meet those needs.

Experimental

Nanotechnology expert survey

To determine potentially useful improvements for the CPI, we
developed a web-based survey to gather the informed opinions
of nanotechnology experts — mostly in US-based academic
institutions, governmental agencies, and research centers. Their
answers guided the CPI modifications and provided an idea of
the expectations related to the inventory. The survey questions

are presented in the Supporting Information File 1.
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New descriptors

To improve the utility and searchability of this database, seven
product descriptors were created. Entries in the inventory were
revised to go beyond a categorization of the consumer products
and instead, to include more information on the nanomaterials
themselves. We searched for this information mainly on the
internet — on manufacturer’s websites, retailer’s websites, news

sites and blogs, patents — and, when available, product labels.

Nanomaterial composition

The main composition of the nanomaterials used. This informa-
tion, when available, was added to the database in the form of a
check-box list, in which more than one nanomaterial compos-

ition can be selected for each consumer product.

Nanomaterial shape and size

Because there are many different ways in which manufacturers
can measure and describe the shape and size of nanomaterials in
consumer products (i.e., units of nanometers or micrometers,
thickness of nanofilms, diameter or length of fibers or tubes,
diameter or radius of nanoparticles, maximum, median,
average, or minimum size), this descriptor was added as a text
entry field in the database, which allows for any form of data
entry but makes data analysis cumbersome.

Coatings

We created another text entry field in the CPI to include any
available information on the coatings or stabilizing agent used
along the nanomaterials in each product.

Nanomaterial location

To assist CPI users in understanding the potential for nanomate-
rial release and exposure scenarios from the use of these
consumer products, we created a qualitative descriptor for the
location of nanomaterials within each product. We adapted the
categorization framework for nanomaterials from Hansen et al.
[24] to determine the following nanomaterial locations within

products:

* Bulk: Nanomaterials sold in powder form or in liquid
suspensions

* Nanostructured bulk: Products or parts that contain
nanostructured features in bulk (e.g., nanoscale computer
processors)

* Nanostructured surface: Products or parts that contain
nanostructured features on their surface (e.g., nanofilm-
coated products)

» Surface-bound particles: Nanoparticles added to the
surface of a solid product or part (e.g., a computer
keyboard coated with silver nanoparticles for antimicro-

bial protection)
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* Suspended in liquid: Nanomaterials suspended in a
liquid product (e.g., disinfecting sprays, liquid supple-
ments)

» Suspended in solid: Nanomaterials suspended in a solid
matrix, usually plastic or metal (e.g., composites of
carbon nanotubes in a plastic matrix to confer strength).

Nanomaterial function

We created a metric to describe the reason why nanotechnolo-
gy was added to each consumer product or the function it
performs within each product. We investigated a subset of
1244 products in the CPI for each product’s intended use, the
manufacturer claims, and, most importantly, the type or com-
position of nanomaterials used to infer potential nanomaterial
functions (e.g., antimicrobial protection, hardness and strength,
pigment).

Potential exposure pathways

Using methodology similar to that applied for the “nanomate-
rial functions” category, we investigated the CPI entries for
possible exposure scenarios resulting from the expected normal
use of each consumer product. Entries were only populated
when a potential exposure risk was identified.

How much we know

In an effort to verify the data associated with each product listed
on the CPI, we created a metric called “How much we know”.
Products were divided into five categories based on the infor-
mation available to substantiate manufacturer claims that a par-
ticular product contains nanomaterial components (Table 2).
Category 4, “Unsupported claim”, is the default category for
products added to the CPI based soley on a manufacturer’s
marketing claims. A product can rise in ranking according to
the amount of information that is available to corroborate the
manufacturer’s claim that the product contains nanomaterials. If
the manufacturer provides supporting information (e.g., a
datasheet containing electron micrographs showing the nanoma-
terials or a particle size distribution), the product is placed in
Category 3, “Manufacturer-supported claim”. If a third-party
further supports the information provided by the manufacturer,
such as through a publication or technical report, then the prod-
uct can be placed into Category 2, “Verified claim”. If a prod-
uct is backed by multiple science-based sources (e.g., a peer-
reviewed scientific paper or patent documentation), it is then
placed in Category 1, “Extensively verified claim”. Category 5,
“Not advertised by the manufacturer”, is a special class for
products that have been shown to contain nanomaterials but the
manufacturer does not advertise this fact anywhere in product
labeling or other informational materials. Category 5 has been
added in recognition of the fact that not all nano-enabled prod-

ucts are marketed by manufacturers as such.
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Table 2: “How much we know” categorization, based on the information available to substantiate manufacturer claims that a particular product

contains nanomaterial components.

. . Third-party Compelling information
Manufacturer claims to Manufacturer provides . 7 h
Category S ) information is from multiple sources
use nanotechnology  supporting information . . .
available is available

1. Extensively verified claim yes yes yes yes
2. Verified claim yes yes yes
3. Manufacturer-supported claim yes yes
4. Unsupported claim yes
5. Not advertised by manufacturer yes

Researchers say

In order to add available scientific information to the inventory,
we created a text-entry database field named “Researchers say”,
which makes it possible to include an extract from a research

paper (such as the abstract), author citation, and a link to the
paper.

Crowdsourcing

We added a new crowdsourcing capability to the CPI website so
that consumers, manufacturers, and the greater scientific
community can contribute new information on nanomaterial
composition of CPI products to the inventory. New contribu-
tors must request an account by completing a form with their
contact information, and they must provide a reason why they
would like to gain access to this crowdsourcing tool. Accounts
are manually reviewed. Access is granted to all requesters who
complete the form and have a legitimate purpose for contribut-
ing information. Once an account is created, users may sign in
and suggest edits to any product (including the archiving of
products no longer available or no longer advertising to contain
nanomaterials) or suggest new products to the inventory. As a
quality control measure, suggestions and new product forms
contributed by registered users must be approved by a CPI
curator before updates or revisions are posted to the inventory.

Supporting Information

Supporting Information File 1

A compilation of company and product numbers listed by
country of origin. A list of all nanomaterial components
included in the inventory. Nanotechnology expert survey
questions. Additional nanotechnology expert survey results.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-181-S1.pdf]
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Abstract

The increasing production and use of engineered nanomaterials (ENMs) inevitably results in their higher concentrations in the envi-
ronment. This may lead to undesirable environmental effects and thus warrants risk assessment. The ecotoxicity testing of a wide
variety of ENMs rapidly evolving in the market is costly but also ethically questionable when bioassays with vertebrates are
conducted. Therefore, alternative methods, e.g., models for predicting toxicity mechanisms of ENMs based on their physico-chem-
ical properties (e.g., quantitative (nano)structure-activity relationships, QSARs/QNARs), should be developed. While the develop-
ment of such models relies on good-quality experimental toxicity data, most of the available data in the literature even for the same
test species are highly variable. In order to map and analyse the state of the art of the existing nanoecotoxicological information
suitable for QNARs, we created a database NanoE-Tox that is available as Supporting Information File 2. The database is based on
existing literature on ecotoxicology of eight ENMs with different chemical composition: carbon nanotubes (CNTs), fullerenes,
silver (Ag), titanium dioxide (TiO,), zinc oxide (ZnO), cerium dioxide (CeO,), copper oxide (CuO), and iron oxide (FeO,; Fe,03,
Fe304). Altogether, NanoE-Tox database consolidates data from 224 articles and lists altogether 1,518 toxicity values (EC5¢/LCsq/
NOEC) with corresponding test conditions and physico-chemical parameters of the ENMs as well as reported toxicity mechanisms
and uptake of ENMs in the organisms. 35% of the data in NanoE-Tox concerns ecotoxicity of Ag NPs, followed by TiO; (22%),
Ce0; (13%), and ZnO (10%). Most of the data originates from studies with crustaceans (26%), bacteria (17%), fish (13%), and
algae (11%). Based on the median toxicity values of the most sensitive organism (data derived from three or more articles) the toxi-
city order was as follows: Ag > ZnO > CuO > CeO, > CNTs > TiO, > FeO,. We believe NanoE-Tox database contains valuable
information for ENM environmental hazard estimation and development of models for predicting toxic potential of ENMs.
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Introduction

The production and use of engineered nanomaterials (ENMs) in
consumer products is increasing rapidly [1]. As of March 20,
2015 there were more than 1,800 products listed in Consumer
Products Inventory [2]. According to this inventory, the most
abundant ENMs used in consumer products are silver
(438 products), titanium (107), carbon (90), silica (81), zinc
(38) and gold (24) with the main applications in antimicrobial
protection (381 products), coatings (188) and health products
(142). The number of published articles could serve as a good
indicator of the potential future use of ENMs. A search
performed on March 19, 2015 in Thomson Reuters Web of
Science (WoS) with the keywords chosen based on Aitken et al.
[3] and Bondarenko et al. [4] and listed in Table S1 (Supporting
Information File 1) revealed that the majority of the papers
concerned the applications of carbon nanotubes (36,609 papers,
40%), followed by Ag nanoparticles (NPs; 16,970, 19%), TiO,
NPs (11,802, 13%), and iron oxide NPs (10,479, 11%) while
the most common fields of application were sensors
(28,027 papers, 31%), catalysis (10,435, 11%) and drug
delivery (8,838, 10%) (Figure 1, Table S1, Supporting Informa-
tion File 1). However, the exact production volumes of ENMs
are not publicly available [4]. Piccinno et al. estimated based on
a survey sent to companies producing and using ENMs that the
most produced ENMs were TiO, (550-5,500 t/year), SiO,
(55-55,000 t/year), AlO, (55-5,500 t/year), ZnO
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(55-550 t/year), carbon nanotubes (CNT; 55-550 t/year), FeO,
(5.5-5,500 t/year), CeO, and Ag (both 5.5-550 t/year),
fullerenes and quantum dots (both 0.6-5.5 t/year) [5]. Warn-
ingly, the increasing production and use of ENMs leads
inevitably to their higher concentrations in the environment.
Thus, the risks caused by ENMs both to humans and the envi-

ronment need to be assessed [6].

Risk assessment of all the ENMs in the market would require
the sacrifice of enormous amounts of test organisms of diverse
range [7]. Therefore, there is a need to refine, reduce or replace
(3R’s) animal testing and develop alternative risk evaluation
methods [7,8]. Recently, the categorisation of ENMs based on
their physico-chemical properties, exposure and use scenarios
and biological effects was suggested as a strategy to facilitate
regulatory decision making while minimising time-consuming
and costly in vivo studies [9]. In addition to high-throughput
screening tests, modelling can provide information for rapid
assessment of the toxicity mechanisms of ENMs [10]. For
instance, models based on dynamic energy budget (DEB)
theory have been developed for predicting toxicity mechanisms
of ENMs [11]. Also, quantitative (nano)structure-activity rela-
tionship (QSARs/QNARs) models have great potential for
predicting the harmful effects of ENMs from their physical,

chemical, and morphological properties that can be measured
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Figure 1: Proposed fields of application of engineered nanomaterials (ENMs) according to the publications in Thomson Reuters WoS. Keywords were
selected from the review by Bondarenko et al. [4]. Numbers below each application category indicate the number and share of papers retrieved. The
numerical data are presented in Table S1 (Supporting Information File 1). The bibliometric data search was performed in Thomson Reuters WoS on

March 19, 2015.
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experimentally or computed based on the ENMs structure [12].
Development of in silico methods relies on good-quality experi-
mental data on ENM toxicity as the set of parameters which
determine the toxic potential of each type of ENMs in specific
test species/taxa is largely unknown [13].

In order to relate the toxic effects of ENMs to their physico-
chemical properties and reveal the data gaps, the existing data
have to be carefully collected and analysed. One increasingly
popular approach in systematically collecting and organising
available data on nanomaterials is creating databases. In 2012,
Hristozov et al. emphasised that the available data on nanomate-
rials in environmental, health and safety databases and online
chemical databases were very scarce [14]. Recently, a data-
bases working group was established in the framework of Euro-
pean Union NanoSafety Cluster [15] which highlights the
importance of development of in-depth databases on ENMs. In
addition, nanotoxicity-related databases are developed and
supported at national level in EU. For instance, in Germany an
application-based nanomaterial database, which includes infor-
mation on potential toxicological effects of ENMs, has been
created in the DaNa project [16,17]. In Denmark, a database
that focuses on potential risks of ENM containing products,
"The Nanodatabase", has been developed [18]. The latter lists
currently 1,425 products and introduces NanoRiskCat that eval-
uates ENMs risk according to potential exposure and hazard
potential of these ENMs to humans and environment [19].
However, the risk estimations are derived from the available
literature on the effects of nanomaterials but not on the actual
risk assessment of the specific ENM-containing products.
Therefore, the risk levels reported in the database do not
account for concentrations or the physico-chemical properties
of the specific ENMs used in the products. Independent online
databases containing nanotoxicological information have also
been created in other countries outside Europe. For instance,
NanoToxdb: A database on Nanomaterial Toxicity [20] that is
by description a comprehensive database containing informa-
tion on nanomaterials toxicity to Daphnia magna. However, it
contains altogether only 32 ECs( values for 10 different ENMs
and contains no references for the toxicity data. Moreover, no
information on physico-chemical properties of ENMs except
primary particle size has been included in the database and
regarding testing conditions, only the test duration is reported in
a few cases. As a different approach, some databases, e.g.,
NHECD (Knowledge on the Health, Safety and Environmental
Impact of Nanoparticles) [21] and Hazardous Substances Data
Bank [22] comprise nanotoxicological papers.

In this communication we present a nanoecotoxicological data-
base based on existing literature data on ecotoxicity of selected

ENMs. In addition to quantitative toxicity data (e.g., ECs

Beilstein J. Nanotechnol. 2015, 6, 1788-1804.

values) information on physico-chemical properties of ENMs
and testing conditions as well as on reported mechanisms and
uptake of ENMs in the organisms was compiled. All the
collected data were analysed to give an overview of ENM toxi-
city across different studied species. The following ENMs
based on production volumes, application in consumer prod-
ucts and technological potential were included in the database:
carbon nanotubes (CNTs), fullerenes, silver (Ag), titanium
dioxide (TiO;), zinc oxide (ZnO), cerium dioxide (CeO»),
copper oxide (CuO), and iron oxide (FeO,; Fe,03, Fe30y).
Furthermore, all these ENMs, except CuO, are listed by the
Organisation for Economic Co-operation and Development
(OECD) Working Party on Manufactured Nanomaterials as
‘commercially relevant’ representative manufactured nanomate-
rials to be investigated under the OECD sponsorship
programme [23]. We believe the database presented in this
paper contains valuable information for ENM environmental
hazard estimation and development of models, including valid
QSAR models, for predicting toxic potential of ENM:s.

Methodology

The process of creating the nanoecotoxicological database can
be roughly divided into three steps: selecting keywords for
literature search, performing the literature search in Thomson
Reuters WoS, collecting and classification of information from
retrieved papers into a database. As the selection of keywords is
critical in this type of data collection, all the keywords used in
this study are listed in Table 1. To find different possible types

Table 1: Keywords used for bibliometric data search in Thomson
Reuters WoS database.

ENM Keywords

Ag (nano* AND ecotoxic* AND silver) OR (nano*
AND ecotoxic* AND Ag)

CeO» (nano* AND ecotoxic* AND cerium *oxide) OR
(nano* AND ecotoxic* AND ceria) OR (nano*
AND ecotoxic* AND Ce02)

CNT (nano* AND ecotoxic* AND carbon nanotu*) OR
(nano* AND ecotoxic* AND CNT) OR (nano*
AND ecotoxic* AND *CNT)

CuO (nano* AND ecotoxic* AND copper oxide) OR
(nano* AND ecotoxic* AND CuO)

FeOy (nano* AND ecotoxic* AND iron *oxide) OR
(nano* AND ecotoxic* AND Fe304) OR (nano*
AND ecotoxic* AND Fe203)

fullerene  (nano* AND ecotoxic* AND fulleren*)

TiO9 (nano* AND ecotoxic* AND titanium *oxide) OR
(nano* AND ecotoxic* AND titania) OR (nano*
AND ecotoxic* AND TiO2)

ZnO (nano* AND ecotoxic* AND zinc oxide) OR

(nano* AND ecotoxic* AND ZnO)
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of ‘nano’ materials, i.e., nanoparticles, nanomaterials, nano-
tubes, a truncated search term “nano*” was selected. In order to
give equal weight to all ecotoxicological test species, the
restricting keyword “ecotoxic*” was used instead of organism-
specific keywords. Thus, inevitably some of the ecotoxicolog-
ical data on ENMs has been unintentionally excluded from the
database because not all articles reporting studies on nanotoxi-
city to environmentally relevant organisms necessarily use

ELENNTS

terms “ecotoxic”, “ecotoxicity” or “ecotoxicology”. When
performing the search, truncated names, molecular formulas

and/or common abbreviations of the 8 NPs were used (Table 1).

Thomson Reuters WoS database — one of the largest interna-
tional and multidisciplinary databases available, covering the
most comprehensive list of journals published in English — was
used for the bibliometric data search. Using WoS (all databases,
all years) for the keyword searches enabled us to compare the
data collected into NanoE-Tox with analyses performed in our
previous reviews [4,8,24,25]. The search was performed on a
regular basis from October 2012 to January 6, 2015. From each
paper that was retrieved using the keywords specified in
Table 1, maximum available information on physico-chemical
properties of ENMs and the toxicity data were extracted and
tabulated. It is important to note that in the earlier papers dating
back 10 years from now, the NPs characterisation was often
limited to their primary size. In more recent nanotoxicological
articles, set of parameters required for characterisation of ENMs
generally include chemical composition, purity, primary particle
size, shape, surface area, coating, agglomeration and/or aggre-
gation, hydrodynamic size in the aqueous test medium, surface
charge, stability and solubility of ENMs. For the current
NanoE-Tox database (Supporting Information File 2) we
collected the following properties of the pristine NPs: chemical
composition, origin (producer/in-house synthesised), shape,
coating, primary size (diameter and length if applicable), impu-
rities, surface area, and other reported observations. For the
characterisation of ENMs in the test environment the following
information was registered: test medium, hydrodynamic size of
NPs in the test environment (including the method used for
analysis), dissolution (if applicable), and surface charge
(C-potential). Concerning the toxicity testing, we tabulated the
following information: test organism, test medium, test dura-
tion, temperature, illumination and other reported conditions,
toxicity endpoint/measure (e.g., ECsg, LC5p, NOEC), obtained
toxicity value, and other reported observations. In addition,
each paper was analysed to find information concerning (i)
specific mechanism of toxicity of the studied ENM (Table S2,
Supporting Information File 1) (ii) uptake in the organisms, and
(iii) accumulation in cells, tissues and organs (Table S3,
Supporting Information File 1). All the collected data were
compiled into a Microsoft Excel spreadsheet which was used

Beilstein J. Nanotechnol. 2015, 6, 1788-1804.

for creating a database on ecotoxicology of engineered nanoma-
terials, NanoE-Tox (Supporting Information File 2).

Results and Discussion

During the recent years, the number of peer-reviewed papers
related to nanoecotoxicology has increased exponentially.
According to Thomson Reuters WoS, 770 nanoecotoxicolog-
ical peer-reviewed papers that corresponded to keywords
“nano* AND ecotoxic*” were published between 2006 and
March 2015. The rapidly increasing number of scientific publi-
cations on ecotoxicity of ENMs over the past decade, has
inspired several review articles summarising the existing data in
the field [4,8,13,24-31]. However, each review has focused on
specific aspects and parameters of ENMs testing; therefore, it is
difficult to get an overview of all the factors (and their values)
that might influence the toxicity of ENMs. We have previously
collected and analysed ecotoxicological data for seven different
NPs (TiOp, ZnO, CuO, Ag, SWCNTs, MWCNTs and
Cgo fullerenes) and seven organism groups representing
different trophic levels (bacteria, algae, crustaceans, ciliates,
fish, yeasts and nematodes). Altogether 77 toxicity values were
analysed [24]. In our recent review [4], we summarised the
recent research on toxicological and ecotoxicological findings
for Ag, CuO and ZnO NPs including more than 300 toxicity
values. In addition to ecotoxicological test species the toxic
effects of studied NPs toward mammalian cells in vitro were
reviewed [4]. The bibliographic search performed in the current
study by using keywords listed in Table 1 resulted in nearly
500 individual papers. All the papers were thoroughly studied
for ecotoxicity data. Unfortunately, many of the retrieved
papers either did not concern the NP of interest or were review
articles. In addition, the importance of including synonyms in
keywords to increase the number of relevant articles in search
results was apparent (Table 1). For example, the search using
keywords “nano* AND ecotoxic* AND cerium *oxide”
resulted in 30 papers, whereas “nano* AND ecotoxic* AND
Ce02” resulted in 34 papers; remarkably, only 20 papers over-
lapped. The latter example was also true for other ENMs.

Analysis of the database: general overview of

the sources and contents of the papers

The search in Thomson Reuters WoS using the time span of “all
years” indicated that all the papers about ecotoxicity of ENMs
have been published within the last ten years. Almost half of the
papers retrieved from the initial bibliographic search, 224 of
500 articles from 66 journals, contained relevant nanotoxicolog-
ical information and were included in NanoE-Tox database
(Supporting Information File 2). From these studies 1,518 toxi-
city values were recorded with test conditions on toxicity
testing and physico-chemical parameters of NPs linked to the
toxicity data (further designated as ‘database entry’). Out of 224
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Figure 2: Information in the NanoE-Tox database for different types of engineered nanomaterials (ENMs): (a) number of scientific papers in the data-
base and (b) number and share of entries for each of the tested nanoparticles (ENM; number of entries; share of entries). One entry equals one line
that includes all the ENM parameters and toxicity test details. The database entries were selected based on bibliometric data search in Thomson
Reuters WoS using the keywords as indicated in Table 1 as of January 6, 2015.

scientific papers that were selected for the database the largest
number of papers concerned TiO, and Ag (80 and 71, respect-
ively) followed by ZnO and CNTs (35 and 34 papers). For
CeQ,, fullerenes and CuO, 15-18 papers were found and the
lowest number of papers was retrieved for FeO, (Figure 2a).
From the 1,518 toxicity values (entries) in the database, the
highest percentage (35%) concerned Ag followed by TiO,
(22%), CeO; (13%), ZnO (10%), CNTs (9%), CuO (6%),
fullerenes (4%) and FeO, (1%) (Figure 2b).

Chronologically, the first nanoecotoxicological studies included
in the database were published in 2006 and concerned TiO, NPs
and CNTs (Figure 3). The first papers on ecotoxicity of
fullerenes and ZnO NPs were published in 2007 followed by
Ce0,, CuO and Ag NPs at 2008. While ecotoxicological effects
of TiO, are still extensively studied, the interest in ecotoxi-
cology of CNTs has slightly decreased. Notably, the most rapid
increase rate appears to be in the number of published papers
about nanosilver (Figure 3). The information on ecotoxicity of
FeO, particles started to emerge in 2009, i.e., later than for the
other selected NPs (Figure 3). These findings are coherent with
the literature survey by Kahru and Ivask [8] who showed that
according to the citation pattern, the focus of the environment-
related research shifted towards nanotoxicology by 2005 and
the ‘pioneering’ NPs in environmental safety studies were
CNTs, fullerenes, TiO,, SiO, and ZnO. The analysis of the
journals that contributed to the database revealed that more than
half of the relevant papers originated from seven journals: Envi-
ronmental Toxicology and Chemistry (29 papers), Environ-
mental Science & Technology (25), Chemosphere (18), Envi-
ronmental Pollution (12), Aquatic Toxicology (12), Science of
the Total Environment (11), and Journal of Hazardous Ma-

terials (10 papers) (Table S4, Supporting Information File 1).

Cumulative number of papers

Fullerene

Figure 3: Evolution of nanoecotoxicological information about eight
different nanomaterials according to the number of papers in NanoE-
Tox database. The database entries were selected based on biblio-
metric data search in Thomson Reuters WoS using the keywords as
indicated in Table 1 as of January 6, 2015.

Analysis of the database: physico-chemical

characterisation of nanomaterials

The physico-chemical characteristics of ENMs included in the
NanoE-tox database can be divided to intrinsic properties and
properties that are specific to the test environment. The intrinsic
characteristics are: name, CAS number, origin, shape, initial
coating or functionalization, primary size, possible impurities,
surface area and other observations, and the test environment-
specific characteristics are: media, size, dissolution and zeta
potential (Supporting Information File 2). Figure 4 illustrates
the distribution of the data on ENM characteristics in NanoE-
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Figure 4: NanoE-Tox database: available data on characterisation of ENMs. Pristine (a) and environment-specific (b) properties as a percentage of
all entries (1,518) in the database. Number of ENM parameters (shape, coating, primary size, impurities, surface area, other reported observations,

size in the test, dissolution, {-potential) by number of entry and by publication year (c) #N/A - data not available. The database entries were selected
based on bibliometric data search in Thomson Reuters WoS using the keywords as indicated in Table 1 as of January 6, 2015.

Tox database. Analysis of the papers revealed that in 99% of the
entries the origin of the ENMs was known and 80% of the
nanomaterials were obtained from commercial sources
(Figure 4a). The most common source for all ENMs was Sigma
Aldrich, 40% of all commercial particles were obtained from
there. TiO, particles were mostly purchased from Evonik Indus-
tries (former Evonik-Degussa).

Many authors have emphasised that understanding the real risks
of ENMs is a challenging task as there are several parameters
that might have an influence on the biological effects of ENM
[8,24,32-35]. Besides the chemical composition, the most
important parameter determining the toxicity of NPs is their
small size and size-dependent toxicity has been hypothesised in
various papers [36,37]. Indeed, particle size has been consid-
ered as one of the most important physico-chemical parameter
also in the papers collected in this study as this parameter was
reported for 93% of the entries in the database. For all rod-

shaped particles, also their length was reported. However, the
results showed that most of the particles that were used in the
224 selected papers, were rather heterogeneous as in many
cases the primary size was reported as a size range. According
to Burello and Worth [38] ENMs with a diameter larger than
20-30 nm act often as bulk materials; thus, the “true nano-
effects” are attributable to ENMs with smaller size. Indeed, in a
recent paper on toxicity of different sizes of Ag NPs to bacteria,
yeast, algae, crustaceans and mammalian cells in vitro Ivask et
al. [39] showed that the toxicity of 20, 40, 60 and 80 nm
monodisperse citrate-coated Ag NPs could fully be explained
by released Ag ions whereas 10 nm Ag NPs proved more toxic
than predicted. Analysis of the data in NanoE-Tox database
revealed that the particles were smaller than 10 nm in 17% of
the entries and in the size range of 10-30 nm in 45% of the
entries (Figure 4a). Therefore, more than half of the studies
have been performed using ENMs that should have size-depen-
dent nanoeffects but as in most cases the NPs were polydis-
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perse (i.e., had a broad size range) these effects were not often
observed. Specific surface area that is closely related to the size
of ENMs was reported in 37% of the entries (Figure 4a).

Another parameter that has been hypothesised to affect NP toxi-
city is morphology. For instance, some studies have shown that
rod-shaped ENMs or triangular nanoplates could be more toxic
than spherical ones [40-42]. However, the shape of ENMs was
mentioned only in 33% of the entries and most of the experi-
ments in the collected articles were performed with spherical
particles (Figure 4a).

In addition to particle size and morphology, surface coating
and/or functionalisation has been considered as an important
parameter determining the biological effects of ENMs. For
example, it has been discussed that coating on nanosilver plays
an important role in Ag NPs toxicity [4,43,44]. However, infor-
mation on initial coating or functionalisation of NPs was
provided only in less than half of the entries. This is alarming
because the surface chemistry of ENMs dictates their interac-
tions with biological molecules and cells [45]. Altogether, 44%
of the entries in the database contained information on NP
coating: 29% of these were coated and 15% uncoated. ENMs
were most often modified with citrate (31% of all coatings) and
polyvinylpyrrolidone (PVP; 24% of all coatings) (Figure 4a).
The high percentage of coated NPs in the database can be
explained by the fact that nanosilver which constituted 35% of
the database entries is frequently functionalised with different
coatings, polyvinylpyrrolidone (PVP) and citrate being the most
widely used.

A parameter closely related to NP surface properties is surface
charge. It has been shown that positively charged ENMs tend to
attach to the cellular surface that is negatively charged and these
interactions may cause cell membrane damage [13,46]. In most
studies {-potential is used as an indication of the surface charge
of ENMs and NPs are considered to be stable in aqueous
suspension if the {-potential is greater than £30 mV [47]. In
NanoE-Tox database, {-potential was reported in 40% of the
entries. Most of the studies were performed with negatively
charged ENMs (8% less than =30 mV, 25% —30...0 mV), 5%
of the experiments were done with ENMs that had (-potential in
the range of 0...+30 mV, and only 1% of the studies used stable
positively charged ENMs (greater than +30 mV) (Figure 4b).

Another important parameter affecting toxicity of ENMs is the
presence of impurities, for example presence of ‘seeding
metals’ (catalysts) in CNTs that may count for observed toxic
effects [48]. Purity of ENMs was reported in 34% of the entries;
65% of these cases mentioned purity as a percentage and 35%

of the entries identified residual elements. Other reported obser-
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vations, the most common parameters being crystal structure,
density, and absorbance, were specified in 33% of the entries

(Figure 4a).

Both in toxicological tests as well as in natural environments,
the bioavailability and toxicity of ENMs depends on their fate
in respective conditions [24,49]. In aquatic environment, ENMs
tend to form agglomerates that might lead to their precipitation
from the water phase; on the other hand, metal-based ENMs can
release potentially toxic metal ions due to dissolution [50].
Cu?', Zn*" and Ag", which can easily be released from respec-
tive ENMs are very toxic to a variety of aquatic organisms
already at concentrations of milligrams and even micrograms
per litre [4]. Analysis of the database entries (Figure 4b)
showed that the most often reported ENM characteristic in the
toxicity tests was hydrodynamic size (59% of all the entries)
that usually (in 82% of the entries) was measured using
dynamic light scattering (DLS) method. The data on hydrody-
namic sizes indicated that ENMs tend to agglomerate in test
conditions as 69% of the reported sizes were larger than 100 nm
(in comparison, nearly all respective primary sizes were less
than 100 nm). Dissolution of ENMs in toxicity tests was
reported in 33% of all the entries. From all the studies using
potentially soluble NPs (Ag, ZnO, CuO, CeO, and FeO,) only
half (51%) had measured the solubility of the particles.

As emphasised above, one of the goals of generating experi-
mental nanotoxicological data is to apply them in model devel-
opment that would allow for the comparison of physico-chem-
ical properties of ENMs with their biological effects (QNAR
models). It has been proposed that the QNAR models may even
partially replace the expensive animal tests for evaluation of
ENM related hazards [13]. Currently, there are a few QNAR
modelling studies available for NPs [51]. However, these
studies are based on relatively limited set of experimental data
and therefore, applicable only for a small range of ENMs and
organisms. Thus, in order to create a model with reasonable
predictive power, several physico-chemical properties as well as
data on a variety of NPs have to be included into the modelling
to correlate the properties with toxic effects [25]. To evaluate
whether the data in NanoE-Tox database might be suitable for
(QNAR-)modelling, we analysed how many physico-chemical
parameters of ENMs that could later be compared with the toxi-
cological data were reported in each study. Nine physico-chem-
ical parameters—shape, coating, primary size, impurities,
surface area, other reported observations, size in the test, disso-
lution, surface charge ({-potential)—were analysed for the rate
of being measured, i.e., how many of these were reported in one
entry. In most of the studies, 2—6 of these parameters were
reported (Figure 4c). Analysis of the data by year of publica-

tion revealed that despite of increasing number of nanotoxico-
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logical articles being published each year, some of these still
report only up to three parameters of ENM. On the other hand,
there were no studies where all nine selected physico-chemical
properties were explored, and in only 9% of the studies
7-8 parameters were reported. Hence, although the ecotoxico-
logical data on NPs are rapidly increasing, there is still a
shortage of accompanying information concerning physico-
chemical properties of ENMs that may limit the use of
nano(eco)toxicological data for QNARs.

Analysis of the database: ecotoxicological

data

According to the European Union (EU) regulation on Registra-
tion, Evaluation, Authorisation and Restriction of Chemicals
(REACH), the potential ecotoxicological effect of all chemical
substances (including ENMs) that are produced in a volume of
more than one tonne per year and sold in the EU must be evalu-
ated. The amount of tests required depends on the production
volume. If it exceeds 1 t/year, short-term tests with aquatic
invertebrates (preferred species is Daphnia) and plants (algae is
preferred) must be conducted. In case of the production volume
over 10 t/year additional short-term tests with fish and studies
of activated sludge respiration must be performed. Aforemen-
tioned aquatic studies must be performed also as long-term
experiments for substances produced over 100 t/year; in addi-
tion, early life stage toxicity tests on fish, short-term toxicity
tests on fish embryo and sac-fry stages and juvenile growth tests
on fish must be carried out. With production over 100 t/year
also terrestrial tests, short-term toxicity to invertebrates and
plants and effects on soil microorganisms, must be performed.
Finally, if the production volume for a certain substance
exceeds 1,000 t/year, long-term terrestrial toxicity tests must be
performed with invertebrates, plants, sediment organisms and
birds in addition to all the previously mentioned aquatic and
terrestrial studies [52].

To evaluate the compatibility of the toxicological data collected
to NanoE-Tox database with the regulatory requirements, we
collected the following data: type of test organism, test media,
test duration and temperature, illumination conditions, test
endpoint, toxicity measure and value. Also specific mecha-
nisms of toxicity and accumulation of NPs in the cells, tissues
or organs, and other observations were noted.

Organisms used for evaluation of biological
effects of ENMs

Though the exact production volumes of ENMs are unknown,
the estimated production of several ENMs exceeds the set
1 t/year limit [5]. Thus, according to legislation, several tests
have to be conducted to bring these ENMs to the market.
Organism-wise analysis of NanoE-Tox database revealed that
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information about effects of selected ENMs is available for 116
different test species (Table S5). Most of the experiments have
been performed with water flea Daphnia magna (337 entries),
followed by bacterium Escherichia coli (120 entries), unicel-
lular alga Pseudokirchneriella subcapitata (107 entries), fish
Danio rerio (66 entries), naturally luminescent bacterium Vibrio
fischeri (44 entries), and nematode Caenorhabditis elegans
(41 entries). In summary, by far the most often used test organ-
isms were crustaceans constituting approximately one third
(500/1,518) of all the tested species (Figure 5, Table S5,
Supporting Information File 1). The abundance of toxicity data
in crustaceans is likely derived from the mandatory reporting of
these data according to REACH legislation as stated above. On
the other hand, the amount of information about the effects of
ENMs on algae — another mandatory test for REACH — is much
more limited. With the keywords used in this study (Table 1),
no information was found on algal toxicity of fullerenes and
iron oxide and only one study evaluated the effect of CuO NPs
on algae (Figure 5). The latter indicates that even if there are
more publications on algal toxicity of ENMs, which were not
retrieved in this study, the effects of ENMs on algae have been
poorly studied. The same applies also to articles on effects of
ENMs on fish. In NanoE-Tox database, there are no studies on
the effect of CuO NPs on fish and only one study reported the
effect of CeO, NPs and two studies showed the effect of
fullerenes and FeO, NPs to fish. Interestingly, toxicity tests
with plants have been conducted with all 8 NPs. While rela-
tively many studies have been performed with bacteria, the
majority of them consider the effects towards potentially patho-
genic bacterial strains, e.g., Escherichia coli, Klebsiella pneu-
moniae, Pseudomonas aeruginosa, Staphylococcus aureus
(Table S5, Supporting Information File 1), which is likely
driven by the important application area of some types of ENMs
(TiO,, ZnO, CuO, Ag) as antimicrobials [4,53]. About 16% of
the entries in the database regard test organisms other than crus-
taceans, algae, fish, plants and bacteria. Those organisms
included yeasts, protists, amphibians, bivalves, cnidarians,
echinoderms, insects, nematodes, rotifers, snails and worms
(Table S5, Supporting Information File 1). Hence, quite a wide
range of test organisms has already been included in the evalua-
tion of biological effects of ENMs. This certainly increases
environmental relevance of these studies and the NanoE-Tox
database.

Environmentally relevant test conditions

Recently, it has been highlighted that though most of the ENMs
end up in the environment, relatively small amount of studies
have been conducted in conditions relevant to the nature [54-
56]. This was also reflected by the data collected into NanoE-
Tox: 79% of the studies were performed in various artificial test

media and only 15% in natural waters and 5% in soils, sludge or
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Figure 5: Types of test organisms used for evaluation of biological effects of selected ENMs in NanoE-Tox database. For each ENM, the left column
represents the number of entries and right column represents the number of respective publications in the database. The database entries were
selected based on bibliometric data search in Thomson Reuters WoS using the keywords as indicated in Table 1 as of January 6, 2015. The number

of papers and entries for different ENMs is also presented in Figure 2.

sediments. Generally, the test conditions were relatively well
reported in the majority of the analysed papers: the time of
exposure (test duration) was reported in nearly all cases, while
the test temperature was documented in more than 90% of the
entries and information about illumination (illumination condi-

tions/dark) was mentioned in 75% of the entries.

Toxicity endpoints used

The toxicity values for ENMs, irrespective of the endpoint,
were based on nominal concentrations of ENMs. As expected,
in most of the studies (77% of the entries) the toxicological
endpoint was viability (e.g., mortality, immobilisation, growth
inhibition, luminescence/fluorescence inhibition) while the
effects on viability were classically expressed as half-effective
(ECsg), half-inhibitory (ICsg), or half-lethal (LCsq) concentra-
tions. 28% of the entries reported ECsg values, 10% LCjs
values, 20% of the studies reported the concentration that did
not exhibit any effect to the test organisms, i.e., NOEC (no
observed effect concentration) values. However, some studies
did not report any classical toxicity values because only one or
two concentrations of NPs were tested by the authors; that did
not allow for the establishment of a dose-response curve and,
thus, calculations of E(L)C values. In addition, some papers
considered the effect of ENMs on reproduction or studied
possible malformations caused by ENMs that would be diffi-
cult to use for modelling purposes. As a result, the data that
could be used as comparative inputs for models to evaluate the
ecotoxicologial effects of ENMs is fairly limited in the data-
base.

Analysis of the data consolidated into NanoE-Tox
Nano(eco)toxicological studies have usually two main aims:
(i) the assessment of the toxic potential of ENMs, and
(ii) the elucidation of the mechanism of toxic action [4,25]. In
the following sections we will describe how NanoE-Tox data-
base addresses these aims.

Toxicity of engineered nanomaterials

According to EU’s regulation on classification, labelling and
packaging of substances and mixtures (CLP) [57], chemical
substances can be categorised as acutely or chronically toxic
based on the results of standardised toxicity tests (reviewed by
Crane et al. [58]) with fish (96 h), crustaceans (48 h) or algae
(72 or 96 h). While by legislation acute toxicity has only one
category (E(L)Csq of the most sensitive organism < 1 mg/L),
chronic toxicity can be divided into four sub-categories
(E(L)Csp <1 mg/L; E(L)Cs0 >1 to <10 mg/L; E(L)Cs¢ > 10 to
<100 mg/L; E(L)Csq > water solubility) that incorporate the de-
gradation rate and bioconcentration factor of the chemical
substance. Unfortunately, the latter two are not commonly
determined in ecotoxicological studies; thus, in NanoE-Tox
database bioconcentration factor has been reported only for
FeO, in fish larvae [59] and TiO; in coral tissue [60] and in
crustaceans [61]. In order to give an overview of the ecotoxi-
city data collected for NanoE-Tox database (Figure 6), the
hazard classification of ENMs was adjusted accordingly:
acutely very toxic and potentially chronically very toxic
(E(L)Csp < 1 mg/L), potentially chronically toxic (E(L)Csq >1
to <10 mg/L), potentially chronically harmful (E(L)Cso > 10 to
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<100 mg/L) and not classified (E(L)Cs¢ > 100). Figure 6
depicts median values of all EC5q, LC5g and 1C5( values with
minimum and maximum values from NanoE-Tox database.
Median ECs( values were calculated because these are the most
precise estimates derived from the concentration—effect curve
[62] and also, median ECs( values are often used in the QSAR
analysis [63]. Analysis of the sources of the median values
showed that most of the data in one data point originated from
one (red frame, 19 points) or two (orange frame, 10 points)
papers, only 18 median values were derived from 3 or more
papers (green frame).

Based on the median toxicity values of the most sensitive
organisms (i.e., theoretically representing the weakest link in
the ecosystem), the toxicity of selected ENMs decreased in the
order Ag > ZnO > FeO, > CuO > fullerenes > CNTs > TiO, >
CeQ,. However, when toxicity values that were derived from
three or more papers were considered, the order slightly
changed: Ag > ZnO > CuO > CeO; > CNTs > TiO; > FeO,.
The median values reported here are in general agreement with
those published previously [4,24,26] (Table 2). However, such
evaluation where the median values are derived across all
different test conditions and test species is not in accordance
with the current legislation. In order to be coherent with legisla-
tion, we next analysed the toxicity data obtained in standard
tests with fish (96 h), daphnids (48 h) and algae (72 or 96 h)
(Figure 7), i.e., the mandatory tests required under CLP [57] for
classification of substances, and applied the same hazard
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Table 2: Comparison of the median E(L,I)Csq values for different
species in NanoE-Tox database and previous reviews [4,24,26].

ENM

Ag

0602
CNTs
CuO

FeO,
fullerenes
TiOy

ZnO

E(L,1)Csg range in
NanoE-Tox

0.01-245 mg/L

8.5-46.6 mg/L
4.5-338 mg/L
0.32-569 mg/L

0.23-240 mg/L
1.5-11 mg/L
6.8-589 mg/L
0.05-3376 mg/L

E(L,)Csp range in other
reviews

0.01-38 mg/L [4]
0.04-39 mg/L [24]
0.1-100 mg/L [26]
1.0-500 mg/L [24]
2.1-100 mg/L [4]
0.71-127 mg/L [24]
#N/A2

0.25-100 mg/L [24]
39-11987 mg/L [24]
0.08-121 mg/L [4]

0.055-97.4 mg/L [24]
2 #N/A: not applicable.

ranking criteria as was used in Figure 6. This analysis showed
that the most toxic ENM was Ag that could be classified as
“acutely very toxic” and “potentially chronically very toxic”.
ZnO and FeO, were also ranked as “acutely very toxic” and
“potentially chronically very toxic” although less toxic than Ag.
It is worth mentioning that the classification of FeO, NPs was
based on only one study (entry in the database), warranting
further research of FeO, NPs for more accurate ecotoxicity
evaluation. According to median E(L)Cs values from the stan-
dard toxicity tests, CuO and CeO, NPs, CNTs and fullerenes
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Figure 6: NanoE-Tox database: toxicity of selected nanoparticles to different organisms (data filtered by keyword ecotoxic*). Median E(L,I)Csq values
+ minimum and maximum values. Colours of the frames surrounding the letters indicate the number of papers from which the respective data origi-
nates: red = 1 paper, orange = 2 papers, green = 3 papers. The whiskers indicate the variability of the data. Note the logarithmic scale of y-axis. The
E(L,1)Cs0 values used to derive the median values are from 113 papers and usually based on nominal concentration of the compound
[44,55,56,61,64-172]. The toxicity ranking is indicated with the coloured background: E(L)Csg < 1 mg/L — acutely very toxic, potentially chronically very
toxic (red); E(L)Csp >1 to <10 mg/L — potentially chronically toxic (orange); E(L)Cso > 10 to <100 mg/L — potentially chronically harmful (yellow);
E(L)Csg > 100 — not classified (green). The database entries were selected based on bibliometric data search in Thomson Reuters WoS™ using the

keywords as indicated in Table 1 as of January 6, 2015.
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fell into the category of “potentially chronically toxic” and TiO,

NPs were ranked as “potentially chronically harmful”.
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Figure 7: Classification of selected nanoparticles according to Euro-
pean Union CLP legislation based on their toxicity to fish (96 h), daph-
nids (48 h) and algae (72 or 96 h). Toxicity values were extracted from
Figure 6. Classification of NPs is based on the most sensitive
organism as described in CLP [57]. The number next to the symbol
indicates the number of E(L,l)Csq values used to derive the median
value and the number in the parenthesis indicates the number of
papers from which the respective data originates. Underlined numbers
indicate the datapoints (lowest E(L,I)Csq value for this ENM) used for
classification. Note the logarithmic scale of the y-axis.

Mechanism of toxic action

While after a decade-long research the exact mechanisms
of toxic action of ENMs are still debated, the main proposed
mechanisms can be outlined as follows: (i) physical
interactions of ENMs with cells or cellular components,
(i1) production of reactive oxygen species and resulting induc-
tion of oxidative stress, and (iii) toxic effect of released ions
from metal/metal oxide ENMs [13,25,28]. Analyses of the
information in NanoE-Tox database (Table S2, Supporting
Information File 1) revealed that the most often reported poten-
tial mechanism of toxic action for ZnO [128-132,173], Ag
[44,64-73,174-177], and CuO [55,64,73,126-129,173] NPs was
the release of metal ions. On the other hand, some studies have
also proposed that the toxicity of these ENMs might be at least
partially caused by the NPs themselves [73-84,178-181].
However, most of the studies reporting NP-specific effects of
Ag, CuO and ZnO used insoluble particles and tested them in
higher concentrations compared to the ones commonly reported
as toxic. Thus, it can be concluded, in accordance with some
previous studies [4,25], that in most cases the observed toxicity
of these three ENMs was triggered by toxic metal ions. Other
modes of toxic action reported for Ag NPs included destabilisa-
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tion of cell membranes/mechanical membrane damage
[89,175,182,183], oxidative stress [71,73,89,175,176,184,185],
DNA damage/genotoxicity [102,186,187], and binding to
sulfhydryl groups [100]. Similar effects were also demon-
strated in case of ZnO NPs [84-86,188-190]. The mechanism of
toxic action of insoluble ENMs like CeO, [109,110], CNTs
[116,133,191] and TiO, [153-156,192] was usually reported as
particle-driven mechanical membrane damage. NanoE-Tox
database contains only one study suggesting the mechanism of
toxicity of fullerenes (oxidative stress) [193] and there are no
data about possible mechanism of action of FeO, NPs.

Additionally, the information collected to the NanoE-Tox data-
base indicated that ENMs were readily ingested by different
organisms [55,72,77,119-123,192,194-202] and tended to accu-
mulate in them [55,59,60,69-71,84,122-126,159,176-
179,187,189,192,201-214] or on their surface [79,117-
119,126,136-140,196,215-218] (Table S3, Supporting Informa-
tion File 1). Similar findings have been reported in previous
studies [24-26,29].

Conclusion

NanoE-Tox database that is available as Supporting Informa-
tion File 2 of this paper is the first online-available database that
contains in-depth nanoecotoxicological information on eight
ENMs accompanied by considerable amount of information on
ENM physico-chemical properties, testing conditions and, to
some extent, also on mechanisms of toxic action. Hence,
NanoE-Tox enables the comparison of toxicity of ENMs across
different test species and, in addition, could provide valuable
input for computational toxicity modeling (e.g., QSARs) and
risk assessment.

The analysis of the database entries resulted in coherent data
with previously published studies: the most toxic of the selected
ENMs were Ag NPs followed by ZnO and CuO NPs and the
toxicity of these ENMs was largely triggered by their solubility.
Additionally, systematic collection of the data revealed several
gaps in the current knowledge about ENM ecotoxicity: (i) in
most cases the physico-chemical properties of the investigated
NPs were described insufficiently, (ii) relatively few experi-
ments have been performed with algae and fish, and
(iii) ecotoxicity tests with standard test organisms were often
performed with modified protocols (i.e., duration of the test was
either shorter or longer than required by the OECD or ISO stan-
dards). Although the NanoE-Tox database is limited to a
selected range of articles entered in the Thomson Reuters WoS
database by January 6, 2015 and retrieved by using specific
keywords, it provides a good overview of the existing ecotoxi-
cological information about Ag, CeO,, CuO, FeO,, TiO, and
ZnO NPs, carbon nanotubes and fullerenes.
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Abstract

There is a critical opportunity in the field of nanoscience to compare and integrate information across diverse fields of study
through informatics (i.e., nanoinformatics). This paper is one in a series of articles on the data curation process in nanoinformatics
(nanocuration). Other articles in this series discuss key aspects of nanocuration (temporal metadata, data completeness, database
integration), while the focus of this article is on the nanocuration workflow, or the process of identifying, inputting, and reviewing
nanomaterial data in a data repository. In particular, the article discusses: 1) the rationale and importance of a defined workflow in
nanocuration, 2) the influence of organizational goals or purpose on the workflow, 3) established workflow practices in other fields,
4) current workflow practices in nanocuration, 5) key challenges for workflows in emerging fields like nanomaterials, 6) examples
to make these challenges more tangible, and 7) recommendations to address the identified challenges. Throughout the article, there
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is an emphasis on illustrating key concepts and current practices in the field. Data on current practices in the field are from a group

of stakeholders active in nanocuration. In general, the development of workflows for nanocuration is nascent, with few individuals

formally trained in data curation or utilizing available nanocuration resources (e.g., ISA-TAB-Nano). Additional emphasis on the

potential benefits of cultivating nanomaterial data via nanocuration processes (e.g., capability to analyze data from across research

groups) and providing nanocuration resources (e.g., training) will likely prove crucial for the wider application of nanocuration

workflows in the scientific community.

Introduction

A tremendous growth in resources and tools to hold and orga-
nize large quantities of data has increased data availability to
scientists, engineers, and others in the scientific community.
Greater access to data repositories, data sharing platforms, and
data visualization tools creates opportunities to compare and
integrate information across a variety of diverse fields of study.
For fields like nanoscience, or the study of materials at the
nanoscale, this opportunity is particularly important given the
wide array of disciplines that are inherently involved in synthe-
sizing, testing, regulating, using, and developing new nanoma-
terial applications (e.g., chemistry, toxicology, ecology, risk
assessment, material science). The complexity of developing
tools for accessing, sharing, and viewing data relevant to nano-
materials has generated an entire field known as nanoinfor-
matics. This paper is one in a series and focuses on a particular
aspect of the nanoinformatics field, namely, the curation of data
related to nanoscale materials (nanocuration) [1]. For this
purpose, the experiences of three organizations (NCI, RTI and
CEINT found in the listing of authors) were compiled into a
questionnaire that was submitted to a further four organizations
in order to describe current practices. Articles in this series are
developed by the Nanomaterials Data Curation Initiative
(NDCI), which is part of the National Cancer Informatics
Program Nanotechnology Working Group [1]. Other articles in
this series discuss several key aspects of nanocuration (temporal
metadata, data completeness, database integration), while the
specific focus of this article is on the nanocuration workflow, or
the process of identifying, inputting, and reviewing nanomate-

rial data in a data repository (Figure 1).

Discussion
i. Importance and relevance of the workflow

to nanocuration

A workflow is a critical component of nanocuration for several
reasons. A workflow: 1) defines the process for data curation,
2) allows for comparison across data repositories to determine
areas of standardization and bottlenecks, and 3) provides a
consistent process for understanding the quality and complete-
ness of a dataset [2]. Defining the process for data curation
through the creation of a workflow presents an opportunity for

individuals in an organization to establish and standardize the

specific steps involved in identifying, inputting, and reviewing
nanomaterial data for storage in the associated repository. A
focused effort on each step in the workflow facilitates the iden-
tification of critical elements within and between each step,
such as information transfers from one individual to another,
quality control checks, and access rights necessary to input or
review data. When individuals in an organization or institution
document and define the data curation process, they not only
create a valuable resource for future review, revision, and
quality assurance/control (QA/QC) measures, but institutional-
ized workflows also facilitate the creation of training materials.
Training materials in turn enable multiple curators to work in
parallel, with a streamlined QA/QC process, and thereby miti-
gate redundant checking of curation decisions. This is critical to
nanoinformatics progress, since curation (manual data entry or
transfer from a data source) is the primary bottleneck to data
collection once a repository structure and language are solidi-
fied. Related to the second aspect of the importance of a work-
flow, comparison between data resources, workflows serve as a
written indicator of differences or similarities in underlying
assumptions, order of operations, and standardization levels of,
for example, data completeness. In comparing workflows from
different data repositories, curators may identify common chal-
lenges (e.g., acquiring additional experimental design details
from authors) or opportunities to leverage resources between
repositories. In some instances, such workflow comparisons
may lead to the use of common file formats, vocabulary, and
structure. Common file, vocabulary, and structure conventions
across data repositories in turn facilitates researchers and others
utilizing data from across repositories in analyses. Finally,
workflows facilitate researchers and other data users under-
standing the quality and completeness of the curated data.
Indeed, in addition to the data quality support provided by the
consistent curation practices of a defined workflow, the assess-
ment of data quality and completeness is expressly included in
two of the common curation steps articulated in Figure 1. Data
quality and completeness is the topic of another article in this
series and, thus, will not be discussed at length in this article.
Nevertheless, understanding these concepts in various reposito-
ries is necessary for researchers or others using the data since

different levels of quality or completeness are required for
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Figure 1: Common steps in nanocuration. The steps commonly included in nanocuration workflows are illustrated, including: 1) Identification of publi-
cations relative to the intended scientific purpose; 2) Preliminary assessment of data quality and completeness of selected in-house or publication
data for data quality and completeness (with assumption that any in-house data would be pre-identified within a project prior to the wider publication
search referred to in Step 1); 3) Data extraction of raw data and/or data from the publication; 4) Communication with publication authors; 5) Curation
of data into the intended repository and/or data format (e.g., ISA-TAB-Nano) leveraging common data elements (CDEs) from relevant ontological
resources (e.g., NanoParticle Ontology [NPQ]); 6) Review of curated data for data quality and completeness; 7) Release of curated data; 8) Update of
curated data as additional information is received from the authors. Though shown here in linear fashion, the order of these common steps for an indi-
vidual process may be flexible and iteration is expected. The specific steps in a workflow may also differ across repositories depending on the

intended purpose of the nanomaterial resource.

different uses of data (e.g., research prioritization, screening
level decisions about hazard, quantitative risk assessment) [3,4].

ii. Influence of organizational purpose or

goals on design and application of a workflow
A discussion of a curation workflow requires an understanding
of the curation purpose, (i.e., the objectives of the community
sponsoring the data repository and the intended function of the
repository). The diversity of communities and organizations
involved with nanocuration reflects the multidisciplinary nature
of nanotechnology. This diversity also has implications
regarding workflow details for each separate curation effort,
which inevitably involves validating data sources or character-
izing the “quality” of data entries. The three examples that
follow demonstrate the interplay.

For instance, the objective of the National Cancer Institute’s
(NCI) cancer Nanotechnology Laboratory (caNanoLab;
https://cananolab.nci.nih.gov/caNanoLab/) data portal is to

provide a comprehensive resource for individuals in the
biomedical nanotechnology research community to share data

that supports the use of nanotechnology in biomedicine (e.g.,
novel cancer diagnostic or therapeutic tools and technologies).
As part of NCI, caNanoLab uses a nanotechnology information
object model (nano-OM) to capture standardized nanomaterial
composition and characterization concepts [5]. The nano-OM
facilitates the use of Common Data Elements (CDEs) for cancer
nanotechnology research described in an established data
format for nanomaterial data, NanoParticle Ontology [6] (The
term Common Data Elements is used in particular by the
National Institutes of Health (NIH) in describing their
controlled vocabulary approaches, and refers to standardized
data types that are consistent across datasets and resources). The
use of the nano-OM in caNanoLab supports queries on publica-
tions, protocols, nanomaterials and associated compositions and
characterizations. These data can be used by modeling and
simulation tools to discover data patterns that guide decisions
on new biomedical research directions and novel nanomaterials.
Users can focus on particular nanomaterial(s) and biological
phenomena through selection criteria for literature and research
protocol sources that are curated into the repository. Based on
the objectives of the repository, the workflow process must
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incorporate data and metadata (i.e., information about the data)
related to: 1) nanomaterial physicochemical characteristics,
2) in vitro and in vivo assays that analyze nanomaterial prop-
erties, biological interactions, toxicity, or efficacy, and 3) infor-
mation on the protocols used to analyze these nanomaterials and
any associated publications.

In contrast, the purpose of RTI International’s Nanomaterial

Registry (NR; https://www.nanomaterialregistry.org/) is to

collect validated data from a broad field of accessible nanoma-
terial sources relevant to not only medical applications, but also
the environmental implications of nanomaterials and their
impact on human health and safety. While selection criteria
regarding data sources remain a necessary element to the cura-
tion workflow, the NR uses an internally defined compliance
score (minimal information about nanomaterials [MIAN]) to
communicate the relative extent of physicochemical test data
completeness to users [7]. This workflow process allows the NR
to convey data quality information without restricting the
incorporation of data into the repository due to a lack of infor-
mation on experimental design, conduct, or outcome reported in

the literature.

Finally, the Center for Environmental Implications of
NanoTechnology (CEINT; http://www.ceint.duke.edu/) gener-

ates a wide array of nanomaterial data including characteriza-
tion of pristine and naturally transformed particles, fate and
transport data, toxicity data, and information on ecological
impacts not limited to toxicity (e.g., nutrient cycling impacts)
from laboratories within the Center and from collaborators.
These laboratories represent a variety of scientific disciplines
and use or develop well-founded, yet innovative procedures that
may eventually be standardized. The CEINT-NIKC (CEINT
NanolInformatics Knowledge Commons) focuses on developing
the infrastructure and data gathering practices necessary to
capture the full value of the Center’s multidisciplinary activi-
ties for integration and analysis not only of internally generated
data, but also with any relevant literature that can also be
curated into the system. The expectation is that some of the crit-
ical data may reside beyond publicly available peer-reviewed
articles, and thus may need to be solicited directly from
researchers (e.g., via theses, lab notebooks, spreadsheets). In
this case, the primary selection criterion for including data in
the repository is that the data are directly relevant to the driving
research questions of the Center. The driving research ques-
tions focus on: 1) elucidating the characteristics of materials
and systems, and 2) mechanisms driving nanomaterial behavior
in complex systems; thus, data in the repository span a range of
traditionally separate disciplines. Furthermore, the dynamic
nature of nanomaterials in terms of changes in chemical

identity as they migrate environmentally must be matched by an
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equally dynamic interaction of these disciplines in regularly
evaluating both current and past data. This is not a matter of
only data quality, but also of identifying new, useful concepts
that bind the disciplines together for a common community
purpose. The workflow process thus must be well-defined, yet
flexible enough to incorporate new types of data or linkages
across data types (e.g., dissolution rate at a particular pH and

toxicity in a specific organism).

These three organizations (caNanoLab, NR, and CEINT-NIKC)
differ in sourcing data to be curated (established protocols,
literature sources, primarily internal or fully external), the
intended users (medical researchers conversant with bioinfor-
matics, the general nanotechnology public, and Center investi-
gators), and function (modeling for repeatable experimentation,
accessing nanomaterial sources, exploratory research requiring
coordination among disciplines). For each, “high quality”
means fit-for-purpose and thus the curation workflow is inte-
gral to meeting the community’s goal. The existence of estab-
lished workflows in each organization allows for the identifica-
tion of common challenges associated with the development or
use of the workflow process. These challenges include:
1) establishing a minimal information set to include in the
workflow, 2) determining a vocabulary (based on standards as
much as possible) for the curators to use, and 3) defining how
the data quality and validation are ensured in the workflow. In
all three cases, the purposes of the repository necessitated that
the workflow design include an opportunity to contact the
investigators who developed the data (i.e., authors of peer-
reviewed articles, Center members) in order to obtain complete
and high quality data sets. In addition, the workflow can help
facilitate sharing data across these or other resources. For
instance, different organizations can incorporate a common data
format in their respective workflows. An example data format is
ISA-TAB-Nano, which is a file transfer protocol for querying
among federated data repositories that are independently main-
tained by organizations with related, but not necessarily over-
lapping objectives [8]. Communication among federated reposi-
tories allows each separate community to tailor the workflow to
their available resources, especially in this fluid period of
debates regarding dose metrics, physicochemical characteriza-
tion data sets, and protocol standardization.

Notably, in some organizations the term “curation” may be used
in a less formal sense to simply describe the process used to
identify data and integrate it into a data repository system.
The process to formalize a curation workflow may take place
after an initial phase of simply working through the
informal process. The process of formalizing the curation
workflow may be particularly important when a group

expands or opens their repository to contributions from
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stakeholders outside of the research group. NanoDMS
(http://biocenitc-deq.urv.cat/nanodms/), an FP7 project in the

European Union, represents an example of using an informal
curation workflow that may become more formalized during the
group’s maturation. Ultimately, the purpose of the organization
or group that develops the data repository not only drives the
development of the workflow process, but may also determine
how and when the workflow process is incorporated into the

curation effort.

iii. Established methods for workflows in

mature fields

Organizations or groups that are working to incorporate or
further develop a workflow for nanomaterial data curation may
benefit from adapting methods established in other, perhaps
more mature, fields (e.g., bioinformatics). In general, other
fields utilize one of two approaches: 1) establish specific file
formats with standardized vocabularies and fields, or 2) create
collection formats at a generalized level to allow for the varia-
tion and uncertainty across a field. As a specific example of the
first approach, the genomics community has developed a cura-
tion workflow that uses standardized file formats for both
metadata and raw DNA sequence data for submissions
into standard repositories [9]. A validation tool (Picard,
http://broadinstitute.github.io/picard/) is then used to verify that

the data fits the standard. An example of the second approach
can be found within the C. elegans field with the WormBase
repository (http://www.wormbase.org/#01-23-6). Notably, the

genomics and WormBase workflows also take different
approaches to the responsibility of entering data into a public
repository. The genomics field requires authors to submit their
own data using the provided file formats, whereas WormBase
has a group of data curators responsible for identifying,
entering, and managing data in the repository. Giving authors
the responsibility of submitting data in standard formats to
established repositories is an avenue for discussion in the nano-
material community. Indeed, the NCI Alliance for Nanotech-
nology in Cancer now expects grantees to submit and share data
using an established repository, caNanoLab (http://
grants.nih.gov/grants/guide/rfa-files/RFA-CA-14-013.html).
The extent to which other funding organizations add require-

ments for authors to share data in specified repositories will
likely depend on a variety of factors, including the usability and
accessibility of simple workflows for adding data to a reposi-

tory.

iv. Current practice in nanocuration workflows
— Stakeholder responses to questions

To understand how practices in more established fields compare
with the current state of nanocuration workflow practices across

the field, the NDCI Leadership requested input from several
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individuals currently involved in developing nanomaterial data
repositories. Seven representatives from organizations of
different sizes and sectors (e.g., academia, government)
responded to requests for input. Three of the respondents are
also authors of this article since they represent organizations
active in the nanocuration field. While the responding organiza-
tions represent a diverse swath of the nanomaterial field, the
views presented here are not intended to provide a comprehen-
sive representation of nanocuration workflows; rather, the intent
of presenting these stakeholder responses is to help identify
challenges and opportunities for improvement in nanocuration
workflows by providing a snapshot in time of current practices.
Additional details on the process used to contact and gain infor-
mation from respondents is available in [1]. Briefly, the NDCI
requested input from stakeholders in the fall of 2014 and winter
of 2015 (November to January) on questions related to:
1) Sourcing data for nanocuration workflows, 2) Entering and
reviewing data in a workflow, 3) Creating and revising a work-
flow, and 4) Interacting with other organizations to develop a
workflow or populate their repository. Stakeholder responses
are summarized below and in Figures 2—-5 with additional

details available in Supporting Information File 1.

a. Sourcing data for nanocuration workflows

As shown in Figure 2, two stakeholders consistently use estab-
lished criteria for selecting data from the peer-reviewed litera-
ture to include in their repository, while four others report using
loosely established, situation-dependent criteria. Most stake-
holders (4 of 7) do supplement information in journal articles
with information from other sources (e.g., searching for the
paper in other databases) (Figure 2), since this approach
provides a valuable source of supplemental data (see Supporting
Information File 1 for details). When using sources other than
peer-reviewed articles, stakeholders did consistently use estab-
lished criteria (Figure 2). However, the majority of stake-
holders (5 of 7) responded that their workflow does not
currently include a quality assurance (QA) process. The two
examples of a QA process included: 1) a manual review of data
identified through a semi-automatic natural language processing
(NLP) data extraction procedure, and 2) a second individual
checking the initial curation (see Supporting Information File 1
for details).

b. Entering and reviewing data in a workflow

After determining how to source nanomaterial data for a reposi-
tory, repository developers may establish guidelines for entering
and reviewing data in the workflow. Of the stakeholders who
responded to the NDCI request, just over half had individuals
who are explicitly identified as a curator enter nanomaterial data
(4 of 7 explicitly identified curators, with 3 of the 4 being
specifically trained as a curator; Figure 3). In most cases, there
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Figure 2: Stakeholder responses regarding sourcing Data. Stakeholder responses to questions related to sourcing nanomaterial data in a workflow
for a data repository. Full text of stakeholder responses is available in Supporting Information File 1.

was no process for non-curators to submit data to the repository
(Figure 3). One example of a process for others to submit data
consisted of researchers sending data in a standardized format
(ISA-TAB-Nano) to a single person designated as responsible
for data entry. Another stakeholder has a clearly defined and
publicly available user’s guide for external submissions (see
Supporting Information File 1 for details). Most respondents did
note plans to develop a formal process for data submission in
the future (see Supporting Information File 1 for details). All

Number of Stakeholder Responses

Data entry done by formally
identified curators?
Process for non-curators to
submit data?

Role for crowd-sourcing data
entry or management in
your database?
Curators differentiate peer-
review, standard protocols,
raw, processed data?

MYes MYes(Trained)

stakeholders distinguish peer-reviewed data from other types of
information; however, not all further distinguish the data type
(e.g., protocols, raw or unprocessed data) and some note that
their repository only includes in-house data or only includes
peer-reviewed data (Figure 3 and Supporting Information
File 1). The majority of stakeholders (4 of 7) have a process in
place to weed out or deprecate data, although they generally do
not have a formal change log in place to document changes
(only 1 of 7 stakeholders has a change log) and only two of
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Figure 3: Stakeholder responses regarding data entry and review. Stakeholder responses to questions related to entering and reviewing data in a
workflow. Full text of stakeholder responses is available in Supporting Information File 1.
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seven explicitly mark and/or remove “rejected data” (Figure 3).
Five of the stakeholders currently capture information related to
test method reproducibility or replicability (Figure 3), though
this typically occurs only through indirect measures (e.g.,
number of replicates, number of times protocol has been run
in-house), or only in instances that data appear “interesting”
(see Supporting Information File 1 for details). Only two of the
stakeholders who responded currently capture information on
test method sensitivity in completing their workflow (Figure 3);
in one case this refers to the structural ability to incorporate
sensitivity analyses if included in the publication, while in the
other the functionality to carry out sensitivity analyses through
query was part of the system design. In contrast, almost all
stakeholders (6 of 7) consult advisors with relevant expertise if
questions arise about data being entered through the workflow
(Figure 3).

c. Creating and revising a workflow

As discussed in Section i (Importance of the workflow in data
curation), there are a number of advantages to capturing the
process for sourcing, entering, and reviewing data into a formal
workflow. The majority of the stakeholders stated that they
have written a workflow document to capture their process
(5 of 7; Figure 4). These documented processes range in their
formality and level of development; two stakeholders noted that
they only recently developed a written workflow, while another
stated that they were in the process of developing the documen-
tation (see Supporting Information File 1 for details). The
majority of stakeholders (4 of 7) reported drawing on other
resources when creating their workflow. Most stakeholders
(5 of 7) do not have a protocol in place to manage changes to
their workflow (Figure 4), which might be expected since work-
flow documentation is in the early stages for this group of

O kN WA n oo~
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respondents. In addition, many (4 of 7) replied that they have
not established specific future milestones for workflow
improvements. In contrast, most stakeholders (6 of 7) did have a
process in place to apply changes in the workflow to previously
curated data (Figure 4). Such change processes seem particu-
larly important in a field where the resource infrastructures and
the curation processes are still in development.

d. Interacting with other organizations to develop a
workflow or populate their repository

Efforts to work with publishers, journal article authors, and
others involved in nanocuration can be beneficial in developing
a workflow and populating a repository. However, based on
stakeholder responses, it may be too early in the development of
nanoinformatics infrastructures to see the establishment of such
relationships. Respondents stated that there has been little
activity to date in the nanocuration field to work with publishers
on these issues, although there is recognition of the eventual
importance of this aspect (Figure 5). One stakeholder did
express interest in discussing the topic with publishers and
noted that their organization includes individuals who serve as
journal editors, which could facilitate such conversations (see
Supporting Information File 1 for details). Compared to efforts
to work with publishers, stakeholders indicated that there have
been more efforts to contact journal article authors (5 of 7
stakeholders indicated they contacted authors; Figure 5). Yet,
stakeholders who did make an effort to contact authors had
dichotomized views of how willing authors were to share data
or characterization protocols (Figure 5). Several stakeholders
stated that authors were generally cooperative (but included
caveats), while another stated that authors generally were not
helpful. The respondent suggested that a lack of cooperation
from authors could be due to a lack of interest in curating their
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Figure 4: Stakeholder responses regarding creation and revision. Stakeholder responses to questions related to creating and revising a written
workflow. Full text of stakeholder responses is available in the Supporting Information File 1.
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Figure 5: Stakeholder responses regarding working with other organizations. Stakeholder responses to questions related to interacting with other
organizations to develop a workflow or populate a data repository. In each panel, the response categories (e.g., “yes”, “no”, “N/A”) for each question
are provided in the legend. Questions are listed on the x-axis and the number of stakeholders responding in each category is on the y-axis. Full text of

stakeholder responses is available in Supporting Information File 1.

data and/or the fact that authors were no longer in the same pos-
ition (e.g., a PhD student generated data but had since gradu-
ated). One stakeholder noted that concerns about intellectual
property rights might limit some authors’ willingness to share
characterization protocols, while another suggested using estab-
lished mechanisms to connect with researchers (e.g., the
website ResearchGate) when requesting information from
authors (see Supporting Information File 1 for details). In the
longer term, curators could avoid the need to contact authors for
additional information if researchers also reported their data
using existing nanocuration resources (e.g., ISA-TAB-Nano) or
other metadata tracking frameworks; however, only four of
seven stakeholders stated that they encourage individuals to
submit data in a standard format (e.g., ISA-TAB-Nano)
(Figure 5). One reason that stakeholders provided for not using
a standard format is that the data repository is only used
in-house (see Supporting Information File 1 for details). To
encourage more support for researchers to use nanocuration
resources, stakeholders offered a variety of suggestions. Just
over half of the stakeholders supported journals or funding
agencies mandating that researchers use standard formats, while
the other stakeholders emphasized the need for voluntary
training or educational resources to encourage researchers to
invest the time necessary for capturing their data in standard

formats. Many stakeholders emphasized the need for signifi-
cant funding to support the establishment and adoption of stan-
dardized data sharing mechanisms (Figure 5; see Supporting
Information File 1 for details).

v. Key challenges related to curation

workflows for emerging and nanomaterials
While current practice in other, more mature fields provides
some insight for the development of nanocuration workflows,
the stakeholder responses described above indicate there are
several challenges that the community will need to address in
order to more efficiently and effectively develop nanocuration
workflows. Some challenges are perhaps universally applicable
to a variety of fields, both emerging and established, while
others are more unique to emerging fields such as nanomate-
rials (Figure 6). Both types of challenges are discussed below in
the context of what they imply for the development and applica-
tion of data curation workflows in the nanomaterial community.
The next section provides examples to illustrate the challenges
outlined here.

Challenges that may impact a workflow and are generally

applicable across the scientific community, include: 1) incom-

plete data in publications (i.e., an insufficient amount of infor-
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Incomplete data in publications

The need to manually extract data from publications
The tendency to share protocols and findings in the
scientific literature rather than in data repositories

A lack of funding for developing data sharing
formats and ontologies

A lag in or complete lack of null results in
publications
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Nanomaterial Curation Challenges

A lack of large, mature datasets to base the design
of data infrastructure

Slow development or adoption of standardized
ontologies, data sharing formats, and user-friendly
interfaces for data sharing

An inherent need for transdisciplinary
communication and collaboration

Figure 6: Scientific and nanomaterial curation challenges. Nanomaterial curation challenges expand on curation challenges inherent in general scien-

tific curation.

mation to reproduce an experiment or enable nanomaterial
comparisons), 2) the need to extract data manually from publi-
cations, 3) a tendency to share protocols and findings in the
scientific literature rather than in data repositories, 4) a lack of
funding for developing data sharing formats and ontologies, and
5) a lag in or complete lack of null results in publications (i.e.,
journals rejecting manuscripts with null findings, or researchers
not submitting data for publication until it includes at least one
positive finding). These challenges generally impact how a
workflow is or can be used (e.g., incomplete data in publica-
tions may require that the workflow include direct interaction
with study authors to the extent possible). However, a work-
flow alone is unlikely to influence the scientific community to
change its practices (e.g., investigators are unlikely to include
additional data in publications because those data are required
for one or more data repositories). To overcome these chal-
lenges in the nanomaterial community, and the scientific
community more broadly, community members will need to
understand the impact of current practices on data utility and
applicability. Greater discussion between community members
about the value of large data repositories and data sharing prac-
tices may have the greatest potential of driving toward resolu-
tion of these challenges. While the incentive of access to larger,
interoperable datasets may encourage researchers and funding
agencies to extend time, effort, and funds toward curating data
into shared repositories, additional incentives will likely be
necessary. As expanded on in Section vii, several incentives
could drive researcher-contribution of data, including: 1) funds
for data sharing by funding organizations, 2) requirements to
submit data to central repositories from funding organizations
or publishers, and 3) publication credit for dataset submission
(e.g., receipt of a digital object identifier for data submissions).
Ideally, these actions would be supported by data gathering
software (e.g., electronic notebooks) that can export datasets in
standard formats (e.g., ISA-Tab-Nano) and require minimal
data restructuring by researchers. This would thus facilitate data

curation that does not require a concerted effort separate from
the research itself.

In contrast to broadly applicable challenges, challenges that are
more unique to emerging fields, like nanomaterials, include: 1)
a lack of large, mature datasets on which to base the design of
data infrastructure, 2) slow development or adoption of stan-
dardized ontologies, data sharing formats, and user-friendly
interfaces for data sharing, and 3) an inherent need for transdis-
ciplinary communication and collaboration. Nanomaterial data
workflows can likely facilitate progress in overcoming these
challenges. For instance, by establishing and using a data cura-
tion workflow, caNanoLab, the Nanomaterial Registry, and
CEINT-NIKC are all developing large data repositories that can
guide the development of infrastructure for future nanomaterial
data repositories as well as iterate improvements to themselves.
The development and use of a workflow also inherently facili-
tates transdisciplinary communication and collaboration
through the incorporation of data from a variety of domains
(e.g., physicochemical, environmental transport, toxicity).
Indeed, a workflow process is one aspect of a nanoinformatics
approach that can actually be defined and followed in advance
of a mature field, as a part of intentionally documenting
research in pursuit of eventual data standardization. Seeing
workflows as a critical part of overcoming some of the current
challenges to nanocuration is perhaps one way to emphasize the
importance of the nanomaterial community utilizing and further
developing this integral piece of data curation. While nanocura-
tion is being discussed in this section in terms of challenges,
this effort is a response to the even greater challenge posed by
the responsible development of an emerging technology that is
fully expected to generate a large number of products and appli-
cations. Continuing the current tendency for each organization
to maintain its own database with local interpretations of
acceptable test protocols and data interpretation will impede the
pace of innovation when organizations repeat work already
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done, but not accessible to others, or when firms and regulators

are not aware of data pertinent to their discussions.

vi. Examples of the identified challenges

Examples of the challenges outlined above help illustrate the
importance of these issues and their impact on the goal of
understanding nanomaterial interactions and behavior in
different media. For instance, data curators at caNanoLab
encounter several of the challenges outlined above, and these in
turn impede the efficiency and effectiveness of the workflow.
Related to the challenge of incomplete information in publica-
tions, caNanoLab curators have identified incomplete datasets,
missing steps in protocol descriptions, and figures without
underlying data or descriptions. Without these details, curators
are unable to assess data quality and complete the curation
workflow. In some cases, curators can obtain the missing infor-
mation from study authors, but this slows the workflow process
and is not always possible. Related to challenges more specific
to the nanomaterial community, caNanoLab curators note that
inconsistent terminology and a lack of automated data sharing

tools impede the efficient implementation of their workflow.

Data curators at the Nanomaterial Registry have collaborated
with CEINT-NIKC researchers to curate some of the Center’s
findings into the Registry. While this collaboration will ulti-
mately benefit the nanomaterial community by adding to the
publicly-accessible repository, it actually highlighted some of
the challenges outlined above. Specifically, CEINT-NIKC staff
trained to curate the Center’s data into the Registry found that:
1) more data could be gathered when speaking directly to the
researcher rather than relying on their publications (e.g., publi-
cations did not always share all of the physicochemical charac-
terizations available on the nanomaterial tested, which were
later captured by speaking with the researcher), and 2) in at
least one case the original researcher had moved on from
CEINT and targeted communication, with an associated time
lag, was needed to retrieve additional information. Collabora-
tors from both the Registry and CEINT concluded that curating
from literature is not an optimal solution. This finding, and
similar experiences across the nanocuration field, suggests that
approaches like the NCI Alliance for Nanotechnology in Cancer
that require authors to add data into a public repository may
become more common practice moving forward.

vii. Recommendations: Opportunities to
leverage existing nanoinformatics resources
for workflows and practical next steps for the
nanomaterial community

Several opportunities exist to address the challenges discussed

above in ways that leverage existing nanoinformatics resources.
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These opportunities can be broadly categorized in two areas: 1)
to empower authors to submit data to repositories using stan-
dardized formats (e.g., ISA-TAB-Nano [8]) and nomenclature,
and 2) to expand and further develop existing tools and reposi-
tories for nanomaterial data. Specific actions that the nanomate-
rial community can take to make progress in each opportunity
area are outlined below to facilitate collaborative efforts in

nanocuration.

Related to the first opportunity area, current practices in the
nanomaterial community generally demand that curators of data
repositories manually enter data from publications in the scien-
tific literature. This practice not only slows down the workflow
process, but also can frequently result in incomplete data entries
or errors. To address this issue, the community could work to
shift the responsibility of data sharing to investigators. Such a
shift in responsibility could be spurred on by journal publishers
and funding organizations requiring investigators to add their
data to specified public repositories. In some instances, data
could be added to repositories prior to publication during the
data collection process in a non-public format, which could
easily be made public later in an article. Entering data into
repositories prior to publication could help reduce errors (i.e.,
minimize forgotten protocol details) and expedite the time to
publication by avoiding the need to enter all the data at once,
after completion of the study. If the repositories available for
nanomaterial data develop methods to facilitate interoperability,
then investigators could share their data with multiple stake-
holder groups by entering information in a standardized format
and ontology in one repository. This idealized scenario will of
course take time to realize, but will only become possible
through collaborative work in the nanomaterial community to
support nanoinformatics. Some of that collaborative work might
include the steps discussed below related to the second opportu-
nity area: expanding tools and repositories.

Individuals and organizations in the nanomaterial community
could consider mechanisms to enhance resources for develop-
ment work on the ISA-TAB-Nano data-sharing tool and asso-
ciated tools (e.g., time, opportunities for user community
discussions, budgetary support). Development projects could
focus on improving usability of the tool, automating some of
the functions, and building data-entry interfaces. Resources for
this work will be critical to support continued use of the tools,
but to expand use of ISA-TAB-Nano and related tools, the
community would benefit from opportunities for training. For
example, a series of facilitated web-conferences (e.g., WebEx)
or in-person workshops could provide valuable insight to new
users. Resources for similar events that focus on more estab-
lished users could support dialogue between data curators and

ISA-TAB-Nano designers so that the tool continues to evolve in
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ways most useful to the user community. These discussions
could also identify opportunities for workflow standardization
across data repositories, as well as identify additional topic
areas that would benefit from open dialogues in the nanocura-
tion community. For instance, community users might discuss
how natural language processing or other automated approaches
might facilitate bringing data into repositories through ISA-
TAB-Nano [10].

Recommendations proposed here have been based on the
current landscape of the nanoinformatics field, and are focused
on potential best practices to catalyze progress given the exis-
tence of multiple repositories and resources emerging from a
variety of independently funded efforts representing diverse
missions. It is not expected that a single unified resource for
nanomaterial data analysis would ever be practical or particu-
larly useful, given the established need for different levels of
detail, data domains, and functionalities based on the driving
purpose of the resource [1]. However, it may well be that some
streamlining and optimization would be beneficial as the field
matures, such that resources that have developed independently
but that share similar analytical purposes, target communities,
or sufficient CDEs might be merged into common resources to
maximize effectiveness and sustainability.

Conclusion

The curation workflow provides a means not only to share data
through nanoinformatics, but also to communicate underlying
assumptions about the data within and between organizations.
The development and implementation of an explicit workflow
process for nanocuration not only plays a role in building a
single data repository, but also in providing information about
standardization, common bottlenecks, and leverage points that
can benefit the community as a whole. Current repositories and
tools for sharing data provide a strong foundation for imple-
mentation of existing workflows such as those discussed above;
however, progress in expanding the development and use of
nanocuration workflows would benefit from efforts across the
scientific community to address the myriad of challenges that
face the implementation of nanocuration workflows (e.g.,
incomplete data in publications, funding for data sharing tools,
use of standardized ontology). We welcome input from the
nanomaterial community on the potential next steps to over-
come the challenges laid out in this article, and encourage
continued input as the effort moves forward. Interested commu-
nity members can share feedback or join the National Cancer
Informatics Program (NCIP) Nanotechnology Working Group
by visiting https://nciphub.org/groups/nanowg/overview, and

can learn more about the Nanomaterial Data Curation Initiative,
in particular, by visiting https://nciphub.org/groups/nanotech-

nologydatacurationinterestgroup/wiki/MainPage.
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Supporting Information

Supporting Information contains all stakeholder responses
that are summarized in Section iv (Current practice for
nanocuration workflows: Stakeholder responses to
questions) and Figures 2-5.

Supporting Information File 1

Stakeholder responses to Nanomaterials Data Curation
Initiative (NDCI) questions regarding current nanocuration
workflow practices (Note that respondents 5—7 are also
authors on this article).
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-189-S1.pdf]
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Abstract

To support nanocrystal device development, we have been working on a computational framework to utilize information in research
papers on nanocrystal devices. We developed an annotated corpus called “ NaDev” (Nanocrystal Device Development) for this
purpose. We also proposed an automatic information extraction system called “NaDevEx” (Nanocrystal Device Automatic Informa-
tion Extraction Framework). NaDevEx aims at extracting information from research papers on nanocrystal devices using the NaDev
corpus and machine-learning techniques. However, the characteristics of NaDevEx were not examined in detail. In this paper, we
conduct system evaluation experiments for NaDevEx using the NaDev corpus. We discuss three main issues: system performance,
compared with human annotators; the effect of paper type (synthesis or characterization) on system performance; and the effects of
domain knowledge features (e.g., a chemical named entity recognition system and list of names of physical quantities) on system
performance. We found that overall system performance was 89% in precision and 69% in recall. If we consider identification of
terms that intersect with correct terms for the same information category as the correct identification, i.e., loose agreement (in many
cases, we can find that appropriate head nouns such as temperature or pressure loosely match between two terms), the overall
performance is 95% in precision and 74% in recall. The system performance is almost comparable with results of human annota-
tors for information categories with rich domain knowledge information (source material). However, for other information cate-
gories, given the relatively large number of terms that exist only in one paper, recall of individual information categories is not high
(39-73%); however, precision is better (75-97%). The average performance for synthesis papers is better than that for characteriza-
tion papers because of the lack of training examples for characterization papers. Based on these results, we discuss future research

plans for improving the performance of the system.
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Introduction

Nanoscale research is a rapidly progressing domain and many
research papers containing experimental results have been
published. Because it is a very time-consuming task to read
through all related papers, several research efforts have been
conducted in the nanoinformatics research domain. This
includes the construction of databases for sharing the experi-
mental results [1-5], and the set-up of portals for sharing useful
information [6-12]. Those approaches try to support data collec-
tion processes based on human efforts. It is desirable to have a
framework to support information extraction from research
papers. This approach is widely used in other research domains.
For example, the GENIA corpus [13] was constructed to extract
biology-related information (e.g., genome, protein) and the
BioCreative [V CHEMDNER corpus [14] was created to extract
chemical and drug names. Based on such corpora, several
researchers have proposed a variety of methods for the extrac-
tion of information from research papers [15-17]. In the
nanoinformatics domain, only a few researchers have attempted
to automatically extract information from research papers [18-
20] and their frameworks are explicitly focused on nanomedi-
cine applications.

Nanocrystal device development [21-26] is an important area of
nanoscale research. To support analysis of experimental results
in this domain, extracting experimental information from
related publications is desirable. We previously constructed an
annotated corpus called “NaDev” (Nanocrystal Device Devel-
opment corpus) [27,28] for research papers on nanocrystal
device development. We also proposed a framework to extract
information from research papers by using machine learning
tools [29,30]. However, this system was only evaluated using
the corpus constructed in our preliminary experiment, which
was not sufficient to compare automatic information extraction
results with those from human annotators. In addition, in the
discussion of constructing NaDev corpus, we found that the
paper type (i.e., synthesis or characterization) affected the
style of writing, so the information extraction quality varied

according to paper type.

In this paper, we propose a framework for automatic informa-
tion extraction, NaDevEx (Nanocrystal Device Automatic Infor-
mation Extraction Framework) from research papers on nano-
crystal devices and evaluate the system using the NaDev
corpus. Furthermore, we discuss the quality of automatic
information extraction compared with that from human
annotators and conduct a failure analysis to identify future
research issues. In this analysis, we compare the results for syn-
thesis papers with the results for characterization papers to
better understand the effect of the type of paper on the system

performance.
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Before discussing our automatic information extraction experi-
ments using NaDev, we briefly review previous studies on
extracting useful information from research papers in other
domains and introduce our proposed system for automatic infor-
mation extraction.

Utilizing information in research papers using text-mining tech-
niques is an increasingly important trend in several domains. In
bioinformatics for example, several frameworks for automatic
extraction of biomedical entities from research papers have
been proposed [15,16]. In the chemical information domain,
different approaches compete to extract chemical entities and
drug names automatically from the literature [17] using the
BioCreative IV CHEMDNER corpus [14]. We can classify
approaches to information extraction and named entity recogni-
tion into two groups. One is a machine-learning approach that
uses a domain corpus, such as GENIA, to find typical patterns
for explaining useful terms. The other is a rule-based system
that uses rules to extract useful terms (e.g., use a list of chem-
ical symbols to identify chemical compounds). Many recent
systems have used a combination of both approaches.

For extracting information from nanocrystal device papers, we
have proposed an automatic information extraction framework
[29] using machine learning techniques. This approach tries to
extract information step-by-step. We call this step-by-step ex-
traction “cascading style extraction” [31].

A preliminary performance check of the automatic information
extraction system using the corpus developed for the prelimi-
nary experiment confirmed the appropriateness of the general
framework. However, the characteristics of NaDevEx were
not fully examined. In this paper, we conduct system evalua-
tion experiments for NaDevEx using the NaDev corpus and
analyze system performance compared with human annotators’
results. We also discuss plans for future research based on this

analysis.

Materials and Methods

NaDev corpus

The NaDev corpus [27,28] was constructed to identify experi-
mental information for extraction from nanocrystal device
development papers. In order to extract wide varieties of experi-
mental information, NaDev corpus uses full text of research
papers instead of abstracts that are commonly used for
constructing such corpora. Abstracts usually do not contain
detailed explanation about experimental parameters in relation
with output evaluation. It is necessary to extract such informa-
tion to analyze experimental results adequately. In this corpus,

eight information categories are annotated as useful informa-
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tion in papers related to nanocrystal device development. These

information categories are defined as below:

* Source material (SMaterial): Material used as input in
the experiment, such as InGaAs.

* Material characteristic feature (MChar): Characteristic
feature of the materials, such as hexagonal. Such feature
might be a result of manufacturing process or is a charac-
teristic feature of source material.

* Experimental parameter (ExP): Parameter for control-
ling experiment’s conditions, such as diameter or total
pressure.

* Experimental parameter value (ExPVal): Value of an
experimental parameter, such as 50 nm or 10 atoms.

* Evaluation parameter (EvP): Parameter that is used to
evaluate the output of the experiment, such as peak
energy.

* Evaluation parameter value (EvPVal): Value of an evalu-
ation parameter, such as 1.22 eV.

* Manufacturing method (MMethod): Method used in the
experiment to achieve the desired product, such as selec-
tive-area metalorganic vapor-phase epitaxy.

» Target artifact or final product (TArtifact): Final output
of the experiment, such as nanowires.

The NaDev corpus has 392 sentences. 2870 terms are anno-
tated using these information categories. Figure 1 shows a
sample of the corpus. Table 1 shows the number of categorized
terms in NaDev corpus.

Corpus construction

The corpus construction guideline [27] was prepared in collabo-
ration with a domain expert in nanocrystal device development
by using the results of the annotation experiments by domain
graduate students. In each experiment, two graduate students
were asked to annotate the same paper independently. Anno-
tated results were compared to check the reliability of the guide-
line. We used kappa coefficient to test inter-annotator agree-
ment (IAA) [32]. Two metrics were used for the analysis: tight
agreement, which considers the term boundary and term cate-
gory to decide the agreement; and loose agreement, which
ignores the term boundary, i.e., when a term overlaps with
a correct term of the same information category, we treat it as

correct (see Figure 2 for an example).

Table 1: Number of categorized terms in NaDev corpus.
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We report the position-controlled formation and the growth direction
control of [[MnAs [ifociusters ( N@§ ) on partially SiO,-masked GaAs
- substrates by

( SAEMIOVPE ) . At a relatively low EroWiRlemperatite of 750 C , [MnAs

[N@8 were grown not only in the opening regions of SiO, mask patterns but
on SiO; mask surfaces . The average density of unintentional
nanoprecipitates deposited on Si0, mask surfaces [SEISASEE with
increasing JJV/Mnf@fig of the supplied source gases .

Source Material (SMaterial): SiO,

Material Characteristic feature (MChar): -
Experimental Parameter (ExP): EiOWiNNCMperatite
Experimental Parameter Value (ExPVal): 750 C
Evaluation Parameter (EvP): growth direction
Evaluation Parameter Value (EvPVal): [IESIGaSed
Manufacturing Method (MMethod): SAEMOVPE

Target Artifact or final product (TArtifact): @8

Figure 1: Sample of NaDev corpus.

First annotation:\ <averaged height of the
=il
&Veraged heighDof the AHOCIUSIEES.
—
Target Artifact or final product (TArtifact): [[TANOCIISISHS

Evaluation Parameter (EvP): averaged height

Tight agreement

Second annotation:

Figure 2: Example of tight and loose agreement.

For the inter-annotator mismatch cases, we had meetings for
discussing these cases with the annotators, and collected
adequate annotation examples for further reference. Inter anno-
tator mismatches, in most cases occurred due to the difficulty to
set correct boundaries of the term, specially, in the EvPVal and
ExP information categories.

Corpus evaluation

Even though the corpus construction guideline reached a reli-
able level with loose agreement [29], it was necessary to eval-
uate this corpus and finalize it with a domain expert researcher
to ensure reliability. We classified the annotations of graduate

students into agreed and disagreed annotations. Careless

Information category SMaterial MMethod  MChar TArtifact ExP EvP ExPVal EvPVal Total
terms 780 136 381 416 262 365 234 296 2870
of total 27% 5% 13% 15% 9% 13% 8% 10%
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mistakes, such as one annotator missed to add an annotation, or
typical types of disagreement when annotators misunderstood
the guideline, were easily checked in the discussion after each
annotation experiment, so they were considered to be agreed

annotations.

To improve the consistency of the annotation and to overcome
problems found by examining the corpus, the domain
expert proposed few modifications to the corpus-construction
guideline.

With the revision of the domain expert, we found the corpus
contains two types of papers depending on the content and the
writing style. Four of the papers focus on the synthesis of new
nanomaterials [33-36], and the other focuses on the characteri-
zation of nanomaterials [37]. We have made a finalized version
of the five papers of the corpus based on the revision of the
domain expert. To evaluate the annotation reliability of the
graduate students, we compared this finalized version with the
original corpus constructed before the evaluation experiment.
Evaluation showed that, if we exclude the effect of the guide-
line modifications made by the domain expert, for synthesis
papers, the agreed annotation results obtained through discus-
sion after the annotation experiments have high precision for all
information categories (ranging between 96% and 100%).
Discussion between annotators after the annotation process is
important, because it can resolve mismatches caused by care-
less mistakes or misunderstanding of the guideline. Recall is
also high (ranging between 91% and 100%). For the characteri-
zation paper, the precision is high (ranging between 94% and
100%), but the recall is low because of the larger number of
disagreed annotations in this case. The lack of deep domain
knowledge of the students for the characterization paper
seems to have had a considerable effect on the quality of the

annotation.

We concluded generally that information categories such as
SMaterial, MMethod, and ExPVal tend to be easier to annotate.
Conversely, information categories such as the parameters ExP,
and EvP, and EvPVal tend to be more difficult to annotate,
requiring deeper domain knowledge, particularly for the charac-
terization paper. Most of the disagreed annotations in these
categories resulted from difficulties in setting correct bound-

aries for these information categories.

Automatic information extraction

Our information extraction system uses a cascading style ex-
traction based on machine learning. For example, chemical
named entities are useful for identifying source materials (e.g.,
As), and identification of source material is useful for identi-

fying term boundaries of experimental parameters (e.g., pres-
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sure of AsHj gas). The order of information categories for ex-
traction was designed by using the overlapping structure
between information categories. For example, for experimental
parameters and source materials (e.g., pressure of AsHj gas),
the extraction of source material should be prior to extraction of
experimental parameters. Figure 3 shows a procedure to extract
these information categories step-by-step.

First, linguistic features such as part-of-speech (POS) tags,
orthogonal features, and lemmatization features are generated
using the results from a morphological analysis tool [38].
Second, we use domain knowledge tools (i.e., the output of a
chemical named entity recognition tool [29], matching results
from a physical quantities vocabulary list, and a list of common
measurement units [30]) to generate domain knowledge-related
features (CNER, PAR, and UNT, respectively). For the latter
step, we used CRF++ [39], an implementation of conditional
random field (CRF) [40] as a machine learning system that uses
part of the corpus as training data for information extraction. In
each step, we use all the features generated by the tools,
including linguistic features and domain knowledge-related
features.

Results and Discussion
System implementation

The NaDevEx system accepts plain text as input and adds anno-
tations to the terms in the text that belong to the information
categories defined in the NaDev corpus construction guideline.

Information about the most recent version of the system, which
was used for these experiments, is as follows.

* Linguistic features: GPostLL tagger (ver. 0.9.3) [38].

* An orthogonal feature was added using regular expres-
sions based on the definition in [15].

* Domain knowledge-based features: (i) A chemical
named entity feature was added using SERB-CNER
(Syntactically Enhanced Rule-Based Chemical Named
Entity Recognition System) that we developed to anno-
tate chemical entities in nanocrystal device papers. (ii) A
parameter identification feature was added based on a list
of physical quantities: we compiled a list that contains
physical properties of matter (e.g., density, concentra-
tion), common parameters found in nanocrystal device
papers (e.g., height, conductivity), and several keywords
that usually correlate with parameters (e.g., ratio, rate).
The list was checked by nanocrystal device researchers
as a basic list for physical quantities. (iii) A parameter
value identification feature was added based on a list of
common measurement units.

* CRF tool: CRF++ (ver.0.58)
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Morphological

Legend: Tkn: token, POS: part of speech, Lema: lemmatization, Orth: orthogonal, CM: chemical
named entity, PAR: physical quantity matching, UNT: measurement unit list matching, SM: SMaterial,
MM: MMethod, MC: MChar, TA: TArtifact, ExP: ExP, EvP: EvP, ExPV: ExPVal, and EvPV: EvPVal

Figure 3: Outline of our automatic information extraction system.

The input for the CRF++ tool is in IOB format, which identi-
fies the position (beginning, inside, out of) of a token of text
related to a term. Figure 4 shows an example of input data for
the CRF++ tool.

For the training, NaDevEx first added linguistic features and
results of the domain knowledge-based systems to the original
texts. Then information about correct annotations was used to
train the machine learning system CRF++ in cascading style.
For the information extraction, the system used the same tools
to add linguistic features and results of domain knowledge and

used the learning results of CRF++ in cascading style to
generate the final answer.

Experiment plan

In this paper, we evaluate our automatic information extraction
system (NaDevEx) and discuss the characteristics of this system
by using the NaDev corpus. We design an experiment plan to
address the following three main issues:

» system performance analysis compared with human
annotators

B- B-
MnAs NP mnas TwoCaps B-CM SMaterial TArtifact (6] (0]
thin J thin Lowercase 0] [0} O I-TArtifact 0 (e}
films  NNS film Lowercase (0} 0 O |-TArtifact (0} (0}
have VHP have Lowercase 0 0 (0] 0] (¢} (e}
shown VVN show Lowercase (0} 0 (0] 0 (0} (0}
fe:gt':lag fe”m,';ag"Et lowercase O o o o B-EvP )

Legend: Tkn: token, POS: part of speech, Lema: lemmatization, Orth: orthogonal, CM: chemical
named entity, PAR: physical quantity matching, UNT: measurement unit list matching, SM:
SMaterial, MM: MMethod, MC: MChar, TA: TArtifact, ExP: ExP, EvP: EvP, ExPV: ExPVal, and

EvPV: EvPVal

Figure 4: Example of CRF++ input data.
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* system performance analysis for each type of corpus
paper (synthesis or characterization)
« effect of domain knowledge features on system perfor-

mance

System performance analysis compared with
human annotators

We evaluated our system performance using the NaDev corpus.
We used five-fold cross validation and calculated precision,
recall, and F-score. In each fold, we trained the system using
four of the five papers as training data and evaluated its perfor-
mance using the fifth paper. Because NaDev gold standards are
based on the annotation of the domain expert, those results
represent the comparison between NaDevEx performance and
the annotation of the domain expert. Because NaDevEXx is built
using machine-learning techniques, deep domain knowledge is
difficult to acquire using NaDevEx. Therefore, we contrast
NaDevEx performance with that based on agreement between
two novice annotators, as discussed previously. These compari-
son results represent the ideal level of annotation without deep

domain knowledge.

Table 2 contrasts the average performance for each information
category between NaDevEx and the human annotation results
compared with the annotation of the domain expert. Under-
lining indicates that the difference between NaDevEx perfor-
mance and the human annotation results is statistically insignifi-
cant at the 5% level (P> 0.05). The human annotations were
made prior to the released version of the guideline [27]. Recall
of categories that were subject to new definitions (SMaterial
and MChar) is underestimated. If we assume that all the new
added annotations based on the released guideline were identi-
fied by human annotators, recall of SMaterial and MChar is
increased to 0.99 and 0.93, respectively.

From Table 2, the performance of NaDevEx on the SMaterial
category is almost comparable with human annotation. For

Beilstein J. Nanotechnol. 2015, 6, 1872—1882.

MMethod, MChar, and ExP, performance is comparatively
good for precision but not so good for recall. For the other cate-
gories, the system performance is not so good for precision and
worse for recall. Based on the nature of the machine-learning
system, it is easier to extract the terms that appear in the
training data than ones that are unique in the test data. However,
if there are similar terms (e.g., a term that overlap with one in
the training data or terms used in similar context) in the training

data, the system can extract such terms.

There are several cases that show the term boundary identifica-
tion problem, especially for unique compound terms. To check
the effect of such problems, we used the loose agreement metric

as illustrated in Figure 2.

For human annotators, even though there were many cases of
loose agreement between the two annotators, discussion after
annotation experiments generally resolved these boundary
mismatch issues. Table 3 contrasts the average performance for
each information category for NaDevEx and the human
annotation results for loose agreement compared with the anno-
tation of the domain expert. Underlining indicates that the
difference between NaDevEx performance and the human
annotation results is statistically insignificant at the 5% level
(P> 0.05).

The differences between the evaluation results of Table 2 and
Table 3 reflect the difficulty of identifying term boundaries. For
NaDevEx, performance for loose agreement improves for all
information categories in precision and recall, especially for
TArtifact, EvP, ExPVal, and EvPVal. This shows that these
categories have many problems related to identifying term
boundaries. If we accept loose agreement as correct (in most
cases we can find appropriate head nouns such as temperature,
or pressure in loose matching terms), TArtifact and EvPVal
also become almost comparable with human annotation for
precision.

Table 2: Average performance of NaDevEx and the human annotation results compared with the annotation of the domain expert.

human NaDevEx
precision recall F-score precision recall F-score
SMaterial 0.97 0.79 0.87 0.95 0.94 0.94
MMethod 1.00 0.91 0.95 0.97 0.73 0.82
MChar 0.93 0.84 0.88 0.94 0.67 0.75
TArtifact 0.99 0.90 0.94 0.88 0.73 0.80
ExP 1.00 0.91 0.94 0.93 0.68 0.76
EvP 0.98 0.91 0.94 0.78 0.55 0.64
ExPVal 0.99 0.97 0.98 0.80 0.53 0.64
EvPVal 1.00 0.86 0.92 0.75 0.39 0.51
Total 0.98 0.86 0.91 0.89 0.69 0.77
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Table 3: Average performance of NaDevEx and the human annotation results for loose agreement compared with the annotation of the domain

expert.
human NaDevEx
precision recall F-score precision recall F-score
SMaterial 0.99 0.81 0.89 0.98 0.97 0.97
MMethod 1.00 0.91 0.95 0.98 0.73 0.83
MChar 0.94 0.85 0.89 0.96 0.68 0.77
TArtifact 1.00 0.90 0.95 0.96 0.79 0.86
ExP 1.00 0.91 0.95 0.97 0.71 0.79
EvP 0.99 0.92 0.95 0.86 0.60 0.71
ExPVal 1.00 0.97 0.99 0.92 0.62 0.74
EvPVal 1.00 0.86 0.92 0.88 0.46 0.60
Total 0.99 0.87 0.92 0.95 0.74 0.83

In general, Table 2 and Table 3 show that NaDevEx has prob-
lems in identifying term boundaries in categories where human
annotators have the same difficulty. However, discussion
between the annotators after each annotation experiment helped
to reduce these difficulties.

In addition, recall of the categories MChar, ExP, EvP, ExPVal,
and EvPVal is comparatively worse than that made by the
human agreement. For these categories, there are varieties of
compound terms that usually contain characteristic technical
terms within their boundaries. However, because of the vari-
ability in using these technical terms for constructing com-
pound terms, NaDevEx cannot extract such terms appropriately.
We discuss this issue in detail in the section “Effect of domain
knowledge features on system performance”.

System performance analysis based on type
of paper

System performance differs between synthesis papers and char-
acterization papers. Table 4 shows the average performance of

NaDevEx for four synthesis papers and one characterization
paper including loose agreement cases using five-fold cross
validation.

One reason for the lower performance with the characterization
paper is a lack of examples of sentences and terms that are
frequently used in characterization papers and not in synthesis
papers. To discuss this effect, we conducted a 10-fold cross
validation that uses four papers and half of the fifth paper as
training data, evaluated on the other half of the fifth paper.
Table 5 shows the average performance of NaDevEx on four
synthesis papers and one characterization paper using 10-fold
cross validation including loose agreement.

In this case, because we can use one-half of a paper as training
data, the number of terms that are unique to the test data
decreased. The performance for 10-fold cross validation is
slightly better than that for five-fold cross validation. However,
in total, the increased ratio for characterization with loose recall
was slightly better than that for synthesis papers.

Table 4: NaDevEx average performance on synthesis and characterization papers using five-fold cross validation.?

average synthesis papers

prec rec F L-prec L-rec
SMaterial 0.95 0.94 0.94 0.98 0.97
MMethod 0.97 0.75 0.84 0.98 0.76
MChar 0.94 0.78 0.85 0.96 0.79
TArtifact 0.93 0.79 0.85 0.95 0.81
ExP 0.91 0.77 0.83 0.96 0.81
EvP 0.80 0.57 0.66 0.88 0.62
ExPVal 0.81 0.57 0.66 0.95 0.67
EvPVal 0.74 0.41 0.53 0.87 0.48
Total 0.90 0.75 0.82 0.95 0.79

characterization paper

F prec rec F L-prec L-rec F
0.97 0.93 0.96 0.95 0.96 0.99 0.97
0.85 1.00 0.63 0.77 1.00 0.63 0.77
0.86 0.92 0.22 0.36 1.00 0.24 0.39
0.87 0.69 0.49 0.57 1.00 0.71 0.83
0.87 1.00 0.31 0.48 1.00 0.31 0.48
0.73 0.73 0.48 0.58 0.77 0.51 0.61
0.78 0.76 0.41 0.53 0.82 0.44 0.57
0.62 0.79 0.33 0.46 0.90 0.37 0.53
0.86 0.82 0.47 0.60 0.93 0.53 0.68

@prec: precision, rec: recall, L-prec: loose precision, L-rec: loose recall, F: F-score
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Table 5: NaDevEx average performance on synthesis and characterization papers using 10-fold cross validation.?

average synthesis papers
prec rec F L-prec L-rec

SMaterial 0.95 0.94 0.94 0.98 0.97
MMethod 0.96 0.81 0.87 0.96 0.81

MChar 0.95 0.83 0.89 0.97 0.84
TArtifact 0.95 0.85 0.90 0.96 0.87
ExP 0.93 0.81 0.86 0.98 0.86
EvP 0.80 0.63 0.70 0.88 0.69
ExPVal 0.81 0.67 0.73 0.93 0.77
EvPVal 0.75 0.48 0.58 0.88 0.56
Total 0.91 0.79 0.84 0.96 0.83

@prec: precision, rec: recall, L-prec: loose precision, L-rec: loose recall, F:

Effect of domain knowledge features on
system performance

As we have already discussed, it is difficult for the machine
learning system to find terms that are unique to the test data.
Table 6 shows the number of unique terms in each paper and
the system performance for extracting such terms.

Table 6: Unique term analysis for each paper.2

average characterization paper
F prec rec F L-prec L-rec F

0.97 0.96 0.97 0.96 0.97 0.99 0.98
0.87 1.00 0.63 0.77 1.00 0.63 0.77
0.90 0.84 0.35 0.46 0.87 0.37 0.49
0.91 0.71 0.53 0.61 0.98 0.75 0.85
0.91 0.59 0.33 0.42 0.88 0.46 0.61
0.77 0.77 0.47 0.58 0.87 0.53 0.66
0.83 0.69 0.46 0.55 0.78 0.51 0.61
0.68 0.78 0.35 0.48 0.93 0.41 0.57
0.89 0.80 0.51 0.62 0.93 0.59 0.72

F-score

For SMaterial, even though there are many terms that are
unique to the test data, the system can identify such terms with
a considerably higher coverage ratio than is obtained for other
information categories. In most cases, those terms are identi-
fied as Chemical Named Entities and the system can generalize
the training data by using the information that has been

synthesis papers

paper 1 paper 2 paper 3
uniq extracted  coverage uniq extracted  coverage uniq extracted  coverage
SMaterial 15 8 0.53 6 5 0.83 16 10 0.63
MMethod 0 0 NA 0 0 NA 14 4 0.29
MChar 6 2 0.33 23 7 0.30 25 14 0.56
TArtifact 11 3 0.27 12 4 0.33 17 9 0.53
ExP 8 5 0.63 10 0 0.00 7 3 0.43
EVP 11 3 0.27 27 2 0.07 21 4 0.19
ExPVal 26 10 0.38 13 5 0.38 20 6 0.30
EvPVal 29 13 0.45 33 10 0.30 39 15 0.38
Total 106 44 0.42 124 33 0.27 159 65 0.41
synthesis paper characterization paper
paper 4 paper 5 corpus average coverage
uniq extracted  coverage uniq extracted  coverage
SMaterial 12 0 0.00 7 6 0.86 0.57
MMethod 10 2 0.20 7 2 0.29 NA
MChar 10 1 0.10 68 3 0.04 0.27
TArtifact 13 2 0.15 46 4 0.09 0.28
ExP 11 1 0.09 22 0 0.00 0.23
EvP 52 11 0.21 49 17 0.35 0.22
ExPVal 38 11 0.29 23 8 0.35 0.34
EvPVal 44 10 0.23 52 9 0.17 0.31
Total 190 38 0.20 274 49 0.18 0.29

auniq: number of unique terms in each paper; extracted: number of terms
identified.

identified by NaDevEx; coverage: coverage percentage of unique terms
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provided by the CNER tool, discussed earlier. For the parame-
ters ExP and EvP, precision is good when the system can use
parameter list to identify parameter-related terms. However,
because of the insufficient coverage of parameter-related terms
used in nanocrystal device development, recall of these parame-
ters is worse than the results of human annotators.

These results show that preprocessing annotation based on
domain knowledge is generally promising, but coverage of the
parameter information based on a list of physical quantities is
not enough for nanocrystal device papers. As we have already
discussed in the section “System performance analysis
compared with human annotators”, there are many compound
terms that contain particular domain-specific terms within their
boundaries for characterizing categories. Figure 5 shows an

example of such domain-specific terms.

Human annotators might be able to recognize such domain-
specific terms with their domain knowledge. However,
NaDevEx lacks such ability, specially with small training exam-
ples. It is necessary to evaluate the effectiveness of such a list
by using a larger corpus.

Discussion

The performance of NaDevEx is good for precision (95% for
loose agreement overall), but is not good for recall (74% for
loose agreement in total) at present. For the information cate-
gory with rich domain-knowledge information (SMaterial), our
system performance is almost comparable with that of human
annotators. The precision of the system output is generally high:
it is good (more than 95%) for MMethod, MChar, TArtifact
and ExP but modest (more than 85%) for other categories
(EvP, ExPVal, and EvPVal) with loose agreement. In contrast,
the recall of the system is low (46—73%), even with loose

agreement.

Domain-specific term

Beilstein J. Nanotechnol. 2015, 6, 1872—1882.

It is necessary to take into account the effect of the corpus size.
As we discussed in Table 6, it is difficult to extract unique
terms that do not exist in the training data (percentage of the
unique terms among total terms is almost 30% (853/2870)). It is
better to check the percentage of the unique terms among total
terms when the size of the corpus increases. On the contrary,
identification of non-unique terms is comparatively easier for

such a small size corpus.

There are two possible research approaches to increase recall of
the system output. One approach is to increase the corpus size.
It is good to use one whole paper for clear understanding of the
role of the terms in the paper, but the varieties of terms are not
greatly increased because of the repetitive mention of terms. For
the next step, it may be better to construct an abstract-based
corpus to increase the variety of terms. It is also preferable to
have a balanced mixture of synthesis and characterization
papers. Another approach is to construct resources for repre-
senting domain knowledge. A list of terms that are frequently
used in nanocrystal device papers is helpful to extract related
terms that are in the list and variations of the terms based on the
head terms in the list. There are physical parameters that cannot
be extracted using the general physical quantities list (e.g.,
lattice, (111)B surface), so it is better to use vocabulary lists
that include the parameters in this domain.

NaDevEx can be used as a preprocessor to find research papers
that contain recent analysis results on nanocrystal devices to
support the data collection process. Because NaDevEx is good
at identifying source material, we can construct appropriate
queries to restrict the output to papers that discuss a particular
type of source material. Usage of other information categories
may work well for finding related papers in a precision oriented
manner, but it may miss papers because of the bad recall perfor-
mance. A possible solution to this problem is implementing a

NaDevEx:

Source Material (SMaterial): GalnAs , InP

Evaluation Parameter (EvP):

Correct annotation] lattice mismatch between GalnAs and InP layers
V.
Human annotator: lattice mismatch between GalnAs and InP layers

lattice mismatch between GalnAs and InP layers

lattice mismatch between GalnAs and InP layers

Figure 5: Domain-specific terms in NaDev corpus.
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framework that utilizes user-defined keyword lists as a knowl-
edge resource for extracting such information. Another is using
simple keyword search to find more papers that may contain

such information.

Conclusion

In this paper, we introduce NaDevEx, which automatically
extracts useful information from nanocrystal device research
papers based on the information categories defined in the
NaDev corpus. This system has almost comparable perfor-
mance with the human annotators for source material informa-
tion, because of the good performance of the chemical named
entity recognition system. For other categories, the precision is
good (better than 85% in case of loose agreement), but there is a
problem with recall because of the lack of examples, especially
for characterization papers. To improve the performance, we
discuss future research plans: increasing the corpus size by
using abstract texts and constructing resources for representing
domain knowledge (e.g., lists of parameters and manufacturing
methods).
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The use of data mining techniques in the field of nanomedicine has been very limited. In this paper we demonstrate that data mining

techniques can be used for the development of predictive models of the cytotoxicity of poly(amido amine) (PAMAM) dendrimers

using their chemical and structural properties. We present predictive models developed using 103 PAMAM dendrimer cytotoxicity

values that were extracted from twelve cancer nanomedicine journal articles. The results indicate that data mining and machine

learning can be effectively used to predict the cytotoxicity of PAMAM dendrimers on Caco-2 cells.

Introduction

In silico approaches, such as data mining and machine learning,
have been very successful in medicinal chemistry and are
commonly used to guide the design of small pharmaceutical
compounds [1]. In contrast, although nanomedicine is a rapidly
growing field [2], there have been only a few attempts to use
data mining techniques in this field. For instance, Liu et al.
analyzed a number of attributes of a variety of nanoparticles in
order to predict the 24 hour postfertilization mortality in
zebrafish [3]. Horev-Azaria and colleagues used predictive
modeling to explore the effect of cobalt—ferrite nanoparticles on

the viability of seven different cell lines [4]. Sayes and Ivanov

used machine learning to predict the induced cellular membrane
damage of immortalized human lung epithelial cells caused by
metal oxide nanomaterials [5].

As discussed in a previous paper [6], there are a very limited
number of databases compiling the properties of nanomedical
relevant compounds. We speculate that this has seriously
limited the use of data mining techniques in the field of
nanomedicine. However, in the above referenced publication,
we demonstrated that natural language processing (NLP) tech-

niques can be effectively used to automatically extract nanopar-
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ticle property information from the original literature. Here we
argued that this development opens the possibility to explore
the use of data mining and chemometric techniques to guide the
design of new, more effective treatments using nanoparticles. In
this paper we apply the methods of data mining and machine
learning to predict the cytotoxicity of poly(amido amine)
(PAMAM) dendrimers.

Cytotoxicity was the selected criterion because it is of key
concern for the nanoscience and nanomedicine community
[7,8], considering that high cytotoxicity is a definitive cause for
eliminating a material for potential human applications. Reli-
able prediction of cytotoxicity using in silico approaches pos-
sesses the potential for high payoff in nanomaterial develop-
ment, allowing the concentration of scarce development
resources to be directed towards the synthesis and testing of
promising materials with expected low levels of toxicity. Cyto-
toxicity can be determined by a gamut of in vitro toxicity assays
focusing on a number of cellular parameters including cell
viability, oxidative stress, genotoxicity, and inflammatory
response [9]. In this paper, we focus on the cell viability to
characterize cytotoxicity [10].

PAMAM dendrimers are good candidates for a data mining
methodological study because they are well documented and
have the potential to be highly useful as delivery vectors [11].
These nanoparticles are composed of a central core that is
surrounded by concentric shells, thus resulting in their well-
defined, highly branched structure [12,13]. The generation of
the dendrimer is determined by the number of concentric shells
that surround the core of the structure. These polymeric
nanoparticles can easily be tailored for specific applications.
Benefiting from their characteristic scaffold structures, they
have been demonstrated to be suitable carriers for a number of
diverse bioactive agents, improving the solubility and bioavail-
ability of poorly soluble ones [14,15]. These particular nanopar-
ticles are also promising for use in the treatment of cancer,
including oral formulations. In spite of all the desirable prop-
erties of dendrimers, there is a significant setback for their use
in biomedicine due to their potential toxicological effects,
which depend on the structure that is used. It has been shown
that cationic PAMAM dendrimers can have surface charge-,
generation-, and concentration-dependent toxicity [16-19].

The goal of this research is to demonstrate that data mining
methods like the ones used here can be a presynthesis step to
identify nondesirable PAMAM dendrimers that have a substan-
tial probability of high toxicity. It would thus be possible to
eliminate them from the early stages of the synthetic develop-
ment pipeline with reasonable confidence. This technique is not

meant to replace cytotoxicity assays in the laboratory, but rather
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to augment these methods. This method will bolster existing
cytotoxicity assays by providing the ability to determine rele-
vant compounds with low cytotoxicity and to eliminate weak-
candidate PAMAM dendrimers from synthesis and confirma-
tory testing. This work also illustrates a proof of concept that
data mining and machine learning can be applied to PAMAM
dendrimers to predict their biochemical properties. This result
could potentially be expanded to other nanomaterials in the

future.

Results and Discussion

Five different analyses were performed to classify a dendrimer
as toxic or nontoxic using different combinations of molecular
descriptors and experimental conditions. The first analysis
utilized all the molecular descriptors available in MarvinSketch
(see Experimental section and Table S1 in Supporting Informa-
tion File 1). The second analysis involved an automatic feature
selection method in which the molecular descriptors that were
used had a nonzero rank according to the ChiSquaredAttribute-
Eval method in Weka (see details in the Experimental section).
The ChiSquaredAttributeEval method determines the rank of an
attribute by calculating the chi-squared statistic with respect to
the class [20]. The third analysis used only the molecular
descriptors selected by expert advice (see details in the Experi-
mental section): molecular weight, atom count, pl, and molec-
ular polarizability. The fourth analysis included the same mole-
cular descriptors used in the second analysis in addition to the
experimental concentration (i.e., the amount in mM of PAMAM
dendrimer added to the human colon carcinoma Caco-2 cells
culture during the cytotoxicity analysis). The final analysis
independently assessed the performance of our best method by
randomly splitting the dataset into a training set, including 83 of
the values, and a test set, including 20 of the values in the
dataset.

The results for the first, second, and third analyses performed to
classify dendrimers as toxic/nontoxic are presented in Table 1,
Table 2, Table 3 and in Supporting Information File 1, Tables
S2-S4. The tables list the average precision, recall, F-measure,
and mean absolute error for the toxicity class prediction for all
classifiers considered here. The tables also contain the accuracy
value for the percentage of correctly classified instances. For all
analyses, all classifiers consistently had an accuracy at or above
60.2%.

For the first analysis, Table 1 and Table S2, the J48 and the
filtered classifiers show the best results in the 10-fold cross-
validation with an accuracy of 74.8%, while bagging, locally
weighted learning (LWL), and naive Bayes Tree (NBTree)
performed the best with an accuracy of 77.7% in the leave-one-

out cross-validation (Table S2). The results from the automatic
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Table 1: Results from the 10-fold cross-validation listed by classifier for the first analysis including all molecular descriptors. See Equation 14 for the
definition of precision, recall, F-measure, and mean absolute error and accuracy.

Classifier Precision Recall F-measure Mean absolute error Accuracy
Naive Bayes 0.654 0.660 0.655 0.3370 66.0%
SMO 0.738 0.738 0.725 0.2621 73.8%
J48 0.789 0.748 0.750 0.3077 74.8%
Bagging 0.746 0.738 0.740 0.3211 73.8%
Classification via regression 0.734 0.738 0.730 0.2978 73.8%
Filtered classifier 0.789 0.748 0.750 0.3077 74.8%
LWL 0.775 0.738 0.741 0.2966 73.8%
Decision table 0.678 0.660 0.664 0.3878 66.0%
DTNB 0.691 0.670 0.674 0.3490 67.0%
NBTree 0.696 0.670 0.674 0.3511 67.0%
Random forest 0.736 0.718 0.722 0.3077 71.8%

Table 2: Results from the 10-fold cross-validation listed by classifier for the second analysis including the automatically feature-selected molecular
descriptors. See Equation 1—4 for the definition of precision, recall, F-measure, and mean absolute error and accuracy.

Classifier Precision Recall F-measure Mean absolute error Accuracy
Naive Bayes 0.654 0.660 0.655 0.3370 66.0%
SMO 0.738 0.738 0.725 0.2621 73.8%
J48 0.789 0.748 0.750 0.3077 74.8%
Bagging 0.746 0.738 0.740 0.3211 73.8%
Classification via regression 0.734 0.738 0.730 0.2978 73.8%
Filtered classifier 0.789 0.748 0.750 0.3077 74.8%
LWL 0.775 0.738 0.741 0.2966 73.8%
Decision table 0.678 0.660 0.664 0.3878 66.0%
DTNB 0.691 0.670 0.674 0.3490 67.0%
NBTree 0.696 0.670 0.674 0.3572 67.0%
Random forest 0.736 0.718 0.722 0.2988 71.8%

Table 3: Results from the 10-fold cross-validation listed by classifier for the third analysis including the molecular descriptors selected by experts. See
Equation 1—4 for the definition of precision, recall, F-measure, and mean absolute error and accuracy.

Classifier Precision Recall F-measure Mean absolute error Accuracy
Naive Bayes 0.762 0.748 0.750 0.2822 74.8%
SMO 0.738 0.738 0.725 0.2621 73.8%
J48 0.789 0.748 0.750 0.3077 74.8%
Bagging 0.731 0.718 0.721 0.3217 71.8%
Classification via regression 0.762 0.748 0.750 0.3230 74.8%
Filtered classifier 0.804 0.757 0.760 0.3061 75.7%
LWL 0.834 0.777 0.778 0.3008 77.7%
Decision table 0.658 0.650 0.653 0.3980 65.0%
DTNB 0.658 0.650 0.653 0.3969 65.0%
NBTree 0.722 0.689 0.693 0.3454 68.9%
Random forest 0.758 0.748 0.750 0.2973 74.8%

feature selection analysis, using the ChiSquaredAttributeEval  These results do not differ drastically from those observed in
and ranker procedures as the attribute evaluator and search the first analysis, indicating that the use of automatic feature

method, respectively, are presented Table 2 and Table S3. selection does not improve the classification of toxicity in this
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study. Alternative automatic feature selection methods using all
the WEKA recommended pairings of attribute evaluator and
search methods were also tested but did not show any signifi-
cant improvement in classification prediction performance
when using the J48 classifier. These results are presented in
Table S7 in Supporting Information File 1. The classification
using the features selected by expert advice (Table 3 and Table
S4) show that the LWL classifier performed the best with an
accuracy of 77.7% in the 10-fold cross-validation. The leave-
one-out cross-validation (Table S4) had three classifiers that
performed with an accuracy of 78.6% (naive Bayes, bagging,
and classification via regression). There is an increase in accu-
racy across most of the classifiers between the 10-fold and
leave-one-out cross-validations. This is an interesting finding
because Kohavi noted that k-fold cross-validations typically
perform better than leave-one-out cross-validations [21]. This
might be an artifact of the dataset not being exactly 50-50 split
between toxic and nontoxic samples, thus leading to skewness
toward nontoxic predictions.

The decision tree used by the 10-fold and leave-one-out cross-
validation J48 classifiers for the first, second, and third analyses
is depicted in Figure 1. As shown in the decision tree, the
isoelectric point, pl, is the property that is used to classify the
dataset. This property represents the pH at which the net charge
of an ionizable molecule is zero. The decision tree indicates that
if the pl is greater than 12.63, then the dendrimers are toxic.
There are 59 PAMAM dendrimers that are classified as toxic of
which 21 are misclassified. If the pl is less than or equal to
12.63, then the dendrimers are classified as nontoxic. There are
44 PAMAM dendrimers classified as nontoxic of which 2 are

misclassified.

These results indicate that data mining and machine learning
can be implemented to predict the cytotoxicity of PAMAM

Beilstein J. Nanotechnol. 2015, 6, 1886—1896.

No
(44.0/2.0)

(59.0/21.0)

Figure 1: Decision tree for both 10-fold and leave-one-out cross-vali-
dation J48 classifier of the first, second, and third analyses. The values
indicated on the branches represent the rule or decision used for
making the classification. The boxes at the bottom represent the clas-
sifications with the number of PAMAM dendrimers classified as such
on the left and the number of exceptions (misclassifications) on the
right.

dendrimers on Caco-2 cells with reasonably high accuracy
using only molecular descriptors. The misclassifications
observed in Figure 1 are much more significant when exam-
ining the dendrimers classified as toxic because almost half of
these dendrimers are actually nontoxic. This constitutes a
substantial quantity of potentially useful dendrimers that are
being ruled out, indicating the necessity for further analysis to
decrease the number of false positives.

Table 4 presents the results using the best performing classi-
fiers from the previous section of the analysis using the expert-
selected molecular descriptors with the addition of the concen-
tration of dendrimers used in the experiments. No improvement
in prediction was observed when using either the filtered or
LWL classifiers, but the J48 prediction accuracy of the classifi-
cation improved to 83.5%. This substantial improvement in the
accuracy of the J48 classifications (from 74% to 83.5 %) shows
the importance of including the concentration information from
the experimental design in addition to the computed molecular
descriptors to properly classify compounds as toxic or nontoxic.

Table 4: Results from the 10-fold cross-validation listed by classifier for the fourth analysis including the expert-selected molecular descriptors with
cytotoxicity concentration. See Equation 1-4 for the definition of precision, recall, F-measure, and mean absolute error and accuracy.

Classifier Precision Recall
Naive Bayes 0.755 0.738
SMO 0.738 0.738
J48 0.838 0.835
Bagging 0.836 0.835
Classification via regression 0.742 0.738
Filtered classifier 0.804 0.757
LWL 0.834 0.777
Decision table 0.658 0.650
DTNB 0.658 0.650
NBTree 0.716 0.689
Random forest 0.769 0.767

F-measure Mean absolute error Accuracy
0.741 0.2984 73.8%
0.725 0.2621 73.8%
0.836 0.2203 83.5%
0.835 0.2618 83.5%
0.739 0.3157 73.8%
0.760 0.3061 75.7%
0.778 0.2995 77.7%
0.653 0.3980 65.0%
0.653 0.3969 65.0%
0.693 0.3347 68.9%
0.768 0.2483 76.7%
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The J48 decision tree for the analysis discussed above is
depicted in Figure 2. In this case, the pl, molecular weight, and
cytotoxicity concentration are the discriminators in the classifi-
cation. As can be seen, the feature representing the concentra-
tion of dendrimers used in the experiments is present in the
decision tree for this analysis. The diagram of the decision trees
generated from the J48 classifier illustrates important attributes
used in the accurate prediction of toxicity for PAMAM
dendrimers. The greatest prediction accuracies were achieved
after supplementing the expert-selected features with a
descriptor representing the experimental conditions by
including the concentration under which the cytotoxicity data
was acquired. Figure 2 has the same structure at the top level as
Figure 1: when the pl is less than or equal to 12.63, 44
PAMAM dendrimers are classified as nontoxic with an excep-
tion of 2 that are misclassified. However, when the pl is greater
than 12.63, it leads to other options in the classification of the
remaining PAMAM dendrimers. The decision made at the next
node is determined for a PAMAM dendrimer molecular weight
of <6908.8 Da or >6908.8 Da. If the molecular weight is
>6908.8 Da, 24 PAMAM dendrimers are classified as toxic
with four that are misclassified. If the molecular weight is
<6908.8 Da, there is another option for the molecular weight
being <3271.9 Da or >3271.9 Da. The final option can be made
considering the concentration target for the desired application

<12.63

No
(44.0/2.0)

<3271.9341

<6908.8403

Molecular_Weight
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of the PAMAM dendrimer. In Figure 2, it can be clearly
observed that the number of misclassifications (false positives)
has been significantly reduced due to this further analysis (from
21 in Figure 1, to 5 in Figure 2). Due to the significant decrease
in false positives, the accuracy of the J48 classifier improved.
There was a slight increase in the number of false negatives due
to this further analysis (from 2 in Figure 1, to 5 in Figure 2).

The classification scheme in Figure 2 identifies three clusters of
viable PAMAM dendrimers that have tolerable levels of cyto-
toxicity: those with a pl less than or equal to 12.63; those with a
pl greater than 12.63, but with molecular weights less than or
equal to 3271.9 Da that could be used up to concentrations of
less than or equal to 0.7 mM; and those with a pl greater than
12.63, with molecular weights between 6908.8-3271.9341 Da
that can be used in formulations requiring concentrations less
than or equal to 0.01 mM. When designing novel PAMAM
dendrimers, these guidelines could be used for developing
viable candidates exhibiting low to no cytotoxicity. This
demonstrates the importance of combining experimental condi-
tions with molecular descriptors to achieve the greatest predic-
tion accuracy in the classifiers and to find compounds that may
be viable under more restrictive conditions. Another important
observation is that the properties present in the decision tree
diagrams represent the more general properties of charge, size,

>12.63

Molecular_Weight

>6908.8403

Yes
(24.0/4.0)

>3271.9341

@totoxicity_ConcentratioD @otoxicity_ConcentratioD

<07 >0.7
No Yes
(10.0/3.0) (3.0)

<0.01

No
(10.0/1.0)

Yes
(12.0/1.0)

Figure 2: Decision tree for 10-fold cross-validation J48 classifier for the fourth analysis including the molecular descriptors expert-selected with the
concentration information of dendrimers used in the experiments. The values present on the branches represent the rule or decision used for making
the classification. The boxes at the bottom represent the classifications with the number of PAMAM dendrimers classified as such on the left and the

number of exceptions (misclassifications) on the right.
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and concentration, which have been hypothesized to be the pri-

mary causes of cytotoxicity in Caco-2 cells [22].

Table 5 and Table 6 show the data from the external validation
study that was performed to further validate the results
presented above. For this study, the dataset was randomly split
into a training set consisting of 83 cytotoxicity values, and a test
set consisting of 20 cytotoxicity values from the original
dataset. Table 5 presents the results from the analysis of this test
set using all of the molecular descriptors. For all but one of the
classifiers, the predicted accuracy was 65.0%, which is slightly
lower than the values obtained for the cross-validation analysis,
but the LWL classifier performed very well with an accuracy of
95.0%. This is an interesting finding considering that the
highest performance of this classifier in the first four analyses
was 77.7%. Table 6 shows the data from the analysis of the test
set using only the expert-selected features as well as the cyto-
toxicity concentration data. Again, the LWL classifier
performed with an accuracy of 95.0%, thus no improvement

Beilstein J. Nanotechnol. 2015, 6, 1886—1896.

was observed in the classification ability of this algorithm
between all molecular descriptors and the expert-feature-
selected molecular descriptors with cytotoxicity concentration
data. There are two algorithms that exhibited a large improve-
ment between Table 5 and Table 6, namely, the naive Bayes
and J48 algorithms. Both of these algorithms improved from a
prediction accuracy of 65.0% to 90.0%, which is substantially

higher than the values obtained in the cross-validation studies.

These results indicate that data mining and machine learning
can be implemented to accurately predict the cytotoxicity of
PAMAM dendrimers on Caco-2 cells. According to Figure 2,
the results also indicate that the properties such as charge, size,
and the desired concentration of the PAMAM dendrimers in the
formulation are the important properties in the prediction of
cytotoxicity on Caco-2 cells. We believe that the methods used
in this work can be expanded to analyze and predict many other
biochemically relevant properties of not only unmodified
PAMAM dendrimers but also for surface-modified PAMAM

Table 5: Results from the external validation test set analysis listed by classifier using all molecular descriptors. See Equation 1—4 for the definition of

precision, recall, F-measure, and mean absolute error and accuracy.

Classifier Precision Recall
Naive Bayes 0.803 0.650
SMO 0.803 0.650
J48 0.803 0.650
Bagging 0.803 0.650
Classification via regression 0.803 0.650
Filtered classifier 0.803 0.650
LWL 0.955 0.950
Decision table 0.803 0.650
DTNB 0.803 0.650
NBTree 0.803 0.650
Random forest 0.803 0.650

F-measure Mean absolute error Accuracy
0.617 0.3426 65.0%
0.617 0.3500 65.0%
0.617 0.2776 65.0%
0.617 0.2953 65.0%
0.617 0.3047 65.0%
0.617 0.2776 65.0%
0.950 0.2510 95.0%
0.617 0.4206 65.0%
0.617 0.4182 65.0%
0.617 0.2945 65.0%
0.617 0.2784 65.0%

Table 6: Results from the external validation test set analysis listed by classifier including the molecular descriptors expert-selected with cytotoxicity
concentration. See Equation 1—4 for the definition of precision, recall, F-measure, and mean absolute error and accuracy.

Classifier Precision Recall
Naive Bayes 0.918 0.900
SMO 0.803 0.650
J48 0.918 0.900
Bagging 0.888 0.850
Classification via regression 0.803 0.650
Filtered classifier 0.803 0.650
LWL 0.955 0.950
Decision table 0.803 0.650
DTNB 0.803 0.650
NBTree 0.803 0.650
Random forest 0.888 0.850

F-measure Mean absolute error Accuracy
0.900 0.1868 90.0%
0.617 0.3500 65.0%
0.900 0.1768 90.0%
0.849 0.2408 85.0%
0.617 0.3678 65.0%
0.617 0.2776 65.0%
0.950 0.2467 95.0%
0.617 0.4206 65.0%
0.617 0.4182 65.0%
0.617 0.3082 65.0%
0.849 0.2187 85.0%
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dendrimers. This method will bolster existing cytotoxicity
assays by providing the ability to determine relevant com-
pounds with low cytotoxicity for synthesis and confirmatory
testing. This thereby reduces the search space necessary for
developing biomedically relevant PAMAM dendrimers. This
work not only demonstrates a proof of concept that data mining
and machine learning can be applied to PAMAM dendrimers to
predict the biochemical property of cytotoxicity, but also indi-
cates that further studies including much larger data sets are
necessary to develop reliable and robust classification methods
that can be apply to a broader set of compounds, cell cultures
and experimental designs.

Conclusion

In this study, classification methods for predicting the Boolean
classification of cytotoxicity in Caco-2 cells treated with
PAMAM dendrimers were introduced. The results indicate that
data mining and machine learning can be used to predict the
cytotoxicity of PAMAM dendrimers on Caco-2 cells with good
accuracy. In the classification method explored here, it was
observed that the properties regarding charge, size, and concen-
tration of the PAMAM dendrimers are the most important prop-
erties in the prediction of cytotoxicity and cell viability of
Caco-2 cells treated with PAMAM dendrimers. To the authors’
knowledge, these results are the first application of data mining
and machine learning to predict the cytotoxicity of PAMAM
dendrimers on Caco-2 cells using a classification method.
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Experimental

The overall workflow of the analysis reported in this paper is
presented in Figure 3. The details of the different processes are
given in the following subsections.

Nanoparticle selection

The PAMAM dendrimers selected for our study included gener-
ations 0, 1, 1.5, 2, 2.5, 3, 3.5, 4, and 4.5 compounds that have
been used for transepithelial transport. The full-generation
PAMAM dendrimers (generations 0, 1, 2, 3, and 4) are amine-
or hydroxy-terminated dendrimers. The half-generation
PAMAM dendrimers (generations 1.5, 2.5, 3.5, and 4.5) are
carboxyl-terminated dendrimers. For more general property
information on the full- and half-generation PAMAM
dendrimers, see Table S4 in Supporting Information File 1,
which includes the property information for the PAMAM
dendrimers analyzed in this study. The toxicity studies used
here correspond to assays of these compounds on the human
colon carcinoma Caco-2 cell line. The publications containing
property data for the nanoparticles selected for this study were
gathered from nanomedicine articles available in Scopus and
PubMedCentral using the search terms “PAMAM dendrimers
AND cytotoxicity AND Caco-2 cells”. In order for the
PAMAM dendrimer cytotoxicity values to be considered rele-
vant for extraction, both cell viability and treatment concentra-
tion information had to be available in the publication. From

this literature corpus, 103 PAMAM dendrimer cytotoxicity
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NanoSifter NLP 3D Molecule Table, DTNB, NBTree,
Generation using and Random Forest)
Y > MarvinSketch ¢
Manual Data Five Analyses
Extraction Molecular (All Molecular Descriptors,
R Feature Selected using
+ Descriptor ChisquaredAttributeEval,
Calculation Expert Feature Selected
Add Data to \ / Molecular Descriptors,
Electronic Dataset Expert Feature Selected
Molecular Descriptors with
\ % Cytotoxicity Concentration
Ve \ Data, External Validation)
Data Analysis A /
Accuracy
Calculations
(Precision, Recall,
F-Measure, Mean
Absolute Error, and
Accuracy)
S 4

Figure 3: Simplified workflow diagram for the method used in this study.
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values were extracted to be included in this study [23-34].
NanoSifter [6], followed by manual revision, was used to
extract the cell viability and cytotoxicity treatment concentra-
tion information from the journal articles in the corpus

described above.

Chemical structure rendering and molecular

descriptor calculation

The structures of the PAMAM dendrimers were manually
constructed using MarvinSketch by ChemAxon [35,36]. There
were a total of 10 PAMAM dendrimer structures created for this
study. They included generations 0, 1, 1.5, 2, 2.5, 3, 3.5, 4, and
4.5 PAMAM dendrimers. These models include both amine-
terminated (full-generation) and carboxyl-terminated (half-
generation) structures, as well as one hydroxy-terminated struc-
ture (full-generation but hydroxy-terminated). The molecular
descriptors for each molecule were calculated using plugins
built into MarvinSketch [36]. The list of the 51 molecular
descriptors calculated for each molecule is given along with
their corresponding definitions in Supporting Information
File 1, Table S1. Among these molecular descriptors, there are
42 structural properties (two mass-related, six atom-count-
related, seven bond-count-related, four ring-size-related,
13 ring-count-related, and ten other structural properties)
and nine chemical properties (five charge-related and four
hydrogen-bonding-related properties).

Data preparation and preprocessing

The data, consisting of the molecular descriptors calculated for
all of the molecules considered here and the corresponding cell
viability and cytotoxicity data, was uploaded into WEKA [20]
to perform the machine learning and data mining analysis using
classification methods to discern between toxic and nontoxic
compounds. In order to assign a categorical value to each
dendrimer cytotoxicity data point, the threshold was estab-
lished at a cell viability value of 90% (i.e., compounds were
considered nontoxic at a certain concentration of PAMAM
dendrimer nanoparticles if 90% of the Caco-2 cell population
survived after the intervention). Because there is statistical vari-
ation in cell viability studies, nontoxic materials can have a few
percent above or below 100% cell viability. Hence, the
threshold of 90% was set arbitrarily to take into account the
usual variability in this type of study.

Prediction of toxicity using classification

methods

Five different analyses were performed to classify a dendrimer
as toxic or nontoxic using different combinations of molecular
descriptors and experimental conditions. The first analysis
utilized all the molecular descriptors. The second analysis

involved an automatic feature selection using the ChiSquared-
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AttributeEval and ranker method built into WEKA, where only
molecular descriptors with a nonzero rank were included in this
analysis. The molecular descriptors with a nonzero rank were
H-bond acceptor sites, pl, logP, Harary index, refractivity, bond
count, molecular polarizability, rotatable bond count, atom
count, logD, aliphatic bond count, chain bond count, chain atom
count, aliphatic atom count, exact mass, molecular weight,
Wiener index, Randic index, Szeged index, Wiener polarity,
Platt index, H-bond donor count, hyper Wiener index, H-bond
donor sites, and H-bond acceptor count. The third analysis used
only molecular descriptors selected by expert advice: molecular
weight, atom count, pl, and molecular polarizability. In this
paper we refer to selected by expert advice as the properties that
an experienced researcher in nanocarriers, Dr. Ghandehari,
expected to be relevant to predict toxicity based on his own
knowledge derived from work is his lab and literature prece-
dents. The fourth analysis included the same molecular descrip-
tors as the ones used in the second analysis and the experi-
mental concentration, i.e., the amount in mM of PAMAM
dendrimer added to the Caco-2 cells during cytotoxicity
analysis. The fifth analysis was an external validation study in
which we randomly selected 20 cytotoxicity values from the
original dataset of 103 to create a test set. The remaining
83 cytotoxicity values were used as the training set.

In this work we used the following classifiers: naive Bayes,
sequential minimal optimization (SMO), J48, bagging, classifi-
cation via regression, filtered classifier, LWL, decision table,
decision table/naive Bayes (DTNB), NBTree, and random
forest. We wanted to explore many modeling methods to
provide a wide landscape of available techniques. Since the
computational cost is low, there is no strong argument to limit
this exploration. Naive Bayes is a Bayesian classifier that uses
posterior probability to predict the value of the target attribute
[37]. That is, by using a given input attribute, the classifier
attempts to find the target attribute value that maximizes the
conditional probability of the target attribute. SMO is a support
vector machine classifier that globally replaces all values and
transforms nominal attributes into binary ones [38]. By default
it normalizes all attributes. J48 is a decision tree classifier,
which is based on the C4.5 algorithm [39]. This method starts
with large sets of cases which belong to known classes, then
cases are analyzed for patterns that allow for reliable discrimin-
ation of classes. The patterns are represented as models, either
in the form of decision trees or sets of if/then rules that can be
used to classify new cases. Bagging is a hybrid classification
method that creates classes and reduces variance by bagging
classifiers [40]. Classification via regression performs its classi-
fication by binarizing each class and building one regression
model for each class [41]. The filtered classifier is an arbitrary

classifier that runs on data passed through an arbitrary filter
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[20]. LWL uses an instance-based algorithm to assign instance
weights [42]. The decision table is a simple decision table
majority classifier [43]. DTNB is a decision table/naive Bayes
hybrid classifier. During the search, the algorithm determines
the need to divide the attributes into two disjoint subsets: one
for the decision table, the other for naive Bayes [44]. NBTree is
a decision tree/naive Bayes hybrid classifier that builds a deci-
sion tree with naive Bayes classifiers at the leaves [45]. All the

calculations were performed using WEKA [20].

Two different cross-validation [46] schemes were performed for
each classifier. The first one was a 10-fold cross-validation in
which the dataset was divided into 10 parts or folds [20].
During each classification run, nine of the folds were used as a
training set and one was used as a test set and the results were
averaged over the ten runs. The second cross-validation scheme
used here was the leave-one-out cross-validation [20]. As this
cross-validation method states, one sample is left out as the test
set, and the rest of the dataset is the training set. This method
runs this through as many iterations as there are samples in the
dataset.

The predictions determined by WEKA were evaluated and
determined to be true positive, false positive, or false negative
by manual inspection. The precision, recall, and F-measure

were calculated using the following equations:

precision = TP /(TP + FP) (1

recallzTP/(TP+FN) )

(1 + [32 ) -precision - recall

F-measure =

2 .. 3)
(B . prec151on) +recall

mean absolute error = (Zf, -y ) / n 4)

In these equations, TP is true positive, FP is false positive, FN
is false negative, and B is the weighting applied to the relation-
ship between precision and recall. The precision and recall were
weighted evenly, so B = 1 [6]. The precision, recall, and
F-measure of each classifier were calculated for each classifica-
tion (toxic/nontoxic). Each measure for each classification
(toxic/nontoxic) was then averaged. The average value for the

precision, recall, and F-measure were recorded. For mean

Beilstein J. Nanotechnol. 2015, 6, 1886—1896.

absolute error, f; is the prediction, y; is the true value, and 7 is

the number of calculated absolute errors.
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Analysis of trends in nanotoxicology data and the development of data driven models for nanotoxicity is facilitated by the reporting
of data using a standardised electronic format. ISA-TAB-Nano has been proposed as such a format. However, in order to build
useful datasets according to this format, a variety of issues has to be addressed. These issues include questions regarding exactly
which (meta)data to report and how to report them. The current article discusses some of the challenges associated with the use of
ISA-TAB-Nano and presents a set of resources designed to facilitate the manual creation of ISA-TAB-Nano datasets from the nano-
toxicology literature. These resources were developed within the context of the NanoPUZZLES EU project and include data collec-
tion templates, corresponding business rules that extend the generic ISA-TAB-Nano specification as well as Python code to facili-
tate parsing and integration of these datasets within other nanoinformatics resources. The use of these resources is illustrated by a
“Toy Dataset” presented in the Supporting Information. The strengths and weaknesses of the resources are discussed along with
possible future developments.

Introduction

Nanotechnology, which may be considered the design and
application of engineered nanomaterials with desired properties
[1,2], is of increasing importance [3,4]. Nanomaterials may be
considered to be any chemicals with (a majority of) constituent
particles with one or more dimensions in the nanoscale (typi-

cally 1-100 nm) range and engineered nanomaterials may be

considered to be any nanomaterials that are intentionally
produced. (It should be noted that slightly different definitions
of these terms have been proposed by different organisations [1]
and the European Commission has recommended a specific
definition of a “nanomaterial” for legislative and policy

purposes within the European Union [5].)
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Nanomaterials have been used and/or have been investigated for
use in a diverse range of applications such as sunscreens,
cosmetics, electronics and medical applications [2,4,6,7]. In
addition to interest in the benefits offered by nanotechnology,
concerns have also been raised about the potential risk posed by
nanomaterials to human health and the environment [3,4,7].
Various research initiatives have been (and are being) funded to
advance scientific understanding of nanotechnology and
nanosafety and to enable the appropriate selection, design and
regulation of nanomaterials for technological applications
[3,8,9]. There is a particular interest in the possibility of
using computational approaches as part of the safety assess-
ment of nanomaterials, e.g., to enable “safety by design”
[3,7,9,10].

Experimental data are critical to advancing understanding of the
properties of nanomaterials and the ability to design nanomate-
rials with desirable technological properties and acceptable
safety profiles [2,9-11]. In order to enable “safety by design”,
data from toxicity studies need to be related to relevant struc-
tural/physicochemical data [10], where the latter may include
information about chemical composition as well as a range of
other measured properties such as size distribution statistics and
zeta potential, to name but two [12]. Being able to relate these
data allows for the development of predictive models based on
quantitative structure—activity relationships (QSARs) for
nanomaterials — so-called quantitative nanostructure—activity
relationships (“QNARs”) [10] or “nano-QSARs” [13] — as
well as “category formation” and “read-across” predictions
[9,14,15].

In order to make most effective use of these data, experimental
datasets should be made available via a standardised, electronic
format that facilitates meaningful exchange of information
between different researchers, submission to (web-based)
searchable databases, integration with other electronic data
resources and analysis via appropriate (modelling) software
[9,16-18]. This could entail directly populating files based on a
standardised format or direct entry of data into searchable data-
bases using a (web-based) data entry tool [19], followed via
data export/exchange in a standardised format. However, in
contrast to directly populating standardised, structured files
(such as spreadsheets), direct entry of data into (web-based)
searchable databases may not be possible for domain experts
(e.g., nanotoxicologists in experimental labs) with little or no
informatics support. These researchers may not have their own,
in-house database systems and data entry to a third party data-
base at the point of data collection may not be practical. Data
collected using standardised, structured files may be readily,
programatically submitted to (web-based) searchable databases

at a later stage in the research cycle.
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Standardised, structured files also facilitate programmatic anal-
ysis (i.e., entirely new codes and/or configuration files do not
need to be developed for each new dataset) for the purposes of
computational modelling. They also facilitate integration
between datasets, partly due to the ease of programmatic analy-
sis and in part because standardisation makes it clearer when
two items of (meta)data in distinct datasets are related. Data
integration within searchable databases supports computational
modelling via enabling data from multiple sources to be
combined, in principle, for more robust, generalisable analysis
and via facilitating the identification of data which are relevant
to the needs of a given modeller.

Regarding the nature of these standardised, structured files,
whilst more complicated file formats based on the eXtended
Markup Language (XML) or the Resource Description Frame-
work (RDF) might be considered, a spreadsheet-based file
format offers a key advantage: most scientists are likely to be
familiar with creating, editing and viewing spreadsheet-based
datasets [17,20,21]. Indeed, these kinds of files can be edited
and viewed using widely used, non-specialist software (such as
Microsoft Excel), whilst (to some extent) a spreadsheet-like
interface may be retained within specialist software designed to
ensure the files are compliant with the rules of a standardised
specification [17,20,22]. However, no claim is being made as to
the intrinsic optimality of a spreadsheet-based format: a detailed
discussion of the advantages and disadvantages of different file
formats is beyond the scope of the current publication and inter-
ested readers are referred to the cited literature and the refer-
ences therein [17,20,21].

The ISA-TAB-Nano specification, comprising a set of interre-
lated spreadsheet-based tabular file types, was recently
proposed as a solution to the requirement for a standardised,
electronic format for nanomaterial data [16,17,23]. However, as
well as a general specification specifying how different kinds of
(meta)data should be recorded in a standardised fashion, addi-
tional requirements for nanotoxicology datasets to be most valu-
able for analysis of trends and development of data driven
models exist. These requirements include the need to report the
necessary physicochemical parameters, experimental details and
other relevant metadata such as provenance [12,24-27]. Whilst
the generic ISA-TAB-Nano specification [17,23] specifically
calls for relevant provenance information to be provided, and
facilitates presentation of other (meta)data, it does not specify
all of the (meta)data which should be recorded nor exactly how
these (meta)data should be presented.

This article presents a set of resources which were designed for

manually harvesting data from the published literature to create

ISA-TAB-Nano datasets in order to support analysis and model-
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ling of nanotoxicology data, including the integration of these
data within online, searchable databases. Specifically, these
resources are as follows: a collection of Excel templates for
creating ISA-TAB-Nano files containing specific, relevant
(meta)data manually harvested from the scientific literature; a
corresponding set of business rules for populating these tem-
plates which build upon the generic ISA-TAB-Nano specifica-
tion; a Python program for converting the resulting ISA-TAB-
Nano files to tab-delimited text files to facilitate computational
analysis and database submission. Since there is a growing
interest in the use of ISA-TAB-Nano as a community standard
for organising nanomaterial data, from a variety of individual
researchers and organizations [3,28-32], it is anticipated that

these resources will be of value for the research community.

These resources were developed within the context of the Nano-
PUZZLES project [33], but their development was informed via
discussions with various researchers in the nanoinformatics/
nanotoxicology community and consideration of various com-
plementary nanoinformatics resources such as those developed
within the MODERN [34] and eNanoMapper [35] projects.

The rest of the article is organised as follows. Section 1 of
“Results and Discussion” provides a brief overview of the
generic ISA-TAB-Nano specification. Section 2 summarises
some challenges associated with the use of this generic specifi-
cation (especially when used to collect data from the literature),
which the current work sought to address. Section 3 summarises
the data collection templates and the basis on which they were
developed. Section 4 summarises the new business rules which
were created for populating these templates. Section 5 provides
an overview of the Python program written to facilitate analysis
and databases submission of datasets created using these tem-
plates. Section 6 presents a “Toy Dataset” created using these
templates. Section 7 presents a critical appraisal of the devel-
oped resources, discusses links to related research initiatives
and resources along with possible future directions for this
work. The “take home” messages of this article are summarised
under “Conclusion”. The challenges, business rules and notable
limitations of the presented resources (summarised in sections
2, 4 and 7, respectively) are fully explained in the Supporting
Information. The resources described in this article, along with
the “Toy Dataset”, are publicly available under open licenses

(see Supporting Information Files 1-4).

Results and Discussion
1 A brief overview of the generic ISA-TAB-

Nano specification
The ISA-TAB-Nano specification [17,23] extends the ISA-TAB
specification [18,20,22,36] which was previously proposed as

an exchange standard for biological data and metadata based on
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a standardised metadata representation. Unless noted otherwise,
the specification incorporates [17,23] all the business rules (e.g.,
restrictions on which fields can hold multiple values) asso-
ciated with the original ISA-TAB specification [36]. The offi-
cial ISA-TAB-Nano wiki [23] provides the most up to date
information regarding the generic ISA-TAB-Nano specification,
including detailed descriptions [37-40] and Excel templates for
each of the file types described below. Since the original
description of the specification in Thomas et al. [17], two revi-
sions (version 1.1 and version 1.2) of the specification had been
published on the wiki at the time of writing. The overview
provided in the current paper refers to version 1.2 of ISA-TAB-
Nano. Since the specification is extensively described else-
where [17,23], the following overview focuses on the essential
background required to understand the following sections of the
current paper.

The ISA-TAB-Nano specification describes a set of four linked
file types (Investigation, Study, Assay, Material), each of which
is a spreadsheet-like table, which are used to record different
kinds of (meta)data associated with a given “investigation”,
which may be considered to correspond to a set of different
kinds of experimental studies carried out on a given set of nano-
materials [36]. In addition, the specification describes corres-
ponding business rules governing how these files can be popu-
lated. A given “investigation” is associated with a single
Investigation file and, potentially, multiple Study, Assay
and Material files. The kinds of (meta)data each file
type is designed to record and the links between different kinds
of files is summarised in Figure 1 and discussed in more detail
below.

Investigation file

The Investigation file [37] reports key metadata describing the
terms used in the other files as well as reporting overall conclu-
sions derived from the “investigation”, if any.

Material file

Each of the nanomaterial samples (implicitly as originally
sourced for the “investigation” [17]) is described by a corres-
ponding Material file [40] associated with a unique identifier
reported in the “Material Source Name” column and used to
label the Material file. A Material file presents chemical com-
position information along with other descriptive information
about the sample such as nominal or manufacturer supplied
characteristics reported via end user defined “Characteristics
[characteristic name]” columns. Since nanomaterials of diverse
types (e.g., dendrimers, carbon nanotubes, surface-coated metal
oxides) may comprise different components (e.g., core and
shell), the initial rows of the Material file are used to describe

the overall nanomaterial sample with subsequent rows used to

1980



Beilstein J. Nanotechnol. 2015, 6, 1978-1999.

Assay file: physicochemical assay
metadata and measurements

/’4.
| “Sample Name” |
AN

" “Source Name” =™

“Material Source )
- Name” ,.r—/'/ Study file:

sample preparation

+ file summaries

{ “Factor Value [test material]” = ™

assays

Material file: for physicochemical
originally assays

sourced

nanomaterial .

sample Study file:

sample preparation
for biological

* other metadata

\ Investigation file:
* ontologies

\ /

N “Material Source e
__Name” _—

AN

| “Sample Name” |
\ )

.

;’/

Assay file: biological assay
metadata and measurements

Figure 1: A schematic illustration of the links between ISA-TAB-Nano files. Biological or material samples are prepared for measurements in bio-

logical or physicochemical assays respectively. Assay files link measurement values with prepared sample identifiers (“Sample Name” values). Study
files describe sample preparation. Material files describe the nanomaterials obtained for testing, denoted via their “Material Source Name” identifiers.
N.B. Italic font denotes generic names, e.g., “Factor Value [test material]” is replaced with “Factor Value [nanomaterial]” in the NanoPUZZLES in vitro

cell-based Study file template.

describe the individual components: the overall sample and
different components are each assigned unique values in the
“Material Name” column.

Study file

A Study file [38] describes the preparation of samples for analy-
sis via some assay protocol. The identifiers of prepared samples
are reported in “Sample Name” columns, with sequentially
prepared samples corresponding to identifiers in sequential
“Sample Name” columns, and the identifier(s) of the original
material(s) from which these samples were prepared is (are)
reported in the “Source Name” column. In principle, multiple
“Source Name” identifiers might correspond to one or more
“Sample Name” identifiers [36]. However, in the simplest case
(as adopted in the current work), a single prepared sample
corresponds to a single original material, i.e., each row corre-
sponds to a single “Source Name” and a single “Sample Name”
identifier. Properties associated with the original material or,
more specifically, a prepared sample may be reported via
“Characteristics [characteristic name]” columns situated after
the “Source Name” column or after the relevant “Sample
Name” column respectively. Here, it should be noted that the
properties recorded via these columns should not include
experimental endpoints which would be reported via an Assay
file or other information about original nanomaterial samples

which would be reported via a Material file.

The transformation of the original material into the prepared
sample(s) corresponds to one or more protocols (with corres-
ponding protocol names reported in “Protocol REF” columns),
associated with corresponding protocol “parameters” (reported
in “Parameter Value [parameter name]” columns), and
“factors” (reported in “Factor Value [factor name]” columns).
The concept of “parameters” refers to “variables that are kept
constant in an assay experiment”, whilst the concept of
“factors” refers to “variables that are changed for studying their
effects on the measured endpoint” [17]. If the assay is bio-
logical (e.g., an in vitro cytotoxicity assay), the originally
sourced biological material is considered the original material,
with its identifier reported in the “Source Name” column, from
which a sample is prepared for testing in an assay and the origi-
nally sourced nanomaterial is considered a “factor”, since the
effect of adding this nanomaterial to the biological sample
being prepared for evaluation is studied: the corresponding Ma-
terial file identifier (“Material Source Name”) is reported in an
appropriate “Factor Value [factor name]” column (e.g., “Factor
Value [nanomaterial]). If the assay measures nanomaterial
physicochemical parameters (e.g., size by dynamic light scat-
tering, zeta potential), the originally sourced nanomaterial
sample is considered the original material, i.e., the “Material
Source Name” is reported in the Study file “Source Name”
column. It follows that different Study files must be created for
samples prepared for biological or physicochemical assays.
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Assay file

An Assay file [39] links (a subset of) the prepared samples
described in a given Study file to the experimental measure-
ments, of a given type, obtained in a given assay. Each Assay
file row corresponds to a given sample, with the “Sample
Name” identifier defined in the corresponding Study file being
reported in the Assay file “Sample Name” column. Additional
columns (“Protocol REF”, “Assay Name”, “Parameter Value
[parameter name]”, “Factor Value [factor name]”) in the Assay
file identify the assay protocol performed and experimental
details associated with the production of a given (set of) data
point(s) obtained from that assay for a given sample. (Here, the
concepts of “parameters” and “factors” are as defined above for
the Study file, although Assay file “parameters” are specific to
Assay file protocols and one may choose to report “factors” in
the Assay file if they are applicable to the assay procedure used
to generate data points for a given prepared sample [17,39].)
The corresponding data points are presented in “Measurement
Value [statistic(measurement name)]” columns, e.g., “Measure-
ment Value [z-average(hydrodynamic diameter)]” for an
Assay file describing dynamic light scattering (DLS) size
measurements [41,42].

External files

“External” files [17,36], presenting additional information asso-
ciated with the original nanomaterial samples or assay measure-
ments, can be linked to the appropriate Material and Assay file
respectively via additional columns and may also be included
within the ISA-TAB-Nano dataset.

Support for (meta)data standardisation

The ISA-TAB-Nano specification promotes standardised
reporting of (meta)data in the following ways. (1) It defines a
certain number of fixed fields (rows in the Investigation file, or
columns in the remaining file types). (2) It describes a syntax
for adding additional fields of a given type, e.g., “Parameter
Value [parameter name]” and “Factor Value [factor name]”.
(3) It supports links between terms added by the end user (e.g.,
a parameter name or the unit for a “Measurement Value
[statistic(measurement name)]” column entry) and standardised
definitions retrieved from ontologies. (An excellent introduc-
tion to ontologies can be found in the recent articles of Thomas
et al. [2,11] along with an overview of a highly relevant
example: the NanoParticle Ontology (NPO) [2].) (4) It supports
links to standardised protocol documentation, for sample
preparation or assay measurements, for protocol names
reported in “Protocol REF” columns in a Study or Assay file.
(The ontologies to which various terms are linked are
defined using fields in the Investigation file, which also
provides links between protocol names and standardised

documentation.)

Beilstein J. Nanotechnol. 2015, 6, 1978-1999.

As well as providing some pre-defined fields and stipulating a
specific syntax for adding fields of a specific type (e.g., “Factor
Value [factor name]”), miscellaneous additional fields can be
created via adding new “Comment [name of (meta)data item]”

fields if no appropriate alternative exists.

2 Challenges associated with the generic
ISA-TAB-Nano Specification which were

addressed in the current Work

Table 1 presents some key challenges associated with the use of
the generic ISA-TAB-Nano specification (version 1.2), espe-
cially when used to collect data from the published literature,
and which were addressed in the work reported in the current
article. An in-depth explanation of these challenges, along with
a detailed discussion of the manner in which they were
addressed via the use of the templates and business rules
summarised in sections 3 and 4, respectively, is provided in
Supporting Information File 4. It should be noted that not all of
these challenges are specific to ISA-TAB-Nano, i.e., some of
them might be encountered when collecting data from the litera-
ture using other formats, and by no means are all of these chal-
lenges specific to collection of data from the published litera-
ture, i.e., some of them might be encountered when trying to
report primary experimental data according to the generic ISA-
TAB-Nano specification. It should also be noted that not all of
these challenges are necessarily within the scope of the generic
ISA-TAB-Nano specification to resolve, e.g., the definition of
appropriate minimum information criteria. The need to address
these challenges informed the design of the templates discussed
in section 3 and the accompanying business rules, summarised
in section 4 and presented in full in Supporting Information
File 4, which were applied for the purpose of data collection
from the nanotoxicology literature within the NanoPUZZLES
EU project. It should be noted that no claim is made that all of
these challenges are perfectly addressed via use of the resources
presented in the current publication. The strengths and weak-
nesses of the manner in which these issues are addressed via the
templates and business rules developed within NanoPUZZLES
are discussed in the context of the detailed explanation of these
challenges, which is presented in Supporting Information File 4.
In addition, some of these challenges are returned to in the
context of considering notable limitations of the resources
developed within NanoPUZZLES. These notable limitations are
summarised in section 7 and discussed in detail in Supporting
Information File 4.

3 NanoPUZZLES data collection templates
General overview of templates

These templates were developed within the NanoPUZZLES
project [33] and were specifically designed for collection of

nanotoxicology data from the literature to support analysis of
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Table 1: Summary of challenges with the generic ISA-TAB-Nano specification which were addressed in the current work.

no. challenge

Applicable, in principle, to any format
rather than being specific to ISA-TAB

Applicable to
ISA-TAB?

Applicable to
ISA-TAB-Nano?

or ISA-TAB-Nano?

1 Standardised reporting of stepwise sample
preparation needs to be established.

2 Ambiguity exists regarding where different kinds
of information should be recorded.

3 Standardised recording of imprecisely reported
experimental variables and measurements is
required.

4 Ambiguity exists regarding the creation of
“Comment [...]” fields.

5 Statistical terms need to be clearly defined.

6 Ambiguity exists regarding how to link to terms
from ontologies.

7 Ambiguity exists regarding whether or not
“Parameter Value” or “Factor Value” column
entries must be constant or not constant
respectively.

8 Linking to images reported in publications is
challenging.

9 Standardised reporting of multiple component
“characteristics”, “factors”, and “parameters”
(e.g. mixtures) needs to be established.

10 A standardised means of linking multiple
“external” files to a given Material file is
required.

11 Greater clarity regarding the existence of
“unused” factors, parameters and measurement
names in the Investigation file is required.

12 A standardised approach for dealing with
“non-applicable” metadata is required.

13  The concept of an “investigation” should be
more tightly defined for the purpose of collecting
data from the literature.

14  Clearly defined minimum information criteria are
required.

2t should be noted that ISA-TAB is not designed to record experimental measurements in Assay files, i.e., the “Measurement Value
[statistic(measurement name)]” Assay file columns and the corresponding Investigation file “Study Assay Measurement Name” field are an ISA-TAB-
Nano extension [17,37,39]. However, regarding the issue of clearly defining statistical terms (challenge no. 5), ISA-TAB datasets may include
“external” data files (i.e., “external” to the basic Investigation, Study and Assay file types) such as “data matrix” files which may include statistical
terms such as “p-value” [36,43]. Standardisation of statistical terms may be achieved via using terms from the STATistics Ontology (STATO) [44]. The
challenge noted here (challenge no. 5) regarding clearly defining statistical terms concerns how to appropriately create links to ontologies for these

terms in ISA-TAB-Nano datasets.

trends and the development of data driven computational
models such as nano-QSARs. These templates are available
from the myExperiment online repository [45,46]: file entry
“NanoPUZZLES ISA-TAB-Nano Templates” [47]. Version 3
of this file entry corresponds to the version of the templates
referred to in the current publication and any corrections and/or
extensions of these templates will also be made publicly avail-
able via future versions of this file entry.

The motivation for employing non-generic templates, designed
to record specific kinds of (meta)data of interest to specific

researchers, as opposed to generic templates that merely indi-

cate the kinds of fields which the four ISA-TAB-Nano file types
(Investigation, Study, Assay, Material) can contain, is that
specific files with specific fields would need to be created at the
point of data collection in any case but creating these specific
files “on-the-fly” (i.e., at the point of data collection) is prob-
lematic. For example, a generic Assay file template would only
indicate that certain, unspecified, experimental variables and
endpoint values should be recorded using “Parameter Value
[...]” (or other column type such as “Factor Value [...]”) and
“Measurement Value [...]” columns, respectively. However,
when collecting certain kinds of data obtained with a given

assay, a specific Assay file with specific “Measurement Value
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[...]” and “Parameter Value [...]”columns (or other column
types such as “Factor Value [...]”") would need to be created to
record the (meta)data of interest. Indeed, the Investigation file is
designed to associate a given “Study Assay Measurement Type”
(e.g., size) and “Study Assay Technology Type” (e.g., dynamic
light scattering) with a given “Study Assay File Name”. Hence,
specific templates (such as those developed in the current work)
serve two important purposes: (a) they avoid the end user
having to decide which specific fields, of a given type, should
be created to record specific items of (meta)data; (b) they
communicate to the end user which items of (meta)data should
be reported in the dataset, i.e., they effectively define minimum
information criteria. However, in case the specific templates do
not capture all the experimental (meta)data of interest to a given
end user of the dataset, it is important to recognise that the tem-
plates may be updated with new fields (in existing templates) or
additional specific templates may be created.

The templates developed in the current work were adapted from
generic Excel templates made available by the ISA-TAB-Nano
developers [23]. The templates presented in this publication are
designed to be compatible with version 1.2 of the ISA-TAB-
Nano specification [23]. The generic templates were adapted as
follows.

1. Predefined “Comment [...]” fields were added to the Investi-
gation file template for recording additional important metadata,
e.g., “Comment [GLP]” for recording whether or not the corres-
ponding studies were carried out according to Good Laboratory
Practice [27,48].

2. Two specific Study file templates were created for sample
preparation prior to physiochemical or cell based in vitro
assays. (A Study file for sample preparation prior to in vivo
assays was under development at the time of writing.)

3. Specific Assay file templates were created for (a) different
kinds of physiochemical measurements and, in some cases, (b)
for specific assays which might be employed to make those
measurements. In some cases, where scenario (b) was not
applicable, generic “Measurement Value [statistic(measure-
ment name)]” columns were created with the statistic and/or
measurement name presented as a generic “[TO DO: ....]”
label: these labels should be replaced, as required, with specific
statistic and measurement name values during data collection
(as documented in the templates) or columns with these generic
headings should be deleted if not applicable. For example, an
Assay file template was designed for recording size
measurements from a non-predetermined assay type
(“a_InvID_PC_size Method.xls”) in addition to some Assay

file templates for recording size measurements obtained using
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specific assay types - such as dynamic light scattering (DLS)
(“a_InvID_PC size DLS.xls”) [41,42]. The former template
(“a_InvID_PC_size_Method.x1s”) includes the column
“Measurement Value [[TO DO: appropriate average]([TO DO:
appropriate size measurement])]”: this would be updated to
“Measurement Value [mean of the number distribution(diam-
eter)]”, to give but one possible example, during dataset
creation. The latter template (“a_InvID PC size DLS.xIs”)
includes the columns “Measurement Value [z-average (hydro-
dynamic diameter)]” and “Measurement Value [polydispersity

index]”.

4. Specific Assay file templates were created for recording toxi-
city data for endpoints that were prioritised within the Nano-
PUZZLES project.

5. Predefined “Characteristics [...]”, “Factor Value [...]” and
“Parameter Value [...]” columns were added to these Study and
Assay file templates based upon consideration of which experi-
mental variables were expected to affect the associated assay
measurements. For example, the Study template for cell based
in vitro studies (“s_InvID InVitro.CB.xls”) includes the
predefined columns “Characteristics [cell type {EFO:http://
www.ebi.ac.uk/efo/EFO_0000324}]” and “Factor Value [expo-

sure medium]”.

6. Predefined “Characteristics [...]” columns were added to the
Material file template for recording important chemical com-
position information, beyond that specified in the generic tem-
plates, along with nominal/vendor supplied values of various
other physicochemical parameters, e.g., “Characteristics [Pro-
duct impurities found {MEDDRA:http://purl.bioontology.org/
ontology/MDR/10069178}]”, “Characteristics [Major crys-
talline phase]” and “Characteristics [average size]”.

7. Predefined “Comment [...]” columns were added to the Ma-
terial, Study and Assay file templates for recording key meta-
data that could (a) assist in interpreting the results or (b) allow
the quality of the results to be assessed. For example, the
template “a_InvID PC_size TEM.xIs” for recording size by
transmission electron microscopy (TEM) contains the columns
“Comment [primary particle measurements]” and “Comment
[size: from graph]” to address requirements of type (a) and (b)
respectively. The “Comment [primary particle measurements]”
column was designed to report whether or not the size measure-
ments obtained were explicitly stated, in the publication from
which they were extracted, to have been made for the primary
particles: in principle, TEM might be used to provide informa-
tion about agglomerates, aggregates or primary (individual)
particles for a given prepared sample [49,50]. The “Comment

[size: from graph]” column was predicated on the assumption
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that data extracted from graphs (which are not uncommon when
collecting data from the literature) are less reliable (i.e. more
prone to transcription errors) than data extracted from tables or

text.

8. For some fields, drop-down lists with possible field entries
were created using the “Data Validation” option in Excel 2010.

9. The fields were colour coded to indicate those fields which
were judged to be essential (green), desirable (yellow) or not
important for the purposes of the NanoPUZZLES project (red).

10. Some fields (e.g., the Material file “Material Design Ratio-
nale” column) which were not considered important for the

purposes of the NanoPUZZLES project were simply deleted.

11. Detailed comments were added (via the Excel 2010
“Review” tab) describing how different predefined fields should
be populated during data collection.

12. The fields in the Investigation template (“i_InvID.xIs’) were
populated insofar as possible prior to data collection. This
included specifying predefined “factors” and “parameters” (c.f.
other templates) and defining a set of ontologies from which
terms should (preferentially) be obtained during data collection.

13. Some of the fields in the templates were populated with
indicated values where appropriate. In some cases, these indica-
tions might actually be literally entered as values for the corres-
ponding field entries, e.g., “size determination by DLS”
entered in the first row of the “Protocol REF” column in the
“a InvID PC_size DLS.xlIs” template. However, in other
cases, the suggested entries should not be entered literally,
e.g., “size determination by <Assay technology type>”
entered in the first row of the “Protocol REF”
“a InvID PC_size Method.xls”
template, where “<Assay technology type>" would be

column in the
replaced with the name of the relevant method, such as
“environmental scanning electron microscopy” [51,52] for the
Assay file (“a_TOY.article PC_size ESEM.xIs”) in the
“Toy Dataset” (see section 6) derived from the template
“a InvID_PC_size Method.xIs”.

14. NanoPUZZLES specific naming conventions were estab-
lished (as suggestions, rather than business rules) for creating
files based on these templates. For example, “InvID” denotes
“Investigation Identifier” and “Method” denotes an assay
measurement technique such as dynamic light scattering (DLS).
15. A new “ImageLink” template was created
(“ImageLink NUMBER _for InvID.xls”) for linking to images
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reported in publications which are not associated with a single
file that can be redistributed as part of a dataset or uniform
resource identifier (URI). The use of this template is defined by
NanoPUZZLES business rule no. 18 (see section 4 and
Supporting Information File 4).

Identification of important experimental variables
and characterisation data

The experimental variables (for both toxicological and physico-
chemical assays) and types of physicochemical characterisation
data which the templates were designed to capture were based
upon considering the well-known MINChar Initiative Parame-
ters List [53], the provisional recommendations developed
within the NanoSafety Cluster Databases Working Group [26],
other resources developed within the context of the NanoSafety
Cluster projects PreNanoTox [54] and MARINA [55] as well as
discussions with nanotoxicology researchers and consideration
of the published literature regarding toxicologically significant
physicochemical characterisation parameters (for nanomate-
rials) and experimental variables which could significantly
affect toxicological or physicochemical measurements
[10,12,49,56-63]. However, no claim is made that the templates
developed to date within the NanoPUZZLES project would
capture all of the experimental variables or relevant characteri-
sation information indicated by the cited proposals or otherwise

recognised as important in the nanotoxicology community.

Physicochemical characterisation data captured by
the templates

The categories of physicochemical information these templates
were designed to capture, along with the corresponding Ma-
terial and/or Assay file templates, are summarised in Table 2. In
keeping with the generic ISA-TAB-Nano specification (version
1.2) [64], information which could be recorded using an Assay
file template (“a_.....x1s”) should only be recorded using the
Material file template (“m_MaterialSourceName.x1s”) if its
value was nominal or vendor supplied.

These categories of physicochemical information correspond to
all of the kinds of physicochemical information highlighted as
being important in the MINChar Initiative Parameters List [53],
with the context dependence stressed by this initiative being
(partially) captured via recording sample conditions using
“Factor Value [...]” columns in the physicochemical Study file

template (“s_InvID _PC.xls”), e.g., “Factor Value [medium]”.

In order to construct these templates, careful consideration was
required of exactly how to record different kinds of physico-
chemical information highlighted as being important. Firstly,
this required consideration of which measurements might

correspond to different kinds of physicochemical information;
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Table 2: Categories of physicochemical information which the NanoPUZZLES ISA-TAB-Nano templates were designed to capture.

category

chemical composition
(including surface
composition, purity and
levels of impurities)

crystal structure/
crystallinity
shape

particle size/
size distribution

surface area

surface charge/
zeta potential

adsorption

reactivity

dissolution

molecular solubility

agglomeration/
aggregation

hydrophobicity

the “minimum” characterisation parameters reported in various
proposals [12,53] are sometimes quite broadly defined, e.g.,
“Surface Chemistry, including reactivity, hydrophobicity” [53].
Secondly, this required consideration of which corresponding

template(s)

“m_MaterialSourceName.xlIs”

“m_MaterialSourceName.xIs”;
“a_InvID_PC_crystallinity_Method.xIs”

“m_MaterialSourceName.xIs”;
“a_InviD_PC_shape_Method.xIs”

“m_MaterialSourceName.xIs”;
“a_InviD_PC_size_Method.xls”;
“a_InvID_PC_size_DLS.xls”;
“a_InvID_PC_size_ TEM.xIs"

“m_MaterialSourceName.xIs”;
“a_InvID_PC_surface area_Method.xIs”
“m_MaterialSourceName.xIs”;
“a_InvID_PC_zetapotential_Method.xIs”
“a_InvID_PC_adsorption_Method.xIs”

“a_InvID_PC_reactivity.rateofchange_of.
X_SeparationTechnique_Method.xIs”

(1)
“a_InvID_PC_dissolution.conc_of.X_Sepa
rationTechnique_Method.xIs” ;

(2)
“a_InvID_PC_dissolution.fraction-dissolve
d_SeparationTechnique_Method.xls”;

(3)
“a_InvID_PC_dissolution.rate_of.X_Separ
ationTechnique_Method.xIs”

“a_InvID_PC_solubility_Method.xls”

“a_InviD_PC_AAN_BETapproach.xls”

“m_MaterialSourceName.xIs”;
“a_InviD_PC_logP_Method.xIs”

comments

Only chemical composition information associated with the
original / vendor supplied nanomaterial should be reported
here, i.e., not adsorption data (see below).

Both qualitative descriptions of shape or “aspect ratio” data
[60] can be recorded.

Dynamic light scattering (DLS) [41] or transmission electron
microscopy (TEM) [65,66] measurements are captured
using the indicated Assay file templates. Otherwise, unless
size values are nominal/vendor supplied, size
measurements are captured via the generic Assay file
template.

This was designed to record “specific surface area” values,
i.e., surface area per unit mass [58].

Zeta potential is commonly used as a proxy for surface
charge [58].

This was designed to record “adsorption constants” [57] and
(equilibrium) adsorption percentages [67] for specific small
molecule / macromolecular “probe” species.

The design of this template reflects the fact that, for some
reactivity assays, the analysed species needs to be
removed prior to making measurements [68].

The design of these templates reflects the fact that a
number of different kinds of dissolution measurement may
be made for inorganic nanoparticles: (1) the (time
dependent) concentrations of various species released by
dissolution [67,69] (which may be a redox process [69]); (2)
the (time dependent) percentage of original nanoparticles
dissolved [70]; (3) the (time dependent) dissolution rate [71].
The design of these templates further reflects the fact that
dissolution assay protocols typically employ a separation
step to isolate the analysed species [61].

In the current context, the Chemical Methods Ontology
definition of “solubility” [72] was used: “the concentration of
a solute in a saturated solution”. This Assay template was
specifically designed for recording molecular “solubility”
measurements, e.g., the solubility of fullerene nanoparticles
[73].

This template was designed for recording the “average
agglomeration number” derived from BET gas adsorption
data, size measurements and particle density values
[68,74]. However, it should be noted that recording of size
information obtained under different experimental conditions
(using the Assay file templates noted above) may also
convey information about the agglomeration state [58]. In
addition, a number of physicochemical Assay files (e.g.
“a_InvID_PC_size_Method.xIs”) contain “Comment [...]"
columns (e.g., “Comment[primary particle measurements]”)
designed to record whether or not the reported data are
noted to refer to the primary particles (as opposed to
agglomerates and/or aggregates) by the authors of the
reference from which the data were extracted.

Material file “Characteristics [...]” and/or Assay file “Measure-
ment Value [...]” columns needed to be defined - as well as, in
some cases, which “Parameter Value [...]” columns needed to

be defined, e.g., “Parameter Value [analyte role]” (i.e., the
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dissolved species being measured) for dissolution Assay file
templates. No claim is made that the templates developed to
date within the NanoPUZZLES project would capture all rele-
vant measurements which might be associated with a given
category of physicochemical information listed in Table 2.

Experimental variables captured by the templates
The experimental variables associated with sample preparation
prior to applying assay protocols for (1) physicochemical
measurements (see above) or (2) cell based in vitro toxicolog-
ical assays are principally described via “Factor Value [...]”
columns in two Study file templates: (1) “s_InvID PC.xls”, (2)
“s_InvID_ InVitro.CB.xls”.

For physicochemical studies, these “Factor Value [...]”
columns record the values of experimental variables associated
with the preparation of a nanomaterial sample prior to applica-
tion of an assay protocol, e.g., “Factor Value [physical state]”
(for recording whether or not the sample was prepared as a
suspension or a powder), “Factor Value [medium]” (for
recording the suspension medium, i.e., not applicable if the
“physical state” is a powder), “Factor Value [Sonication]” (for
recording whether or not the sample was sonicated [49]).

For cell-based in vitro studies, these “Factor Value [...]”
columns record the values of experimental variables associated
with preparation of the composite sample being tested, i.e., the
nanomaterial suspension and the biological component on
which the effect of the nanomaterial will be evaluated. Hence,
they are designed to capture different kinds of experimental
variables: (1) those which are relevant to preparation of the bio-
logical sample prior to adding the nanomaterial, e.g., the
“Factor Value [culture medium glucose supplement]” in
“s InvID InVitro.CB.xls” designed to record whether or not
the cells were grown in glucose containing “culture medium”,
which may significantly affect the observed toxicity in some in
vitro assays [56]; (2) those which are relevant to the prepar-
ation of the nanomaterial sample applied to the biological
sample, e.g., “Factor Value [exposure medium]” and “Factor
Value [Sonication]” for capturing the “exposure medium” for
an in vitro (cell-based) study (otherwise known as the “expo-
sure media” [75,76], i.e., the liquid mixture via which the tested
chemical — a nanomaterial in the current context - reaches the
cells) and whether or not sonication was applied to the tested
nanomaterial suspension respectively; (3) those which are rele-
vant to the combined sample to which the assay protocol is
applied, e.g., “Factor Value [cells Exposure Duration]”.

Capturing of the experimental conditions under which corres-
ponding physicochemical characterisation and toxicity data

were generated is important to assess whether or not characteri-
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sation was performed under biologically relevant conditions
[77]. For example, whether or not a given size measurement
was performed in the same suspension medium used for an in
vitro (cell-based) study might be determined via comparing the

”

“Factor Value [medium]” and “Factor Value [exposure
medium]” entries in the physicochemical and in vitro (cell-
based) Study files, respectively. However, details regarding
possible suspension medium additives — such as serum and
dispersant aids [78] — would need to be compared with each
other by comparing the values in additional “Factor Value [...]”

fields.

In addition, for the “s_InvID InVitro.CB.xls” Study file
template, “Characteristics [...]” columns associated with the
“Source Name” column (i.e., positioned after the “Source
Name” column but before the “Sample Name” column) are
used to describe experimental variables which are inherent to

CEINT3 CLINT3

the biological specimen: "cell type”, “cell line”, “organism” and
“strain”, as defined in the Experimental Factor Ontology (EFO)

[79,80].

Experimental variables specifically associated with assay proto-
cols are recorded in Assay files, principally using “Parameter
Value [...]” columns, e.g., “Parameter Value [Instrument]”,
“Parameter Value [negative control]”.

It should be noted that the manner in which some of these
experimental variables are captured via these templates might
be carried out differently by other researchers and may deviate
from the expectations of the generic ISA-TAB(-Nano) specifi-
cation [17,23,36]. Some of the “Factor Value [...]” columns
(e.g., “Factor Value [physical state]” or “Factor Value [final cell
density]” in “s_InvID PC.xIs” and “s_InvID_InVitro.CB.xls”
respectively) might be considered to refer to characteristics of
the prepared sample. Hence, these kinds of variables might else-
where be recorded using “Characteristics [...]” columns asso-
ciated with the “Sample Name” column, i.e., positioned after
the “Sample Name” column [36]. Other variables recorded via
“Factor Value [...]” columns (e.g., “Factor Value [Sonication
Duration]”) might be kept constant in some experiments [81],
hence could be considered protocol parameters which would be
recorded using “Parameter Value [...]” columns [17]. However,
the use of “Factor Value [...]” columns to record these latter
variables was deemed appropriate to account for scenarios in
which these variables (e.g., sonication duration) were varied to
assess their effect on assay measurements [49]. The fact that
certain kinds of variables might be considered, in keeping with
the generic ISA-TAB-Nano specification [17] discussed in
section 1, “parameters” in one set of experiments and “factors”
in another depending upon whether or not they were kept

constant or varied to study their effects on the assay measure-
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ment values does not lend itself to consistently organising these
experimental variables in predefined template columns as

developed in the current work.

The potential ambiguity associated with how to record different
experimental variables can be illustrated by considering differ-
ences between the NanoPUZZLES ISA-TAB-Nano [47] and
ToxBank ISA-TAB templates [82,83]: (1) the NanoPUZZLES
Study file template “s_InvID InVitro.CB.xIs” contains the
column “Factor Value [exposure medium]” for describing the
suspension medium via which a tested nanomaterial is applied
to the cells in an in vitro study, whereas the ToxBank Study file
template “studySample.xml” contains the column "Characteris-
tics[vehicle]" for describing the medium used to dilute a tested
compound in an in vitro, in vivo or ex vivo study; (2) the Nano-
PUZZLES Assay file templates treat the identity of assay
controls as “Parameter Value [...]” entries (e.g., “Parameter
Value [negative control]”), whereas the ToxBank Study
file template uses a “Characteristics [...]” column ("Character-
istics[control]") to assign negative or positive control status to

different samples.

Toxicity data captured by the templates

Assay file templates were developed to capture toxicity
data associated with two toxicological endpoints which were
initially prioritised within the NanoPUZZLES project: cytotoxi-
city (“a_InvID_cytotoxicity.cell-viability Method.xlIs”,
“a InvID_cytotoxicity.sub-lethal Method.xlIs”) and genotoxi-
city (“a_InvID genotoxicity Method.xls”). Cytotoxicity and
genotoxicity are amongst the endpoints which are frequently
considered when evaluating metal oxide nanoparticles in cell-
based in vitro assays [4,84]. A number of nano-QSAR models
have been developed for cytotoxicity [13,85-91] and some
models have also been developed for nanomaterial genotoxicity
[9,92,93].

The file

(“a_InvID_genotoxicity Method.xIs’) was designed to capture

genotoxicity Assay template
the most important outputs from different kinds of genotoxicity
tests. Specifically, the “Parameter Value [Biomarker]” was
designed to record the, test specific, biomarker whose increase
relative to control values (“Measurement Value [mean(increase
in biomarker level)]”) would be determined for nanomaterial
exposed samples. For example, “Parameter Value [Biomarker]”
might report “micronuclei” or “number of revertants” if the
method employed was the micronucleus test [94] or Ames test
[95,96] respectively.

Since the results obtained for different sample preparation
conditions (e.g., different tested concentrations) are usually

used to derive an overall genotoxicity study call (i.e.,

Beilstein J. Nanotechnol. 2015, 6, 1978-1999.

CLINT3

“positive”, “negative” or “equivocal”) [94,96], a corresponding
“Measurement Value [study call]” was added. Values in this
latter column should be associated with “derived sample” iden-
tifiers as introduced in NanoPUZZLES business rule no. 10
(see section 4 and Supporting Information File 4 for an in-depth

explanation).

The lethal cytotoxicity Assay file template (“a_InvID_cytotoxi-
city.cell-viability Method.xls”) was designed to record data
corresponding to a reduction in cell “viability” (typically inter-
preted as an increase in “cell death™) obtained from cell based in
vitro assays such as MTT, MTS, LDH, and colony forming unit
(CFU) counting [97-99]. The “percent cytotoxicity” columns
(“Measurement Value [mean(percent cytotoxicity)]”, “Measure-
ment Value [standard deviation(percent cytotoxicity)]”) are
designed to record the “percent cytotoxicity” (a measure of cell
death relative to controls equal to 100 — “percent viability”)
[100] associated with specific sample preparations, i.e., a
specific value for the administered concentration or dose [101].
Other “Measurement Value [...]” columns were designed to
record measures of cytotoxicity derived from dose (or concen-
tration) response relationships: the lowest observed effect level
(LOEL) [102] (used, in the current work, to denote the lowest
concentration/dose at which significant cell death relative to
controls is observed), the LCsq [103] and LDsg [104], i.e., the
concentration and dose, respectively, which, in the current
context, kills 50% of the treated cells relative to controls.
Values in these latter columns should be associated with
“derived sample” identifiers as introduced in NanoPUZZLES
business rule no. 10 (see section 4 and Supporting Information
File 4 for an in-depth explanation).

The sub-lethal cytotoxicity Assay file template (“a_InvID_cyto-
toxicity.sub-lethal Method.xlIs”’) was designed to record data
from cell based in vitro assays designed to detect sub-lethal
phenomena which might be quantified in terms of changes in
key biomarkers. For example, oxidative stress and inflamma-
tion might be detected via measuring the level of glutathione or
various cytokine biomarkers respectively [97]. (These sub-
lethal phenomena would not be considered “cytotoxicity” by all
researchers [84].) The manner in which this template was
designed to capture sub-lethal cytotoxicity data is similar to the
design of the genotoxicity Assay file template discussed above:
the “Parameter Value [Biomarker]” column entries would state,
for example, “glutathione” (depending upon the assay), with
“Measurement Value [...]” columns recording the “increase in
biomarker level” (relative to control) as well as the LOEL [102]
if this is reported. Values in this latter column should be asso-
ciated with “derived sample” identifiers as introduced in Nano-
PUZZLES business rule no. 10 (see section 4 and Supporting
Information File 4 for an in-depth explanation).
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4 NanoPUZZLES business rules

Within the NanoPUZZLES project [33], a number of project
specific business rules were created for the purpose of speci-
fying how the ISA-TAB-Nano templates described in section 3
should be populated with data from literature sources. As noted
in section 2, and fully explained in Supporting Information
File 4, some of these business rules were specifically designed
to address challenges associated with the generic ISA-TAB-
Nano specification. A summary of these business rules is
provided in Table 3. Supporting Information File 4 presents
detailed explanations of how these business rules should be
applied and, where appropriate, considers their strengths and
weaknesses compared to possible alternatives which might be

applied in future work.

These new rules were applied in addition to the rules which are
part of the generic ISA-TAB-Nano specification as of version
1.2 [17,23,36-40]. (The new rules took precedence over the
generic specification in case of conflicts.) It should also be
remembered that additional guidance on creating ISA-TAB-
Nano datasets using these templates is provided in section 3 and
that guidance on populating individual fields is provided in the
Excel-created comments linked to specific column titles.
Finally, in keeping with the generic specification, the Investi-
gation file and all corresponding files (Study, Assay and Ma-
terial files along with all external files when applicable), for a
single dataset, were added to a single, flat compressed ZIP
archive (see section 5).

5 NanoPUZZLES Python program to
facilitate computational analysis and

database submission

Excel-based ISA-TAB-Nano templates are presented in this
publication and elsewhere [17,23]. However, ISA-TAB-Nano
files (Investigation, Study, Assay, Material) are commonly
implemented in tab-delimited text format [105], reflecting the
fact that ISA-TAB-Nano is an extension of ISA-TAB and ISA-
TAB is intended to be implemented using tab-delimited text
files (Investigation, Study, Assay) [36]. The authors of the
current publication are unaware of any software specifically
designed for parsing ISA-TAB datasets [22,82,106], which
might be extended to parse ISA-TAB-Nano datasets, or soft-
ware specifically designed for parsing ISA-TAB-Nano datasets
[107,108], which does not require the key file types (Investi-
gation, Study, Assay and, for ISA-TAB-Nano, Material) to be
represented in tab-delimited text format. This includes publicly
available online resources recently developed within the context
of the MODERN project [107]: an ISA-TAB-Nano dataset vali-
dator and “Nanomaterial Data Management System”
(“nanoDMS”) — with the latter program implementing a web-
based, searchable database system which is able to, amongst
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other functionality, import validated ISA-TAB-Nano datasets
[30,109,110].

To facilitate database submission and other computational anal-
ysis, a Python [111] program was written, within the context of
the NanoPUZZLES project, to enable automated conversion of
an ISA-TAB-Nano dataset prepared using Excel-based tem-
plates to a tab-delimited text version of this dataset. Specifi-
cally, this program was designed to take a flat, compressed ZIP
archive (e.g., “Investigation Identifier.zip”) containing Excel
(“x1s”) versions of an Investigation file, plus corresponding
Study, Assay and Material files, and convert this to a flat,
compressed ZIP archive (e.g., “Investigation Identifier-txt.zip”)
containing tab-delimited text versions of these files. Any
external Excel-based “xIs” files (e.g., “ImageLink” files intro-
duced in the current work) contained in the archive will also be
converted to tab-delimited text files and other external files will
be transferred to the new archive without modification.

The program has four Open Source dependencies: a Python
interpreter [111] along with the xIrd, xlwt [112] and unicodecsv
[113] Python modules. For the purposes of code development,
Python version 2.7.3, xlrd version 0.93, xIwt version 0.7.5 and
unicodecsv version 0.9.4 were employed. All code was tested
on a platform running Windows 7. The program does not have a
graphical user interface (GUI): input is specified from the
command prompt, e.g., “python xIs2txtISA.NANO.archive.py
—i InvestigationID.zip”. The source code and documentation are
available via the “xIs2txtISA.NANO.archive” project on
GitHub [114]. Version 1.2 of the program is referred to in the
current publication [115].

Figure 2 provides an overview of the functionality of the
program. As part of converting from Excel-based to tab-delim-
ited text versions of ISA-TAB-Nano files, this program carries
out basic checks on the datasets (e.g., checking for the presence
of at least one file of type Investigation, Study, Assay, Material)
and attempts to correct for basic potential errors in the file
contents (e.g., removing line endings inside field entries) which
might be introduced when manually preparing ISA-TAB-Nano
files using Excel templates. However, the program does not
carry out any sophisticated “parsing” of the datasets, i.e., no
attempt is made to interpret the data in terms of the meaning of
individual fields or the contents of individual field entries. No
checks are carried out on the consistency of different files.
Issues such as case sensitivity, null values and special charac-
ters (beyond removing internal line endings) are not addressed.
Nonetheless, by facilitating conversion to tab-delimited text
format, this enables the datasets to be parsed via more sophisti-
cated tools such as those developed for validating ISA-TAB-
Nano datasets within the MODERN project [107,108].
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Table 3: Summary of the NanoPUZZLES business rules.

business
rule no.

10

1"

12

13

14

15

16
17

18

19

20

21
22

short description

A new “investigation” (corresponding to a new dataset comprising a single Investigation file, a set of Study, Assay and
Material files and any “external” files if applicable) should be created for each reference (e.g., journal article), unless
that reference specifically states that additional information regarding experiments on the same original nanomaterial
samples was reported in another reference.

The “Factor Value [...]” columns in the Study file refer to those values which are applicable to the sample prepared
immediately prior to application of an assay protocol.

If the entry for a “Characteristics [...]", “Factor Value [...]” or “Parameter Value [...]" column corresponds to multiple

components (e.g., mixtures), record this as a semicolon (*;”) delimited list of the separate components.

If the entry for a “Characteristics [...]", “Factor Value [...]" or “Parameter Value [...]” column corresponds to multiple

components, record the entries in corresponding columns as a semicolon (“;”) delimited list with the entries in the
corresponding order.

Any intrinsic chemical composition information associated with a nanomaterial sample (as originally sourced) should
be recorded using a Material file even if it is determined/confirmed using assay measurements reported in the
publication from which the data were extracted.

Any suspension medium associated with the nanomaterial sample (as originally sourced) should only be described
using a Material file “Material Description” column.

Any impurities should be described using entries in the relevant Material file “Characteristics [....]" columns.

Any original nanomaterial components, which are neither a suspension medium nor described as “impurities” in the
reference from which the data are extracted, should be described using separate rows of the Material file as per the
generic ISA-TAB-Nano specification.

All “Sample Name” values for “true samples” should have the following form: “s_[Study Identifier]_[x]", e.g., “s_[Study
Identifier]_1"2

Assay file “Measurement Value [...]” column entries which correspond to concentration-response curve statistics, or
similarly derived measures, should be associated with a “derived sample” identifier rather than a “true sample”
identifier.

Imprecisely reported experimental variables should be reported using “Factor Value [statistic(original factor name)]”
columns created “on-the-fly”.

Imprecisely reported measurement values should be reported using “Measurement Value [statistic(measurement
name)]” columns created “on-the-fly”.

“Comment [...]” columns (rows) can be added without restriction to a Study, Assay, Material (Investigation) file as long
as they are appropriately positioned and as long as each new “Comment [...]” column (row) has a unique name for a
given file.

All “statistic’ names must be entered in the corresponding Investigation file template “Comment [Statistic name]” row.
When linking to terms from ontologies, the “preferred name” should be selected and the full ID entered in the
corresponding “Term Accession Number” field.

“Factor Value [...]” column entries are allowed to be constant.

Only “Parameter Value [...]” column entries associated with a given “Protocol REF” column entry in a Study or Assay
file need to be constant.

Images should be linked to assay measurements using a new “ImageLink” file type, if the generic ISA-TAB-Nano
approach cannot be applied.

Any nanomaterial structure representation files, which are not associated with specific Assay file “Measurement Value
[...]” entries, should be linked to the corresponding Material file using ZIP archives specified in the appropriate
“Material Data File” column entry.

Empty “Factor Value [...]", “Parameter Value [...]" or “Measurement Value [...]” columns in Study or Assay files can be
deleted without having to update the corresponding Investigation file “Study Protocol Parameters Name”, “Study
Factor Name”, or “Study Assay Measurement Name” fields.

Non-applicable columns should be populated with “N/A” where this conveys information.

“Measurement Value [statistic(measurement name)]” columns in the templates which use a label of the form “[TO

DO:...]” for the statistic or measurement name must either be updated, based on the kind of statistic and/or
measurement name indicated by the label(s), or deleted.

@Here, the “[Study Identifier]” [37] is unique to the corresponding Study file and “[x]” denotes a numeric value which is specific to a given “true
sample”, meaning a prepared sample corresponding to a specific set of experimental conditions, in contrast to the “derived sample” concept intro-
duced in NanoPUZZLES business rule no. 10.

As well as the default behaviour of this program described using these Excel templates to a database developed using the

above, two command line options were specifically introduced nanoDMS software [30,107,109,110]. The first option (“-a”

to enable submission of an ISA-TAB-Nano dataset developed truncates all ontology identifiers: at the time of writing,

@
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— — i..xls s_..xls
a_..xls m_...xls Extract ZIP a_..xls m_...xls
archive
Excel based ISA-TAB-Nano Folder (temporary)
dataset: flat ZIP archive (“...zip")
Check:1
FALSE
Convert Select one
Delete Botion “-c* “xls” file to € “xls" file
Investigation P “txt” file
file selected
“Comment” & Investigation
rows o
Create ZIP
Fix file contents (step 1): archive
+ Replace incorrect names
Truncate e.g. “a_..xls" > “a_..xt”
ontology
IDs lCheck:Z h.
I_ i_..Ixt s_..Ixt
TRUE Fix file contents (step 2):
. . . a_...txt m_...txt
* Remove internal line endings = =
Option “-a” *  Fixmissing or extraneous Tab-delimited text based
FALSE elected? whitespace ISA-TAB-Nano dataset: flat
* Remove blanklines . “ .
ZIP archive (“...-txt...zip")

Figure 2: Schematic overview of the steps carried out by the Python program for converting Excel (“xIs”) based ISA-TAB-Nano datasets to tab-delim-
ited text (“txt”) based ISA-TAB-Nano datasets. For simplicity, only one Investigation, Study, Assay and Material file (and no external file such as an
image) is included in this hypothetical dataset. In addition to the file processing steps summarised in this schematic, basic checks are carried out on
the input: (1) there should be at least one Investigation, Study, Assay and Material file; (2) there should be no duplicate column titles in a Study, Assay
or Material file other than those which are explicitly allowed by the ISA-TAB-Nano specification (e.g., “Unit”).

characters were not permitted by the nanoDMS system in
the headers of the Material, Study or Assay files, i.e., the
column heading “Characteristics [shape {NPO:http://purl.bioon-
tology.org/ontology/npo#NPO 274}]” in the Material files

generated using the default options would need to be converted
to “Characteristics [shape {NPO:NPO_274}]” etc. The second
option (“-c¢”) removes all “Comment [...]” rows from the
Investigation file: at the time of writing, these rows would also
(indirectly) trigger errors when trying to load ISA-TAB-Nano
datasets into the nanoDMS system. The output files are auto-

matically named according to the options selected.

6 Toy dataset

In order to illustrate the use of all of the NanoPUZZLES
template files, a “Toy Dataset” was created based upon
these template files in accordance with the business rules
summarised in section 4 and discussed in detail in Supporting
Information File 4. It must be noted that the (meta)data
contained within this “Toy Dataset” are not real, although they
are based upon consideration of the nanoscience literature
[4,49,51,57,58,60,61,67,68,70,71,73,74,97,116,117]. Indeed, no
primary literature reports presenting data corresponding to all of
the templates were identified as of the time of writing. An

overview of the toy data content of this “Toy Dataset”, gener-

ated after uploading this dataset into the nanoDMS database
[110], is provided below in Figure 5 and Figure 6.

This “Toy Dataset” is available from the Supporting Informa-
tion in three versions: Supporting Information File 1 corre-
sponds to a flat archive containing files created using the orig-
inal Excel templates and saved as “xls” files; Supporting Infor-
mation File 2 is the version of this dataset created using the
default options of the Python program described in section 5;
Supporting Information File 3 was generated using the “-a” and
“-c” flags of this software. This latter version (Supporting Infor-
mation File 3) could be uploaded into the nanoDMS database
[110], which is further discussed in section 7. The following
figures provide an overview of the upload procedure for this
dataset as well as illustrating the use of the nanoDMS system
for retrieving these data: Figures 3—7.

7 Critical appraisal of the current work and
possible future directions

Some notable limitations of the NanoPUZZLES
templates and business rules introduced in this
article

The strengths and weaknesses of the manner in which the chal-

lenges associated with the generic ISA-TAB-Nano specifica-
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nanoData

eo.g"‘"‘f‘?mm Home  Browse  Find
9 @ Sysrem

Investigation uploader ©

Access control
Select visibility:

Selected projects

select projects:
[Chtoy_project

¥ More options

ISA-TAB-Nano version: 12 .
Check comments:
Strict validation:

Upload

Figure 3: Upload options for loading the suitable version of the “Toy Dataset” (Supporting Information File 3) into the nanoDMS online database,
which can be accessed via the cited web-address [110]: ontology identifiers were truncated and Investigation “Comment [...]" rows deleted, using the

Python program described in section 5, in order to enable this submission. Since these were not real data, the upload settings were selected such that
the “Toy Dataset” was not publicly visible after uploading.

nano Data

,)o_;MJMQl"“E"‘ Home Browse Find Create Upload Logout
9 O System

Investigation uploader @

Summary Investigation Materials Studies Assays

Investigation stored on database

Figure 4: Confirmation that the “Toy Dataset” (Supporting Information File 3) was successfully uploaded: no error messages were generated by the
internal ISA-TAB-Nano dataset validator and the warning messages regarding the position of the "Measurement Value [...]" and "Image File" columns
reflect the addition of the “Measurement Value [...]" column type to ISA-TAB-Nano, as compared to ISA-TAB, Assay files.

Summary
Identifier: TOYarticle
Title: TOYaricle
Materials: TiO2_TOY.article, fullerene_TOY.article
? Study: TOYarticle_PC
v Study: TOYaricle_InVitro.CB
Title: In Vitro {cell-based) characterisation of nanomaterials coresponding to this
Investigation: TOY.article
+ Assay: cell viability
Technology Type: MTS reduction assay
¥ Assay: cell viability
Technology Type: MTT reduction assay
+ Assay: Oxidative Stress
Technology Type: reduced glutathioneloxidized glutathione enzyme recycling assay
¥ Assay: Toxicology:Genotoxicity
Technology Type: Ames Assay

Figure 5: A summary of the in vitro cell-based assay toy data in the “Toy Dataset” (Supporting Information File 3) generated via the nanoDMS
system. This summary can be generated via selecting the applicable dataset entry under the "Browse" menu of the nanoDMS system.
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Materials:
v Study:
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¥ Assay:
Technology Type:
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¥ Assay:
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Technology Type:
¥ Assay:
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¥ Assay:
Technology Type:
v Assay:
Technology Type:
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Figure 6: A summary of the physicochemical assay toy data recorded in the “Toy Dataset” (Supporting Information File 3), generated via the
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TOY.article

TOY.article

TiO2_TOYarticle, fullerene_TOY.article
TOY.article_PC

Physicochemical/structural characterisation of nanomaterials corresponding to this
Investigation: TOY.article
size
transmission electron microscopy
adsorption
gas chromatography mass spectrometry
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Average agglomeration number determined via a combination of technologies:BET
gas adsorption and dynamic light scattering.
crystal structure

H-ray diffraction
dissolution

inductively coupled plasma mass spectrometry
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absorption spectroscopy
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inductively coupled plasma mass spectrometry
logP

high-performance liquid chromatography
reactivity

gas chromatography-mass spectrometry
shape

transmission electron microscopy
size

dynamic light scattering
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environmental scanning electron microscopy
solubility

generator column technique
surface area

BET gas adsorption
zeta potential

laser Doppler velocimetry

nanoDMS system as per Figure 5. This does not include the hypothetical chemical composition and nominal/vendor supplied data recorded in the Ma-

terial files.

nanoData
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Find investigation @

Material Name
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Case insensitive 7]

Find results

Identifier Title

TOYarticle TOYarticle

Figure 7: Retrieving the “Toy Dataset” (Supporting Information File 3) via searching for "oxidative stress" data in the nanoDMS system.
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Table 4: Summary of some notable limitations of the NanoPUZZLES templates and business rules.

limitation no. brief description

1 Standardised reporting of stepwise sample preparation is still not handled perfectly.

2 Time dependent physicochemical characterisation data may not be perfectly captured by the templates.

3 Recording of reaction rate constants and quantum yields may need revision.

4 The manner in which chemical composition information is captured via the templates may require revision.

5 There is the possibility of information loss when mapping (raw) data reported in the literature onto predefined
“Measurement Value [...]” columns.

6 The current templates are not best suited to capturing experimental data for all kinds of samples.

7 The business rules regarding multiple component “characteristics”, “factors” or “parameters” (e.g., mixtures)
may require revision.

8 The templates are not currently designed to capture data from in vivo toxicology studies.

9 Manually populating the Excel templates is time consuming and error prone.

tion (see section 2) were addressed via the templates and busi-
ness rules developed within NanoPUZZLES are discussed in
Supporting Information File 4. Beyond the need to address
these general challenges, the specific strengths and weaknesses
related to the design of the NanoPUZZLES templates (section
3) and business rules (section 4) were also discussed in section
3 and Supporting Information File 4, respectively. For example,
it was noted in section 3 (under the “Experimental Variables
Captured by the Templates” sub-section) that the manner in
which certain experimental variables are recorded using the
NanoPUZZLES templates may deviate from how other
researchers would capture these metadata using ISA-TAB-
Nano. Likewise, a possible alternative to the use of “derived
sample” identifers (introduced in NanoPUZZLES business rule
no. 10) for capturing concentration-response curve statistics,
such as an LCsq [103], and related data is presented when

discussing this business rule in Supporting Information File 4.

Table 4 summarises what are arguably the most notable
remaining challenges associated with using these resources
(templates and business rules) to collect nanotoxicology data
from the literature. An in-depth discussion of these challenges,
along with some suggestions for addressing them, is provided in

Supporting Information File 4.

Integrating data collected using the NanoPUZZLES
templates and business rules into databases

Various options currently exist, or are under development, for
submitting the ISA-TAB-Nano files generated using the
resources presented in sections 3, 4 and (if relevant) 5 to online,
searchable databases. Submission to these databases should
assist nano-QSAR researchers in identifying and retrieving data
for modelling.

One option, as discussed previously, would be to submit the

files to a database developed using the freely available “Nano-

material Data Management System” (“nanoDMS”) software
[30,107-110] which was created within the context of the
MODERN project. This database system was specifically
designed to act as a searchable, online repository for ISA-TAB-
Nano files and upload to the system is only allowed if the
internal ISA-TAB-Nano dataset validator, also available as a
standalone online tool [107], does not generate any error
messages. An existing implementation of such a database was
publicly available at the time of writing [110] and submission of
a suitably prepared version of the “Toy Dataset” described in
section 6 was successful (see Figures 3—7). However, as
discussed in section 5 and section 6, this submission would
currently require some modification of the datasets, i.e., some
ontology identifers would need to be truncated and Investi-
gation file “Comment [...]” rows would need to be removed.

Another possible option would be to upload datasets generated
using these resources into the eNanoMapper database
[31,118,119]. This might be achieved via using the
eNanoMapper customisable Excel spreadsheet parser to extract
data from the Excel files created directly using the Nano-
PUZZLES templates [120]. Alternatively, it might be possible
for an ISA-TAB-Nano parser (under development within
eNanoMapper at the time of writing) to parse the tab-delimited
text files generated using the program described in section 5. In
either case the mapping of the input files onto the internal
eNanoMapper data model would be performed in a transparent
way, either explicitly via a JSON configuration file or implic-
itly by the ISA-TAB-Nano parser [31].

A brief illustration of some of the functionality of the nanoDMS
database and its use for querying data generated using the
NanoPUZZLES templates and business rules is presented in
Figures 3—7. However, it should be noted that an in-depth
discussion of the complete functionality of the nanoDMS and

eNanoMapper databases is beyond the scope of the current
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paper. Interested readers are referred to the cited references for
further details regarding the nanoDMS [30,109,110] and
eNanoMapper [31,118,119] databases.

Conclusion

There is a clear need to capture physicochemical and toxicolog-
ical nanomaterial data in consistently organised electronic
datasets which can be integrated into online, searchable data-
bases to support predictive nanotoxicology. The generic ISA-
TAB-Nano specification serves as a useful starting point for
constructing such datasets but additional guidance regarding
how to capture different kinds of (meta)data, as reported in the
nanotoxicology literature, as well as exactly which (meta)data
to record in these datasets is required. The publicly available
resources presented in the current publication are proposed as
means of (partially) addressing these requirements as well as
facilitating the creation of ISA-TAB-Nano datasets. These
resources are data collection templates, corresponding business
rules which extend the generic ISA-TAB-Nano specification,
and Python code to facilitate parsing of these datasets and inte-
gration of these datasets within other nanoinformatics resources.
Nonetheless, various challenges remain with standardised
collection of data from the nanotoxicology literature which
these resources cannot be claimed to have definitively solved
such as the need for standardised recording of stepwise sample
preparation and temporal information as well as the wider need
to achieve community consensus regarding minimum informa-
tion standards. Extension of these resources by the nanoinfor-
matics community, ideally working closely with the nanotoxi-
cology community, is anticipated to enhance their value.

Supporting Information

Please note that in addition to the following Supporting
Information files, which are versions of the “Toy Dataset”
referred to in section 6, the templates and Python program
described in this article are publicly available as previously
explained [47,114,115].

Supporting Information File 1

“Toy Dataset” (i.e., not real data) created using the data
collection templates.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-202-S1.zip]

Supporting Information File 2

“Toy Dataset” converted using the Python program (default
options).

[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-202-S2.zip]
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Supporting Information File 3

“Toy Dataset” converted using the Python program (“-a”,
“-¢” options).
[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-6-202-S3.zip]

Supporting Information File 4

Additional documentation and discussion.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-202-S4.pdf]
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Abstract

Background: The presence of diverse types of nanomaterials (NMs) in commerce is growing at an exponential pace. As a result,
human exposure to these materials in the environment is inevitable, necessitating the need for rapid and reliable toxicity testing
methods to accurately assess the potential hazards associated with NMs. In this study, we applied biclustering and gene set enrich-
ment analysis methods to derive essential features of altered lung transcriptome following exposure to NMs that are associated with
lung-specific diseases. Several datasets from public microarray repositories describing pulmonary diseases in mouse models
following exposure to a variety of substances were examined and functionally related biclusters of genes showing similar expres-
sion profiles were identified. The identified biclusters were then used to conduct a gene set enrichment analysis on pulmonary gene
expression profiles derived from mice exposed to nano-titanium dioxide (nano-TiO,), carbon black (CB) or carbon nanotubes
(CNTs) to determine the disease significance of these data-driven gene sets.

Results: Biclusters representing inflammation (chemokine activity), DNA binding, cell cycle, apoptosis, reactive oxygen species
(ROS) and fibrosis processes were identified. All of the NM studies were significant with respect to the bicluster related to
chemokine activity (DAVID; FDR p-value = 0.032). The bicluster related to pulmonary fibrosis was enriched in studies where toxi-
city induced by CNT and CB studies was investigated, suggesting the potential for these materials to induce lung fibrosis. The pro-
fibrogenic potential of CNTs is well established. Although CB has not been shown to induce fibrosis, it induces stronger inflamma-
tory, oxidative stress and DNA damage responses than nano-TiO; particles.

Conclusion: The results of the analysis correctly identified all NMs to be inflammogenic and only CB and CNTs as potentially
fibrogenic. In addition to identifying several previously defined, functionally relevant gene sets, the present study also identified
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two novel genes sets: a gene set associated with pulmonary fibrosis and a gene set associated with ROS, underlining the advantage

of using a data-driven approach to identify novel, functionally related gene sets. The results can be used in future gene set enrich-

ment analysis studies involving NMs or as features for clustering and classifying NMs of diverse properties.

Introduction

Metadata analysis that leverages genomics data has become
increasingly popular as more experiments populate publicly
available data repositories such as the Gene Expression
Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) and Euro-

pean Bioinformatics Institute (EBI; https://www.ebi.ac.uk/

arrayexpress/). A systems biology approach through meta-
analysis has the potential to reveal relationships and insight on
resulting phenotypes that may not be possible to detect through
the analysis of any individual experiment [1-12].

Conventional molecular approaches for the study of organismal
response to toxicant exposures or diseases involve the study of
one gene or a few genes at a time, whereas biological response
is driven by a group of genes. Thus, when normal function of a
specific biological process is perturbed, alterations and enrich-
ment in the expression of a subset of co-functioning genes asso-
ciated with that biological process are observed. Toxicoge-
nomic tools such as gene expression profiling have become a
widely used strategy for investigating the genome-wide changes
relating to molecular mechanisms underlying many complex
responses and diseases. The fact that genes interact with each
other and are expressed in functionally relevant patterns implies
that gene-expression data can be grouped into functionally
meaningful gene sets across a subset of conditions [13-32]. The
analysis of such predefined gene sets is a powerful alternative to
individual gene analysis [13]. However, derivation of mean-
ingful and relevant gene sets from the thousands of genes
showing expression changes following exposure to toxicants is
challenging.

Gene set data analysis, a computational technique which deter-
mines if a predefined set of genes exhibit statistically signifi-
cant differential expression between two or more experimental
conditions (time, dose, tissue, etc.), relies on the knowledge of
annotated pathways relevant to the underlying physiology or
biology being investigated. A survey conducted by Huang et al.
[33] identified 68 different gene set enrichment tools. These
methods are applied to manually and computationally curated
[29] gene sets to identify enriched functional groupings of
genes. These gene set enrichment tools include DAVID [21,22],
EASE [34], GoMiner [35], MAPPFinder [36], Onto-express
[37] and others, which consist of controlled descriptions of gene
functions that are frequently used to define gene sets. Other
tools, such as pathway databases including Gene Ontology [38],
KEGG [39], BioCyc [40], TfactS [41], CTD [42], and BioCarta

(http://www.biocarta.com), have also been applied in gene set

analysis. Despite the number of tools available, the effective
identification of functional groups of genes relevant to the
underlying physiology across several conditions still remains a
challenge. As a result, these tools continue to be refined and
improved.

Nanomaterials (NMs) are materials manufactured on the
nanoscale (1-100 nm) and are the building blocks of nanotech-
nology. On the nanoscale, materials exhibit unique size-asso-
ciated properties (optical, magnetic, mechanical, thermody-
namic, electrical, etc.), which are harnessed for use in various
commercial applications [43]. Current applications of NMs
include therapeutic applications (e.g., nanomedicine, drug
delivery, diagnostics), agriculture, manufacturing, electronics,
cosmetics, textiles, and environmental remediation and protec-
tion. Although NMs are synthesized from their corresponding,
known, bulk chemical substances, owing to their distinct size-
associated properties, their biological or toxicological behavior
are often different from their analogous bulk compound.
Because of their smaller size and large surface area, NMs are
known to have increased ability to interact with cellular
membranes, they can easily cross cellular barriers and penetrate
deeper regions of tissue (such as the highly vascularized
alveolar regions of lungs), and they exhibit increased toxicolog-
ical activity as compared to the corresponding bulk material or
comparatively large particles [43]. A variety of conventional
toxicology tools have been assessed using both in vitro and in
vivo models for their suitability and applicability for toxicity
testing of NMs. However, these tools are single-endpoint-based
or targeted in nature, investigate only one type of response at a
time, and lack detailed mechanistic information [44]. Given the
rate at which nanotechnology is growing, and the limitations of
the currently available toxicological testing tools, it is esti-
mated that it will take several decades and millions of dollars to
complete the assessment of NMs of various sizes, shapes and
surface coatings that require immediate assessment [45]. There-
fore, more efficient toxicity testing and prediction tools are
needed to provide a comprehensive overview of the biological
activities of NMs to rapidly screen the toxicological potential of
NMs.

Over the last few years, genome-wide expression analysis tools

have been used as an alternative approach to comprehensively

investigate the toxicological response induced by various
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classes of NMs and to identify the properties of NMs that are
responsible for eliciting adverse effects. We have previously
used transcriptomics profiling tools to investigate the under-
lying mechanisms of toxicity induced by nanoparticles of tita-
nium dioxide (nano-TiO;) [46-48] and carbon nanotubes
(CNTs) [49,50] of various sizes and properties. This work iden-
tified the properties of nano-TiO, that influence their inflammo-
genic potential [51]. These studies have generated a large repos-
itory of gene expression data that reflect the diversity of
NM-induced biological response across a variety of experi-
mental conditions. However, the challenge lies in the effective
use of these data to discern individual or networks of genes

Table 1: Publically available datasets.

GEO accession;  Platform

reference

Lung disease = GSE4231 [57]

UCSF 10Mm Mouse v.2 Oligo Array (GPL1089); UCSF GS

Beilstein J. Nanotechnol. 2015, 6, 2438-2448.

conferring adverse outcomes of regulatory importance or

disease phenotypes.

In the present study, we used a meta-analysis approach like that
described by Turcan et al. [20] to identify functionally related
biclusters of genes showing similar expression profiles, derived
from publicly available gene expression data sets describing
specific lung diseases (Table 1). One advantage of biclustering
is that genes in the same cluster do not have to behave similarly
over all experimental conditions. Unlike classical clustering
techniques, biclusters can overlap with each other. This is ideal
for mining functionally related gene sets as genes can be asso-

Disease model/nanomaterial

Lung inflammation models

models Operon Mouse v.2 Oligo Array (GPL3330); UCSF 11Mm
Mouse v.2 Oligo Array (GPL3331); UCSF 7Mm Mouse v.2
Oligo Array (GPL3359)
GSE6116 [58] Affymetrix Mouse Genome 430 2.0 Array (GPL1261) Biomarkers to predict female
mouse lung tumors
GSE6858 [59] Affymetrix Mouse Genome 430 2.0 Array (GPL1261) Model of experimental asthma
GSE8790 [60] Affymetrix Mouse Genome 430 2.0 Array (GPL1261) Cigarette smoke-induced
emphysema
GSE11037 [11] Agilent-011978 Mouse Microarray G4121A (GPL891) Emphysema
GSE18534 [61] Affymetrix Mouse Genome 430 2.0 Array (GPL1261) Mouse small cell lung cancer
model
GSE19605 [62] lllumina MouseRef-8 v2.0 expression beadchip (GPL6885) Lung carcinogenesis
GSE25640 [63] Affymetrix Mouse Genome 430 2.0 Array (GPL1261) Pulmonary fibrosis
GSE31013 [64] Affymetrix Mouse Genome 430 2.0 Array (GPL1261) Spontaneous lung tumors
GSE40151 [65] Affymetrix Mouse Genome 430 2.0 Array (GPL1261) Idiopathic pulmonary fibrosis
GSE42233 [66] lllumina Mouse WG-6 v2.0 expression beadchip (GPL6887) Lung cancer
GSE52509 [67] lllumina MouseRef-8 v2.0 expression beadchip (GPL6885) COPD
NM studies GSE29042 [68] GPL4134 Agilent-014868 Whole Mouse Genome CNT: MWCNT-7

Microarray 4x44K G4122F

GSE35193 [48]
Microarray 4x44K G4122F
GSE41041 [47]
Microarray 4x44K G4122F
GSE47000 [49]
Microarray
GSE60801 [51]
Microarray 4x44K G4122F
GSE60801 [51]
Microarray 4x44K G4122F

GSE60801 [51]
Microarray 4x44K G4122F

GSE60801 [51]
Microarray 4x44K G4122F

GSE61366 [50]
Microarray

GPL7202 Agilent-014868 Whole Mouse Genome
GPL7202 Agilent-014868 Whole Mouse Genome
GPL10787 Agilent-028005 SurePrint G3 Mouse GE 8x60K
GPL7202 Agilent-014868 Whole Mouse Genome
GPL7202 Agilent-014868 Whole Mouse Genome

GPL7202 Agilent-014868 Whole Mouse Genome

GPL7202 Agilent-014868 Whole Mouse Genome

GPL10787 Agilent-028005 SurePrint G3 Mouse GE 8x60K

CB: Printex 90
TiO9: UV-Titan L181
CNT: Mitsui7

TiO2: NRCWE-025,
NRCWE-030

TiO, Sanding dust: Indoor-R,
Indoornano TiO,

TiOy: Sanding dust
NRCWE-032, sanding dust
NRCWE-033

TiO2: NRCWE 001 (no
charge), NRCWE 002
(positively charged)

CNT: NRCWE-26, NM-401
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ciated with more than one biological process. Several studies
[3,52-55] have shown that biclustering is a useful methodology
to uncover processes that are active only over some but not all

experimental conditions [56].

In this study, experiments investigating lung diseases (including
lung inflammation, emphysema, chronic obstructive pulmonary
disease (COPD) or lung cancer) in mice using the whole
genome gene expression tools were obtained from GEO. For
each study, raw data were downloaded from GEO and normal-
ized as described in the methods below. Biological replicates
for each of the experimental conditions were averaged. All
studies were merged together and biclustering was employed.
Through this analysis, ten biclusters representing ten functional
gene sets were identified. Using DAVID [21,22], the biological
functions associated with these biclusters were identified. Next,
we applied these candidate gene sets/biclusters to nine, publi-
cally available, toxicogenomic gene expression studies
(Table 1, published studies from our laboratory) to examine the
toxicity induced by a variety of NMs (nano-TiO,, CB and
CNTs) to determine the disease significance of the altered gene
expression profiles following exposure to NMs. The analysis
was restricted to lung disease models since pulmonary response
following NM exposure is well characterized.

Results and Discussion
Identification of biclusters of genes from lung

disease models

To develop a data-driven view of the mouse lung response
following exposure to NMs, publicly available genomic data
from GEO that describe characteristic features of select lung
diseases were leveraged. Eleven studies encompassing 52
experimental conditions with 8752 common gene symbols were
assembled and specific gene sets were extracted using the
repeated Bimax [69] biclustering method. A total of ten distinct
biclusters were identified. The results of the biclustering are
visually summarized in Figure 1.

Bicluster-1 consisted of studies investigating small cell lung
carcinoma, spontaneous lung tumor, asthma and pulmonary
fibrosis. This bicluster consisted of 19 gene symbols (Clqa,
C3arl, Cde68, Clec4n, Ctsk, Ect2, Fcgr3, Gp2, Igfl, Mmp12,
Ms4a6d, Ms4a7, Pbk, Prcl, Saa3, Shcbpl, Sppl, Timpl and
Ube2c). Submitting these gene symbols into the DAVID func-
tional annotation analysis tool (http://david.abcc.ncifcrf.gov)

resulted in no significant gene ontology (GO). The top three
ranked GO terms based on unadjusted p-values were acute
inflammatory response (p-value = 0.0023), extracellular
region (p-value = 0.0067) and extracellular region part
(p-value = 0.0083). The lung disease models that comprised this

bicluster were the model for human small cell lung carcinoma

Beilstein J. Nanotechnol. 2015, 6, 2438-2448.

(GSE18534), spontaneous lung tumor (GSE31013), experi-
mental asthma (GSE6858), active pulmonary fibrosis
days 7, 14, and 21 (GSE40151) and pulmonary fibrosis
(GSE25640).

The second bicluster consisted of twenty gene symbols
(4632434111Rik, Ccna2, Cenbl, Cenb2, Cdc20, Cdca8, Cldn4,
Hells, Kif22, Mad2l1, Megf10, Melk, Msrl, Mx1, Plk4, Psatl,
Rad51, Rrm2, Sprrla and Uhrfl) with lung disease models such
as a model for human small cell lung carcinoma, spontaneous
lung tumor, chemical-induced lung carcinogenesis model from
GSE6116 (1,5-naphthalenediamine; NAPD) and pulmonary
fibrosis. Using DAVID, many GOs and Kyoto Encyclopedia of
Genes and Genomes (KEGQG) pathways were found significant
(FDR p-value < 0.05). Ten of the twenty gene symbols
from this bicluster were elements of the cell cycle GO
(FDR p-value = 4.9 x 1079) and five were part of the KEGG
pathway (FDR p-value = 2.5 x 107%).

The bleomycin injury and the bacterial infection models
(GSE4231), as well as lung disease models related to
pulmonary fibrosis, constituted the third bicluster. This bicluster
contained 17 gene symbols (Aifl, Ccl2, Ccl9, Cer5, Cdknla,
Chll, Cxcl9, Cyp7bl, Ereg, Fcgrl, Mt2, Retnla, Stn, Sfrpl,
Slc26a4, Socs3, and Tnc). Nine of the seventeen gene symbols
are part of the extracellular region GO (FDR p-value = 0.0056).
Other significant GO terms included chemokine receptor
binding (FDR p-value = 0.017), extracellular region part
(FDR p-value = 0.021) and chemokine activity (FDR
p-value = 0.032).

The fourth bicluster contained gene symbols associated with
chromatin binding (Arid4b, Atrx, Cnot6, Ezh2, Glmn, Hifla,
Ncl, Npm1, Ofd1, Sdccagl, Ssb, Tfrc, Tpp2, Ttc3, Z{p386)
(FDR p-value = 0.019). This bicluster contained lung disease
models associated with chemical exposure to known lung
carcinogens (NAPD, N-1-naphthyl)ethylenediamine dihydro-
chloride (NEDD), 2,3-benzofuran (BFUR)) (GSE6116), a
model for human small cell lung carcinoma, spontaneous lung
tumor and cigarette smoke-induced emphysema (GSE8790).
Many of the gene symbols found in this bicluster are transcrip-
tion factors involved in the gene expression regulation and are
associated with one form of cancer or another.

The fifth bicluster consisted of 35 gene symbols
(1700019G17Rik, Aplm2, Argl, Atic, Cdc6, Ckmtl, Cldn7,
Ddit4, Fetub, Galnt2, Gatm, Grb7, H1f0, Hdacl1, Ildrl,
Mapk13, Mcm2, Mcem5, Mem6, Mrps15, Nup50, Pgls, Plek2,
Psmd8, Rbp4, Rfc4, Rgl3, Rrsl, Serpinel, Sh3yll, Slc25al3,
Slc39all, Spata5, Tkl, and Tmprss4). The lung disease models
that formed this bicluster included the model for human small
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Figure 1: Heatmap of the gene symbols obtained from the bicluster data analysis. The distance metric used for the cluster analysis was 1-correlation

estimated using Spearman correlation with average linkage.

cell lung carcinoma, spontaneous lung tumor, cigarette
smoke-induced emphysema and two chemical exposures,
2,2-bis(bromomethyl)-1,3-propanediol (BBMP; lung
carcinogen) and 4-nitroanthranilic acid (NAAC; which resulted
in no observed tumors). DNA replication for the GO
term (FDR p-value = 4.1 x 1073) and KEGG pathway (FDR
p-value = 4.1 x 1073) were significant. The only other

significant GO term was DNA replication initiation (FDR
p-value = 0.028). A few genes showed association with matrix
degradation, inflammation and energy metabolism.

The sixth bicluster consisted of models for human small cell

lung carcinoma, cigarette smoke-induced emphysema and
chemical exposures BFUR, NAPD and NEDD. DAVID annota-
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tion analysis of the 23 gene symbols (Atm, Bazlb, Bclafl,
Ccarl, Dek, Dhx9, Epb4.113, F5, Hgf, Kif5b, Mierl, Pgm2l1,
Plcb4, Ppil4, Rabepl, Smcla, Stk3, Syncrip, Tcergl,
Ugcg, Usp9x, Zfml, and Z{p292) showed that this group of
genes was primarily involved in the acetylation process (FDR
p-value = 0.0056). Many GO terms related to the regulation of
apoptosis were present in the results obtained by DAVID
analysis. However, these results were not statistically signifi-
cant after the FDR adjustment.

The seventh bicluster contained lung disease models related to
pulmonary fibrosis only. DAVID analysis of the gene symbols
included in this bicluster (Ccl3, Cd200r1, Chodl, Clec5a,
Col24al, Cxcl10, Emrl, Fxyd4, Gpnmb, Haver2, Igj, I11rn,
Mmp10, Slc37a2, Sytl2, Tgml, TIr8, Trem2, Wfdc12, and
Zranb3) showed association with pulmonary fibrosis but no
significant gene sets were derived. This bicluster can poten-
tially serve as a candidate gene set for pulmonary fibrosis.

The eighth bicluster consisted of models for bacterial infection,
Th2 response (GSE4231), asthma (GSE6858) and pulmonary
fibrosis (GSE25640) with sixteen gene symbols (C1gb, Ch25h,
Clec4a2, Ctss, F7, Fcgr2b, Itgam, Itgb2, Lgmn, Lpxn, Ly86,
S100a4, Serpina3g, Serpina3n, Slc7a2, and Tbxasl). These
gene symbols resulted in three significant GOs: response to
wounding (FDR p-value = 0.0037), defense response
(FDR p-value = 0.0063) and inflammatory response (FDR
p-value = 0.0045).

The ninth bicluster consisted of the down-regulated gene
symbols (Actcl, Cfd, Ckm, Ckmt2, Cox7al, Cox8b, Csrp3,
Eno3, Fmo3, Myh6, Myll, Myl7, Pln, Ponl, Smpx, Sultldl,
Tnncl, and Tnni3) and included a bacterial infection model, a
model for human small cell lung carcinoma, spontaneous lung
tumor, an asthma model and a pulmonary fibrosis model. These
gene symbols were significantly associated with KEGG
pathway cardiac muscle contraction (FDR p-value < 0.0001)
and GO terms such as myosin complex (FDR p-value = 0.02)
and regulation of system process (FDR p-value = 0.0015).

The tenth bicluster resulting from the analysis of the genes that
were 2-fold down-regulated consisted of lung inflammation and
disease models such as the bacterial infection model, a model
for human small cell lung carcinoma, the study on spontaneous
lung tumor, an asthma model and pulmonary fibrosis. This
bicluster consisted of seventeen gene symbols (Aldh3al, Bmpo6,
Cyplal, Cyp4bl, Eng, Fmol, Fmo2, Gprl55, Igfbp6, Mapt,
Ndrg2, Omd, Pcolce2, Pgam2, Scube2, Slc7al0, and Tnxb).
These genes were associated with a variety of functions
including fatty acid metabolism; however, DAVID functional

annotation analysis of these gene symbols resulted in no

Beilstein J. Nanotechnol. 2015, 6, 2438-2448.

statistically significant results to known annotated gene sets.
However, several of these genes are associated with reactive
oxygen species (ROS), which may not be a well-established
gene set.

Application of biclusters to classify

NM-induced lung response

Next, gene set enrichment analysis (GSEA) [29] using the
bicluster-method-derived genes sets was conducted on the nine
publically available studies [47-51,68] that examined
NM-induced pulmonary toxicity. These results are presented in
Figure 2. Bicluster-3 (genes associated with chemokine activity
reflecting pulmonary inflammation) was enriched for most of
the NMs. These results are in alignment with other studies in
the literature that have shown pulmonary inflammation to be the
predominant response following exposure to a variety of NMs.
Bicluster-7 was the other significant cluster that was enriched in
most of the experiments related to CNTs and CB. This cluster
consisted of gene symbols showing strong association with
pulmonary fibrosis. CNTs are well known to induce pulmonary
fibrosis [50]. Although exposure to CB was not shown to cause
lung fibrosis at the tested doses [48], studies have shown that
CB exposure enhances bleomycin-induced lung fibrosis [70].
These results suggest that both carbon-based NMs may perturb
similar biological processes and functions and factors in add-
ition to the altered expression of a few genes in the gene set

may contribute to the initiation of lung fibrosis.

Conclusion

In this study, we examined the applicability of a data-driven ap-
proach to identify gene sets from the comprehensive gene
expression data using a biclustering method. The results showed
that the lung response to NM exposure predominantly reflects
responses observed following bacterial infections and
bleomycin injury models that involve acute inflammation. The
combined biclustering and gene set enrichment analysis also
identified CNT and CB as potentially fibrogenic NMs.
Although several genes sets associated with acute DNA
binding, cell cycle, apoptosis, and ROS response that were
specific to different disease models were also observed to be
perturbed following exposure to NMs, the implication of such
perturbation was not clear from this analysis. In addition the
identification of several previously defined, functionally rele-
vant gene sets, the present study also identified two novel genes
sets: Bicluster-7 (consisting of genes associated with pulmonary
fibrosis) and Bicluster-10 (consisting of genes associated with
ROS), underlining the advantage of using a data-driven ap-
proach to identify novel, functionally related gene sets. The
results can be used in future gene set enrichment analysis
studies involving NMs or as features for clustering and classi-

fying NMs of diverse properties.
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Figure 2: Gene set enrichment results of the NM datasets. Barplots of the —log1o(p-value) from the GSEA are presented for each of the NM studies.
The studies are ordered in the barplots as follows: TiO,: UV-Titan L181, NRCWE-025, NRCWE-030, Sanding Dust Indoor-R, Sanding Dust Indoor-
nano, Sanding dust NRCWE-032, Sanding dust NRCWE-03, NRCWE 001 (No charge), NRCWE 002 (positively charged); CNT: Mitsui7, NRCWE-26,

NM-401, MWCNT-7; CB: Printex 90.

While powerful, data-driven meta-analysis approaches have
several limitations. One important limitation is that the analysis
is conditional on the subset of studies selected from the public
data repositories such as GEO and EBI. Also, the experiments
available in these repositories may not be representative of the
population. For example, there are other mouse models of lung
diseases that were not included in the present study due to lack
of publicly available data or failure to meet the criteria set by
the present study (time points, mouse strain, microarray plat-
forms used).

The analysis is also limited to the gene symbols that were

consistently investigated across the various microarray plat-

forms from the different studies included in the analyses.
Furthermore, the bicluster analysis is conditional to the two-fold
change cut-off employed to create the binary matrix for the
Bimax algorithm and the choice of the Bimax parameters.
Modifying the fold cut-off to 1.75- and 1.5-fold, an additional
28 (23 up and 5 down) and 100 (89 up and 11 down) biclusters
were identified. However, the interpretations were derived from
the 2-fold cut-off as it provides the most conservative approach.
The biclusters were stable when varying the minimum
number of rows and when varying the minimum number of
columns. Here, additional clusters were identified when these
parameters were reduced and clusters were eliminated when

these parameters were increased. Changes to any of the above
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could impact the final results and therefore the interpretation of
the data.

Experimental

Lung disease models

The data were obtained from the GEO. The accession numbers
for the studies [11,57-67] used in the exploration of novel gene
sets are presented in Table 1. These data sets cover a variety of
lung diseases and lung injury outcomes, including different lung
inflammation models, emphysema, chronic obstructive
pulmonary disease and experiments studying lung cancer
and lung tumors. Several different microarray platforms
including the Illumina expression beadchip were used in
these studies. The analysis was restricted to lung disease models
since pulmonary responses following exposure to NMs are well
characterized.

Data processing and normalization

The log, transformation was applied to all signal intensity
measurements. For the two color microarray studies, the
LOWESS normalization method [71] using the R statistical
software environment [72] was applied. For studies using the
Affymetrix GeneChips®, the RMA normalization was applied
using the justRMA function in the affy [73] R package. Quan-
tile normalization was applied for studies that utilized the Illu-
mina beadchip. This was done using the lumiN function in the

lumi [74] R package.

Probes with technical replicates were then averaged using the
median. The data for each study was then merged to its appro-
priate annotation file to obtain the gene symbol. Probes with the
same gene symbol were then averaged using the median. The
experimental conditions with biological replicates were aver-
aged using the median. The median was used as it is a robust
estimate of the central tendency.

For each experimental condition, the data was further normal-
ized by centering to the matched control. The control samples
were then removed from the data set. The remaining data is
presented relative to the control, equivalently the log, of the
fold change (estimated using medians) for all the studies. The
data were then merged across studies using the gene symbol.
The mining the log) of the fold changes was done in an attempt
to minimize the cross-platform differences. However, platform
differences may exist through compression of the fold-change
values [75].

Biclustering

The biclustering data analysis was conducted in R using the
biclust [69] package. The repeated Bimax [56] method was
selected for this analysis. Bimax uses a simple data model that

Beilstein J. Nanotechnol. 2015, 6, 2438-2448.

assumes two possible states for each expression level, no
change and change with respect to a control experiment. For
this analysis, two binary matrices were constructed: one matrix,
consisting of zeros and ones, where the ones indicated genes
that were 2-fold up-regulated and a second matrix, where the
ones identify genes that were 2-fold down-regulated.

The option for the minimum number of rows for the Bimax
method was set at 15. The minimum number of columns (which
represent the experimental conditions) was set as 5 and the
maximum number of columns was set as 15. This resulted in
8 biclusters from the binary matrix representing the up-regu-
lated genes and 2 biclusters were identified for the matrix repre-

senting the down-regulated genes.

NM-induced lung response data sets

The data sets examining differential gene expression in mouse
lung exposed to CB, nano-TiO; or CNTs were compiled from
GEO. Since this is a proof-of-concept study, the investigation
was limited to those NMs for which lung toxicological response
is well characterized. Also, the genomics datasets with multiple
doses and post-exposure time points were considered in the
analysis. The GEO accession numbers for these studies are
presented in Table 1. These studies utilized the two color
Agilent microarray reference design [76]. The data were
LOWESS normalized and probes with technical replicates were
averaged. The annotation file containing the gene symbol was
merged with the expression data and probes with multiple gene
symbols were averaged using the median expression.

Gene set enrichment

As the NM-induced lung response data sets contained multiple
doses, the test statistic from the Attract [19] approach was used.
Using this method, the overall F-statistic for the dose effect was
estimated for each gene. The F-statistics were then log,-trans-
formed. A two sample t-test (assuming unequal variances) was
then conducted, comparing the mean of the log, F-statistics
within the bicluster to the mean of the log, F-statistics for all
genes. The observed t-statistics and p-values are reported in
Figure 2.
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