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Abstract

The throughput of spontaneous Raman spectroscopy for cell identification applications is limited to the range of one cell per second
because of the relatively low sensitivity. Surface-enhanced Raman scattering (SERS) is a widespread way to amplify the intensity
of Raman signals by several orders of magnitude and, consequently, to improve the sensitivity and throughput. SERS protocols
using immuno-functionalized nanoparticles turned out to be challenging for cell identification because they require complex prepa-
ration procedures. Here, a new SERS strategy is presented for cell classification using non-functionalized silver nanoparticles and
potassium chloride to induce aggregation. To demonstrate the principle, cell lysates were prepared by ultrasonication that disrupts
the cell membrane and enables interaction of released cellular biomolecules to nanoparticles. This approach was applied to distin-
guish four cell lines — Capan-1, HepG2, Sk-Hepl and MCF-7 — using SERS at 785 nm excitation. Six independent batches were
prepared per cell line to check the reproducibility. Principal component analysis was applied for data reduction and assessment of
spectral variations that were assigned to proteins, nucleotides and carbohydrates. Four principal components were selected as input
for classification models based on support vector machines. Leave-three-batches-out cross validation recognized four cell lines with
sensitivities, specificities and accuracies above 96%. We conclude that this reproducible and specific SERS approach offers

prospects for cell identification using easily preparable silver nanoparticles.

Introduction
Cytopathology is the histopathologic inspection of cells. Dyes, assessment by pathologists. Complementary tools are immuno-
such as hematoxylin for cell nuclei or eosin for cytoplasm, are  cytochemistry, which uses fluorescence-labeled antibodies

commonly used to stain cells with subsequent microscopic  against cellular antigens, and flow cytometry, which combines
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several detection channels based on light scattering, absorption

and fluorescence with microfluidic flow systems.

Raman spectroscopy has been proposed as promising technique
for cell characterization and cell identification because of its
high chemical specificity under label-free and non-destructive
conditions [1,2]. Raman spectroscopy is based on inelastic light
scattering from molecular bonds. It probes the molecular vibra-
tions of all cellular biomolecules, such as nucleic acids, pro-
teins, lipids and carbohydrates and provides chemical finger-
print spectra of cells. The throughput of spontaneous Raman
spectroscopy for cell classification is limited to the range of one
cell per second by the inherently low efficiency of the inelastic
scattering process of photons and the resultant low signal inten-
sity. Compared to modern flow cytometers with a throughput of
thousands cells per second, this severely restricts the applicabil-
ity of Raman spectroscopy in this field. This limitation can be
overcome by signal-enhancement approaches including surface-
enhanced Raman scattering (SERS), resonance Raman scat-
tering, coherent anti-Stokes Raman scattering and stimulated
Raman scattering [3]. For the analysis of liquids, SERS is the
most frequently applied approach and has been used for analyte
detection in the submicromolar range [4,5]. SERS fingerprint
spectra of molecules are generated when incident light excites
localized surface plasmons on nanometer-sized metallic struc-
tures. A strong electromagnetic field is then created near the
metallic surface and enhances the Raman scattering of nearby
molecules. The plasmonic properties of SERS-active nanoparti-
cles depend on the preparation conditions, the type of metal, the
size and the shape of these nanoparticles [6-10], and their
aggregation state [11,12]. Increasing the size of nanoparticle
aggregates shifts the excitation wavelength to the near-IR
region and therefore longer excitation wavelengths can be used
for SERS measurements.

SERS was also suggested for cell identification [13,14]. While
the signal intensity is similar to that of fluorescence emission,
SERS nanoparticles do not suffer from photobleaching and
offer a high multiplex capability due to narrow band widths.
Enhancement of Raman signal of cells can be realized by
(1) various techniques of nanoparticles delivery into cells, such
as spontaneous uptake, microinjection, electroporation [15-20]
or (2) binding of antibody-functionalized nanoparticles to spe-
cific antigens [21-23]. The disadvantages of approach (1)
include the poor reproducibility due to nonspecific binding of
nanoparticles, the long time needed for nanoparticles uptake by
cells, and the heterogeneity of nanoparticles inside cells. Ap-
proach (2) is complicated because of complex protocols for
nanoparticle preparation with Raman reporters, protective shells
and antibodies. Furthermore, approach (2) cannot be consid-

ered to be label-free anymore. In the context of microbial iden-
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tification, bacterial cells were lysed by sonication, and the bac-
terial lysate were mixed with nanoparticles to allow interaction
between nanoparticles and bacterial biomolecules [24]. This
gave very reproducible SERS spectra.

The current study transfers this SERS approach to distinguish
four human cancer cell lines. These cell lines are two liver
cancer cell lines (HepG2 isolated from liver tissue of a male
patient with well differentiated hepatocellular carcinoma and
SK-Hep! received from ascetic fluid of a patient with adenocar-
cinoma of the liver), one breast cancer cell line (MCF-7 ob-
tained from a female patient) and one human pancreatic ductal
adenocarcinoma cell line (Capan-1). A protocol was developed
to disrupt the cell walls by sonication and to allow for the inter-
action of silver nanoparticles with the released cellular biomole-
cules. The measured SERS spectra from six different batches
were subjected to a support vector machine (SVM) to train clas-
sification models. The sensitivities, specificities and accuracies
of the SVM model were calculated by cross-validation schemes.
This proof-of-principle demonstrates that non-functionalized,
easy-to-prepare silver nanoparticles give reproducible SERS
spectra that can be used for the identification of human cancer
cells.

Results and Discussion

The absorption band of silver (Ag) nanoparticles corresponds to
the maximum of the plasmon resonance which is near 415 nm
(Figure 1a). Shifting the plasmon resonance of our nanoparti-
cles to the near-IR spectral region was achieved by aggregation
using potassium chloride (KC1). When nanoparticles aggregate,
they become electronically coupled, which results in a change
of the surface plasmon resonance compared to individual parti-
cles. Figure 1b shows the effect of adding KCI to Ag nanoparti-
cles on the optical absorption characteristics. The aggregated
nanoparticles have a broad absorption band that allowed for
SERS measurements with an excitation laser at 785 nm.

The size and shape of Ag nanoparticles were also analyzed by
electron microscopy. Transmission electron microscopy (TEM)
images and scanning electron microscopy (SEM) images of
silver nanoparticles are compared in Figure 2a and b. The aver-
age size of the Ag nanoparticles was determined to be around
50 nm with a high degree of polydispersity in size ranging from
10 to 100 nm. The Ag nanoparticles do not tend to aggregate to
a single specific shape after adding KCI. Instead, they form dif-
ferent shapes from spheres to rods. The cells, before and after
sonication, were mixed with Ag nanoparticles and SEM images
were recorded to better understand the diffusion of nanoparti-
cles inside the cells. Nanoparticles represented by light spots are
shown on the surface of a cell wall in Figure 2¢ and during

interaction with cellular biomolecules in Figure 2d.
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Figure 1: UV-vis absorption spectra of (a) silver nanoparticles with an
absorption band at 415 nm and (b) solution of silver nanoparticles and
potassium chloride. The absorption band of aggregated nanoparticles
was shifted to near infrared region.
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Cellular biomolecules including nucleic acids, proteins, carbo-
hydrates and lipids are released after disruption of the cell mem-
branes and can interact with nanoparticles. The spectral bands
obtained from SERS measurements can then be assigned to bio-
molecules of cell nucleus and the cytoplasm. The raw spectra
were baseline-subtracted and normalized. Figure 3 shows the
processed mean SERS spectra and the standard deviation for
each of the four cell lines Capan-1, HepG2, MCF-7 and
Sk-Hepl. The band at 660 cm ™! is assigned to carboxylate [25].
Spectral contributions of adenine from nucleic acids and
metabolites appear at 723 and 1339 cm™! and can be assigned to
adenine ring-breathing modes [18,26,27]. Protein vibrations
contribute to the band at 900 cm™!. The bands at 800 and
960 cm™! can be assigned to CN stretching vibrations. Carbo-
hydrates are represented by bands in the spectral region of
1000-1100 cm™!. The bands at 1289 cm ™! and 1660 cm™! can
be assigned to the amide III and amide I vibrational modes of
peptide bonds in proteins, respectively [18,26,28]. The band at
1450 cm™! arises from CH, deformation vibrations of all bio-
molecules. The bands at 2923 and 2952 cm™! can be assigned to
CH; and CHj stretching vibrations of all biomolecules
[24,26,28]. The reproducibility of these spectra was tested by
measuring the SERS spectra from six batches of the four cell
lines. The small standard deviation values proved the high

reproducibility.

Figure 2: (a) Scanning electron microscopy (SEM) image of silver nanoparticles. The nanoparticles have a high degree of polydispersity in size
ranging from 10 to 100 nm with an average size close to 50 nm. (b) Transmission electron microscopy image of silver nanoparticles showing their pre-
dominantly spherical shape and polydispersity in size. (c) SEM image of intact cells mixed with nanoparticles showing the distribution of nanoparticles
on the surface of the cell. (d) SEM image of cell lysate mixed with nanoparticles showing released cellular biomolecules with nanoparticles after

disruption of cell membrane.
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Figure 3: Preprocessed mean SERS spectra and standard deviations
of the different cell lines. Labeled bands are assigned to cellular bio-
molecules including nucleic acids, proteins and carbohydrates. The
low standard deviation values (represented by the red shadow) em-
phasize the high reproducibility of the technique.

It is evident from Figure 3 that the SERS spectra of the indi-
vidual cell lines are highly similar and the cell lines cannot
easily be distinguished by univariate analysis of single bands or
band ratios. Therefore, multivariate classification was applied
for differentiation of the cell lines. Prior to multivariate classifi-
cation the data size was reduced by principal component analy-
sis (PCA). Figure 4 shows the first four principal components
(PCs) that described 89% of the variances of the data set re-
quired for cell line differentiation. PC1 loadings showed nega-
tive bands in the fingerprint range from 600 to 1200 cm™! and
positive signals from 2800 to 3000 cm™!. The most pronounced
spectral features were (i) positive bands near 660, 900 and
2900 cm™! in PC2 loadings, (ii) a derivative-like feature at
660 cm™! and negative bands near 723 and 1339 cm™! in PC3
loadings, and (iii) negative band near 660 and derivative-like
feature near 900 cm™! in PC4 loadings. In general, we did not
notice a significant difference in the amide content inside the
four cell lines. The main differences were assigned to vibra-
tions of nucleic acids, CHy/3 from the whole cell contents and

the carboxylate moieties.
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Figure 4: First four principal components used for the support vector
machine model. These loadings represent 89% of data variance be-
tween MCF-7, Capan-1, SK-Hep1 and HepG2 cell lines.

The score values of the first four PCs are plotted in Figure 5.
Based on four PCs the main variations between the four cell
lines were explained, and cells could be differentiated. Nega-
tive PC1 scores separated the spectra of the MCF-7 cell line
from the spectra of the other cell lines having positive PC1
score values. PC2, PC3 and PC4 distinguished Capan-1,
SK-Hepl and Hep-G2.

The first four PCs were used as input for classification based on
support vector machines (SVM). The SVM model was trained
with three batches of cell lines and then tested with three differ-
ent batches of the same cell lines. This allowed for 20 different
batch permutations for validation and gave a reliable unbiased
classification model. The test was run 20 times and the sensi-
tivity, specificity and accuracy of the SVM model in each run
were calculated. Table 1 shows the number of spectra that were
classified correctly for each cell line in the 20 tests. Of 939 trial
tests of Capan-1 spectra, the SVM model was able to identify
the spectra correctly as Capan-1 cells 906 times with
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Figure 5: Score values of first four principal components of different cell lines. The four cell lines, MCF-7 (red circle), Capan-1 (blue plus sign),
SK-Hep1 (green cross) and HepG2 (black star) are distinguished based on the first four PCs.

Table 1: Results of the identification of different cell lines. The support
vector machine model (SVM) model was trained with spectra taken
from three different batches of each cell line and tested with data taken
from the remaining three batches. The SVM model was run for 20 dif-

ferent permutations.

sample cell line

Capan-1
HepG2
MCF-7
SK-Hep1

Capan-1

906
74
0
22

identified by SVM as

HepG2 MCF-7
6 3

898 33

0 932

0 0

96.7% accuracy. In case of Hep-G2 cells the model was able to
correctly identify the spectra 898 times out of 1005 trials with
97.1% accuracy. The MCF-7 cell line was identified correctly

in all 932 test trials with a very high accuracy of 99.1%. The

identification of Sk-Hepl cell line was true in 980 times out of

SK-Hep1

24
0

0
980

1002 trials with 98.8% accuracy.

Table 2 summarizes the mean values of the sensitivity, speci-
ficity and accuracy plus the deviation of each value. The highest
mean sensitivity value of 100% was obtained in the case of

MCE-7 cell line as the PC1 includes most of information about

Table 2: Mean sensitivity, specificity and accuracy values of support vector machine model for each cell line (in percentage).

mean sensitivity %
mean specificity %
accuracy %

Capan-1

96.5+4.4
96.7 + 3.7
96.7

HepG2

89.4 +10.5
99.8+0.5
97.1

cell line
MCF-7

100
98.8+1.7
99.1

SK-Hep1

97.8+29
99.2+1.2
98.8
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variations between MCF-7 cells versus Capan-1, HepG2 and
SK-Hepl cells. The lowest sensitivity value was obtained in the
case of HepG2 cell line with 89.4%. The maximum and
minimum mean specificity values are 99.8% in case of HepG2
and 96.7% in case of Capan-1. These results confirm the ability
to detect the molecular variations between the different tumor
cell lines based on the SERS spectra of cell lysates mixed with

nanoparticles and SVM-based classification.

Conclusion

Four different human tumor cell lines, Capan-1, HepG2,
Sk-Hepl and MCF-7, were lysed using ultrasonication and then
mixed with aggregated silver nanoparticles. The reproducibility
of SERS spectra was demonstrated by preparing six batches and
measuring them under the same conditions. The values of stan-
dard deviation, calculated for different batches, were small.
PCA was performed to reduce the size of the data and assess
variations between the four cell lines. Four PCs were used as
input to a SVM model to classify these cell lines. Leave-three-
batches-out cross validation was performed to test the stability
of the SVM model. The SVM model was able to identify the
different cell lines from each other with very high accuracy,
sensitivity and specificity. The accuracy values were 96.7%,
97.1%, 99.1% and 98.8% for identification of Capan-1, HepG2,
MCF-7 and Sk-Hepl, respectively. These values agree with
classification results based on Raman spectra [29]. Compared to
Raman spectra of intact cells, the SERS spectra of cell lysates
contain fewer bands whose intensities are enhanced. More im-
portantly, the variations in SERS spectra between different cells
are also enhanced that contribute to accurate and stable classifi-
cation.

The presented approach is a rapid, easy, efficient, highly reli-
able and specific strategy to identify and classify different
human cancer cell lines without need for complex sample prep-
aration procedures. To reduce the sample volume and measure-
ment time towards few milliseconds, and automate mixing of
solvents and acquisition of SERS spectra, this approach will be
transferred to a droplet-based microfluidic lab-on-chip device
[24]. After delivery of non-functionalized nanoparticles into
cells [20], the SERS approach can also increase the throughput
of tumor cell recognition in microfluidic chips at continuous
flow [30]. With exposure times in the millisecond range, SERS
assessment of millions of cells comes within reach in the future.
A possible scenario for screening of millions of blood cells and
enumeration of rare circulating tumor cells in blood of cancer
patients is a combination of all approaches mentioned above:
generation of droplets with single cells in a microfluidic chip,
addition of cell lysis buffer, nanoparticles and activation salt,
mixing of all solvents and collection of SERS spectra for classi-

fication.
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Experimental

Nanoparticle preparation

Silver nitrate (ACS reagent, >99%), sodium hydroxide,
hydroxylamine hydrochloride (reagent plus, 99%) and potas-
sium chloride were purchased from Sigma—Aldrich. Distilled
water was used for all preparations. The silver nanoparticle col-
loids were synthesized according to the protocol described by
Leopold and Lendl [31]. Briefly, 1 mM silver nitrate was added
to a solution of 1.5 mM hydroxylamine hydrochloride and
3 mM sodium hydroxide. The whole mixture was stirred during
the addition of the silver nitrate. As a sign of a successful prepa-
ration the color of the solution changed from grey to yellow.
The silver colloids were then preserved in the refrigerator
at 4 °C. 1 M of KCI was prepared in distilled water. The
preparation procedure can be performed quickly and at room

temperature.

Nanoparticle characterization

Transmission electron microscopy (TEM): 5 uL of the parti-
cle dispersion were deposited on a carbon-coated 400 mesh
copper grid. After 1 min of adsorption the excess liquid was
blotted off with filter paper. Dried samples were then examined
by a JEM 1400 (JEOL, Tokyo, Japan) transmission electron
microscope.

Scanning electron microscopy (SEM): Measurements were
performed by a field emission microscope JSM-6300F (JEOL,
Tokyo, Japan). The energy of the exciting electrons was 5 keV.
Beside the detector for secondary electrons (SEI) the system is
equipped with different detector types (semiconductor and
YAG) for backscattered electrons.

Spectrophotometry: The UV—vis spectra of silver nanoparti-
cles and KCl-aggregated silver nanoparticles were measured in
the spectral range of 200-800 nm with a Jasco V-670 diode
UV-vis spectrophotometer (Hachioji, Tokyo, Japan) using
plastic cuvettes (Brand GmbH Wertheim Germany) of 1 cm
light path.

Cell cultivation

Liver cancer cell lines (HepG2 and SK-Hep1) were cultivated
in RPMI 1640 liquid medium with 20 mM HEPES, stable gluta-
mine (FG 1235, Biochrom AG, Germany), 10% fetal bovine
serum (10099-133, Life Technologies, Germany) together with
100 units/mL of penicillin and 100 pg/mL of streptomycin
(15140, Gibco®, Life Technologies GmbH, Germany). Cultiva-
tion of MCF-7 breast cancer cells was performed in RPMI 1640
with 2.0 g/L NaHCO3 (F 1215, Biochrom AG, Germany) and
40 mg/L folic acid (F7876, Sigma—Aldrich, Germany) with the
same amount of fetal bovine serum, penicillin and streptomycin

as described above for liver cells. The pancreatic cancer cell
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line Capan-1 was cultured in IMDM medium (12440-053, Life
Technologies, Germany) complemented with 20% fetal bovine
serum (10099-133, Life Technologies, Germany), 100 units/mL
of penicillin and 100 pg/mL of streptomycin (15140, Gibco®,
Life Technologies GmbH, Germany). The cells were main-
tained in an incubator at 37 °C, 90% humidity and 5% carbon
dioxide in air. 75 cm? cell culture flasks (658170; Greiner Bio-
One GmbH, Germany) were used for cultivation of the cell
lines. Every two or three days the medium was changed until
approximately 100% confluence was reached. Cells were de-
tached from the substrate by a 0.05% of trypsin—EDTA solu-
tion (L2143; Biochrom AG, Germany) and fast frozen at
—20 °C. The final number of cells in each flask was around
107 cells/mL, which was confirmed by cell counting, using
Neubauer Chamber (0.0025 mm?; Marienfied, Germany). In
order to prove the reproducibility of our experiments six
batches of each of the four cell lines were prepared. The optical
density of different cell lines were measured using Eppendorf
Biophotometer plus. The optical density of 0.25 was correlated

to an averaged cell number of 107 cells/mL.

Cell sonication

Cells were sonicated using an ultrasonic probe system (Bran-
delin SONOPULS HD 2070) with a maximum output power of
70 W. This sonication technique helps disrupting the cell mem-
branes and allows for an interaction of released cell compo-
nents with the silver nanoparticles. The probe was inserted
inside an Eppendorf tube containing 1 mL of the cells in PBS
solution. The sonication was applied in 3 cycles of 15 s each
and 5 s break in between with a power set to 20%. The cell
lysate was then transferred to a new tube and stored until further

processing in a freezer.

Raman spectroscopy and SERS measure-

ments

SERS measurements were performed on a commercial Raman
microscopy system (Holoprobe, Kaiser Optical system, USA).
This system consists of a multi-mode diode laser with 785 nm
excitation wavelength (Invictus NIR laser), an f/1.8 spectro-
graph with a holographic transmission grating (Kaiser Optical
system, USA), and a Peltier-cooled back-illuminated deep-
depletion CCD detector (iDus420, Andor, Ireland). The micro-
scope was coupled to the Raman system with fibers of 65 pm
core diameter. A 10%/0.25 objective lens (Leica, Germany) was
used for all SERS measurements. The laser wavelength was cal-
ibrated using cyclohexane. The system was intensity calibrated
using a white light source. The laser power was fixed at 50 mW
with an acquisition time of 5 s. Each batch was lysed and
divided into eight to ten samples. 100 pL of the silver nanopar-
ticles were mixed with 100 uL KCI as aggregating agent, and
then 100 pL of cell lysate were added to the mixture with a final

Beilstein J. Nanotechnol. 2017, 8, 1183-1190.

ratio of 1:1:1. 200 pL solution was filled in vials that were cut
from 0.2 mL 96-well thin wall thermal cycler plates, and the
laser beam was focused on the surface of the mixture. One spec-
trum was collected from each sample. The experiments were
repeated using six batches for each cell line and the repro-
ducibility was tested by calculating the standard deviation from
the mean spectra.

Data analysis

The intensity-corrected SERS spectra were exported to Matlab
(The Mathworks, USA) and pre-processed before the evalua-
tion of the spectral classification models. The imported spectra
were corrected for the dark current and the constant voltage bias
by subtracting a smoothed dark spectrum. The resulting spectra
were corrected for the polynomial background arising from
residual excitation light using the penalized least squares-based
Whittaker smoother algorithm outlined by Eilers [32]. The
background corrected data was cropped to a low-wavenumber
region between 500 and 1800 cm ™! and a high-wavenumber
region between 2828 and 3028 cm™!. Both regions were
combined and area-normalized relative to the spectral wave-
number region. Spectral classification was performed by
support vector machines (SVM) with a linear kernel, using the
1ibSVM Matlab library by Chang [33]. The classification was
performed batch-wise; three batches were used to build a model
and the remaining three batches were used for testing. With six
total batches 20 different batch permutations were used for
model building and for model testing. Before performing the
SVM-based classification the dimensionality of the data set was
reduced by principal component analysis (PCA) for the three
batches, where on average the first four principal components
(PCs) describe 89% of the data variance. The classification was
performed on the score values of the first four PCs. After
training the SVM model with the score values of the training
batches the spectra of the test batches were projected onto the
four loading vectors created by the training batches, and the re-
sulting score values were used as the test set. The confusion
matrices established after testing each batch permutation were

summed up.
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Abstract

Nanotechnology-based drug design offers new possibilities for the use of nanoparticles in imaging and targeted therapy of tumours.
Due to their tumour-homing ability, nano-engineered mesenchymal stem cells (MSCs) could be utilized as vectors to deliver diag-
nostic and therapeutic nanoparticles into a tumour. In the present study, uptake and functional effects of carboxyl-coated quantum
dots QD655 were studied in human skin MSCs. The effect of QD on MSCs was examined using a cell viability assay, Ki67 expres-
sion analysis, and tri-lineage differentiation assay. The optimal conditions for QD uptake in MSCs were determined using flow
cytometry. The QD uptake route in MSCs was examined via fluorescence imaging using endocytosis inhibitors for the
micropinocytosis, phagocytosis, lipid-raft, clathrin- and caveolin-dependent endocytosis pathways. These data showed that QDs
were efficiently accumulated in the cytoplasm of MSCs after incubation for 6 h. The main uptake route of QDs in skin MSCs was
clathrin-mediated endocytosis. QDs were mainly localized in early endosomes after 6 h as well as in late endosomes and lysosomes
after 24 h. QDs in concentrations ranging from 0.5 to 64 nM had no effect on cell viability and proliferation. The expression of
MSC markers, CD73 and CD90, and hematopoietic markers, CD34 and CD45, as well as the ability to differentiate into adipocytes,
chondrocytes, and osteocytes, were not altered in the presence of QDs. We observed a decrease in the QD signal from labelled
MSCs over time that could partly reflect QD excretion. Altogether, these data suggest that QD-labelled MSCs could be used for
targeted drug delivery studies.
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Introduction

Despite remarkable advances in targeted therapies of various
human malignancies, cancer is one of the leading causes of
death worldwide [1]. Nanoparticles (NPs) could be linked to
various drugs, thereby making them suitable for tumour
imaging and targeted therapy [2]. However, the fact that NPs
are quickly recognised by immune cells and cleared from the
blood stream by reticuloendothelial system limits their utility as
drug carriers [3]. Recent studies have shown that nano-engi-
neered mesenchymal stem cells (MSCs) could be used as
tumour-targeted therapeutic carriers, reflecting their tumour-
homing capabilities [4-6].

MSCs are present in many tissues of the human body, includ-
ing bone marrow, adipose tissues, skin and dental pulp. Accord-
ing to current understanding, MSCs are defined as adherent
cells with a spindle-like morphology, expressing CD105 (SH2
or endoglin), CD73 (SH3 and SH4), CD106 (VCAM-1), CD44
(hyaluronic acid receptor), CD90 (Thy 1.1), CD29, CD146 and
CD166 surface markers [7,8]. MSCs can be induced to differen-
tiate in vitro into adipogenic, osteogenic, chondrogenic and
myogenic cells. Moreover, other cell types, such as neurons,
glial cells and smooth muscle cells, could be obtained from
MSCs under the appropriate cell culture conditions [9,10].

Among the broad variety of investigated NPs, quantum dots
(QDs) have demonstrated extensive application capabilities.
High photostability and brightness, broad excitation and narrow
fluorescence-emission spectra are some of the main properties
required for the generation of new fluorescent nano-agents. The
unique optical and electronic properties of QDs indicate their
great potential in cancer diagnostics. The photoluminescence
spectrum of carboxyl QD655 makes them ideal candidates for
cancer theranostics as it overlaps with the optical transparency
window of biological tissue [11]. Additionally, large and easily
altered surfaces facilitate modifications of various NPs. These
modifications increase the solubility of QDs to make QDs
unnoticeable by the immune system, increase the QD half-life
in the blood stream and target QDs to specific ligands or anti-
gens [12]. Different therapeutic and recognition molecules can
be attached to the surfaces of NPs and act synergistically
[13,14]. QDs were also chosen for their applicability as reso-
nant energy donors in photodynamic therapy. For example,
the second-generation photosensitizer chlorin e6 has the absorp-
tion band at 654 nm and carboxyl QD655 would be excellent
energy donors in such complexes. There were successful
attempts to use a similar quantum dot—chlorin €6 complex in
photodynamic cancer therapy [15]. Another study has shown
that QDs, conjugated with antibodies against CD44, a marker of
cancer stem-like cells, can be selectively engulfed by breast

cancer cells [16]. Such surface modifications increase the
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potential of QDs for the use in targeted cancer diagnostics and

therapies.

There is still doubt regarding the potential harmful effects of
NPs or QDs on the differentiation capacity and self-renewal
ability of adult stem cells. CdSe/ZnS QD labelling has been re-
ported to adversely affect the osteogenesis and chondrogenesis
capacities of bone marrow MSCs [17]. The impact of QD
labelling on the biological properties of targeted stem cells,
such as proliferation, cell cycle, and apoptosis, remains elusive.
Therefore, further research on MSCs with regard to the delivery
of QDs for monitoring and treating tumours is required.

Skin is the largest organ of the human body. It ensures the
protection and insulation of the inner tissues [18] and also acts
as a barrier against the penetration of QDs [19]. Nano-engi-
neered skin MSCs could be used in cell-based skin cancer (SC)
therapies [20,21]. MSCs loaded with anti-cancer drugs can
reduce melanoma tumour growth in vivo, suggesting that these

molecules are suitable vectors for therapeutic applications [22].

The aim of the present study was to analyse the accumulation,
release, toxicity and functional effects of carboxyl QD655 on
skin-derived MSCs to assess their potential use as vectors for

the targeting of SC or other tumours.

Results
Optimal QD labelling conditions for MSCs

The concentration-dependent cytotoxicity of QDs was analysed
in MSC cultures after 24 and 48 h using a colorimetric CCK-8
assay, which measures intracellular dehydrogenase activity
(Figure 1). QDs did not significantly affect MSC viability after
24 or 48 h at any of the tested QD concentrations.
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Figure 1: The concentration-dependent effect of QDs on the viability of
MSCs. Viability was measured by a colorimetric assay (CCK-8) after
incubation with QDs at 0.5-64 nM for 24 and 48 h.

In order to select the optimal incubation time for QD uptake in
skin MSCs, cells were incubated with 16 nM QDs for time
periods ranging from 15 min to 48 h (Figure 2a). The QD
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uptake kinetics was calculated based on changes in fluores-
cence intensity. The plateau phase was reached after 24 h of
incubation, consistent with observations in other cell lines [23].
The optimal incubation time for QD uptake was 6 h, after which
up to 95% of the cells had incorporated QDs. Thus, a 6 h incu-
bation time was used in all experiments, unless otherwise
stated.
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The optimal QD concentration for the uptake experiments was
determined using serial dilutions of QDs from 2 up to 32 nM
(Figure 2, b). The QD-positive cell number exponentially in-
creased, and saturation was obtained at 16 nM, when cells were
99% QD-positive. Therefore, a 16 nM QD concentration was
selected for further experiments, unless otherwise stated.

To determine whether MSCs release QDs in the environment
after uptake, the supernatant was removed from cells after pri-
mary QD labelling. After rigorous rinsing, fresh complete or
serum-free medium was applied to the QD-labelled cells. Next,
the QD fluorescence intensity was determined in cells at 24 and
48 h after primary labelling. We observed a 30% decrease of the
QD signal in cells propagated in complete medium and a 40%
decrease of the QD signal under serum-free conditions after
24 h of incubation (Figure 3a). After 48 h, the number of
QD-positive cells decreased even further in serum-free culti-
vated cells (Figure 3a). Supernatant from primarily QD-labelled
MSCs was transferred to fresh MSCs for secondary labelling
experiments. After 24 h, 3% of the cells in complete medium
had taken up QDs, whereas under serum-free conditions, 7% of
MSCs had taken up QDs in the secondary labelling experi-
ments (Figure 3b). After 48 h QD uptake was detectable in
approximately 1.5% of cells cultivated either in complete or
serum-free medium (Figure 3b).

To determine the effect of cell division on the decrease of the
QD signal, QD-labelled MSCs were propagated in complete
and serum-free medium. Ki67 expression was clearly inhibited
in cells cultivated in serum-free medium, which did not prolif-
erate after 24 and 48 h, thereby excluding the probability of QD
transfer to daughter cells (Figure 3c). Inhibition of proliferation
was additionally confirmed by analysing the cell number in the
respective medium (data not shown). The addition of QDs did
not change the expression of Ki67 (data not shown).
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Figure 3: The release of QDs from MSCs. (a) QD loss in complete medium (FBS +) and serum-free medium (FBS -) after primary QD labelling (0 h)
and 24 and 48 h after labelling. The statistical significance is shown in comparison to 0 h. (b) Secondary QD labelling of MSCs by supernatants from
primarily labelled MSCs. (c) The comparison of Ki67 expression in complete and serum-free medium after labelling (0 h) and after 24 h and 48 h of

cultivation; *p-value < 0.05, ***p-value < 0.001.
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QD effect on immunophenotype, proliferation
and differentiation of MSCs

The skin MSC population used in the present study was over
95% positive for MSC markers CD73 and CD90, whereas
hematopoietic markers CD45 and CD34 were not expressed
(Figure 4a). To estimate the effect of QDs on the MSC
immunophenotype, expression of CD73 and CD90 was
analysed after incubation with QDs for 48 h. Although CD105
is often used as a MSC marker together with CD73 and CD90,
this marker was excluded from the analysis because of the fluo-
rescence channel overlap with QDs (APC label, FL4). The data
showed that QDs did not change the expression of CD73,
CD90, CD34 and CD45 in MSCs (Figure 4a).
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Figure 4: Representative data on the impact of QDs on immunophe-
notype and proliferation of MSCs. (a) Characterization of MSC markers
CD90, CD73 and hematopoietic markers CD34 and CD45 in MSCs.
Open histogram: unlabelled cells, dotted-line histogram: MSCs without
QDs, grey histogram: QD-labelled MSCs. (b) Ki67 expression in MSCs
after 24 h and 48 h of incubation with 16 nM QDs. Open histogram:
unlabelled cells, dotted-line histogram: isotype control, grey histogram:
QD-labelled cells.

The effect of QDs on proliferation was analysed based on Ki67
expression (Figure 4b). After incubation for 24 h, 67% of unla-
belled and QD-labelled MSCs expressed the Ki67 marker. After

Beilstein J. Nanotechnol. 2017, 8, 1218-1230.

48 h, the Ki67-positive population increased to 78% in both cell
populations. QDs did not show any effect on the proliferation of
MSCs.

The differentiation of MSCs into adipocytes, chondrocytes and
osteocytes was not affected by the presence of QDs (Figure 5).
Quantification assays for Alcian Blue staining and Alizarin Red
S staining confirmed that QDs did not influence chondrogen-

esis and osteogenesis of skin MSCs (Figure 6).

Analysis of the uptake pathway of QDs

MSCs were pre-treated with endocytosis inhibitors and subse-
quently labelled with QDs. The effect of serum proteins on the
efficiency of QD uptake was analysed based on the comparison
of QD uptake in complete and serum-free media (Figure 7). The
effect of endocytosis inhibitors differed between complete and
serum-free medium. In complete medium, a tendency of de-
creased QD uptake was observed using chlorpromazine (CPZ),
an inhibitor of clathrin-mediated endocytosis (Figure 7a, c). In
serum-free medium, QD uptake was significantly inhibited by
CPZ and nystatin, an inhibitor of caveolin/lipid raft-mediated
endocytosis (Figure 7b,d). In serum-free medium, the cells
internalized more QDs according to the fluorescence intensity
analysis (Figure 7c,d).

The intracellular localization of QDs after uptake was observed
in BacMam 2.0-transfected MSCs. Excessive QD accumulation
was initiated between 1 and 6 h. After 6 h, most of the QDs
were localized in early endosomes (Figure 8) in both the cell
periphery and perinuclear area. After 6 h, almost no QDs were
localized in mature endosomes (data not shown). After 24 and
48 h, QD-containing early endosomes matured into late endo-

somes and lysosomes.

Discussion

Human MSCs have been widely investigated for their potential
use in various therapeutic applications, due to their plasticity
and migration ability. It has been proposed that MSC migration
towards injury and inflammation sites could be used to deliver
diagnostic and therapeutic nano-agents [24]. Studies on
melanoma [25], prostate cancer [26], breast cancer [6] and lung
cancer [27] have shown the ability of MSCs to home to cancer
sites in vivo. In the tumour microenvironment, MSCs play a
role in the formation of the tumour stroma and support cancer
metastasis [28]. Lourenco et al. showed that MSC migration
towards cancer cells is induced by MIF-CXCR4 chemotaxis
[29]. Moreover, in close proximity of the tumour, cancer-asso-
ciated fibroblast formation is induced by the release of vesicles
containing miRNA from cancer cells. This leads to melanoma
growth and invasion [30]. Therefore, skin-derived MSCs could
serve as an appropriate model to study the stem cell (SC)

1221



Complete medium

| |
Unlabelled QD655

3
g a b
R
(2]
[0}
c
>
s 100 pm 100 pm
© ph Nl A Pz
<
e f
400 pm 400 ym

N =

Chondrogenesis (20x) Osteogenesis (10x)

200 um

Beilstein J. Nanotechnol. 2017, 8, 1218-1230.

Differentiation medium

| |
Unlabelled QD655

c d W
A ™
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plete medium (i, j) and chondrogenesis differentiation medium (k, I) in the absence or presence of QDs.
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Figure 6: Quantification of osteogenesis and chondrogenesis in
MSCs. Absorbance of Alizarin Red S (a) and Alcian Blue (b) extrac-
tion from MSC differentiation. Diff. MSC: differentiated MSCs, diff.
MSC QD: differentiated MSCs labelled with QDs. Significance com-
pared between differentiated and undifferentiated samples;
***p-value < 0.001.

tumour microenvironment and design SC-targeted therapeutics.

In the present study, we addressed whether QD-loaded skin
MSCs could serve as vectors to deliver NPs to cancer sites. To
answer this question, the biological response of skin MSCs to
QDs was investigated.

The results showed that QDs do not induce changes in
immunophenotype, proliferation and viability of skin MSCs, in-
dicating that QDs are biocompatible with MSCs. These results
are consistent with those of studies on bone marrow mesenchy-
mal stem cells and mouse embryonic stem cells, which show
similar effects after QD labelling [31,32]. We observed varia-
tions in Ki67 expression in skin MSCs, regardless of QD addi-
tion, which might reflect the differences in donor age and
passage number [33]. In the present study, we observed that QD
labelling did not interfere with skin MSC differentiation into
osteocytes, chondrocytes and adipocytes, and moreover, QDs
did not induce spontaneous differentiation. Similarly, Shah et
al. reported that carboxyl QDs do not alter the differentiation
potential of human bone marrow stem cells [31]. Thus,
QD-labelled MSCs are potentially safe to use in long-term
tumour imaging and cell tracking experiments. Although there
is a great deal of concern about the potential hazards of QDs
containing heavy metals, the toxicity of QDs is a topic of
controversy. The toxicity and ecotoxicity of QDs is studied at
various levels of biological organization, from cell monolayers
to primates and even ecosystems [34,35]. The potential toxico-
logical effects of QDs are usually based on the release of free
cadmium (Cd) [36]. However, QD shell and surface coatings
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Uptake pathways were blocked using the endocytosis inhibitors CPZ, CytD, EIPA, nystatin and dynasore. Three overlaid channels represent Hoechst
(blue), Phalloidin Alexa Fluor488 (green), carboxyl QD655 (yellow). Representative data are shown. QD fluorescence signal was quantified in com-
plete (c) and in serum-free medium (d) cultivated MSCs. Statistical significance shown for the respective sample in comparison to control (Ctrl) sam-

ple; **p-value < 0.01.

protect the core, which contains toxic inorganic semiconductor
materials. Unless coatings are damaged, QDs are mainly non-
toxic [37]. Recently, Yaghini et al., by using non-photolytic
visible wavelength excitation, have shown the formation of
superoxide anion radicals by photoexcited CdSe/ZnS QDs [38].
Thus, the QDs may induce phototoxic reactions in labelled

cells, which could be a desirable event in targeted tumour
therapy.

The optimal uptake conditions for NPs could depend on the par-

ticle size, surface modifications, protein corona, and recipient

cell line. Previous studies have suggested the incubation of

1223



30min-1h 6h
Early endosomes (Rab5a-GFP) Early endosomes (Rab5a-GFP)

Beilstein J. Nanotechnol. 2017, 8, 1218-1230.

24h 48h
Lysosomes (Lamp1-GFP)

Lysosomes (Lamp1-GFP)

48h

24h
Late endosomes (Rab7a-GFP) Late endosomes (Rab7a-GFP)

Figure 8: QD co-localization with endosomal compartments. Three overlaid channels represent the nucleus (blue), carboxyl QD655 (red) and Rab5a-
GFP (early endosomes), Lamp1-GFP (lysosomes) or Rab7a-GFP (late endosomes) (green). Yellow colour demonstrates co-localization. Representa-

tive data are shown.

NIH3T3 mouse fibroblasts with 16 nM QDs for 6 h as the
optimal conditions for cellular uptake experiments [39]. Given
the lack of standardized NP uptake conditions in MSCs, we
adjusted the protocol for QD uptake in human skin MSCs. The
results showed that a 6 h incubation with 8 or 16 nM QDs is
optimal for QD accumulation in more than 95% of the MSC
population (Figure 2). Notably, a 1 h incubation with 5 nM and
20 nM QDs has previously been reported as sufficient for the
labelling of rat bone marrow MSCs [40]. However, optimiza-
tion of the NP incubation time and concentration is necessary in
each individual experimental setting.

The uptake pathway of NPs varies depending on the cell and
particle type. One of the factors affecting uptake is the protein
corona that forms around NPs in serum-containing medium.
Protein aggregates decrease gold NP uptake depending on size
and cell type [41]. In the present study, we analysed the QD
uptake pathways under both serum-containing and serum-free
conditions. Selected inhibitors for the major uptake pathways
were applied to cells prior to QD incubation. In serum-contain-
ing medium, decreased QD uptake in MSCs was observed after
treatment with CPZ (Figure 7a,c). CPZ is an inhibitor of
clathrin-mediated endocytosis through the anchoring of the
clathrin and adaptor protein 2 (AP2) complex to endosomes,
thereby preventing the assembly of coated pits at the inner
plasma membrane [42]. In serum-free medium, QD uptake was

decreased by CPZ and nystatin (Figure 7b,d). nystatin is an in-

hibitor of caveolin/lipid raft-mediated endocytosis, which disas-
sembles caveloae and cholesterol in the membrane, but does not
interfere with clathrin-mediated endocytosis [43]. Zhang et al.
and Xiao et al. showed that dendritic cells and breast epithelial
cells uptake carboxyl QDs via the clathrin-mediated pathway
[44,45]. By contrast, experiments in HEK cells showed the
uptake of carboxyl QDs through caveolin/lipid raft-mediated
endocytosis; although it has been reported that caveolin-medi-
ated endocytosis is the dominating uptake route in endothelial
cells, smooth muscle cells and adipocytes [44,46]. Damalakiene
et al. demonstrated that QDs possessing a protein corona are
differently recognized by NIH3T3 cells and internalized by dif-
ferent pathways [23], consistent with the data from the present
study. Interestingly, MSCs showed more effective internaliza-
tion of QDs under serum-free conditions, as the protein corona
interferes with QD uptake in skin MSCs. The composition of
the protein corona could either enhance or decrease the cellular
uptake of polystyrene-based NPs, depending on nanoparticle
functionalization [47]. We have showed that NP uptake in skin
MSC:s is an active process and does not occur passively. For the
development of cell-based tumour-targeted therapies, elucida-
tion of the endocytic pathway is very important, because it may
have an effect on the fate of QDs and/or QD-linked drugs
within the cell. For example, after QD uptake by clathrin-medi-
ated endocytosis, the QDs subsequently could be transferred to
lysosomes for degradation or, depending on their surface
coating, recycled to the cell surface [48]. On the contrary, QDs

1224



taken up by caveolae-dependent endocytosis could bypass lyso-
somes and avoid lysosomal degradation [48]. Taken together,
the accumulated experimental evidence suggests that the QD
uptake pathway depends on the cell type, the formation of a
protein corona and added functional groups on the NPs.

Intracellular localization of QDs in endosomes and lysosomes
has been reported to be a common pathway following NP
uptake through which particles are brought for lysosomal degra-
dation [46,49]. We observed internalization of QDs in early
endosomes after 6 h of incubation, followed by re-localization
to late endosomes/lysosomes after 24 and 48 h of incubation
(Figure 8). Cell division, excretion and degradation are the main
mechanisms reported for QD signal elimination over time
[50,51]. It has been implicated that the elimination rate depends
on the particle size. Smaller NPs lead to faster elimination [50-
52]. In the present study, we observed that the transfer of QDs
to daughter cells during cell division is not the main mecha-
nism involved in QD signal reduction in skin MSCs. Similar
observations have been reported in the study of mouse embry-
onic stem cells, where QD loss was still detected after the inhi-
bition of cell proliferation, suggesting that QDs might be
excreted from cells [50]. Indeed, we demonstrated that MSCs
could be repetitively labelled by the removal of supernatants
from QD-loaded MSCs, confirming the presence of released
QDs in the supernatant. After secondary labelling, the number
of QD-positive MSCs was two times higher in serum-free medi-
um compared to complete medium, likely indicating that the
protein corona interferes with the QD uptake. Many types of
stem cells have membrane transporters for the elimination of
toxic reagents [53]. The induction of ABC transporter P-glyco-
protein increases the elimination of QDs from HEK and HepG2
cells, while its inhibition demonstrated an opposite effect. The
elimination rate was higher in HEK cells, because of the stem
cell phenotype [54]. Expression of P-glycoprotein has also been
reported in MSCs [4]. However, other data in mouse embry-
onic and kidney stem cells indicate that QD depletion likely
occurs during cell division and that no excretion mechanisms
could be observed [32]. Taken together, these data indicate that
QD elimination mechanisms may be cell-type dependent. The
results from skin MSCs demonstrated that the depletion of the
QD signal over time could be explained by QD degradation and
excretion. The fact that NPs are released from MSCs is impor-
tant because of the intended use of MSCs as NP delivery
vectors. We propose that cancer cell and MSC co-culture model
could be used to demonstrate the applicability of QD-labelled
MSC:s for cancer theranostics. For example, Pietila et al. have
demonstrated that direct cell-cell contact is required for
QD-mortalin antibody transfer from nano-engineered MSCs to
the breast cancer cell line MDA-MB-231 in vitro [55]. Alterna-
tively, QDs or MSCs loaded with QD—drug conjugates could be
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used in melanoma xenograft models in vivo as was shown in a
study by Studeny et al. where IFN-B-MSCs co-injected with a
human melanoma cell line suppressed tumour growth in nude
mice [25].

Altogether, we propose several reasons why QD-labelled skin
MSC:s could serve as a promising NP delivery vector. First, QD
labelling would enable MSC tracking and visualization of the
tumour microenvironment. Next, the cells in the tumour would
take up the released QDs and then the formation of ROS could
be induced through photoactivation, leading to cancer cell apo-
ptosis. Last but not least, the secretion of STNFR1 by skin
MSCs could downregulate the pro-tumourigenic inflammatory
responses [56-58].

Conclusion

Herein, we showed that carboxyl-coated QDs are biocompat-
ible with skin MSCs. The proliferation, immunophenotype and
differentiation potential of MSCs was not affected by QD accu-
mulation in the cells. In the presence of serum, QDs were inter-
nalized in MSCs through clathrin-mediated endocytosis, where-
as in the absence of serum, QD uptake occurs through the
clathrin and caveolin/lipid raft-mediated endocytosis pathways.
The loss of QD signal over time may possibly be explained by
the excretion of QDs from MSCs, which could favour the use of
MSCs as drug delivery vectors. These data validate the poten-
tial use of skin MSCs as NP delivery vectors for tumour-
targeted therapies.

Experimental
Mesenchymal stem cell culture

Human skin samples were obtained from post-surgery materi-
als with authorized approval from Research Ethics Committee,
Institute of Experimental and Clinical Medicine, University of
Latvia (issued 04.06.2014). Dermal MSC cultures were ob-
tained as described elsewhere [59]. In brief, skin specimens
were washed with cold phosphate-buffered saline (PBS), cut
into 4-6 mm? pieces and incubated in 0.6 U/mL dispase
(Roche, Switzerland) for 1-3 h at 37 °C to remove the
epidermis. Dermis was minced manually before enzymatic
digestion with 0.62 Wunsch U/mL Liberase Blendzyme 1
(Roche, Switzerland) for 30 min at 37 °C, then dissociated by
vigorous pipetting and passed through a 70 pum cell strainer, fol-
lowed by centrifugation at 400g for 5 min. The pellets were
suspended in cultivation medium containing DMEM/F12 (3:1
v/v) supplemented with 10% of FBS and antibiotics (100 U/mL
penicillin, 100 pg/mL streptomycin) (all from Sigma-Aldrich,
USA). Cell suspensions were transferred into 25 cm? tissue cul-
ture flasks and grown until reaching 80% confluence in a
humidified chamber at 37 °C with 5% CO,. Cells were trypsin-
ized with 0.25% trypsin—-EDTA solution (Sigma-Aldrich,
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USA). Cells at passages 2 to 5 were then frozen at =80 °C for
long-term storage in a cell bank. All experiments were per-
formed in compliance with the relevant laws and institutional
guidelines. In this study five independent donor skin MSC
cultures from passage 4 to passage 8 were used.

MSC surface marker analysis

Phenotyping of cell surface markers was performed by flow
cytometry. The cells were stained with CD34-PE and CD45-
FITC (all from BD Biosciences, USA), CD90-FITC (Dako,
USA), CD73 PE (Abcam, USA) and isotype controls IgG1-
FITC (Dako, USA), IgG1-PE (BD Biosciences, USA), and
IgG2A-APC (BD Biosciences, USA). Flow cytometry data
were acquired using a Guava EasyCyte 8HT flow cytometer
and analysed using ExpressPro software (Merck Millipore,
USA) comparing unlabelled, marker-labelled and isotype
control populations in FL-1, FL-2 and FL-4 channels.

Quantum dots

Qdot® 655 ITK™ non-targeted carboxyl-coated quantum dots
were purchased from Thermo Fisher Scientific, USA. QDs are
composed of a CdSe core with a ZnS shell that are coated
with amphiphilic polymers and functionalized with carboxylate.
The QDs have an emission maximum at 655 nm. Xu et al.
measured the hydrodynamic diameter of the nanoparticles to be
14.55 + 4.157 nm and a zeta potential of —35.1 mV [60]. The
stock solution is 8 uM in 50 mM borate, pH 9.0. Further prepa-
rations of the QD solution are described in each methodolog-
ical part separately.

QD uptake dynamics using flow cytometry

To estimate the optimal QD concentration for uptake experi-
ments, MSCs were seeded at a density of 5 x 10 cells per well
in a 12-well tissue culture polystyrene plate and labelled with
QDs at various concentrations in the range of 0.5 to 64 nM for
6 h in complete or serum-free medium. To determine the accu-
mulation dynamics, 8 nM or 16 nM QDs were applied to MSCs
and incubated for 0.5, 1, 3, 6, 24 and 48 h in complete medium.
The cells were subsequently harvested by trypsinization,
centrifuged at 250g for 5 min and resuspended in 200 uL of
PBS. The samples were acquired on a Guava EasyCyte SHT
flow cytometer and analysed using ExpressPro software (Merck
Millipore, USA) in channel FL4, comparing unlabelled and
labelled cell populations.

Cell-viability assay

The impact of carboxyl-coated QD655 on the viability of MSCs
was analysed using the Cell Counting Kit 8 (CCK-8) (Sigma-
Aldrich, USA). A total of 5 x 103 cells per well were seeded
onto 96-well plates in 100 uL of complete medium. The next

day, QDs were added in serial dilutions at a twofold dilution in
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complete medium. The range of the tested QD concentrations
ranged from 0.5-64 nM with twofold dilution. The cells were
incubated with QDs for 24 and 48 h. QD untreated cells were
used as a control, and the viability was defined as 100%. After
incubation, 10 pL of CCK-8 reagent was added to each well
and incubated for 2 h at 37 °C in 5% CO, at 90% humidity. The
change in the medium colour corresponds to the amount of dye
produced in the sample and is directly proportional to the num-
ber of viable cells. The optical density was measured using a
spectrophotometer Bio-Tek ELx808 (BioTek Instruments, USA)
at a wavelength of 450 nm. The background signal of QDs from
all of the tested concentrations was subtracted from the respec-
tive samples. Data were analysed in Microsoft Excel and
GraphPad Prism software.

QD release assay

A total of 1 x 105 MSCs were first labelled with 16 nM QDs for
6 h in complete medium. After the primary labelling, the cell-
culture supernatant was aspirated, the cells were rigorously
rinsed and fresh complete or serum-free medium was added.
The number of QD-positive cells was assessed using flow
cytometry after 24 and 48 h. The supernatant of the primarily
QD-labelled cells was collected at 24 and 48 h and subse-
quently applied to unlabelled cells for secondary labelling.
After 24 h of incubation, the secondarily labelled cells were
analysed using flow cytometry to evaluate the uptake of QD. To
analyse the effect of proliferation on QD loss from the cells, QD
labelled MSCs were propagated either in complete or serum-
free medium and assessed for Ki67 expression (as described in
method “MSC proliferation assay”) and QD signal using flow
cytometry.

MSC proliferation assay

The effect of QD accumulation on the proliferation of MSCs
was evaluated after 24 and 48 h of incubation using the FITC
Mouse Anti-Ki67 Set according to the manufacturer’s instruc-
tions (BD Bioscience, USA). MSCs were seeded at a density of
5 x 10% cells per well onto 12-well plates in complete medium
and allowed to adhere overnight. The medium was subse-
quently aspirated, and the wells were rinsed once with serum-
free medium. The cells were serum-starved for 24 h to synchro-
nize the cell cycle. Next, 16 nM of QDs in complete medium
were added, and the cells were incubated for 24 or 48 h. Control
wells contained cells in complete medium only. Subsequently,
the cells were harvested by trypsinization, washed in PBS and
centrifuged for 5 min at 250g. The cell pellet was fixed by
suspending in 1 mL of 70% ice-cold ethanol. The samples were
incubated at —20 °C for at least 2 h. The cells were subse-
quently washed twice with 9 mL of 1% FBS in PBS at 250g for
7 min. Cell pellets were resuspended in 100 pL of PBS, and
10 pL of FITC mouse anti-Ki-67 antibody and isotype control
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IgG1-FITC were added to the cell suspension, mixed gently and
incubated at room temperature for 30 min in the dark. After
incubation, the cells were washed with 1 mL of PBS and
centrifuged for 5 min at 300g. The pellet was suspended in
200 pL of PBS. Nonlabelled cells were used as a control to set
the base line of Ki67 expression in MSCs. The isotype control
was used to set the Ki67 negative population. The samples were

analysed in channel FL-1 using flow cytometry.

Mesenchymal stem cell tri-lineage

differentiation

MSCs were cultivated in complete medium up to 80% conflu-
ence. Differentiation into osteogenic, adipogenic and chondro-
genic lineages was performed using StemPro Adipogenesis,
Chondrogenesis, and Osteogenesis kits according to the manu-
facturer’s instructions (all from ThermoFisher Scientific, USA).
Briefly, for osteogenic differentiation, cells were seeded at a
density of 1 x 10%cm? onto 24-well plates. Osteogenic differen-
tiation medium was added; the medium was changed every
three days over a period of 21 days. Spontaneous osteodifferen-
tiation control samples were propagated in complete medium
for 21 days. Adipogenic differentiation was performed after
cultivating 1.82 x 10% cells in 24-well plates using adipogenic
differentiation medium. The medium was changed every three
days for 21 days. Spontaneous adipodifferentiation control sam-
ples were propagated in complete medium for 21 days. For the
chondrogenic differentiation assay, 5 uL of a cell suspension
with a density of 1.6 x 107 cells/mL in complete medium was
seeded onto 96-well plates and incubated for 2 h under high-
humidity conditions at 37 °C and 5% CO,. Chondrogenic dif-
ferentiation medium was added, and the medium was changed
every three days for 14 days. Spontaneous chondrodifferentia-
tion control samples were propagated in complete medium for
14 days.

Samples were incubated with 8 nM QDs in complete medium
for 3 h before starting the differentiation assay. The QD concen-
tration and incubation time were adjusted for the differentiation
assay. After incubation with QDs, the medium was discarded,
cells were washed with PBS and the relevant differentiation me-
dium was added.

Evaluation of mesenchymal differentiation

Osteogenic differentiation was evaluated using Alizarin Red S
staining. The cells were washed with 1 mL of PBS and fixed
with 4% paraformaldehyde (PFA) at room temperature for
30 min. After fixation, the cells were washed two times with
distilled water and stained with a 2% Alizarin Red S solution in
water (pH adjusted to 4.2 with a 0.1% solution of NH4OH) for
45 min at room temperature in the dark. Then, the stained cells

were washed four times with 1 mL of distilled water and
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imaged using EVOS XL microscope (Invitrogen, USA). Sam-
ples stained with Alizarin Red S were extracted for quantitative
measurements of osteogenic differentiation using 300 uL of 5%
perchloric acid and gentle agitation for 10 min at room tempera-
ture. Subsequently 100 pL was transferred to a 96-well plate,
and the absorbance was measured at 425 nm using an Infinite
200 PRO plate reader and i-control software (Tecan Trading
AG, Switzerland).

Adipogenic differentiation was evaluated using Oil Red O
staining. Cells were washed with PBS and fixed with 4% form-
aldehyde for 30 min at room temperature. After fixation, cells
were washed with distilled water. Prior to staining, cells were
incubated for 5 min at room temperature with 60% isopropanol
and subsequently stained with 180 mg/L Oil Red O solution in
isopropanol/water (3:2, v/v) for 15 min at room temperature.
After staining, the cells were washed four to five times with
distilled water and imaged.

Chondrogenic differentiation was evaluated using Alcian Blue
staining. Cells were washed once with PBS and fixed with 4%
PFA for 30 min at room temperature. After fixation, cells were
washed with PBS and stained with a 1% Alcian Blue staining
solution in 0.1 M HCI overnight at room temperature. Stained
cells were washed three times with 0.1 M HCI and imaged in
water.

Quantification of the Alcian Blue stain was achieved by solubi-
lizing the stain in 50 uL of 6 M guanidine hydrochloride
(Sigma-Aldrich, USA) overnight at room temperature. Absor-
bance was measured at 620 nm directly in a 96-well plate using

an Infinite 200 PRO plate reader and i-control software.

Confocal microscopy

For confocal microscopy analysis, 1 x 10% cells per well were
seeded on 8-well chamber slides (Nunc, Sigma-Aldrich, USA)
in complete medium and left to adhere overnight at 37 °C, 5%
CO2 and more than 90% humidity. 16 nM QDs diluted in com-
plete medium were added, and samples were incubated from
15 min to 24 h. Control wells contained nonlabelled cells. After
incubation, the medium was aspirated and each well was rinsed
with 2 mL of PBS. Then, fixation with 4% PFA in PBS (w/v)
for 20 min at room temperature was performed. Wells were
washed three times with 0.5 mL of washing buffer containing
1% BSA (Sigma-Aldrich, USA) in PBS for 5 min each. Perme-
abilization and blocking was performed with 0.3% Triton
X-100 (Sigma-Aldrich, USA) and 1% BSA in PBS for 45 min
at room temperature. The cytoskeleton of cells was subse-
quently stained with methanolic Alexa Fluor488 Phalloidin
(Thermo Fisher Scientific, USA) diluted 1:100 in washing
buffer and incubated for 30 min at room temperature in the
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dark. The samples were subsequently washed three times and
counterstained with a Hoechst 33342 trihydrochloride, trihy-
drate (10 mg/mL) solution (Thermo Fisher Scientific, USA)
diluted 1:1000 in washing buffer for 5 min at room temperature
in the dark. Samples were rinsed once with PBS, mounted with
ProLong Gold anti-fade mounting medium (Thermo Fisher
Scientific, USA) and incubated overnight at room temperature
in the dark. Samples were analysed using a Nikon eclipse Ti
microscope equipped with a Nikon C2 confocal system. A
Nikon S Plan Fluor ELWD 40x/0.60 objective was used. For
Alexa Fluor488 Phalloidin, 488 nm was used for excitation, but
for Hoechst and QD655, 405 nm lasers were used for excitation.
To detect fluorescence for Hoechst - 447/60 nm, Alexa
Fluor488 Phalloidin - 525/50 nm and QD655 - 561 LP band
pass filters were used (Nikon, Japan). Each channel was re-
corded separately to avoid spectral overlap. The images were
analysed using Nis-Elements C 4.13 software (Nikon, Japan).

Endocytosis inhibitor assay

To analyse the pathway of QD uptake in MSCs, five endo-
cytosis inhibitors were selected: the clathrin pathway inhibitor
chlorpromazine (CPZ), phagocytosis inhibitor cytohalasin D
(CytD), macropinocytosis inhibitor ethylisopropyl amiloride
(EIPA) (Cayman Chemical, USA), caveolin/lipid raft-mediated
endocytosis inhibitor nystatin and caveolin-dependent endo-
cytosis inhibitor dynasore (all from Sigma-Aldrich, USA,
unless otherwise stated). The optimal inhibitor concentration
was selected using the CCK-8 viability assay. Briefly,
5 x 103 cells per well were seeded on a 96-well plate in 100 pL
of complete medium. The next day, endocytosis inhibitors were
added in serial dilutions with a twofold dilution factor. The
range of the tested inhibitor concentrations was from
1.25-160 pM. The cells were incubated with inhibitors for 24 h.
After incubation, 10 pL of CCK-8 reagent was added to each
well and incubated for 2 h at 37 °C in 5% CO, at 90%
humidity. The optical density was recorded on a Bio-Tek
ELx808 instrument at 450 nm (BioTek Instruments, USA).

MSCs were seeded onto 8-well chamber slides with
2 x 10* cells per well in 0.5 mL of complete medium and incu-
bated for 1 h with the respective inhibitors at the following con-
centrations: 40 uM CPZ, 2 uM CytD, 5 uM EIPA, 80 uM
nystatin and 80 pM dynasore, at 37 °C, 5% CO; and 95%
humidity. The medium was aspirated from the wells, and 16 nM
QDs were added to samples in complete or serum-free medium
and incubated for 6 h. The medium was aspirated and samples
were rinsed with 2 mL of PBS. Control wells contained nonla-
belled cells. The samples were subsequently stained with
methanolic Phalloidin Alexa Fluor488 (Thermo Fisher Scien-
tific, USA) as previously described and analysed using confocal

microscopy.
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Quantification of the QD fluorescent signal was achieved using
Nis-Elements C 4.13 software. Single cell borders were defined
according to the Phalloidin Alexa488 staining. The mean fluo-
rescence was measured in the middle z-section of the cell in the
red channel only. As a control, the background mean fluores-
cence from different parts of the image was measured. The QD
fluorescence intensity of single cells was calculated by
subtracting the background mean intensity from the single-cell

mean intensity average.

Transfection assay

Analogous to the description in [61], transient transfection of
MSCs was performed using Cell Light® Reagent-GFP,
BacMam 2.0 (Thermo Fisher Scientific, USA) according to the
manufacturer’s recommendations. Briefly, MSCs were seeded
at a density of 1.5 x 10% cells per well onto 12-well plates in
complete growth medium. After the cells attached, BacMam 2.0
reagent was added at a concentration of 80 particles per cell
(PPC). Cell Light® Early endosomes-GFP, BacMam 2.0 was
used to label early endosomes (Rab5a-GFP expression), Cell
Light® Late endosomes-GFP, BacMam 2.0 was used to label
late endosomes (Rab7a-GFP expression), and Cell Light® Lyso-
somes-GFP, and BacMam 2.0 was used to label lysosomes
(Lamp1-GFP expression). The cells were transfected for 72 h.

QD localization study

Transfected MSCs were trypsinized and seeded onto 8-well
chambered coverslips (Nunc, Thermo Fisher Scientific, USA) at
a density of 3 x 10% cells per well in medium to adhere
overnight, and 16 nM of QDs diluted in complete growth medi-
um were added, followed by incubation for 30 min and 1, 6, 24
and 48 h. After incubation, the medium was aspirated and each
well was rinsed with PBS. To label nuclei, Hoechst 33342
(Sigma-Aldrich) was diluted in a complete growth medium to a
concentration of 25 pg/mL and added to the wells, and the cells
were immediately imaged with a laser scanning confocal micro-
scope (Nikon Eclipse TE2000-S, C1 Plus (Nikon, Japan)) using
an oil-immersion 60x NA1.4 objective (Plan Apo VC (Nikon,
Japan)). A diode laser (404 nm) was used for Hoechst, an argon
ion laser (488 nm) for GFP, and a helium—neon laser (543 nm)
for QDs. The images were captured with the EZ-C1 v3.90
image analysis software (Nikon, Japan) and further processed
using EZ-C1 Bronze v3.80 (Nikon, Japan) and Image]J 1.48
(National Institute of Health, USA) software.

Statistical analysis

Statistical analysis was performed using GraphPad Prism Soft-
ware (Graph Pad Inc., USA). The data are expressed as the rep-
resentative results or the means of at least three independent ex-
periments +/- standard error of the mean. Statistical signifi-

cance was analysed using one-way ANOVA. Significance
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was represented as *p-value < 0.05, **p-value < 0.01,
***p-value < 0.001.

Acknowledgements

This work was supported by Taiwan-Lithuania-Latvia mutual
research collaboration fund grant (LV-LT-TW-/2016/6).

References

1. Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.;
Rebelo, M.; Parkin, D. M.; Forman, D.; Bray, F. Int. J. Cancer 2015,
136, E359-E386. doi:10.1002/ijc.29210

2. Markman, J. L.; Rekechenetskiy, A.; Holler, E.; Ljubimova, J. Y.
Adv. Drug Delivery Rev. 2013, 65, 1866—1879.
doi:10.1016/j.addr.2013.09.019

3. Gao, Z.; Zhang, L.; Hu, J.; Sun, Y. Nanomedicine 2013, 9, 174-184.
doi:10.1016/j.nan0.2012.06.003

4. Sadhukha, T.; O'Brien, T. D.; Prabha, S. J. Controlled Release 2014,
196, 243-251. doi:10.1016/j.jconrel.2014.10.015

5. Usha, L,; Rao, G.; Christopherson, K., II; Xu, X. L. PLoS One 2013, 8,
€67895. doi:10.1371/journal.pone.0067895

6. Kidd, S.; Spaeth, E.; Dembinski, J. L.; Dietrich, M.; Watson, K;
Klopp, A.; Battula, V. L.; Weil, M.; Andreeff, M.; Marini, F. C.

Stem Cells (Durham, NC, U. S.) 2009, 27, 2614-2623.
doi:10.1002/stem.187

7. Dominici, M.; Le Blanc, K.; Mueller, |.; Slaper-Cortenbach, |.;
Marini, F. C.; Krause, D. S.; Deans, R. J.; Keating, A.; Prockop, D. J.;
Horwitz, E. M. Cytotherapy 2006, 8, 315-317.
doi:10.1080/14653240600855905

8. Maleki, M.; Ghanbarvand, F.; Reza Behvarz, M.; Ejtemaei, M,;
Ghadirkhomi, E. Int. J. Stem Cells 2014, 7, 118-126.
doi:10.15283/ijsc.2014.7.2.118

9. Toma, J. G.; McKenzie, I. A.; Bagli, D.; Miller, F. D.

Stem Cells (Durham, NC, U. S.) 2005, 23, 727-737.
doi:10.1634/stemcells.2004-0134

10. Parfejevs, V.; Gavare, M.; Cappiello, L.; Grube, M.; Muceniece, R.;
Riekstina, U. Spectroscopy (N. Y., NY, U. S.) 2012, 27, 315-320.
doi:10.1155/2012/286542

11.Smith, A. M.; Mancini, M. C.; Nie, S. Nat. Nanotechnol. 2009, 4,
710-711. doi:10.1038/nnano.2009.326

12.Sperling, R. A.; Parak, W. J. Philos. Trans. R. Soc. London, Ser. A
2010, 368, 1333-1383. doi:10.1098/rsta.2009.0273

13.Yong, Y.; Cheng, X.; Bao, T.; Zu, M,; Yan, L.; Yin, W,; Ge, C.;
Wang, D.; Gu, Z.; Zhao, Y. ACS Nano 2015, 9, 12451-12463.
doi:10.1021/acsnano.5b05825

14.Ruan, J.; Song, H.; Qian, Q.; Li, C.; Wang, K.; Bao, C.; Cui, D.
Biomaterials 2012, 33, 7093-7102.
doi:10.1016/j.biomaterials.2012.06.053

15. Steponkiene, S.; Valanciunaite, J.; Skripka, A.; Rotomskis, R.

J. Biomed. Nanotechnol. 2014, 10, 679-686.
doi:10.1166/jbn.2014.1738

16. Steponkiene, S.; Dapkute, D.; Riekstina, U.; Rotomskis, R.

J. Nanomed. Nanotechnol. 2015, 6, 341.
doi:10.4172/2157-7439.1000341

17.Hsieh, S.-C.; Wang, F.-F; Lin, C.-S.; Chen, Y.-J.; Hung, S.-C ;
Wang, Y.-J. Biomaterials 2006, 27, 1656—1664.
doi:10.1016/j.biomaterials.2005.09.004

18.Bouwstra, J. A.; Ponec, M. Biochim. Biophys. Acta 2006, 1758,
2080-2095. doi:10.1016/j.bbamem.2006.06.021

Beilstein J. Nanotechnol. 2017, 8, 1218-1230.

19. Rotomskis, R. Quantum dot migration through natural barriers and
distribution in the skin. In Nanoscience in Dermatology; Hamblin, M. R.;
Avci, P.; Prow, T. W., Eds.; Elsevier: Amsterdam, Netherlands, 2016;
pp 307-321. doi:10.1016/B978-0-12-802926-8.00024-0

20.Ahn, J.; Lee, H.; Seo, K.; Kang, S.; Ra, J.; Youn, H. PLoS One 2013, 8,

e74897. doi:10.1371/journal.pone.0074897

.Ramdasi, S.; Sarang, S.; Viswanathan, C.

Int. J. Hematol. Oncol. Stem Cell Res. 2015, 9, 2.

22.Pessina, A.; Bonomi, A.; Coccg, V.; Invernici, G.; Navone, S.;

Cavicchini, L.; Sisto, F.; Ferrari, M.; Vigano, L.; Locatelli, A.;

Ciusani, E.; Cappelletti, G.; Cartelli, D.; Arnaldo, C.; Parati, E.;

Marfia, G.; Pallini, R.; Falchetti, M. L.; Alessandri, G. PLoS One 2011,
6, €28321. doi:10.1371/journal.pone.0028321

23.Damalakiene, L.; Karabanovas, V.; Bagdonas, S.; Valius, M.;
Rotomskis, R. Int. J. Nanomed. 2013, 555-568.
doi:10.2147/1JN.S39658

24.Rustad, K. C.; Gurtner, G. C. Adv. Wound Care 2012, 1, 147-152.
doi:10.1089/wound.2011.0314

25. Studeny, M.; Marini, F. C.; Champlin, R. E.; Zompetta, C.; Fidler, I. J.;
Andreeff, M. Cancer Res. 2002, 62, 13.

26.Brennen, W. N.; Chen, S. L.; Denmeade, S. R.; Isaacs, J. T.
Oncotarget 2013, 4, 106-117.

27.Loebinger, M. R.; Kyrtatos, P. G.; Turmaine, M.; Price, A. N,;
Pankhurst, Q.; Lythgoe, M. F.; Janes, S. M. Cancer Res. 2009, 69,
8862-8867. doi:10.1158/0008-5472.CAN-09-1912

28.Correa, D.; Somoza, R. A;; Lin, P.; Schiemann, W. P.; Caplan, A. I.
Int. J. Cancer 2016, 138, 417—-427. doi:10.1002/ijc.29709

29.Lourenco, S.; Teixeira, V. H.; Kalber, T.; Jose, R. J.; Floto, R. A;
Janes, S. M. J. Immunol. 2015, 194, 3463-3474.
doi:10.4049/jimmunol.1402097

30.Dror, S.; Sander, L.; Schwartz, H.; Sheinboim, D.; Barzilai, A.;

Dishon, Y.; Apcher, S.; Golan, T.; Greenberger, S.; Barshack, |.;
Malcov, H.; Zilberberg, A.; Levin, L.; Nessling, M.; Friedmann, Y_;
Igras, V.; Barzilay, O.; Vaknine, H.; Brenner, R.; Zinger, A,;
Schroeder, A.; Gonen, P.; Khaled, M.; Erez, N.; Hoheisel, J. D.;
Levy, C. Nat. Cell Biol. 2016, 18, 1006—1017. doi:10.1038/ncb3399

.Shah, B. S.; Clark, P. A.; Moioli, E. K.; Stroscio, M. A.; Mao, J. J.

Nano Lett. 2007, 7, 3071-3079. doi:10.1021/nl071547f

32.Rak-Raszewska, A.; Marcello, M.; Kenny, S.; Edgar, D.; Sée, V;
Murray, P. PLoS One 2012, 7, €32650.
doi:10.1371/journal.pone.0032650

33. Candini, O.; Spano, C.; Murgia, A.; Grisendi, G.; Veronesi, E.;
Piccinno, M. S.; Ferracin, M.; Negrini, M.; Giacobbi, F.; Bambi, F;
Horwitz, E. M.; Conte, P.; Paolucci, P.; Dominici, M.

Stem Cells (Durham, NC, U. S.) 2015, 33, 939-950.
doi:10.1002/stem.1897

34.Yong, K.-T.; Law, W.-C.; Hu, R;; Ye, L.; Liu, L.; Swihart, M. T ;
Prasad, P. N. Chem. Soc. Rev. 2013, 42, 1236-1250.
doi:10.1039/c2cs35392)

35.Rocha, T. L.; Mestre, N. C.; Sabodia-Morais, S. M.; Bebianno, M. J.
Environ. Int. 2017, 98, 1-17. doi:10.1016/j.envint.2016.09.021

36.Chen, N.; He, Y.; Su, Y.; Li, X.; Huang, Q.; Wang, H.; Zhang, X;

Tai, R.; Fan, C. Biomaterials 2012, 33, 1238—1244.
doi:10.1016/j.biomaterials.2011.10.070

37.Walling, M. A.; Novak, J. A,; Shepard, J. R. E. Int. J. Mol. Sci. 2009, 10,
441-491. doi:10.3390/ijms 10020441

38. Yaghini, E.; Pirker, K. F.; Kay, C. W. M.; Seifalian, A. M;

MacRobert, A. J. Small 2014, 10, 5106-5115.
doi:10.1002/smll.201401209

2

=

3

=

1229


https://doi.org/10.1002%2Fijc.29210
https://doi.org/10.1016%2Fj.addr.2013.09.019
https://doi.org/10.1016%2Fj.nano.2012.06.003
https://doi.org/10.1016%2Fj.jconrel.2014.10.015
https://doi.org/10.1371%2Fjournal.pone.0067895
https://doi.org/10.1002%2Fstem.187
https://doi.org/10.1080%2F14653240600855905
https://doi.org/10.15283%2Fijsc.2014.7.2.118
https://doi.org/10.1634%2Fstemcells.2004-0134
https://doi.org/10.1155%2F2012%2F286542
https://doi.org/10.1038%2Fnnano.2009.326
https://doi.org/10.1098%2Frsta.2009.0273
https://doi.org/10.1021%2Facsnano.5b05825
https://doi.org/10.1016%2Fj.biomaterials.2012.06.053
https://doi.org/10.1166%2Fjbn.2014.1738
https://doi.org/10.4172%2F2157-7439.1000341
https://doi.org/10.1016%2Fj.biomaterials.2005.09.004
https://doi.org/10.1016%2Fj.bbamem.2006.06.021
https://doi.org/10.1016%2FB978-0-12-802926-8.00024-0
https://doi.org/10.1371%2Fjournal.pone.0074897
https://doi.org/10.1371%2Fjournal.pone.0028321
https://doi.org/10.2147%2FIJN.S39658
https://doi.org/10.1089%2Fwound.2011.0314
https://doi.org/10.1158%2F0008-5472.CAN-09-1912
https://doi.org/10.1002%2Fijc.29709
https://doi.org/10.4049%2Fjimmunol.1402097
https://doi.org/10.1038%2Fncb3399
https://doi.org/10.1021%2Fnl071547f
https://doi.org/10.1371%2Fjournal.pone.0032650
https://doi.org/10.1002%2Fstem.1897
https://doi.org/10.1039%2Fc2cs35392j
https://doi.org/10.1016%2Fj.envint.2016.09.021
https://doi.org/10.1016%2Fj.biomaterials.2011.10.070
https://doi.org/10.3390%2Fijms10020441
https://doi.org/10.1002%2Fsmll.201401209

39. Karabanovas, V.; Zitkus, Z.; Kuciauskas, D.; Rotomskis, R.; Valius, M.
J. Biomed. Nanotechnol. 2014, 10, 775-786.
doi:10.1166/jbn.2014.1770

40. Muller-Borer, B. J.; Collins, M. C.; Gunst, P. R.; Cascio, W. E.;
Kypson, A. P. J. NanoBiotechnology 2007, 9.
doi:10.1186/1477-3155-5-9

41.Cheng, X,; Tian, X.; Wu, A; Li, J.; Tian, J.; Chong, Y.; Chai, Z.;

Zhao, Y.; Chen, C.; Ge, C. ACS Appl. Mater. Interfaces 2015, 7,
20568-20575. doi:10.1021/acsami.5b04290

42.Wang, L. H.; Rothberg, K. G.; Anderson, R. G. J. Cell Biol. 1993, 123,
1107. doi:10.1083/jcb.123.5.1107

43.Zhu, X.-D.; Zhuang, Y.; Ben, J.-J,; Qian, L.-L.; Huang, H.-P.; Bai, H;
Sha, J.-H.; He, Z.-G.; Chen, Q. J. Biol. Chem. 2011, 286, 8231-8239.
doi:10.1074/jbc.M110.145888

44 Xiao, Y.; Forry, S. P.; Gao, X.; Holbrook, R. D.; Telford, W. G.; Tona, A.
J. Nanobiotechnol. 2010, 8, 13. doi:10.1186/1477-3155-8-13

45.Zhang, L. W.; Baumer, W.; Monteiro-Riviere, N. A.

Nanomedicine (London, U. K.) 2011, 6, 777-791.
doi:10.2217/nnm.11.73

46.Zhang, L. W.; Monteiro-Riviere, N. A. Toxicol. Sci. 2009, 110, 138—155.
doi:10.1093/toxsci/kfp087

47.Ritz, S.; Schéttler, S.; Kotman, N.; Baier, G.; Musyanovych, A;
Kuharev, J.; Landfester, K.; Schild, H.; Jahn, O.; Tenzer, S.;
Mailander, V. Biomacromolecules 2015, 16, 1311-1321.
doi:10.1021/acs.biomac.5b00108

48.Kou, L.; Sun, J.; Zhai, Y.; He, Z.

Asian J. Pharm. Sci. (Amsterdam, Neth.) 2013, 8, 1-10.
doi:10.1016/j.ajps.2013.07.001

49.Huang, D.-M.; Hung, Y.; Ko, B.-S.; Hsu, S.-C.; Chen, W.-H;

Chien, C.-L.; Tsai, C.-P.; Kuo, C.-T.; Kang, J.-C.; Yang, C.-S ;
Mou, C.-Y.; Chen, Y.-C. FASEB J. 2005, 19, 2014-2016.
doi:10.1096/fj.05-4288fje

50.Pi, Q. M.; Zhang, W. J.; Zhou, G. D.; Liu, W.; Cao, Y. BMC Biotechnol.
2010, 10, 36. doi:10.1186/1472-6750-10-36

51.0h, N.; Park, J. H. Int. J. Nanomed. 2014, 9 (Suppl. 1), 51-63.
doi:10.2147/1JN.S26592

52.Peng, L.; He, M.; Chen, B.; Wu, Q.; Zhang, Z.; Pang, D.; Zhu, Y;

Hu, B. Biomaterials 2013, 34, 9545-9558.
doi:10.1016/j.biomaterials.2013.08.038

53. Sarkadi, B.; Ozvegy-Laczka, C.; Német, K.; Varadi, A. FEBS Lett.
2004, 567, 116—120. doi:10.1016/j.febslet.2004.03.123

54. Al-Hajaj, N. A.; Moquin, A.; Neibert, K. D.; Soliman, G. M.;

Winnik, F. M.; Maysinger, D. ACS Nano 2011, 5, 4909-4918.
doi:10.1021/nn201009w

55. Pietila, M.; Lehenkari, P.; Kuvaja, P.; Kaakinen, M.; Kaul, S. C.;
Wadhwa, R.; Uemura, T. Exp. Cell Res. 2013, 319, 2770-2780.
doi:10.1016/j.yexcr.2013.07.023

56.Ke, F.; Zhang, L.; Liu, Z,; Yan, S.; Xu, Z.; Bai, J.; Zhu, H.; Lou, F;
Cai, W.; Sun, Y.; Gao, Y.; Wang, H.; Wang, H. Stem Cells Transl. Med.
2016, 5, 301-313. doi:10.5966/sctm.2015-0179

57.8hi, Y.; Du, L.; Lin, L.; Wang, Y. Nat. Rev. Drug Discovery 2017, 16,
35-52. doi:10.1038/nrd.2016.193

58. Balkwill, F. Nat. Rev. Cancer 2009, 9, 361-371. doi:10.1038/nrc2628

59. Riekstina, U.; Muceniece, R.; Cakstina, |.; Muiznieks, I.; Ancans, J.
Cytotechnology 2008, 58, 153. doi:10.1007/s10616-009-9183-2

60. Xu, G.; Lin, G.; Lin, S.; Wu, N.; Deng, Y.; Feng, G.; Chen, Q.; Qu, J.;
Chen, D.; Chen, S.; Niu, H.; Mei, S.; Yong, K.-T.; Wang, X. Sci. Rep.
2016, 6, No. 37677. doi:10.1038/srep37677

Beilstein J. Nanotechnol. 2017, 8, 1218-1230.

61. Matulionyte, M.; Dapkute, D.; Budenaite, L.; Jarockyte, G.;
Rotomskis, R. Int. J. Mol. Sci. 2017, 18, No. 378.
doi:10.3390/ijms 18020378

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.8.123

1230


https://doi.org/10.1166%2Fjbn.2014.1770
https://doi.org/10.1186%2F1477-3155-5-9
https://doi.org/10.1021%2Facsami.5b04290
https://doi.org/10.1083%2Fjcb.123.5.1107
https://doi.org/10.1074%2Fjbc.M110.145888
https://doi.org/10.1186%2F1477-3155-8-13
https://doi.org/10.2217%2Fnnm.11.73
https://doi.org/10.1093%2Ftoxsci%2Fkfp087
https://doi.org/10.1021%2Facs.biomac.5b00108
https://doi.org/10.1016%2Fj.ajps.2013.07.001
https://doi.org/10.1096%2Ffj.05-4288fje
https://doi.org/10.1186%2F1472-6750-10-36
https://doi.org/10.2147%2FIJN.S26592
https://doi.org/10.1016%2Fj.biomaterials.2013.08.038
https://doi.org/10.1016%2Fj.febslet.2004.03.123
https://doi.org/10.1021%2Fnn201009w
https://doi.org/10.1016%2Fj.yexcr.2013.07.023
https://doi.org/10.5966%2Fsctm.2015-0179
https://doi.org/10.1038%2Fnrd.2016.193
https://doi.org/10.1038%2Fnrc2628
https://doi.org/10.1007%2Fs10616-009-9183-2
https://doi.org/10.1038%2Fsrep37677
https://doi.org/10.3390%2Fijms18020378
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.8.123

( J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Cationic PEGylated polycaprolactone nanoparticles carrying
post-operation docetaxel for glioma treatment

Cem Varan' and Erem Bilensoy 1:2

Full Research Paper

Address:

'Department of Nanotechnology and Nanomedicine, Graduate School
of Science and Engineering, Hacettepe University, Ankara, 06800,
Turkey and 2Department of Pharmaceutical Technology, Faculty of
Pharmacy, Hacettepe University, Ankara, 06100, Turkey

Beilstein J. Nanotechnol. 2017, 8, 1446—-1456.
doi:10.3762/bjnano.8.144

Received: 30 March 2017
Accepted: 20 June 2017

Published: 12 July 2017
Email:
Erem Bilensoy - eremino@hacettepe.edu.tr This article is part of the Thematic Series "Nanomaterial-based cancer
theranostics".
* Corresponding author

Guest Editor: V. Sivakov
Keywords:
bioadhesive film; cationic nanoparticle; core—shell nanoparticle;
docetaxel; glioma

© 2017 Varan and Bilensoy; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract

Background: Brain tumors are the most common tumors among adolescents. Although some chemotherapeutics are known to be
effective against brain tumors based on cell culture studies, the same effect is not observed in clinical trials. For this reason, the de-
velopment of drug delivery systems is important to treat brain tumors and prevent tumor recurrence. The aim of this study was to
develop core—shell polymeric nanoparticles with positive charge by employing a chitosan coating. Additionally, an implantable
formulation for the chemotherapeutic nanoparticles was developed as a bioadhesive film to be applied at the tumor site following
surgical operation for brain glioma treatment. To obtain positively charged, implantable nanoparticles, the effects of preparation
technique, chitosan coating concentration and presence of surfactants were evaluated to obtain optimal nanoparticles with a diame-
ter of less than 100 nm and a net positive surface charge to facilitate cellular internalization of drug-loaded nanoparticles. Hydroxy-
propyl cellulose films were prepared to incorporate these nanoparticle dispersions to complete the implantable drug delivery
system.

Results: The diameter of core—shell nanoparticles were in the range of 70-270 nm, depending on the preparation technique,
polymer type and coating. Moreover, the chitosan coating significantly altered the surface charge of the nanoparticles to net posi-
tive values of +30 to +50 mV. The model drug docetaxel was successfully loaded into all particles, and the drug release rate from
the nanoparticles was slowed down to 48 h by dispersing the nanoparticles in a hydroxypropyl cellulose film. Cell culture studies
revealed that docetaxel-loaded nanoparticles cause higher cytotoxicity compared to the free docetaxel solution in DMSO.

Conclusion: Docetaxel-loaded nanoparticles dispersed in a bioadhesive film were shown to be suitable for application of
chemotherapeutics directly to the action site during surgical operation. The system was found to release chemotherapeutics for
several days at the tumor site and neighboring tissue. This can be suggested to result in a more effective brain tumor treatment when

compared to chemotherapeutics administered as an intravenous bolus infusion.
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Introduction

A brain tumor is known as an abnormal growth of neoplastic
cells within the brain or the central spinal canal. In the United
States, it is estimated that 23,800 new cases and 16,700 deaths
will occur in 2017 due to brain and other nervous system
cancers. Brain and other nervous system cancers are the second
most common tumor type from birth to the age of 19, thus
having a high impact on public health and quality of life [1].

Surgical operation is the main treatment option for brain
tumors; chemotherapy or radiotherapy are generally applied
after surgery to remove remaining tumor cells and avoid the
recurrence of the tumor [2,3]. At this stage, intravenous or
orally administered chemotherapy drugs have very low efficacy
due to challenges in reaching the brain and tumor area. The
blood brain barrier (BBB) is the essential protection of the brain
and only 1% of chemotherapeutic agents can pass this barrier
without losing their pharmacological activity [4-9]. It is
possible to bypass the BBB and reach the tumor site directly
with implantable drug delivery systems such as Gliadel®, which
is the chemotherapeutic drug carmustine-loaded wafer implant.
These drug delivery systems can be implanted after surgical
removal of the tumor, facilitating chemotherapy administration
to prevent recurrence of the tumor at the time of tumor tissue
removal by surgical operation.

Among the anticancer drugs that are used in clinics, the taxane
family of drugs such as paclitaxel and docetaxel are known to
be highly effective against a variety of cancer cells in vitro due
to disruption of microtubule function. However, they are known
to have severe solubility problems in aqueous media, therefore
co-solvents or excipients are used to improve their solubility to
facilitate injectable formulation development. Unfortunately,
these solubilizing agents may often cause serious side effects.
Thus, the necessity of a safe and effective formulation and drug
delivery approach emerges for these potent anticancer drugs
from the taxane family [10-13].

Successful treatment of brain cancer is dependent on the effi-
cient and safe delivery of chemotherapeutic agents to the tumor
site, while avoiding possible side effects. The development of
novel drug delivery systems with reduced side effects is an im-
portant breakthrough and nanoparticles are promising in this
field as they enable localized drug delivery to target sites and
enhanced cellular uptake. Nanoparticle-based drug delivery
systems can be prepared with synthetic and natural polymers.
As an advantage, their surface properties can be modified to
increase cellular penetration and prolonged drug release. Addi-
tionally, suitable nanoparticle-based drug delivery systems can
bypass biological barriers or benefit from enhanced perme-

ability and retention (EPR) effect thanks to their smaller size.

Beilstein J. Nanotechnol. 2017, 8, 1446-1456.

They can also encapsulate hydrophobic drugs as their cargo to
improve solubility at the target site. Consequently, nanoparticle-
based drug delivery systems can protect drug activities in bio-
logical systems and allow targeted drug delivery [14-17].

Polycaprolactone (PCL) is a synthetic hydrophobic polymer,
which is prepared by ring opening polymerization of the mono-
mer g-caprolactone. It is used as a polymer in preparation of
nanoparticles and other drug depot and delivery systems. More-
over, PCL is reported to be nontoxic, biocompatible and
biodegradable and is approved for therapeutic use in humans by
the FDA. PCL can be copolymerized with other synthetic poly-
mers such as polyethylene glycol (PEG) and polyethylene oxide
(PEO) to obtain new polycaprolactone derivatives with various
novel properties [18,19]. There are several studies reported on
PCL as a functional excipients for the preparation of nanopar-
ticulate drug delivery systems with favorable drug loading and
release characteristics for hydrophobic anticancer molecules in
particular [18-21]. However, the application of core—shell PCL
nanoparticles to tumor targeting with docetaxel on a glioma
model is very rare. Recently, active-targeted docetaxel-loaded
PEG/PCL nanoparticles were prepared successfully for glio-
blastoma therapy by Gao et al. Cellular uptake and tumor
spheroid uptake studies on U87 human glioma cells show that
active targeted PEG/PCL nanoparticles enhanced tumor pene-
tration [22]. Besides that, Ungaro et al. obtained docetaxel-
loaded core—shell PEO/PCL nanoassemblies for passive
targeting of the anticancer drug to cancer cells. Their results
showed that docetaxel-loaded PEO/PCL nanoparticles were
more effective on growth inhibition of breast and prostate
cancer cells when compared to free docetaxel [23]. Core—shell
nanoparticles are also used as non-viral vectors for the treat-
ment of glioma. Zamora et al. prepared photochemical internal-
ization mediated polyamine core—shell nanoparticles for tumor
suppressor gene delivery. Their results showed that the pre-
pared nanoparticles enhanced the delivery of tumor suppressor
genes on U87 and U251 glioma cells [24]. Wang et al. used
core—shell nanoparticles for drug and gene co-delivery. They
prepared magnetic PLGA/polymeric liposome carriers to
achieve sustained release of the model drug epidoxorubicin as
carriers of pEGFP DNA complexes. The results demonstrated
that co-delivery of drug and gene could be performed and
strong inhibition effects on glioblastoma can be achieved with
their system [25]. Additionally, magnetic core—shell nanoparti-
cles have been studied for targeting and delivery of chemothera-
peutic drugs for glioma treatment. Fang et al. prepared
core—shell nanocapsules for co-delivery of the hydrophilic drug
doxorubicin, and the hydrophobic drug curcumin. Their results
showed that the synergistic cytotoxic effect on RG2 glioma
cells was obtained by dual drug targeting. Besides that, the
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magnetic and ligand targeting resulted in elevated cellular
uptake of nanocapsules in glioma treatment [26]. Yang et al.
successfully obtained targeted and traceable core—shell nanopar-
ticles for carmustine (BCNU) delivery. These systems
prolonged the half-time and also enhanced the concentration of
BCNU in the brain tumor area [27]. In addition to drug
delivery, core—shell nanoparticles such as magnetic nanoparti-
cles [28], quantum dots [29], nanodiamonds [30], nanocrystals
[31] and iron oxide nanoparticles [32] are studied as imaging
and detection agents of glioma.

An interesting, biocompatible and simple approach is to coat the
nanoparticles with cationic polymers to enhance cellular pene-
tration and prolong retention at biological membranes. Cationic
nanoparticles are able to pass through biological membranes
with facilitated uptake by cells, due to their strong cellular inter-
action with negatively charged biological membranes. Another
important advantage is that they can mask the negative charge
of anionic drugs to escape the mononuclear phagocytic system
(MPS). lonic particles can be easily determined by the MPS,
therefore drug-loaded particles (which have neutral or near-
neutral surface charge) are more prone to escape from the MPS.
Cationic nanoparticles can also condense nucleic acid (DNA,
RNA) or proteins to form polyplexes for intracellular gene/drug
delivery. In this context, chitosan (CS) is used as a positively
charged coating polymer with optimal results. CS, which is pro-
duced commercially by deacetylation of chitin, is a linear poly-
saccharide. It is a biocompatible and nontoxic natural polymer
[33-39] which is known to act as a penetration enhancer, muco-
adhesive [40], antitumor [41] and immune-adjuvant [42], which
contribute to the potential of this biopolymer for drug delivery
and formulation.

Although systemic application is frequently preferred for
nanomedicines, local administration is a major opportunity
when on-site therapy is possible and intended for. In fact, local
or implantable administration for therapeutic nanoparticles help
reduce systemic side effects, bypass BBB and improve efficacy
of the drug by forming a constant drug reservoir directly at
target site [43-49].

Beilstein J. Nanotechnol. 2017, 8, 1446-1456.

The goal of this study was to evaluate and characterize
implantable cationic nanoparticle-loaded film formulations as
post-surgical local delivery systems for docetaxel (DOC). PCL
and its derivative poly(ethylene glycol)-block-poly(e—capro-
lactone) methyl ether (mePEG-PCL) were used to prepare these
nanoparticles by the nanoprecipitation technique with surface
modification by coating with CS. The nanoparticles were
administered as a dispersion in the hydroxypropylcellulose
(HpC) Klucel™ bioadhesive film. The aim was to develop an
implantable, local nanomedicine capable of prolonged release at
the tumor site to create a drug reservoir after surgical removal
of glioma, avoiding progression and recurrence of the tumor by
killing cancer cells in surrounding tissues.

Results and Discussion

Pre-formulation studies

Pre-formulation studies were evaluated to select optimal nano-
particle formulations. Particle size, polydispersity index and
surface charge are known to be critical parameters that signifi-
cantly affect cellular uptake, interaction with biological mem-
branes, absorption rate, biodistribution in the body, as well as
the physical stability of the nanoparticles [50]. It is known that
nanoparticles can escape from systemic circulation via fenestra-
tions, which are small openings through the endothelial barrier.
The size of these fenestrations depends on the type of organ and
tumor [51]. For this reason, the nanoparticle particle size is

crucial for a targeted organ/tumor.

As core—shell polymeric nanoparticles can be prepared using
different techniques, the optimal preparation technique was de-
termined to obtain smaller, monodisperse nanoparticles with
favorable stability. Three different preparation techniques,
emulsion/solvent evaporation, double emulsion and nanoprecip-
itation, were used to prepare PCL or mePEG-PCL nanoparti-
cles.

As seen in Table 1, the mean diameter of PCL nanoparticles
was found to be 160-350 nm. It was clearly shown that the
preparation technique significantly affects the particle size
(p < 0.05). In addition, the polydispersity index of the PCL

Table 1: The effect of different preparation methods on physicochemical properties of blank PCL and mePEG-PCL nanoparticles (n = 3 £ SD).

Mean diameter £ SD (nm) PDI + SD Zeta potential + SD (mV)
PCL nanoparticles nanoprecipitation 168 +3 0.10 £ 0.02 -17+04
emulsification/solvent evaporation 184 + 3 0.29+04 -18+0.8
double emulsion 352+2 0.39 £ 0.02 -8+0.1
mePEG-PCL nanoprecipitation 773 0.17 £ 0.04 -13+3.2
nanoparticles emulsification/solvent evaporation 146 + 3 0.27 £0.004 -19+1.3
double emulsion 1702 0.19 £ 0.01 -5+0.24
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nanoparticles also depends on the preparation technique,
directly. Studies showed that PCL nanoparticles which were
prepared by emulsion-based techniques have larger diameters,
especially in the case of the double emulsification technique
when compared to nanoprecipitation. These results shows
compare well with the literature [52-55]. According to the data
in Table 1, significantly smaller nanoparticles were obtained
with mePEG-PCL (p < 0.05). The preparation method had a
similar effect on mePEG-PCL nanoparticles as well.

The double emulsion method yielded the largest particle size
and polydispersity index for blank PCL and mePEG-PCL nano-
particles. The double emulsion method involves two emulsifica-
tion steps. For this reason, the particle size increases in each
emulsification step. In addition, double emulsion resulted in a
significant difference in the zeta potential of nanoparticles
(p < 0.05). The surface charge of blank nanoparticles prepared
by double emulsification was closer to neutral charge as com-
pared to those prepared by the nanoprecipitation or emulsifica-

tion/solvent evaporation methods.

Our results clearly show that mePEG-PCL nanoparticles have
significantly smaller particle size than PCL nanoparticles for all
preparation techniques (p < 0.05). In the literature, mePEG-PCL
nanoparticles prepared by nanoprecipitation have been found to
be generally smaller than 120 nm [53,56-58]; however, PCL
nanoparticles prepared by the same technique are between
200-300 nm [55,59]. mePEG-PCL can be solubilized in organic
solvents more easily, thanks to the hydrophilic PEG chains as
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compared to PCL. This difference may be effective for the
spontaneous formation of nanoparticles at the interface and at

obtaining a smaller particle size.

Another important parameter affecting the final nanoparticle
properties is reported to be the presence and concentration of
the surfactant, which can influence particle size distribution and
surface properties. According to the results in Table 2, the addi-
tion of surfactant did not reduce the particle size; on the con-
trary, the mean particle size significantly increased propor-
tional to the concentration of PF68 for both polymer PCL and
mePEG-PCL (p < 0.05). Although it has been shown in litera-
ture that addition of surfactant causes increased solubility of
polymer in aqueous media and decreases the particle size [60],
the exact opposite of this situation has been found, too [61]. In
our studies, the addition of surfactant for both nanoparticle
formulations may have led to the formation of an extra surfac-
tant layer and this layer increases the particle size. Besides that,
this surfactant layer probably covered the polymer surface and
thus the zeta potential of the nanoparticles approached a more

neutral value.

To render a positive surface charge to blank PCL or mePEG-
PCL nanoparticles, chitosan was incorporated as a cationic
coating polymer. The mean particle size increased with increas-
ing CS concentration, as can be expected due to the thicker
coating layer (Table 3), as has been similarly demonstrated in
the literature [62-65]. CS changed the surface charge from —19
to +39 mV and further to +53 mV by increasing the concentra-

Table 2: The effect of different preparation methods on the physicochemical properties of blank PCL and mePEG-PCL nanoparticles (n = 3 + SD).

PF68 concentration (v/v, %) Mean diameter + SD (nm) PDI + SD Zeta potential £ SD (mV)
PCL nanoparticles 0 150+ 0.5 0.08+1.9 -22 +0.009

0.5 163 £0.5 0.10£0.5 -20 +£0.02

2 194 £0.8 0.09+£04 -15+0.006
mePEG-PCL nanoparticles 0 71+0.8 0.22+0.004 -22+1.9

0.5 95+3.9 0.50+0.03 -27%21

2 92+14 0.31+0.04 -20%338

Table 3: The effect of chitosan concentration on the physicochemical properties of blank PCL and mePEG-PCL nanoparticles (n = 3 + SD).

Chitosan concentration (wt/v, %) Particle size £ SD (nm)

PCL nanoparticles 0
0.01
0.025

mePEG-PCL nanoparticles 0
0.01
0.025

PDI + SD Zeta potential £ SD (mV)
170 £ 0.1 0.07+0.02 -20+0.6
196 + 14 0.25+0.03 39%0.9
2189 0.20+0.02 5419
71+£0.8 0.22+0.004 -22%1.9
120+ 2 0.39+0.006 31%1.8
155+ 1.6 042+002 3113
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tion of CS in the PCL nanoparticle formulations. In addition,
the surface charge of mePEG-PCL nanoparticles significantly
increased up to 31 mV, depending on the CS concentration
(p <0.05), directly. Chitosan-modified core—shell nanoparticles
were studied for glioma therapy by Qian et al. where a PLGA
nanoparticle surface was modified with CS and cellular uptake
of nanoparticles was determined. They showed that cellular
uptake is related to chitosan concentration and particle size. Ac-
cording to their results, chitosan modification increased the par-
ticle size and decreased the cellular uptake of nanoparticles
[66]. Cationic core—shell nanoparticles are also quite suitable
for the delivery of negatively charged gene and drug to tumor
tissue. Wei et al. used cationic core—shell nanoparticles for the
active targeted delivery of siRNA on an intracranial U87 glioma
model. They demonstrated that active targeted and cationic
core—shell nanoparticles could be effective in inhibition of
tumor proliferation with higher accumulation in tumor area
when they are administered intravenously [67]. Different
studies also showed that nanoparticles that have a zeta potential
value smaller than 30 are more stable and show reduced aggre-
gation [68,69].

In vitro characterization of docetaxel-loaded

nanoparticles

According to the results of the pre-formulation studies, the final
formulation parameters were determined and nanoparticles were
prepared by the nanoprecipitation technique without surfactant
due to their smaller particle size and polydispersity index. In
order to render the surface charge positive, 0.01% wt/v chitosan
was added to the aqueous phase. This concentration was
selected since nanoparticles that have zeta potential outside the
range of 30 mV are known to be prone to aggregation [54,55].
For PCL nanoparticles, the drug amount was set at 10% of the
PCL weight [60,63,70]. Therefore, DOC (0.01% w/v) was
added in the organic phase with the polymer in the nanoprecipi-
tation technique for both polymers. The particle size and zeta
potential of nanoparticles for PCL or mePEG-PCL nanoparti-
cles are shown in Figure 1 and Figure 2. CS coating and drug
loading causes an increase in particle size, as expected. Accord-
ing to our results, the drug-loaded nanoparticle diameter is gen-
erally 10 to 50 nm higher than the unloaded nanoparticles.

Physical stability of nanoparticles

The physicochemical properties of all formulations have been
monitored to investigate their physical stability in aqueous
medium for 30 days; the results are shown in Figure 3. The di-
ameter of anionic and cationic PCL nanoparticles increased by
8-10 nm and mePEG-PCL nanoparticles increased by
13-23 nm during this period. However, this increase is not
statistically significant. Consequently, it can be said that
aqueous dispersions of drug-loaded nanoparticles are physi-
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Figure 1: Particle size of blank and drug-loaded nanoparticles (n = 3,
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Figure 3: Mean particle diameter of nanoparticle formulations over the
course of 30 days (n = 3, + SD).

Encapsulation efficacy of drug-loaded
nanoparticles

The docetaxel concentration in nanoparticle formulations was
directly quantified with a validated HPLC method and
expressed in terms of associated drug (%). In the literature, the
encapsulation efficacy for PCL nanoparticles was found to be
between 65—71% [60,70] and for mePEG-PCL nanoparticles to
be 80—90% [56,58]. According to our results, the encapsulation
efficacy of mePEG-PCL nanoparticles was not found to be as
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high as reported in the literature. This may be caused by the
differences in the molecular weight of the PCL used in mePEG-
PCL.

The zeta potential of DOC solutions was measured as =14 mV
and the encapsulation efficacy was significantly improved for
both PCL and mePEG-PCL nanoparticles by coating with the
cationic polymer CS, as shown in Figure 4. This is attributed to
the strong electrostatic interaction between the anionic drug
docetaxel with the cationic coating. The encapsulation efficacy
of PCL and mePEG-PCL nanoparticles is not significantly dif-
ferent from one other (p > 0.05) but CS-coated mePEG-PCL
nanoparticles have the largest encapsulation efficacy (p < 0.05).
The mePEG-PCL polymer is more hydrophilic than PCL, as
previously mentioned, and this property may be effective for the
high encapsulation efficacy as well as smaller particle size as
shown in the literature [56,58].

120
Chitosan Coated

=

m Uncoated
100

80 I

60

40

Associated Drug (%)

20

PCL mePEG-PCL

Figure 4: Docetaxel encapsulation efficiency of nanoparticle formula-
tions (n = 3, £ SD).

In vitro release studies

The in vitro release profile of docetaxel from nanoparticle
dispersion and nanoparticle-loaded HpC films was determined
using the dialysis bag method in PBS pH 7.4 with HPLC. As
seen in Figure 5, DOC was completely released from all nano-
particles within 1 h. The PCL nanoparticles are generally ex-
pected to give a longer release time due to slower degradation
time of PCL [56,58,60] if the drug is entrapped in a nanoparti-
cle matrix. In our study, it is suggested by the encapsulation
data shown in Figure 4 that DOC is largely adsorbed onto the
coating layer and therefore released rapidly by desorption of the
drug from the nanoparticle surface. The slower release was
achieved by loading the DOC nanoparticles into a HpC film. By
examining the release profiles of DOC from nanoparticle-
loaded HpC film, it can be seen that 50% DOC was released in
the first 16 h and complete release of the encapsulated drug was
found to occur after 48 h with a slower rate (Figure 5). The
structure of the HpC film may be effective in slowing the
release. The release of water-insoluble drugs from HpC films
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was examined by different study groups and the release profile
was shown to be completed within approximately 10 h [71-73].
In another study regarding the release of paclitaxel (which is
another member of taxane class, such as docetaxel, released
from nanocomposite film) the initial release was observed
within 7 h due to the rapid release of drugs from surface of the
film [74]. Our studies proved that the DOC-encapsulated PCL-
nanoparticle-loaded film formulation is quite suitable to provide
a drug reservoir after surgical removal of glioma to avoid
progression recurrence during the first 2 days.
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Figure 5: Cumulative release profile of DOC from nanoparticles (a)
and nanoparticulate DOC from HpC films (b) (n = 3, £ SD).

Cell culture studies

Cytotoxicity assay for blank nanoparticles

Mouse fibroblast cell lines 1929 (recommended by the USP for
the cytotoxicity evaluation of polymeric systems) were used to
determine the cytotoxicity of blank nanoparticles with MTT
assay. According to MTT assay, cell viability for L929 cells is
given in Figure 6 for 24 h and 48 h. When compared with the
control group, the blank formulations were found to have no
cytotoxic effect on L929 fibroblast cells (the differences be-
tween groups were statistically insignificant, p > 0.05), and it
can be suggested that all formulations are safe for in vivo appli-
cation, regardless of dose or time.
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Figure 6: Cell viability of blank nanoparticles for 24 and 48 h (n = 3,
+ SD).

Anticancer efficacy of docetaxel-loaded
nanoparticles

The anticancer efficacy of drug-loaded nanoparticle dispersions
were determined on rat glioma cell line RG2. As seen in
Figure 7, anticancer efficiency is enhanced for DOC both with
time-dependent and formulation-dependent mechanisms. The
cell culture data showed that DOC-loaded CS-mePEG-PCL
nanoparticle dispersions have a significantly higher cytotoxic
effect than DOC solutions in DMSO (p < 0.05). Besides, blank
nanoparticle formulations did not exert any toxic effect on RG2
cells. As a result, CS-coated nanoparticle formulations were
found to be significantly more effective against glioma cells
than nanoparticles that have negative surface charge (p < 0.05).
Cationic nanoparticles may interact and pass the cell membrane
more easily due to their opposite electrical charge with respect
to the cell surface. On the other hand, it is known that chitosan
also possesses intrinsic antitumor activity due to activation of
the caspase-3 mechanism [41]. This may explain the syner-
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gistic mechanism of why chitosan-coated nanoparticles are
more effective on cancer cells when compared with non-coated

nanoparticles.

Conclusion

In this study, the anticancer drug DOC, encapsulated in anionic
and cationic polymeric nanoparticles and administered in a
bioadhesive film formulation, was successfully developed to
apply the chemotherapeutic drug directly to the action site after
surgical operation of glioma treatment. All formulations were
characterized in terms of mean particle size, polydispersity
index, zeta potential, drug loading capacity, drug release profile
and cytotoxicity. When nanoparticle formulations are com-
pared with each other, mePEG-PCL nanoparticles have a signif-
icantly smaller particle size. Furthermore, drug loading and
anticancer efficacy in rat glioma cells were drastically in-
creased by cationic coated with CS. Thus, mePEG-PCL and
CS-coated mePEG-PCL nanoparticle formulations can be used
for further studies. Moreover, the release profile was prolonged
by up to 2 days due to the implantable film formulation. This
result could be a solution to the premature drug release and dose
dumping known to occur with the use of nanoparticles. In the
light of the cell culture data, all nanoparticle formulations in-
creased the anticancer effects of DOC in free form, while blank
nanoparticles were found to be nontoxic on L929 and RG-2 cell
lines. It can be said that all drug-loaded nanoparticles are

biocompatible, safe and effective against glioma.

Our study emphasizes that polycaprolactone and PEGylated de-
rivatives are suitable for the development of nanoparticles and
their zeta potential can be varied with chitosan coating. When

Figure 7: RG2 cell viability with blank and DOC-loaded nanoparticles for 24 and 48 h (n = 3, + SD).
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further loaded into films, these nanoparticles seem to be a
potential drug delivery system for docetaxel for glioma treat-
ment and a good candidate for further evaluation in animal
studies. This film formulation can be implanted after surgical
removal of a tumor and provide a drug reservoir after surgical
removal of glioma during the initial days to avoid progression
and recurrence by killing cancer cells in neighboring tissue.

Experimental

Materials

PCL (Mw: 80,000 Da) and mePEG-PCL (PEG:PCL
Myy: 5,000:5,000 Da) were purchased from Sigma-Aldrich,
USA. Chitosan (Protasan® G 113, My < 200 kDa, deacetyl-
ation degree 75-90%) was purchased from FMC Biopolymers,
Norway. HpC (Klucel™ hydroxypropylcellulose) was pur-
chased from Ashland, USA. The model anticancer drug,
docetaxel (purity 97%), was purchased from Fluka, Switzer-
land. Dialysis tubing cellulose membrane (average flat width
25 mm, MWCO: 14,000 Da) and all organic solvents and chem-
icals were purchased from Sigma-Aldrich, Germany. Ultrapure
water was obtained from a Millipore Simplicity 185 ultrapure
water system, France and used without further purification.

Methods

Pre-formulation studies

Pre-formulation studies were carried out to optimize the final
nanoparticle physical properties. The formulation and techno-
logical variables that are known to influence the nanoparticle
properties were evaluated. Primarily, different nanoparticle
preparation techniques were used to prepare the nanoparticles,
which was then followed by varying formulation parameters
such as surfactant concentration and coating polymer concentra-

tion, as summarized in Table 4.

Table 4: Pre-formulation parameters for nanoparticle preparation.

preparation technique nanoprecipitation
emulsion/solvent evaporation
double emulsion

polymer molecular weight ~mePEG-PCL

(Da) (Myy: 5000:5000)
PCL (My: 80,000)

surfactant (PF68) 0

concentration (% v/v) 0.5

2

coating polymer chitosan 0
amount (% w/v) 0.01

0.025

As different preparation techniques drastically affect the nano-
particle size and degree of drug interaction, several well-estab-

lished nanoparticle preparation methods were evaluated for
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PCL and mePEG-PCL nanoparticles. These preparation

methods can briefly be summarized as follows.

Nanoprecipitation: The polymer (PCL or MePEG-PCL) was
dissolved in acetone (0.1% v/w) under moderate heating. This
organic solution was added to ultrapure water (1:2 v/v) drop-
wise under magnetic stirring at room temperature. As a result,
nanoparticles were spontaneously obtained. The organic sol-
vent was then evaporated under vacuum at 40 °C. The formula-
tions were filtered through a 0.45 pm pore membrane filter to
eliminate polymer aggregates. Cationic-coated nanoparticles
were obtained with the same technique with the minor differ-
ence that CS was dissolved in ultrapure water to form the

aqueous phase during preparation.

Emulsion solvent/evaporation: The polymer (PCL or MePEG-
PCL) was dissolved in dichloromethane (0.1% v/w) under mag-
netic stirring. This organic phase (5 mL) was added to ultrapure
water (20 mL) containing PF68 (1% v/w) and polyvinyl alcohol
(0.1% v/w) and emulsified by ultraturrax at 13,000 rpm. The
organic solvent was evaporated under vacuum at 40 °C. The
formulations were filtered through a 0.45 um pore filter to elim-
inate polymer aggregates.

Double emulsion: PF68 (1% w/v) was dissolved in ultrapure
water (1 mL) and the polymer (PCL or MePEG-PCL)
(0.5% w/v) was dissolved in dichloromethane (5 mL) under
magnetic stirring. Ultrapure water containing PF68 (1% w/v)
was added to the organic solution containing polymer. This mix
was emulsified by ultraturrax at 13,000 rpm. This primary
emulsion was added to 20 mL ultrapure water containing PF68
(1% w/v) and polyvinyl alcohol (0.1% w/v) and emulsified by
ultraturrax at 13,000 rpm. The organic solvent was evaporated
under vacuum at 40 °C. The formulations were filtered through
a 0.45 um pore sized filter to eliminate polymer aggregates.

Preparation of nanoparticle-loaded film formulations

Following the selection of optimal nanoparticle formulations,
docetaxel-loaded nanoparticles were loaded into film formula-
tions to prolong the activity of the nanoparticles at the adminis-
tration site. Briefly, HpC (Klucel™) was dissolved in ultrapure
water (5% w/v). The lyophilized nanoparticle powder was
added to this mix and stirred. This solution was slowly poured
on a water-impermeable polyethylene terephthalate (PET) film
and dried at room temperature for 48 h. Finally, the HpC film
was removed from the surface of the PET film to obtain the
final product.

Nanoparticle characterization

Particle size distribution and surface charge analysis: the mean

particle diameter and polydispersity index of the nanoparticles

1453



were determined by dynamic light scattering (DLS) technique
using a Malvern NanoZS (Malvern Instruments, UK). All
formulations were measured at a scattering angle of 173° at a
temperature 25 °C (n = 3). The surface charge of the nanoparti-
cles was determined by using a disposable capillary cell with
the Malvern Zetasizer Nano ZS at room temperature (n = 3).

Physical stability upon storage: The physical stability of the
nanoparticles was determined by repeated measurement and
comparison of the particle size, polydispersity index and zeta
potential data for 30 days at specific time intervals. During this
time, the formulations were stored as aqueous dispersions in
ultrapure water at +4 °C.

Encapsulation efficiency: DOC encapsulation of nanoparticle
formulations were determined directly with validated HPLC
method by using an HP Agilent 1100 instrument. The HPLC
system consisted of a reverse phase Develosil ODS-UG-5
(4.6 mm/150 mm 5.6 pm) column and acetonitrile/water
(50:50 v/v) as mobile phase delivered at a flow rate of
1.00 mL/min. A 50 pL injection volume was used for analysis.
The DOC was quantified by a UV detector set at A = 229.6 nm
at 25 °C. Drug loading was expressed as associated drug per-
centage, quantifying the drug quantity bound to nanoparticles.
The associated drug percentage (%) was calculated as follows:

_ Experimental drug loading (pg)

Associated drug (%) = x100

Initial drug quantity (pg)

In vitro docetaxel release: The in vitro release profile of DOC
from nanoparticles and film formulations was determined by
using the dialysis membrane technique under sink conditions in
a shaking water bath at 37 °C in phosphate buffer solution
(PBS) pH 7.4. Briefly, the drug-loaded nanoparticle dispersions
or 1 cm? film were added in dialysis membrane (Cellulose
Membrane MWCO: 14,000 Da, Sigma-Aldrich, Germany) and
closed with stoppers. This bag was placed in PBS pH 7.4 con-
taining 0.1% Tween 80 to provide sink conditions. Samples
were taken from the PBS at specific time intervals and the re-
leased DOC amount was determined directly with validated
HPLC method.

Cell culture studies

Cytotoxicity assay for blank nanoparticles and drug-loaded
nanoparticles: Mouse fibroblast cells L929 were used to deter-
mine the cytotoxicity of blank nanoparticles as this is defined as
a standard method for cytotoxicity determination by United
States Pharmacopoeia. After the cytotoxicity testing of blank
nanoparticles, rat glioma cells RG2 were used to determine the
anticancer activity of docetaxel (500 nM) incorporated nanopar-

ticles. The cell lines were cultured as a monolayer in
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Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), penicillin (100 units/mL)
and streptomycin (100 pg/mL) and maintained at 37 °C in a
humidified 5% CO, incubator. The cells were seeded in 96-well
tissue culture and incubated for 24 and 48 h. Then, DMEM was
replaced with fresh medium containing blank nanoparticle
formulations and incubated for 48 h. MTT assay was applied to
determine cell viability. 20 pL of MTT solution in PBS
(5 mg/mL) were added in each well and incubated for 4 h.
80 pL of MTT lysis solution containing SDS (23% w/v) and
DMF (45% v/v) in ultrapure water were added in plates and in-
cubated overnight. The optical density (OD) was determined by
a microplate reader (Molecular Devices, USA) at 450 nm
(n =3). The results were expressed in terms of cell viability (%)
according to the equation:

Cell Viability (%) = Mean Absorbance of Treated Cells <100,

Mean Absorbance of non-Treated Cells

Statistical analysis

All statistical analyses were performed by Student’s z-test.
p < 0.05 was considered to denote a statistically significant
difference.

References

1. Siegel, R. L.; Miller, K. D.; Jemal, A. Ca-Cancer J. Clin. 2017, 67, 7-30.
doi:10.3322/caac.21387

2. DeAngelis, L. M. N. Engl. J. Med. 2001, 344, 114-123.
doi:10.1056/NEJM200101113440207

3. Ali-Osman, F. Brain tumors; Humana Press: Totowa, NJ, U.S.A., 2005.
doi:10.1385/1592598439

4. Tomita, T. J. Neuro-Oncol. 1991, 10, 57-74. doi:10.1007/BF00151247

5. Pardridge, W. M. J. Cereb. Blood Flow Metab. 1997, 17, 713-731.
doi:10.1097/00004647-199707000-00001

6. Groothuis, D. R. Neuro-Oncology (Cary, NC, U. S.) 2000, 2, 45-59.
doi:10.1093/neuonc/2.1.45

7. Lesniak, M. S.; Langer, R.; Brem, H. Curr. Neurol. Neurosci. Rep.
2001, 1, 210-216. doi:10.1007/s11910-001-0020-z

8. Ballabh, P.; Braun, A.; Nedergaard, M. Neurobiol. Dis. 2004, 16, 1-13.
doi:10.1016/j.nbd.2003.12.016

9. Pardridge, W. M. Pharm. Res. 2007, 24, 1733-1744.
doi:10.1007/s11095-007-9324-2

10. Guenard, D.; Gueritte-Voegelein, F.; Potier, P. Acc. Chem. Res. 1993,

26, 160—167. doi:10.1021/ar00028a005

.Sampath, P.; Rhines, L. D.; DiMeco, F.; Tyler, B. M.; Park, M. C.;

Brem, H. J. Neuro-Oncol. 2006, 80, 9—-17.

doi:10.1007/s11060-006-9159-4

12.Baker, J.; Ajani, J.; Scotté, F.; Winther, D.; Martin, M.; Aapro, M. S.;
von Minckwitz, G. Eur. J. Oncol. Nurs. 2009, 13, 49-59.
doi:10.1016/j.ejon.2008.10.003

13.Moes, J.; Koolen, S.; Huitema, A.; Schellens, J.; Beijnen, J.; Nuijen, B.
Eur. J. Pharm. Biopharm. 2013, 83, 87-94.
doi:10.1016/j.ejpb.2012.09.016

1

-

1454


https://doi.org/10.3322%2Fcaac.21387
https://doi.org/10.1056%2FNEJM200101113440207
https://doi.org/10.1385%2F1592598439
https://doi.org/10.1007%2FBF00151247
https://doi.org/10.1097%2F00004647-199707000-00001
https://doi.org/10.1093%2Fneuonc%2F2.1.45
https://doi.org/10.1007%2Fs11910-001-0020-z
https://doi.org/10.1016%2Fj.nbd.2003.12.016
https://doi.org/10.1007%2Fs11095-007-9324-2
https://doi.org/10.1021%2Far00028a005
https://doi.org/10.1007%2Fs11060-006-9159-4
https://doi.org/10.1016%2Fj.ejon.2008.10.003
https://doi.org/10.1016%2Fj.ejpb.2012.09.016

14. Soppimath, K. S.; Aminabhavi, T. M.; Kulkarni, A. R.; Rudzinski, W. E.
J. Controlled Release 2001, 70, 1-20.
doi:10.1016/S0168-3659(00)00339-4

15.Brigger, |.; Dubernet, C.; Couvreur, P. Adv. Drug Delivery Rev. 2002,
54, 631-651. doi:10.1016/S0169-409X(02)00044-3

16.Kingsley, J. D.; Dou, H.; Morehead, J.; Rabinow, B.; Gendelman, H. E.;
Destache, C. J. J. Neuroimmune Pharmacol. 2006, 1, 340-350.
doi:10.1007/s11481-006-9032-4

17.Bei, D.; Meng, J.; Youan, B.-B. C. Nanomedicine (London, U. K.) 2010,
5, 1385-1399. doi:10.2217/nnm.10.117

18.Sinha, V. R.; Bansal, K.; Kaushik, R.; Kumria, R.; Trehan, A.

Int. J. Pharm. 2004, 278, 1-23. doi:10.1016/j.jpharm.2004.01.044

19. Woodruff, M. A.; Hutmacher, D. W. Prog. Polym. Sci. 2010, 35,
1217-1256. doi:10.1016/j.progpolymsci.2010.04.002

20.Gad, S. C., Ed. Pharmaceutical manufacturing handbook: production

and processes; Wiley-Interscience: Hoboken, NJ, U.S.A., 2008.

.Schubert, S.; Delaney, J. T., Jr.; Schubert, U. S. Soft Matter 2011, 7,

1581-1588. doi:10.1039/COSM00862A

22.Gao, H.; Qian, J.; Yang, Z.; Pang, Z,; Xi, Z.; Cao, S.; Wang, Y ;

Pan, S.; Zhang, S.; Wang, W.; Jiang, X.; Zhang, Q. Biomaterials 2012,
33, 6264—-6272. doi:10.1016/j.biomaterials.2012.05.020

23.Ungaro, F.; Conte, C.; Ostacolo, L.; Maglio, G.; Barbieri, A.; Arra, C.;
Misso, G.; Abbruzzese, A.; Caraglia, M.; Quaglia, F. Nanomedicine
2012, 8, 637—646. doi:10.1016/j.nan0.2011.08.012

24.Zamora, G.; Wang, F.; Sun, C.-H.; Trinidad, A.; Kwon, Y. J.; Cho, S. K;
Berg, K.; Madsen, S. J.; Hirschberg, H. J. Biomed. Opt. 2014, 19,
105009. doi:10.1117/1.JB0O.19.10.105009

25.Wang, H.; Su, W.; Wang, S.; Wang, X.; Liao, Z.; Kang, C.; Han, L.;
Chang, J.; Wang, G.; Pu, P. Nanoscale 2012, 4, 6501-6508.
doi:10.1039/c2nr31263h

26.Fang, J.-H.; Lai, Y.-H.; Chiu, T.-L.; Chen, Y.-Y.; Hu, S.-H.; Chen, S.-Y.
Adv. Healthcare Mater. 2014, 3, 1250-1260.
doi:10.1002/adhm.201300598

27.Yang, H.-W.; Hua, M.-Y_; Liu, H.-L.; Huang, C.-Y; Tsai, R.-Y.; Lu, Y.-J.;
Chen, J.-Y.; Tang, H.-J.; Hsien, H.-Y.; Chang, Y.-S.; Yen, T.-C;

Chen, P.-Y.; Wei, K.-C. Biomaterials 2011, 32, 6523—-6532.
doi:10.1016/j.biomaterials.2011.05.047

28.Yang, L.; Shao, B.; Zhang, X.; Cheng, Q.; Lin, T.; Liu, E.

J. Biomater. Appl. 2016, 31, 400—410. doi:10.1177/0885328216658779

29.Durgadas, C. V.; Sreenivasan, K.; Sharma, C. P. Biomaterials 2012,
33, 6420-6429. doi:10.1016/j.biomaterials.2012.05.051

30. Slegerova, J.; Hajek, M.; Rehor, |.; Sedlak, F.; Stursa, J.; Hruby, M.;
Cigler, P. Nanoscale 2015, 7, 415-420. doi:10.1039/C4NR02776K

31.Wang, G.; Ji, J.; Zhang, X.; Zhang, Y.; Wang, Q.; You, X.; Xu, X.

Sci. Rep. 2014, 4, 5480. doi:10.1038/srep05480

32.Yu, F.; Zhang, L.; Huang, Y.; Sun, K.; David, A. E.; Yang, V. C.
Biomaterials 2010, 31, 5842-5848.
doi:10.1016/j.biomaterials.2010.03.072

33.Felt, O.; Buri, P.; Gurny, R. Drug Dev. Ind. Pharm. 1998, 24, 979-993.
doi:10.3109/03639049809089942

34.Dutta, P. K.; Dutta, J.; Tripathi, V. S. J. Sci. Ind. Res. 2004, 63, 20-31.

35.8Sinha, V. R;; Singla, A. K.; Wadhawan, S.; Kaushik, R.; Kumria, R.;
Bansal, K.; Dhawan, S. Int. J. Pharm. 2004, 274, 1-33.
doi:10.1016/j.ijpharm.2003.12.026

36. Rinaudo, M. Prog. Polym. Sci. 2006, 31, 603—-632.
doi:10.1016/j.progpolymsci.2006.06.001

37.Nagpal, K.; Singh, S. K.; Mishra, D. N. Chem. Pharm. Bull. 2010, 58,
1423-1430. doi:10.1248/cpb.58.1423

38.Dash, M.; Chiellini, F.; Ottenbrite, R. M.; Chiellini, E. Prog. Polym. Sci.
2011, 36, 981-1014. doi:10.1016/j.progpolymsci.2011.02.001

2

=

Beilstein J. Nanotechnol. 2017, 8, 1446-1456.

39.Wang, J. J,; Zeng, Z. W,; Xiao, R. Z.; Xie, T.; Zhou, G. L.; Zhan, X. R;
Wang, S. L. Int. J. Nanomed. 2011, 6, 765-774.
doi:10.2147/1IJN.S17296

40.Agnihotri, S. A.; Mallikarjuna, N. N.; Aminabhavi, T. M.

J. Controlled Release 2004, 100, 5-28.
doi:10.1016/j.jconrel.2004.08.010

.Hasegawa, M.; Yagi, K.; lwakawa, S.; Hirai, M. Jpn. J. Cancer Res.

2001, 92, 459-466. doi:10.1111/j.1349-7006.2001.tb01116.x

42. Seferian, P. G.; Martinez, M. L. Vaccine 2000, 19, 661-668.
doi:10.1016/S0264-410X(00)00248-6

43.Fleming, A. B.; Saltzman, W. M. Clin. Pharmacokinet. 2002, 41,
403-419. doi:10.2165/00003088-200241060-00002

44.Wang, P. P.; Frazier, J.; Brem, H. Adv. Drug Delivery Rev. 2002, 54,
987-1013. doi:10.1016/S0169-409X(02)00054-6

45. Garcia-Garcia, E.; Andrieux, K.; Gil, S.; Couvreur, P. Int. J. Pharm.
2005, 298, 274-292. doi:10.1016/j.ijpharm.2005.03.031

46.Koo, Y.-E. L.; Reddy, G. R.; Bhojani, M.; Schneider, R.; Philbert, M. A ;
Rehemtulla, A.; Ross, B. D.; Kopelman, R. Adv. Drug Delivery Rev.
2006, 58, 1556—1577. doi:10.1016/j.addr.2006.09.012

47.Dyke, J. P.; Sanelli, P. C.; Voss, H. U.; Serventi, J. V.; Stieg, P. E.;
Schwartz, T. H.; Ballon, D.; Shungu, D. C.; Pannullo, S. C.

J. Neuro-Oncol. 2007, 82, 103—110. doi:10.1007/s11060-006-9254-6

48.Neuwelt, E.; Abbott, N. J.; Abrey, L.; Banks, W. A.; Blakley, B.;

Davis, T.; Engelhardt, B.; Grammas, P.; Nedergaard, M.; Nutt, J.;

Pardridge, W.; Rosenberg, G. A.; Smith, Q.; Drewes, L. R.

Lancet Neurol. 2008, 7, 84-96. doi:10.1016/S1474-4422(07)70326-5
49.Wolinsky, J. B.; Colson, Y. L.; Grinstaff, M. W. J. Controlled Release

2012, 159, 14-26. doi:10.1016/j.jconrel.2011.11.031

50.Duan, X.; Li, Y. Small 2013, 9, 1521-1532.

doi:10.1002/smll.201201390

.Gaumet, M.; Vargas, A.; Gurny, R.; Delie, F. Eur. J. Pharm. Biopharm.

2008, 69, 1-9. doi:10.1016/j.ejpb.2007.08.001

52.Blouza, I. L.; Charcosset, C.; Sfar, S.; Fessi, H. Int. J. Pharm. 2006,
325, 124-131. doi:10.1016/j.ijpharm.2006.06.022

53.Zheng, D.; Li, X;; Xu, H.; Lu, X; Hu, Y.; Fan, W.

Acta Biochim. Biophys. Sin. 2009, 41, 578-587.
doi:10.1093/abbs/gmp045

54. Mora-Huertas, C. E.; Fessi, H.; Elaissari, A. Int. J. Pharm. 2010, 385,
113-142. doi:10.1016/j.ijpharm.2009.10.018

55.Cirpanli, Y.; Allard, E.; Passirani, C.; Bilensoy, E.; Lemaire, L.;

Calis, S.; Benoit, J.-P. Int. J. Pharm. 2011, 403, 201-206.
doi:10.1016/j.ijpharm.2010.10.015

56.Zheng, D.; Li, D.; Lu, X.; Feng, Z. Oncol. Rep. 2010, 23, 717-724.
doi:10.3892/or_00000689

57.Shao, J.; Zheng, D.; Jiang, Z.; Xu, H.; Hu, Y.; Li, X,; Lu, X.

Acta Biochim. Biophys. Sin. 2011, 43, 267-274.
doi:10.1093/abbs/gmr011

58.Liu, Q.; Li, R.; Zhu, Z;; Qian, X.; Guan, W.; Yu, L.; Yang, M.; Jiang, X;
Liu, B. Int. J. Pharm. 2012, 430, 350-358.
doi:10.1016/j.ijpharm.2012.04.008

59. Leroueil-Le Verger, M.; Fluckiger, L.; Kim, Y.-I.; Hoffman, M;
Maincent, P. Eur. J. Pharm. Biopharm. 1998, 46, 137-143.
doi:10.1016/S0939-6411(98)00015-0

60.Mei, L.; Zhang, Y.; Zheng, Y.; Tian, G.; Song, C.; Yang, D.; Chen, H.;

Sun, H,; Tian, Y.; Liu, K.; Li, Z.; Huang, L. Nanoscale Res. Lett. 2009,
4, 1530-1539. doi:10.1007/s11671-009-9431-6
.Boehm, A. L. L.; Zerrouk, R.; Fessi, H. J. Microencapsulation 2000, 17,
195-205. doi:10.1080/026520400288436

62.Erdogar, N.; Mungan, A.; Bilensoy, E. J. Controlled Release 2010, 148,
E78-E79. doi:10.1016/j.jconrel.2010.07.015

4

-

5

o

6

=

1455


https://doi.org/10.1016%2FS0168-3659%2800%2900339-4
https://doi.org/10.1016%2FS0169-409X%2802%2900044-3
https://doi.org/10.1007%2Fs11481-006-9032-4
https://doi.org/10.2217%2Fnnm.10.117
https://doi.org/10.1016%2Fj.ijpharm.2004.01.044
https://doi.org/10.1016%2Fj.progpolymsci.2010.04.002
https://doi.org/10.1039%2FC0SM00862A
https://doi.org/10.1016%2Fj.biomaterials.2012.05.020
https://doi.org/10.1016%2Fj.nano.2011.08.012
https://doi.org/10.1117%2F1.JBO.19.10.105009
https://doi.org/10.1039%2Fc2nr31263h
https://doi.org/10.1002%2Fadhm.201300598
https://doi.org/10.1016%2Fj.biomaterials.2011.05.047
https://doi.org/10.1177%2F0885328216658779
https://doi.org/10.1016%2Fj.biomaterials.2012.05.051
https://doi.org/10.1039%2FC4NR02776K
https://doi.org/10.1038%2Fsrep05480
https://doi.org/10.1016%2Fj.biomaterials.2010.03.072
https://doi.org/10.3109%2F03639049809089942
https://doi.org/10.1016%2Fj.ijpharm.2003.12.026
https://doi.org/10.1016%2Fj.progpolymsci.2006.06.001
https://doi.org/10.1248%2Fcpb.58.1423
https://doi.org/10.1016%2Fj.progpolymsci.2011.02.001
https://doi.org/10.2147%2FIJN.S17296
https://doi.org/10.1016%2Fj.jconrel.2004.08.010
https://doi.org/10.1111%2Fj.1349-7006.2001.tb01116.x
https://doi.org/10.1016%2FS0264-410X%2800%2900248-6
https://doi.org/10.2165%2F00003088-200241060-00002
https://doi.org/10.1016%2FS0169-409X%2802%2900054-6
https://doi.org/10.1016%2Fj.ijpharm.2005.03.031
https://doi.org/10.1016%2Fj.addr.2006.09.012
https://doi.org/10.1007%2Fs11060-006-9254-6
https://doi.org/10.1016%2FS1474-4422%2807%2970326-5
https://doi.org/10.1016%2Fj.jconrel.2011.11.031
https://doi.org/10.1002%2Fsmll.201201390
https://doi.org/10.1016%2Fj.ejpb.2007.08.001
https://doi.org/10.1016%2Fj.ijpharm.2006.06.022
https://doi.org/10.1093%2Fabbs%2Fgmp045
https://doi.org/10.1016%2Fj.ijpharm.2009.10.018
https://doi.org/10.1016%2Fj.ijpharm.2010.10.015
https://doi.org/10.3892%2For_00000689
https://doi.org/10.1093%2Fabbs%2Fgmr011
https://doi.org/10.1016%2Fj.ijpharm.2012.04.008
https://doi.org/10.1016%2FS0939-6411%2898%2900015-0
https://doi.org/10.1007%2Fs11671-009-9431-6
https://doi.org/10.1080%2F026520400288436
https://doi.org/10.1016%2Fj.jconrel.2010.07.015

63. Erdogar, N.; Iskit, A. B.; Mungan, N. A,; Bilensoy, E.
J. Microencapsulation 2012, 29, 576-582.
doi:10.3109/02652048.2012.668957

64.Mazzarino, L.; Travelet, C.; Ortega-Murillo, S.; Otsuka, |.;
Pignot-Paintrand, I.; Lemos-Senna, E.; Borsali, R.
J. Colloid Interface Sci. 2012, 370, 58—66.
doi:10.1016/j.jcis.2011.12.063

65. Bilensoy, E.; Sarisozen, C.; Esendagli, G.; Dogan, A. L.; Aktas, Y.;
Sen, M.; Mungan, N. A. Int. J. Pharm. 2009, 371, 170-176.
doi:10.1016/j.ijpharm.2008.12.015

66.Qian, L.; Zheng, J.; Wang, K.; Tang, Y.; Zhang, X.; Zhang, H.;
Huang, F.; Pei, Y.; Jiang, Y. Biomaterials 2013, 34, 8968—8978.
doi:10.1016/j.biomaterials.2013.07.097

67.Wei, L.; Guo, X.-Y.; Yang, T.; Yu, M.-Z; Chen, D.-W.; Wang, J.-C.
Int. J. Pharm. 2016, 510, 394—-405. doi:10.1016/j.ijpharm.2016.06.127

68. Miller, R. H.; Jacobs, C.; Kayser, O. Adv. Drug Delivery Rev. 2001, 47,
3-19. doi:10.1016/S0169-409X(00)00118-6

69.Hans, M. L.; Lowman, A. M. Curr. Opin. Solid State Mater. Sci. 2002, 6,
319-327. doi:10.1016/S1359-0286(02)00117-1

70.Ma, Y.; Zheng, Y.; Zeng, X.; Jiang, L.; Chen, H.; Liu, R.; Huang, L.;
Mei, L. Int. J. Nanomed. 2011, 6, 2679-2688. doi:10.2147/IJN.S25251

71.Trey, S. M.; Wicks, D. A.; Mididoddi, P. K.; Repka, M. A.
Drug Dev. Ind. Pharm. 2007, 33, 727-735.
doi:10.1080/03639040701199225

72.Chen, M;; Lu, J.; Deng, W.; Singh, A.; Mohammed, N. N,;
Repka, M. A.; Wu, C. AAPS PharmSciTech 2014, 15, 522-529.
doi:10.1208/s12249-013-0029-z

73.Repka, M. A.; Prodduturi, S.; Stodghill, S. P. Drug Dev. Ind. Pharm.
2003, 29, 757-765. doi:10.1081/DDC-120021775

74.Srinivasa Rao, S.; Rajiv, S. Polym.-Plast. Technol. Eng. 2014, 53,
1690-1696. doi:10.1080/03602559.2014.919654

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.8.144

Beilstein J. Nanotechnol. 2017, 8, 1446-1456.

1456


https://doi.org/10.3109%2F02652048.2012.668957
https://doi.org/10.1016%2Fj.jcis.2011.12.063
https://doi.org/10.1016%2Fj.ijpharm.2008.12.015
https://doi.org/10.1016%2Fj.biomaterials.2013.07.097
https://doi.org/10.1016%2Fj.ijpharm.2016.06.127
https://doi.org/10.1016%2FS0169-409X%2800%2900118-6
https://doi.org/10.1016%2FS1359-0286%2802%2900117-1
https://doi.org/10.2147%2FIJN.S25251
https://doi.org/10.1080%2F03639040701199225
https://doi.org/10.1208%2Fs12249-013-0029-z
https://doi.org/10.1081%2FDDC-120021775
https://doi.org/10.1080%2F03602559.2014.919654
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.8.144

( J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Development of polycationic amphiphilic cyclodextrin
nanoparticles for anticancer drug delivery

Gamze Varan', Juan M. Benito?, Carmen Ortiz Mellet3 and Erem Bilensoy '+

Full Research Paper

Address: Beilstein J. Nanotechnol. 2017, 8, 1457—-1468.
'Department of Nanotechnology and Nanomedicine, Graduate School doi:10.3762/bjnano.8.145

of Science and Engineering, Hacettepe University, Ankara, 06800,

Turkey, 2|nstitute for Chemical Research, CSIC - University of Sevilla, Received: 30 March 2017

Av. Américo Vespucio 49, Sevilla, 41092, Spain, 3Department of Accepted: 14 June 2017

Organic Chemistry, University of Sevilla, C/ Prof Garcia Gonzalez 1, Published: 13 July 2017

Sevilla, 41012, Spain and #Department of Pharmaceutical

Technology, Faculty of Pharmacy, Hacettepe University, Ankara, This article is part of the Thematic Series "Nanomaterial-based cancer
06100, Turkey theranostics".

Email: Guest Editor: V. Sivakov

Erem Bilensoy” - eremino@hacettepe.edu.tr
© 2017 Varan et al.; licensee Beilstein-Institut.
* Corresponding author License and terms: see end of document.

Keywords:
amphiphilic cyclodextrin; anticancer; nanoparticle; paclitaxel;
polycationic

Abstract

Background: Paclitaxel is a potent anticancer drug that is effective against a wide spectrum of cancers. To overcome its bioavail-
ability problems arising from very poor aqueous solubility and tendency to recrystallize upon dilution, paclitaxel is commercially
formulated with co-solvents such as Cremophor EL® that are known to cause serious side effects during chemotherapy. Amphi-
philic cyclodextrins are favored oligosaccharides as drug delivery systems for anticancer drugs, having the ability to spontaneously
form nanoparticles without surfactant or co-solvents. In the past few years, polycationic, amphiphilic cyclodextrins were intro-
duced as effective agents for gene delivery in the form of nanoplexes. In this study, the potential of polycationic, amphiphilic cyclo-
dextrin nanoparticles were evaluated in comparison to non-ionic amphiphilic cyclodextrins and core—shell type cyclodextrin nano-
particles for paclitaxel delivery to breast tumors. Pre-formulation studies were used as a basis for selecting the suitable organic sol-
vent and surfactant concentration for the novel polycationic cyclodextrin nanoparticles. The nanoparticles were then extensively
characterized with particle size distribution, polydispersity index, zeta potential, drug loading capacity, in vitro release profiles and
cytotoxicity studies.

Results: Paclitaxel-loaded cyclodextrin nanoparticles were obtained in the diameter range of 80—125 nm (depending on the nature
of the cyclodextrin derivative) where the smallest diameter nanoparticles were obtained with polycationic (PC) BCDC6. A strong
positive charge also helped to increase the loading capacity of the nanoparticles with paclitaxel up to 60%. Interestingly, cyclo-
dextrin nanoparticles were able to stabilize paclitaxel in aqueous solution for 30 days. All blank cyclodextrin nanoparticles were
demonstrated to be non-cytotoxic against L929 mouse fibroblast cell line. In addition, paclitaxel-loaded nanoparticles have a signif-

icant anticancer effect against MCF-7 human breast cancer cell line as compared with a paclitaxel solution in DMSO.
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Conclusion: According to the results of this study, both amphiphilic cyclodextrin derivatives provide suitable nanometer-sized

drug delivery systems for safe and efficient intravenous paclitaxel delivery for chemotherapy. In the light of these studies, it can be

said that amphiphilic cyclodextrin nanoparticles of different surface charge can be considered as a promising alternative for self-

assembled nanometer-sized drug carrier systems for safe and efficient chemotherapy.

Introduction

Paclitaxel (PCX) is an effective wide-spectrum anticancer agent
which is isolated from the bark of the tree Taxus brevifolia and
further obtained semi-synthetically [1]. Its unique antimitotic
mechanism depends on inducing the microtubule stabilization
and inhibiting the depolymerization of microtubules [2]. PCX
binds to N-terminal 31 amino acids of the -tubulin proteins in
microtubules and stabilizes (instead of inhibiting) microtubule
assembly to prevent cell division. On the other hand, PCX
causes cells to remain in G2/M phase. Microtubules formed by
the action of PCX are also dysfunctional and cause cell death
[3]. In spite of its promising antitumor activity, the drug has
presented considerable difficulties related to its intravenous
administration to patients. The most important of these chal-
lenges is the very low solubility of PCX in water (0.3 pg/mL)
[4]. To overcome poor solubility of PCX in water, the current
commercial injectable formulation consists of a 1:1 mixture of
anhydrous ethanol and Cremophor EL®, which is known to be
the cause of severe side effects including nephrotoxicity, neuro-
toxicity and hypersensitivity reactions [5,6]. Other major prob-
lems encountered in the clinical administration of PCX are
rapid recrystallization of the drug as a result of dilution in
isotonic saline or dextrose solution, leading to severe necrosis
and pain at injection site as well as reported incompatibility
with intravenous (iv) infusion sets [7]. In order to overcome
these side effects of PCX in clinical applications, alternative ap-
proaches are developed and evaluated to increase safety and
efficacy of chemotherapy with PCX.

A promising step was taken with the FDA approval of albumin
nanoparticle bound PCX (Abraxane®) in 2005 for breast cancer
treatment with a significantly lower dose [8]. This was consid-
ered a breakthrough in PCX formulation development as it
avoided the use of solubilizers, delivering the drug bound to the
nanocarriers in a considerably lower dose to target tissue.

Cyclodextrins (CDs) are cyclic oligosaccharides obtained
through enzymatic degradation of starch. The most frequently
used CDs in the pharmaceutical field are a-CD, B-CD and y-CD
having 6, 7 and 8 subunits, respectively [9]. These molecules
have drawn attention as drug carrier systems for several years
because of their unique molecular structures and supramolecu-
lar capabilities. CDs, although hydrophilic in the external sur-
face, have hydrophobic cavity and this compartment allows

them to form strong inclusion complexes with non-polar drugs

or active molecules [10]. CDs are easily able to modulate physi-
cochemical properties of guest molecules, including solubility
and/or stability in biological medium. Despite all the advan-
tages, CDs have some challenges. For instance, it is well known
that B-CD has low solubility in water and causes haemolysis on
blood cells when administered parenterally [11,12]. To over-
come these challenges, natural CDs are modified with different
chemical groups to alter their structure and improve their bio-
compatibility [13-16].

Amphiphilic CDs have been synthesized to overcome problems
of natural CDs which enhance the interaction with drug mole-
cules and biological membranes [17,18]. Most importantly,
amphiphilic CDs possess the ability to spontaneously form
nanoparticles at the interface, depending on the preparation
method and physical and chemical properties of CD [19-22]. In
the literature, amphiphilic CDs were reported to spontaneously
self-assemble in the form of nanospheres or nanocapsules and
overcome haemolytic activity on blood cells for eventual

injectable nanoparticulate drug delivery [23-25].

The aim of this study was to evaluate and compare the potential
of polycationic amphiphilic CD nanoparticles as delivery
systems for effective and safe delivery of PCX in comparison to
its non-ionic or core—shell analogues. For this reason, two dif-
ferent cyclodextrin derivatives were used in this context,
namely the non-ionic 60CaprofCD (My: 1813 g/mol)
(Figure 1a) and the polycationic PC BCDC6 (3178 g/mol)
(Figure 1b). 60CaproBCD is non-ionic as no charged groups are
present in the structure in the normal pH window (2—13) and it
was used to prepare negatively charged nanoparticles.
60CapropCD possesses 7 lipophilic groups on the primary face
whilst the polycationic PC BCDC6 has 7 cationic groups on the
primary face and 14 lipophilic groups on the secondary face.
Both nanoparticles were prepared by a nanoprecipitation tech-
nique which is based on spherical crystallites of the polymer
while precipitation occurs at the interface. In addition, chitosan
(Figure 1c) was used to coat the surface of the 60CapropCD
nanoparticles. Chitosan-coated 60CaprofCD nanoparticles
(CS-60CaprofCD) were also prepared and characterized. It was
aimed to increase the efficacy of PCX (Figure 1d) as a model
drug. All blank amphiphilic CD nanoparticles were optimized
for selection of organic solvent, ratio of organic phase to

aqueous phase and surfactant concentration to obtain monodis-
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Figure 1: Schematic representation of amphiphilic 60CaproBCD (a), amphiphilic PC BCDCS6 (b), chitosan (c) and paclitaxel (d).

perse particles with a diameter range around 80 to 125 nm.
Intended as chemotherapeutic nanocarriers, various PCX-loaded
amphiphilic CD nanoparticles were also evaluated for their drug
encapsulation, release profile and anticancer activity on MCF-7
human breast cancer cell line in particular. Safety and apoptotic
efficacy of blank and PCX-loaded cationic or anionic amphi-
philic CD nanoparticles were evaluated with cell culture studies
against a series of healthy and cancer cells.

The amphiphilic, cationic PC BCDC6 derivative was used as the
anticancer drug carrier delivery system for PCX for the first
time in this study. There are various studies in which this deriv-
ative is used as a gene transfer delivery system; however, there
is only example where this derivative was used as a drug
delivery system. This was a study regarding the non-polar anxi-
olytic drug diapezam realized by Mendez-Ardoy et al. [22]. Our
goal is to evaluate the potential of the polycationic CD nanopar-
ticles as an anticancer drug delivery system. In fact, these poly-
cationic CDs were evaluated for their intrinsic apoptotic effect
in our first paper [26] in unloaded blank nanoparticle form. This
study focuses on the nanocarrier properties and drug delivery
system potential of the polycationic CD nanoparticles for PCX,

which is an anticancer drug with several serious bioavaibility

and toxicity problems. PCX was selected as the target drug in
this study also for the fact that it is available on the market in

nanomedicine form, known as Abraxane®.

Results and Discussion

Pre-formulation studies

Nanoparticles are promising carriers for drugs due to their
tunable dimensions and shape. There are several factors that in-
fluence the particle size, particle distribution, surface charge,
homogeneity and shape of nanometer-sized drug delivery
systems. These factors have a subsequent influence on the bio-
distribution and the fate of the nanomedicine in the body [27].
In this case, the formulation parameters play an important role
on the mean diameter of the nanoparticles. Our primary concern
was to obtain an optimal particle size distribution with a diame-
ter less than 200 nm and a polydispersity index lower than 0.2;
therefore, the corresponding parameters were thoroughly
assessed.

The effect of different organic solvents used in the organic
phase on the mean particle size and polydispersity index (PDI)
of blank amphiphilic CD nanoparticles is given in Table 1. It is

clearly seen that among the various water-miscible solvents (re-
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Table 1: Effect of organic solvent on mean particle size, PDI and zeta potential values of formulations (CD amount is 0.5 mg/mL in all formulations)

(n =3, + standard deviation (SD)).

Nanoparticle formulations Solvent Particle diameter £+ SD (nm)  PDI £ SD Zeta potential (mV) £ SD
60CaproCD acetone 164 £ 5 0.62 £ 0.05 -26+29

ethanol 104 1 0.13+£0.02 -24+0.3

methanol 367 £2 0.15+0.03 -26+1.4
CS-60CapropCD acetone 285+5 0.34 £ 0.06 +57.2+23

ethanol 122+ 4 0.23 £0.03 +69.1 £ 1.6

methanol 3992 0.35+0.03 +61 + 3.1
PC BCDC6 acetone 124 + 4 0.32+0.05 +76+£0.2

ethanol 75+ 2 0.16 £ 0.02 +61+1.4

methanol 121+6 0.51 £0.02 +65+1.3

quired for the nanoprecipitation technique), ethanol is the
optimal solvent in this study in terms of mean diameter and PDI
for all CD nanoparticle formulations. The nanoprecipitation
method is mainly based on interfacial turbulence between a
miscible organic phase and an aqueous phase [28]. In nanopre-
cipitation, the polymer and drug is dissolved in a water-miscible
organic solvent, which diffuses from the organic phase into the
aqueous phase. Meanwhile, polymers in the organic phase tend
to spontaneously aggregate, forming spherical crystals, and thus
nanoparticles form rapidly [27,29].

As seen in Table 1, the mean particle size of the nanoparticles
varies greatly in the range between 75 to 400 nm for different
solvents, and ethanol gives the smallest diameter for all CD
nanoparticles. The effect of organic solvent selection on nano-
particle diameter was found to follow the order of methanol >
acetone > ethanol for 60CaprofpCD nanoparticles and
CS-60CaproCD nanoparticles, and acetone > methanol >
ethanol for PC BCDC6 nanoparticles. It is worth noting that
ethanol also gave the most monodisperse particles with an
acceptable polydispersity index (<0.2) (Table 1).

As expected, the core—shell nanoparticles CS-60CaprofCD had
the largest size due to the chitosan coating on its surface,
and the PC BCDC6 nanoparticles were the smallest, probably
resulting from the likely electrostatic destabilization of larger
particles.

As is known, nanoparticle homogeneity is based on the proper-
ties of the organic solvent in the nanoprecipitation technique. It
is shown that ethanol is the optimum organic solvent for amphi-
philic CDs in this study. In the nanoprecipitation technique,
nanoparticle formation occurs as a result of interfacial turbu-
lence between two unequilibrated liquid phases. For the forma-
tion of turbulence, the liquid phases (organic phase and liquid

phase) used in this method must be miscible with each other.

Galindo-Rodriguez et al. investigated the influence of the dif-
ferent solvent types on NP formation in the nanoprecipitation
technique [30]. The solvent and solubility parameters were
calculated by using the dispersion force component, the polar
component, and the hydrogen bonding component. It was re-
ported that the smaller the difference between the solubility of
solute and solvent, the higher the affinity and the smaller the
particle size. They emphasized that the difference in polarity be-
tween ethanol/water is the smallest compared to the difference
between the other solvents/water, and the smallest particle size
is obtained in the formulation using ethanol [30]. In another
study, Khan et al. prepared gelatine nanoparticles by the nano-
precipitation technique with different organic solvents (metha-
nol, ethanol, acetone, n-propanol and acetonitrile) concluding
that only methanol and ethanol led to nanometer-sized particles
among those solvents that were studied. Furthermore, ethanol
was reported to provide the smallest particle size (250 nm) be-
tween these two organic solvents [31] in parallel to the findings
presented in Table 1.

As another major parameter influencing particle formation and
size, the effect of surfactant presence and concentration was de-
termined by investigating the mean particle size of amphiphilic
CD nanoparticles for 0, 0.1 and 0.5% w/v pluronic F68 (PF68)
dissolved in aqueous phase. Table 2 shows that the mean parti-
cle size increases in proportion with concentration of PF68.

The smallest particle size was obtained without the surfactant
for all nanoparticle formulations. This is found to be in accor-
dance with previous studies reported in the literature proving
that amphiphilic CDs are able to form nanoparticles without the
presence of surfactants [21,22,24,32-34] due to their favorable
self-alignment properties at air—water or oil-water interface
[35]. The mean particle size of amphiphilic CD nanoparticles
increased linearly with concentration of surfactant. Bilensoy et

al. evaluated the effect of the presence of PF68 in CD nanopar-
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Table 2: Effect of surfactant concentration on nanoparticle diameter and dispersity in ethanol (CD amount is 0.5 mg/mL in all formulations)

(n=3, +SD).

Nanoparticle formulations PF68 concentration (% w/v)

60CaproCD 0
0.1
0.5

CS-60CapropCD 0
0.1
0.5

PC BCDC6 0
0.1
0.5

ticle formulations on cytotoxicity on 1929, a healthy mouse fi-
broblast cell line. According to these results, it was suggested
that PF68 has no significant effect on size and drug loading
capacity of nanoparticles but dose-dependent toxicity could
occur on L.929 fibroblast cells [36]. In another study, a polycat-
ionic, amphiphilic, cyclodextrin derivative was used to prepare
nanospheres and nanocapsules as drug delivery systems. When
the results are compared with this study in terms of particle size,
it can be concluded that the use of surfactant is linearly corre-
lated with the particle size [22].

Characterization of PCX-loaded amphiphilic

CD nanoparticles

According to pre-formulation studies described and discussed in
the previous section, it was decided that the most suitable sol-
vent is ethanol for all CD formulations. Each PCX-loaded nano-
particle formulation was prepared with ethanol and without any
surfactant (PF68).

Delivering the therapeutic load to the target site and main-
taining therapeutic blood levels for the drug in an effective dose
is the most important objective for targeted nanomedicines.
Drug encapsulation efficiency is highly affected by the nature
of the polymer/polysaccharide used to prepare the nanoparti-
cles. Therefore, in order to determine the effect of surface
charge on drug loading capacity of nanoparticles, PCX was
chosen as a model anticancer drug frequently used in chemo-
therapy for patients with breast cancer. The encapsulation effi-

Particle diameter + SD (nm) PDI £ SD

104 £1 0.13+0.02
190 + 4 0.17 +£0.03
2085 0.23+0.02
122+ 4 0.23+0.03
168 + 6 0.15+0.03
185+ 4 0.33 £0.06
75+2 0.16 £ 0.02
110+7 0.37 £ 0.01
1755 0.47 +0.04

ciency of amphiphilic CD nanoparticles is given in Table 3. The
quantity of loaded PCX was determined directly with a vali-
dated HPLC method and entrapment efficiency or associated
drug percentage were calculated with Equation 1 or Equation 2,
as described later in the Experimental section. As seen in
Table 3, the drug loading capacity of the nanoparticles was
strongly related to the surface charge of the CD nanoparticles.
As is known, PCX itself is negatively charged, so encapsula-
tion due to electrostatic interactions is favored for the cationic
CD nanoparticles, CS-60CaproBCD and PC BCDC6, resulting
in a 1.5-fold higher loading for this drug in cationic nanoparti-
cles compared to the negatively charged 60CapropCD nanopar-
ticles as seen in Table 3.

According to these results, the CS coating increased drug
loading capacity of anionic 60CaprofCD nanoparticles by
approximately 50%. In addition, the CS coating may provide
more efficient encapsulation area for PCX from aqueous media.
It can be said that this hypothesis is also valid for PC BCDC6
nanoparticles. This amphiphilic CD derivative has long aliphat-
ic chains terminated with amine groups. PC BCDC6 nanoparti-
cles are believed to encapsulate PCX not only in the hydro-
phobic cavity but also between the long cationic aliphatic
chains of the cyclodextrin as PCX and CD are co-nanoprecipi-
tated during the preparation method.

Table 4 shows the final mean particle size, PDI and zeta poten-
tial values of PCX-loaded amphiphilic CD nanoparticles. The

Table 3: Associated drug (%) and entrapment drug quantity (ug/mg) of amphiphilic CD nanoparticles for PCX (CD amount is 0.5 mg/mL and initial

PCX amount is 0.05 mg/mL in all formulations) (n = 3, + SD).

Nanoparticle formulations

60CaproCD 41+2
CS-60CaproBCD 625
PC BCDC6 64 +2

Percentage associated drug + SD

Entrapment drug quantity + SD (ug/mg)

44+04
5613
6.3+0.7
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mean diameter of PCX-loaded nanoparticles varies in the range
of 82 to 125 nm according to the type of CD used. They also
exhibit a narrow distribution as the preparation technique nano-

precipitation was kept standard for all formulations.

Table 4: Mean particle size, PDI and zeta potential of PCX-loaded
nanoparticles (CD amount is 0.5 mg/mL and initial PCX amount is
0.05 mg/mL in all formulations) (n = 3, + SD).

Particle size PDI + SD

Nanoparticle Zeta potential

formulations + SD (nm) + SD (mV)
60CaproCD 1134 0.13+1 -29+2
CS-60CapropCD 125+ 2 0224 +443
PC BCDC6 82+2 016+5 +62+1

In addition, drug loading did not cause significant changes in
mean diameter of the nanoparticles except that an increase in di-
ameter was observed for all nanoparticles. This suggests that the
drug is partially adsorbed as a layer on the nanoparticle surface
and partially encapsulated in the matrix due to charge interac-
tions since PCX is a molecular entity with a carboxilic acid end,
thereby anionic at neutral pH. Although the differences be-
tween the particle sizes of the blank and drug-loaded nanoparti-
cles are not statistically significant, the smallest difference is
seen in the CS-coated nanoparticles. The difference between the
particle sizes of the blank and drug-loaded nanoparticles may be
related to the localization of the drug. When the nanoparticles
were prepared, the drug and cyclodextrins were dissolved
together in the organic phase. Meanwhile, some of the drug is
encapsulated by the hydrophobic cavity of the cyclodextrins and
some of the drug is adsorbed on the surface of nanoparticles.
This drug on the surface of the nanoparticles changes the parti-
cle size. For CS-coated nanoparticles, the drug and cyclo-
dextrin were dissolved in the organic phase and then added to
the CS-containing water. The presence of chitosan in the
aqueous phase may cause a charge interaction between the
adsorbed drug on the surface of the nanoparticles and the
chitosan, resulting in a more rigid structure. In another previous
study, it was reported that the new amphiphilic CD derivative
PC BCDCE6 is suitable to form stable nanoparticles with small
particle size [26]. The particle size of nanoparticulate drug
delivery systems play a direct and important role on cellular
uptake, systemic circulation, toxicity and stability of nanoparti-
cles [37,38]. It was reported that nanoparticles smaller than
200 nm can escape recognition by the mononuclear phagocytic
system (MPS) [39]. The prolonged circulation time for nanopar-
ticles, ¢, is needed to escape from MPS uptake in order to reach
the tumor tissue. The MPS is one of the most important factors
in preventing the prolonged circulation, affecting the biodistri-
bution of nanoparticles. In this way, more effective and safe

therapy can be provided with lower drug dose.
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Zeta potential measurements indicate that 60CaproCD has a
negative surface charge unlike the other formulations. In this
study, PC BCDC6 has a strong positive surface charge owing to
polycationic amino groups. This amphiphilic CD derivative was
previously used for gene delivery studies due to net positive
surface charge, facilitating the condensation of negatively
charged DNA to form polyplexes [40,41]. In addition,
CS-60CaproBCD nanoparticles are also positively charged due
to coating with cationic polymer. It is known that chitosan is a
natural bioactive cationic polysaccharide derived from deacetyl-
ation of chitin and is well-characterized for its mucosal penetra-
tion enhancer property and apoptotic activity against cancer
cells [42]. To alter the surface charge of nanomaterials, chitosan
can be used as coating material in nanoparticles [43,44]. As a
result of the surface coating with chitosan, the zeta potential
value of 60CaproBCD nanoparticles increased from —29 mV to
+44 mV as seen in Table 3. Unal et al., prepared uncoated and
CS-coated 60CaproBCD nanocapsules for oral camptothecin
delivery. They reported that the CS coating increased the zeta
potential of nanocapsules from —11 to +10 mV [45,46].

Both CS-coated CD and PC BCDC6 were able to render a net
positive charge to the nanoparticles while 60CapropCD had a
charge around —25 mV. Nanoparticles with zeta potential be-
tween —10 and +10 mV are classified as neutral. Nanoparticles
with zeta potential greater than +30 mV and less than =30 mV
are considered as strongly charged [47]. According to this clas-
sification, two net positive nanoparticle formulations and a net
negative nanoparticle formulation were used as a nanometer-
sized drug delivery system for PCX in this study. These differ-
ences between the surface charge of CD nanoparticles allowed
the comparison of the effect of surface charge on drug loading

capacity, stability and anticancer activity in this study.

Furthermore, mean particle size distributions and PDI of the
blank and PCX-loaded nanoparticles were followed for one
month in aqueous form to determine the physical stability of
PCX-loaded amphiphilic CD nanoparticle dispersions. Figure 2,
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Figure 2: Time-dependent variation of particle size (nm) of PCX-
loaded amphiphilic CD nanoparticles stored in aqueous dispersion
form, (n = 3, £ SD).
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Figure 3 and Figure 4 show that there is no significant differ-
ence for particle size, PDI and zeta potential of PCX-loaded and
blank CD nanoparticle formulations (p > 0.05). PCX-loaded
nanoparticles maintained their stability for 30 days in ultrapure
water. This data shows that PCX crystals are not formed in
aqueous dilution, which is believed to improve the safety of the
drug delivery system.
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Figure 3: Time-dependent variation of the PDI value of PCX-loaded
amphiphilic CD nanoparticles stored in aqueous dispersion form
(n=3, £ SD).

G O0day &3 1 day&= 7 day @@ 30 day

Zeta potential (mV)

60CaproRCD CS-60CaproRCD  PC BCDC6

Figure 4: Time-dependent variation of the zeta potential value of PCX-
loaded amphiphilic CD nanoparticles stored in aqueous dispersion
form (n =3, £ SD).

PCX exists in a crystal form in aqueous media due to hydro-
phobic interaction between lipophilic groups [48,49]. Due to
this phenomenon, PCX is recrystallized in minutes as a result of
dilution in isotonic saline solution for intravenous (iv) infusion,
which is the preferred delivery route for chemotherapy. This is
one of the main problems of clinical application of PCX. In the
light of the physical stability studies depicted in Figures 2—4, it
can be said that all amphiphilic CD nanoparticles maintained
PCX in dispersed form within their hydrophobic matrix and
thus, ensured stability of drug in aqueous media, which is also
supported by previous studies for 60CapropCD nanocapsules
and nanospheres [24].

The in vitro release profile of PCX from CD nanoparticles was

determined using the dialysis bag method with HPLC as

Beilstein J. Nanotechnol. 2017, 8, 1457-1468.

detailed in the Experimental section. As seen in Figure 5, PCX
release from PC BCDC6 exhibited a markedly slower release
profile of up to 42 h compared with other formulations. The
release profiles indicated that in the first 5 h approximately 50%
of PCX was released from the CS-60CaproCD and 70% from
anionic 60CaprofCD nanoparticles formulations, which can be
attributed to desorption of surface PCX. Meanwhile, a 50%
release time for PCX was found to be 8 h from PC BCDC6
nanoparticles. In addition, the release profile of PCX was found
to reach plateau levels at 8, 12 and 42 h for 60CaprofCD,
CS-60CaproBCD and PC BCDC6 nanoparticles, respectively.
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Figure 5: Cumulative release profile of PCX from different amphiphilic
CD nanoparticles at pH 7.4 phosphate buffer solution under sink condi-
tions (n = 3, £ SD).

PCX carries a negative charge and therefore has a stronger
interaction with the positively charged CD, thus PCX release
from PC BCDC6 is slower than other formulations. The CS
coating of 60CaproBCD nanoparticles also relatively slows
down the release. However, the core—shell approach is believed
to be insufficient to prolong the release of PCX as a result of
both the hydrophobic nanoparticle matrix and the strong posi-
tive charge due to the negative charge of PCX.

It was reported in the literature that large nanoparticles result in
a slower release profile than smaller nanoparticles [50]. Howev-
er, in this study, PC CDC6 nanoparticles have the smallest par-
ticle size and the longer release profile, as seen in Figure 5. It
can therefore be suggested that the surface charge of nanoparti-
cle is directly effective on the drug release profile.

Cell culture studies

In order to determine the safety of blank amphiphilic CD nano-
particles and the anticancer efficacy of PCX-loaded amphi-
philic CD nanoparticles, L929 mouse fibroblast cells and MCF-
7 human breast cancer cell lines were used, respectively. Both
cell lines were grown and incubated in appropriate conditions

(see Experimental section for full experimental details).
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The cytotoxicity of blank amphiphilic CD nanoparticles was de-
termined on L929 mouse fibroblast cells with MTT assay. This
cell line is recommended by the U.S. Pharmacopeial Conven-
tion (USP) for the cytotoxicity evaluation of polymeric systems
and was therefore used. According to MTT assay, cell viability
for 1929 cells is given in Figure 6.
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Figure 6: Cytotoxicity of unloaded amphiphilic CD nanoparticles on
L929 mouse fibroblast cell line with MTT assay (CD concentration is
0.5 mg/mL in all formulation) (n = 3, + SD).

It is clearly shown that all blank amphiphilic CD nanoparticle
formulations are non-cytotoxic on L929 fibroblast cells com-
pared with the control group (p > 0.05). It can therefore be con-
cluded that blank amphiphilic CD nanoparticles have no cyto-
toxic effect on healthy cells. It was previously reported that tox-
icity of blank amphiphilic CD nanocapsules and nanospheres
are concentration dependent and that they are also non-hemo-
lytic [24,45]. Therefore, these nanoparticles may be safe on
healthy cells as drug carrying systems.

To optimize the concentration of CD nanoparticles for cell cul-
ture studies, the inhibitory concentration 50 (ICsg) value of
PCX was calculated on MCF-7 human breast cancer cell line.
For this purpose, MCF-7 cells were incubated with different
concentrations of PCX in dimethyl sulfoxide (DMSO). Non-
treated cells were incubated with DMEM alone and were used
as control group. Cell proliferation was determined and the ICs
value of PCX was calculated and the results are given in
Figure 7.

As seen in Figure 7, the IC5g of PCX is 250 nM for the MCF-7
cell line. This result agrees with the literature [51]. According to
the IC5( study results, nanoparticles loaded with 250 nM PCX
were further used for cell culture studies.

The anticancer activity of PCX-loaded nanoparticles was deter-
mined on MCF-7 cell lines. After an incubation period, cell
viability was calculated, as shown in Figure 8.
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Figure 7: IC5q value of PCX solution in DMSO on MCF-7 human
breast cancer cell line (n = 3, + SD).
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Figure 8: Anticancer activity of PCX-loaded amphiphilic CD nanoparti-
cle formulations and PCX solution in DMSO on MCF-7 human breast
cancer cell line after 48 h of incubation (All CD nanoparticle formula-
tions and PCX solution contain 250 nM PCX) (n = 3, + SD). Note that:
* p < 0.05 as compared with the control, and =|= p < 0.05 as compared
with other CD nanoparticle formulations.

According to the results of anticancer activity studies on MCF-
7, PCX-loaded amphiphilic CD nanoparticles have higher cyto-
toxicity than PCX solution in DMSO (p < 0.05). The amphi-
philic CD nanoparticles and the drug solution carry an equiva-
lent amount of PCX (250 nM) during the cell culture study. The
cell viability in loaded CD nanoparticles is significantly differ-
ent from the PCX solution (p < 0.05). Moreover, the effect of
surface charge on viability of cancer cells can be clearly seen in
Figure 8. Anticancer activity increases with increasing surface
charge of nanoparticles. It was known that the cell membrane is
negatively charged so that cationic nanoparticles enhance inter-
action with the biological membrane. Positively charged nano-
particles can bind with negatively charged molecules (e.g.,
sialic acid, cholesterol, phospholipid) on cell membrane easier
than anionic nanoparticles [26,52]. In addition, the surface

charge of nanoparticles play an important role on cellular
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uptake and subcellular localization [53,54]. Another reason for
the cell viability differences of CD nanoparticles may be related
with drug release profiles. PCX shows anticancer activity by
stabilizing microtubules and blocking the cell in G2 or M phase
in cell cycle [55,56]. The duration of drug release of PCX-
loaded amphiphilic CD nanoparticles increases in the order of
60CapropCD < CS-60CapropfCD < PC BCDC6. Therefore, the
amphiphilic CD nanoparticles carried different drug amounts
when they were taken up by MCF-7 cells. This can explain the
difference in the cell viability between CD nanoparticle formu-

lations.

Conclusion

In this study, 60CapropCD, CS-60CapropfCD and PC BCDC6
nanoparticles were prepared and used as nanometer-sized
delivery systems and compared in terms of mean particle size,
zeta potential, drug loading capacity and drug release profile for
PCX, which is an effective anticancer agent over the wide spec-
trum various types of cancer. The findings strongly suggest that
positive charge can improve drug loading capacity, slow down
drug release and improve cellular interaction due to the nega-
tive charge of the cell membrane. Furthermore, unloaded or
loaded nanoparticle cytotoxic effects were demonstrated with
MTT assay in this study. In the light of the results of this study,
it is clearly demonstrated that anionic and cationic CD nanopar-
ticles are suitable carriers for PCX. Moreover, PC BCDC6 was
used to prepare nanoparticulate, anticancer drug delivery
systems for the first time in literature. Cationic CD nanoparti-
cles can be considered as promising carriers for PCX as well as
other lipophilic anticancer drugs for cancer therapy. In addition,
by formulating with anionic and cationic amphiphilic CDs, it
will be possible to enhance anticancer activity of drugs, over-
coming the problem of surfactant-induced toxicity. Finally, it
can be said that polycationic amphiphilic CDs are favorable,
nanoparticulate, drug delivery systems for the delivery of anti-
cancer agents.

Experimental

Materials

Anionic 60Capro BCD and PC BCDC6 were synthetized as de-
scribed previously in University of Sevilla, Spain [26]. PCX
(>97% powder, My: 853.91 g/mol) was purchased from Sigma-
Aldrich, Germany. The chitosan used for coating the nanoparti-
cles (Protasan UP G-113; Mw: <200 kDa, viscosity:
<20 mPa-s), was purchased from Novamatrix, Norway. Cellu-
lose membrane dialysis tubing (avgerage flat width 25 mm,
MWCO: 14,000 Da) was purchased from Sigma-Aldrich,
Germany. All other chemicals used were of analytical grade and
obtained from Sigma-Aldrich. Ultrapure water was obtained
from a Millipore Simplicity 185 Ultrapure water system (Milli-
pore, France).
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Methods

Preparation of unloaded or PCX-loaded amphiphilic
CD nanoparticles

PC BCDC6 nanoparticles and anionic 60CaprofCD nanoparti-
cles were prepared according to the nanoprecipitation method as
described previously [26,28]. Briefly, 1 mg of PC BCDC6 or
60CaprofCD was dissolved in 1 mL of organic solvent
(ethanol, methanol or acetone) (0.1% w/v). This organic phase
was added dropwise into aqueous phase (2 mL) containing
PF68 (0-0.5% w/v) under magnetic stirring at room tempera-
ture. Then, the organic phase was evaporated under vacuum at
40 °C to the desired final volume of 2 mL. To prepare
CS-coated 60CapropCD nanoparticles, the same technique was
employed in the presence of protosan (0.025%, w/v) in the
aqueous phase. According to the results of the pre-formulation
studies, optimal formulation parameters were selected for PCX-
loaded amphiphilic CD nanoparticles. To prepare drug-loaded
nanoparticles, PCX (0.1 mg) and cyclodextrin (1 mg) were
co-nanoprecipitated in 1 mL organic solvent and then organic
phase was poured in 2 mL ultrapure water using the conditions

previously given.

Mean particle size distribution and surface charge

The mean particle diameter (nm), PDI and zeta potential (mV)
of amphiphilic CD nanoparticles were determined by dynamic
light scattering (DLS) (NanoZS, Malvern Instruments, UK). All
formulations were measured at an angle of 173° for particle size
measurements and 12° for zeta potential measurements. All
formulations were measured at room temperature in triplicate

for thesize and zeta potential analysis.

Drug loading capacity and in vitro release profile of
PCX-loaded amphiphilic CD nanoparticles

The content of PCX in amphiphilic CD nanoparticle formula-
tions was quantified directly with a validated HPLC method
[32] (HP Agilent 1100 HPLC system, Germany). Briefly, PCX-
loaded nanoparticle formulations were lyophilized for 24 h
following centrifugation at 10,000 rpm for 15 min to remove
free PCX. The supernatant was collected and freeze-dried. The
lyophilized nanoparticle powder was dissolved in dichloro-
methane (DCM) to quantify nanoparticle-bound PCX (pg/mL).

The HPLC system consisted of reverse phase C18 column
(Hichrom 5, 250 x 4.6 mm, U.K.) and acetonitrile: ultrapure
water (70:30 v/v) as a mobile phase was delivered at a flow rate
of 1.00 mL/min. A 50 uL aliquot of sample was injected for
analysis. PCX was quantified by UV detection (A = 227.4 nm)
at 25 °C. Drug loading was expressed as described in
Equation 1 and Equation 2 to clearly express the drug percent-
age bound to nanoparticles as well as drug entrapped per unit

polymer.
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Associated drug ( % ) _ Experimental drug loading (pmol)

— - x100 (1)
Initial drug quantity (umol)

Entrapment Drug Quantity = Experimental loaded drug (ug)

@

Cyclodextrin amount (mg)

The in vitro cumulative release profile of PCX from CD nano-
particles was determined with the dialysis membrane technique
under sink conditions in a shaking water bath at 37 °C in PBS
pH 7.4. Briefly, drug-loaded nanoparticle dispersions were
added in the dialysis membrane (Sigma, cellulose membrane,
MWCO: 100,000 Da, Sigma Chemicals). The nanoparticle-con-
taining dialysis bags, closed with stoppers on both ends, were
placed in PBS pH 7.4 containing 0.1% Tween 80 at 37 °C to
provide sink conditions. The samples were taken from the medi-
um at specific time intervals and replaced with fresh PBS at the
same volume and temperature. The PCX amount in the samples
was determined with HPLC as described previously.

Physical stability of blank or drug-loaded
nanoparticles

In order to determine the physical stability of PCX in the nano-
particles, drug-loaded nanoparticles were stored in ultrapure
water at 4 °C and the mean particle size, PDI values and zeta
potential were obtained periodically for 30 days in aqueous
dispersion form to elucidate whether PCX crystals are formed
or any aggregation/precipitation is observed upon storage of the
nanoparticle dispersions.

Cell culture studies

In order to determine safety or anticancer efficacy of blank
amphiphilic CD nanoparticles, L929 mouse fibroblast cells or
MCF-7 human breast carcinoma cell lines were used, respec-
tively. Both cell lines were cultured in the same conditions as a
monolayer in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), penicillin
(100 units/mL) and streptomycin (100 pg/mL). The cultures
were maintained at 37 °C in a humidified 5% CO, incubator.
The cell lines were seeded in 96-well tissue culture plates at a
density of 1 x 103 cells/well in DMEM (100 uL), separately.

After the 1L929 cells reached confluence, DMEM was removed
from the cells and fresh medium containing blank amphiphilic
CD nanoparticles was replaced and incubated for 48 h. In order
to determine cell viability, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was applied. For this
purpose, 20 uL of MTT solution in PBS (5 mg/mL) was added
in each well and incubated for 4 h. After incubation, 100 mL of
DMSO was added per well to dissolve formazan crystals. The
optical density (OD) was determined by a microplate reader
(Molecular Devices, USA) at 450 nm.
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In order to determine the anticancer activity of loaded nanopar-
ticles, the IC5( value of PCX was calculated firstly. For this
purpose, after the MCF-7 cells reached full confluence, DMEM
was replaced with different concentrations of a PCX solution in
DMSO (50, 100, 250, 500, 1000 and 2000 nM) and incubated
for 48 h. After the incubation time, the MTT assay was applied
described above. According to the ICs study, amphiphilic CD
nanoparticles were prepared and diluted with DMEM to contain
250 nM PCX. The control group consisted of cells incubated in
DMEM alone for two groups and PCX solution in DMSO for
the MCF-7 cell line. After that, using MTT assay, the cell
viability was determined.

Statistical Analysis

All statistical analyses were performed by Student’s ¢-test using
GraphPad Prism version 6 (San Diego, CA, USA). A value
of p < 0.05 was considered to denote a statistically significant
difference.
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New multifunctional nanoparticles (NPs) that can be used as contrast agents (CA) in different imaging techniques, such as photolu-
minescence (PL) microscopy and magnetic resonance imaging (MRI), open new possibilities for medical imaging, e.g., in the fields
of diagnostics or tissue characterization in regenerative medicine. The focus of this study is on the synthesis and characterization of
CaF,:(Tb3",Gd3") NPs. Fabricated in a wet-chemical procedure, the spherical NPs with a diameter of 5—10 nm show a crystalline
structure. Simultaneous doping of the NPs with different lanthanide ions, leading to paramagnetism and fluorescence, makes them
suitable for MR and PL imaging. Owing to the Gd" ions on the surface, the NPs reduce the MR T relaxation time constant as a

function of their concentration. Thus, the NPs can be used as a MRI CA with a mean relaxivity of about » = 0.471 mL-mg s~ 1.
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Repeated MRI examinations of four different batches prove the reproducibility of the NP synthesis and determine the long-term

stability of the CAs. No cytotoxicity of NP concentrations between 0.5 and 1 mg'-mL™! was observed after exposure to human
dermal fibroblasts over 24 h. Overall this study shows, that the CaF,:(Tb3*,Gd3") NPs are suitable for medical imaging.

Introduction

In recent years, medical imaging has become an important ap-
proach in the fields of diagnostics, therapy and regenerative
medicine. Besides the classical technology of X-ray examina-
tion, contrast-rich methods such as computed tomography (CT),
magnetic resonance imaging (MRI), positron emission tomogra-
phy (PET) and ultrasonic techniques are being used increas-
ingly for imaging soft tissue, e.g., cartilage imaging in progres-
sive osteoarthritis. Advantages of different imaging techniques
are used individually or combined to obtain a more detailed
answer for medical questions and, thus, to reach a rapid and
precise diagnosis. CT and MRI provide essentially morphologi-
cal information and information on tissue structures and
changes. Nuclear medicine procedures such as PET visualize
metabolic processes and provide information on biochemical
parameters. The optical imaging techniques such as fluores-
cence (PL) microscopy allow for a direct transfer of biological
knowledge about cells in the in vivo application, e.g., endoge-
nous regulation of transcription [1]. In this context, greater
treatment success can be achieved through the combination of
several detection methods. Contrast agents (CAs) are used to
improve representation of structures and functions of the body
by increasing the sensitivity and reducing the ambiguity in
imaging techniques. Since the imaging techniques are based on
different physical principles, different CAs are required. For the
patient, this is associated with extended examination times,
multiple injections and repeated contact with chemical
substances. This results in an increased workload for the
medical staff and an uncomfortable screening procedure for the
patient. Therefore, it is desirable to develop a combined CA that
is injected only once and then detected using different diag-
nostic methods with a higher comparability.

The production of CAs on the basis of nanoparticles (NPs)
shows promise, as already examined on the infected myocardi-
um [1-3]. Each imaging modality has its advantages and disad-
vantages. The integration of multiple functions into one NP
system yields synergies and allows for a precise and fast diag-
nosis of diseases. Recently, various multimodal imaging probes
on the basis of different functional NPs were fabricated for
more accurate imaging and diagnosis [2]. One possibility is the
synthesis of core/shell-structured NPs. Core and shell materials
can be matched individually to specific detection methods. For
example, the coating of a magnetic core with silicates or
polymer shells doped with organic fluorophores or quantum
dots (QDs) allows for the detection of NPs by MRI and PL [4].

Several successive shells can be designed of different inorganic
materials. In this context, the following particle systems may be
mentioned Gdy,O(CO3),-H,0/Si05/Au, Fe304/C/Ag and Fe30y4/
Si05/Y,03:(Yb3",Er?") core/shell NPs [5-7]. Another possibili-
ty is to create multifunctional NPs by precipitation and simulta-
neous doping of the NP matrix with various ions [8,9]. Due to
their co-doping with lanthanide ions, NPs on the basis of
calcium phosphate or gadolinium oxide are also detectable by
MRI and PL [10-13].

In recent years, fluorides have attracted considerable interest
owing to their unique optical properties [14]. Fluoride NPs were
used in lighting, optical amplification and lasing [14] and are
well-known strategic materials in optical and photonic technol-
ogies in general. Furthermore, they combine high quantum effi-
ciency with favorable chemical and mechanical properties.
They seem to be perfect materials as fluorescence host matrix
owing to their low phonon energies and they subsequently mini-
mize the quenching of the excited state of rare-earth ions. In
contrast to chloride or bromide hosts, fluorides are completely

air stable materials [15,16].

Other than fluoride NP systems doped with rare earth elements,
such as LaF3:Ln3", CeF3:Tb3", NaYF4:(Yb3",Er3™),
NaGdF4:(Yb3T,Er?"), which were actively investigated during
last decades for biomedical applications [17-22], alkaline earth
metal fluorides such as CaF, received little attention. There are
only sporadic suggestions for the synthesis and application of
this NP system as a labeling material. To date, CaF, has at-
tracted most attention with respect to UV lithography,
UV-transparent optical lenses, the surface conditioning of glass,
the promotion of biocompatible agents for bone and teeth
reconstruction [23]. Calcium fluoride exhibits a wide trans-
parent spectral window (190-1100 nm), large band gap (approx.
12 eV), low refractive index and low phonon energy [14].

Because of the high stability and flexibility of the fluorite struc-
ture, a number of various ionic substitutions can also be inte-
grated in the CaF), lattice [24]. Various methods have been re-
ported for the preparation of rare-earth doped CaF, NPs such as
co-precipitation [14,15,24-26], hydrothermal methods [27-29],
flame synthesis [30], microemulsion methods [31,32] and a
fluorolytic sol—gel process [33]. The stability and biocompati-
bility of CaF, makes it an attractive material for biomedical ap-

plications [28,29]. In addition, due to the high capacity to
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accept lanthanide ions, CaF, is suitable for the preparation of
CAs for multimodal imaging [24].

In this study, we report on synthesis and characterization of
multifunctional NPs based on CaF,. These NPs are produced by
wet-chemical synthesis and doped with multiple ions leading to
paramagnetism and fluorescence, making them suitable for
T1-weighted MRI and PL microscopy. The characterization of
the resulting NPs is carried out by using transmission electron
microscopy (TEM), X-ray diffraction (XRD) analysis, induc-
tively coupled plasma optical emission spectrometry (ICP-
OES), and photoluminescence (PL) spectroscopy. The capa-
bility of these NPs to be used as positive CAs for MRI was also
investigated. In addition, the cytotoxicity of the NPs was tested
by a cell culture based viability assay.

Results and Discussion
Synthesis and characterization of the multi-

functional nanoparticles

The synthesis of the CaF,:(Tb3",Gd?") NPs was carried out in
analogy to the reported wet-chemical procedure that is based on
a co-precipitation process in ethanol [26]. Moreover, the NPs
were doped with different lanthanide ions (Tb>", Gd**; 1 mol %
based on Ca content) to guarantee a PL and MR activity. CaCl,,
Tb(NO3)3-5H,0, GdCl3-6H,0O and NH4F were used as reac-
tants to prepare the NPs by a low-temperature single-step ap-
proach. CaCl, and NH4F exhibit a significant solubility in
water, but CaF, is insoluble in water and precipitates from
aqueous solution. It is difficult to control the particle growth in
aqueous solution and therefore the synthesis of the doped NPs is
carried out in ethanol. This solvent contains a very low F~ ion
concentration because of the low solubility of NH4F in an

ethanol solution and therefore the particle growth is slower [26].

The inset in Figure 1 shows the TEM micrograph of the
CaF,:(Tb3",Gd>") NPs. The NPs possess a spherical shape with
an average diameter of 5—10 nm. The results of the dynamic
light scattering (DLS) show that these NPs are non-agglomer-
ated and exhibit a narrow size distribution and a hydrodynamic
particle diameter of 25-30 nm (number- and volume-weighted,
Figure 1, see also DLS of the stabilized NPs, Figure S1, Sup-
porting Information File 1 (number-weighted)).

For the determination of the MR relaxivity of the NPs, we use
the hydrodynamic particle diameter from the DLS, because the
correlation time between them and the surrounding water mole-
cules depends on the tumbling of the NPs, which is influenced
by their size and their morphology.

Figure 2 displays a selected XRD pattern of the crystalline
CaF,:(Tb3",Gd3") NPs, all other samples exhibit the same ten-

Beilstein J. Nanotechnol. 2017, 8, 1484—-1493.

e number-weighted * g ¥ A3 —.'{‘
71— - volume-weighted °
?g.. . )‘

=~ 204 o Fag
: i
3 S0 G  —
Z 15
»
5
.E 104

54

0 <rrrey . —=

Ll L)
1 10 100 1000

particle size (nm)

10000

Figure 1: DLS measurement of the CaF:(Tb3*,Gd3*) NPs (number-
and volume-weighted). Inset: TEM micrograph of the same particles.
The size of the NPs is in the range of 5-10 nm and they have a spheri-
cal shape.

dency. The phase analysis indicates that the obtained product
shows prominent peaks well accordant with the JCPDS stan-
dard card (Joint Committee on Powder Diffraction Standards,
Powder Diffraction File: 035-0816) of fluorite (CaF,). More-
over, there are reflexes of NH4ClI detectable which come from
the educts. Doping with multiple ions does not have influence

on the formation of calcium fluoride crystal lattice.

—CaF,:(Tb*,Gd*)
e NHCI

Fluorite Can
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Figure 2: In the upper part, the XRD pattern of the CaFy:(Tb3*,Gd3*)
NPs (d = 5-10 nm, doping concentration of Tb3* and Gd3*: 1 mol %) is
plotted. Below a reference spectrum from the database JCPDS (Joint
Committee on Powder Diffraction Standards, Powder Diffraction File:
035-0816) is shown. The reflexes of both spectra appear at the same
diffraction angles 26, which indicates the crystalline structure

(CaF, = fluorite) of the NPs. The blue points mark the peaks of NH4CI.

Since the XRD measurement only implies that the NPs have the
crystalline structure of fluorite and nothing about the incorpora-
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tion of the lanthanide ions, we analyze the composition of our
nanoparticles further by means of ICP-OES. Table 1 shows the

outcome of a representative sample.

Table 1: Representative outcome of an ICP-OES measurement of
CaF,:(Tb3*,Gd3*) NPs.

element amount of substance  doping (mol %)
(mol)

F 0.46

Ca 0.20

Tb 0.02 0.87

Gd 0.02 0.92

The obtained ratio of calcium and the lanthanide ions to
fluoride ((Cat+Ln)/F = 0.52) is an additional confirmation of the
crystalline structure of fluorite with a composition of CaF,. The
doping levels are in the intended range of 1 mol %. However,
there is a lower content of Tb3" and Gd3" (total amount of
1.83 mol %), which indicates a higher reaction rate of calcium
compared to the dopants. This could be correlated to the differ-

ent ion radii.

Photoluminescence spectroscopy

With respect to a later usage of our NPs as a contrast agent for
PL we have also investigated the optical properties. Since
terbium and its optical properties are extensively described in
the literature [34-37], we use it as a model system in order to
proof the integration of the ions in the calcium fluoride lattice
(proof of principle). For a later clinical usage certainly we have
to exchange terbium for a NIR dye or something similar
because of the high sensitivity of living tissues towards UV
light. In Figure 3 the emission spectrum of CaF,:(Tb3",Gd3")
NPs at an excitation wavelength of Aeyc = 254 nm is shown.
There are several maxima (490, 542, 586 and 622 nm), which
represent the Th3™-related transitions from the Dy excited state
to the energy levels indicated [34,35]. The main emission line
can be assigned to the SD4—7Fj5 transition of Tb3* and causes
an intense emission in the green spectral range (A = 542 nm,
Figure 3) [36,37]. Additionally, to XRD and ICP-OES measure-
ments this was a confirmation of a successful integration of the
Tb3" ions in the calcium fluoride host lattice.

Magnetic resonance imaging

MRI is a non-invasive method that is optimized for soft tissue
imaging in daily clinical use. Paramagnetic CAs are often used
to reduce the measurement period or to gain higher signal-to-
noise-ratios (SNR) which allows for improved diagnosis.
Within this study, the capability of CaF,:(Tb3",Gd3") NPs to be
used as positive CAs for MRI was investigated. To this end, dif-
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Figure 3: Normalized photoluminescence spectrum of
CaF:(Tb3*,Gd3*) NPs at an excitation wavelength of Agyc = 254 nm.
The emission spectrum shows several maxima (490, 542, 586 and
622 nm), which represent the Tb3*-related transitions from the 5D4
excited state to the energy levels indicated. The maximum intensity
occurs in the green spectral range at a wavelength of A = 542 nm.
Inset: CaF,:(Tb3*,Gd3*) NP powder under UV light excitation

(Aexc = 254 nm). The green luminescence matches the maximum of
the emission spectrum.

ferent NP samples dispersed in water were characterized by
MRI. To determine the contrast effect, NP dispersions of
various concentrations (0.4—18.2 mg-mL™!) were analyzed.

CaF,:(Tb3*,Gd3*) NPs as MRI contrast agent
Doping with Gd3" ions leads to paramagnetism of the CaF,
NPs. Because of this the NPs can be used as a 7} CA. Addition-
ally, there should be also an attenuation of the CT signal, which
allows for the application as a CT CA. This property is already
closer investigated in an ongoing study and will be shown in an
additional publication in the future.

The T}-weighted image of the CaF,:(Tb?",Gd?") NPs with con-
centrations in the range from 0.4 to 18.2 mg-mL™! is shown in
Figure 4a. Due to the different concentrations of the samples,
the T, relaxation time constants vary and therefore, different
signal intensities are observable at different time points.

To evaluate the potential CA not only on a qualitative basis, it is
required to determine the efficiency quantitatively. First, it is
necessary to measure the signal intensity at different time points
and fit these intensities with a mono-exponential function. A
T1-map can be calculated (cf. Figure 4b). In this batch, the T
values of the NPs vary from 137 to 1633 ms with decreasing
concentrations. Plotting the relaxation rate R (inverse relaxa-

tion time 7) over the concentration of the samples, the relax-
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Figure 4: a) T1-weighted MR image of the CaF,:(Tb3*,Gd%*) NPs with different concentrations in the range from 0.4 to 18.2 mg-mL~" (1-10). I-IIl are
reference samples of water and two concentrations of Magnevist. The different concentrations result in observable differences of the signal intensities.
In b) the following T4-map with a corresponding color range from 0 to 2000 ms is shown. c) The relaxivity (r = 0.385 + 0.030 mL-mg~'-s™") arises from
the slope by plotting the relaxation rates over the concentrations. The errors of the relaxivity are given by the minimal and maximal slope.

ivity r arises from the slope of the linear fit (cf. Equation 1,
Figure 4c¢).

R(c)=R(c=0)+r-c (1)

The relaxivity indicates the efficiency of the CA. The most
common CA in clinical applications is Magnevist (gadopente-
tate dimeglumine) with a relaxivity of 4.89 mL-mg™'-s™! [38].
In this study, Magnevist was used as a reference in each mea-
surement. Generally, the relaxivity is given in liters per mole
per second. To compare the obtained relaxation rates from our
NP dispersions with the relaxation rate from Magnevist we
should convert the units because Magnevist is a complex with
only one Gd3* ion. In contrast, there are many Gd3" ions in one
NP evoking the MR activity. Unfortunately, we cannot quan-
tify by now the exact amount of Gd3* ions on the surface. The
ICP-OES measurements (cf. Table 1) tell us how many Gd3*
ions are within the NPs in total, but most probably only the
Gd3* on the surface are responsible for the contrasting effect.
Therefore, we convert the units into milliliters per milligram per
second (for the calculation see Figure S2, Supporting Informa-
tion File 1).

The relaxation rates obtained have a standard deviation of 3.1%.
This value is used for the uncertainty of the MRI measurement

itself and therefore also for the relaxation rates of the NPs. For

acquiring the relaxivity of the NPs, an additional source of error
is the uncertainty of the concentration of each sample. Deter-
mining the concentration, a gravimetrical measurement was
carried out three times for each sample. The maximum devia-
tion of the values was about £7%, because of different error
sources such as weighing or pipetting of the small sample
volumes. The error of the relaxivity is given by the resulting

minimal and maximal slope (Figure 4c).

Reproducibility of the MR relaxivity

To test the reproducibility of the CA efficiency, four batches of
NPs were produced and their relaxivities were determined.
These results are shown in Table 2 and Figure 5.

The first row of Table 2 and the green bars of Figure 5 repre-
sent the results of the measurements directly after fabrication.
All results overlap with their error bars and additionally the
mean value lies also within the ranges of all batches. Therefore,
the relaxivities of all batches are comparable with each other in-
dicating a high reproducibility of the synthesis procedure. This
matches to the above described results of TEM, DLS and ICP-
OES examinations.

Long-term stability
The long-term stability of the relaxivity over time was exam-

ined. All batches were investigated nine months after fabrica-

Table 2: Relaxivities of four different batches: as prepared (row 1) and nine months after fabrication (row 2).

batches 1
relaxivity1r . as prepared 0.438 + 0.044
[ML'mg™"s™"] " nine months after fabrication 0.385 + 0.038

2 3 4
0.443 £ 0.044 0.522 + 0.052 0.451 £ 0.045
0.388 + 0.039 0.467 + 0.046 0.400 + 0.040
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Figure 5: Relaxivity values of the four batches as prepared (green)
and nine months (grey) after fabrication. Considering the error bars,
the measured relaxivities directly after the preparation overlap with
each other. After nine months a decrease of the relaxivity of each
batch can be observed.

tion. These results are also shown in Table 2 and Figure 5. It is
apparent that all relaxivities decrease over time. The difference
between both groups (all batches as prepared and nine months
after fabrication), which was tested with a #-test, is highly sig-
nificant (p < 0.01). This decrease of the relaxivities cannot be
explained with the deviation of the MR measurements. More
likely, this trend is triggered by an agglomeration of the NPs.
This results in a lower concentration of Gd>" on the surface of
the NPs, which leads to a lower interaction with the surround-
ing protons, implying a higher relaxation time constant and
consequently a lower relaxivity. On average, all batches de-
crease about 11.6% after nine months. Through an examination
of the vertical distribution of the 7 relaxation time constants in
the probing tubes a sedimentation of the NPs or a decrease of
the relaxivity can be excluded. Also, a decomposition of the
NPs, resulting in an increase of the free Gd3" concentration
within the solution and therefore an increase of the relaxivity,
does not take place. This is another very important property of
our CA, because of the toxicity of free Gd*" ions.

Biocompatibility

In general, NPs without appropriate surface modification have a
disposition to agglomerate and sediment subsequently under
physiological conditions because of their pH value and salt
content [39-41]. One crucial requirement for the application of
NPs in cell-culture experiments or animal testing is the stabi-
lization in physiological media. In contrast to an electrostati-
cally stabilization of the NPs, for example by capping the CaF,
NPs surface with citrate groups [28], we ensure the stability of
the NPs in serum-containing cell-culture media in an electro-
sterical way. To this end, a polymer consisting of a polycar-
boxylate ether backbone and polyethylene oxide side chains

Beilstein J. Nanotechnol. 2017, 8, 1484—-1493.

bound to the backbone as esters (Melpers®2450), which can be
considered as non-toxic [42], is adsorbed via Coulomb attrac-
tion between the negatively charged backbone on the positively
charged NP surface [43]. As shown in photographs of bare and
Melpers®2450-stabilized NPs dispersed in cell-culture medium
containing fetal calf serum (FCS) (cf. Figure 6a), bare NPs start
to sediment after 24 h and the stabilized sample remains clear.
Additionally, the colloidal stability was monitored by UV—vis
spectroscopy. The absorbance measurements (A,ps = 700 nm) of
stabilized and non-stabilized CaF,:(Tb3*,Gd*>") NPs in FCS-
containing cell-culture medium over a period of 24 h is shown
in Figure 6b. In contrast to non-stabilized NPs, the stabilized
sample shows hardly any change in absorbance over a period of
24 h. The measured curve of non-stabilized NPs decreases
within 2 h because of light scattering on NP agglomerates.
Light-microscopy images of dispersions of stabilized and non-
stabilized CaF,:(Tb3*,Gd?>") NPs in FCS-containing cell-cul-
ture medium are given in Figure S3 (Supporting Information
File 1).
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Figure 6: Sedimentation study of the CaF:(Tb3*,Gd3*) NPs

(5 mg:-mL~") in Dulbecco’s Modified Eagle’s Medium (DMEM) with
10% FCS stabilized with Melpers®2450 and non-stabilized:

a) photographs of the stabilized NPs and the non-stabilized NPs 24 h
after dispersing the NPs in FCS-containing cell-culture medium and
b) absorbance measurement (Agps = 700 nm) of the samples over a
period of 24 h.
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Finally, the viability of human dermal fibroblasts (hdF) after
treatment with the NPs stabilized with Melpers®2450 for 24 h
was evaluated. Therefore, the CellTiter-Glo assay was
used [44], a method that is based on the quantification of adeno-
sine-5'-triphosphate (ATP), which signals the presence of meta-
bolically active cells. Adding the CellTiter-Glo reagent directly
to hdF results in cell lysis and generates a luminescent signal
directly proportional to the amount of the ATP concentration.
The particle samples with a cellular viability over 80% can be
classified as biocompatible. We have chosen concentrations of
CaF,:(Tb3",Gd3>") NPs between 0.5 and 1 mg'mL™! for the
assay because in this concentration range we have observed a
good MR activity. Figure 7a shows a representative micro-
scopic image of the hdF 24 h after treatment with the NPs
(c =1 mgmL™"). There is clear evidence that the cells treated
with the NPs compared to untreated cells kept their typically
morphology and proliferated normally under standard culture
conditions. The granular structures in the picture arise from
FCS (cf. untreated cells, Figure S4, Supporting Information
File 1). The results of a CellTiter-Glo assay show the viability
of hdF 24 h after treatment of these cells with the NP disper-
sions (cf. Figure 7b). NP concentrations of 0.5, 0.75 and
1.0 mg'mL™! yield cell viabilities of more than 80% with
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Figure 7: a) Representative microscopic image of hdF 24 h after treat-
ment with the NPs (¢ = 1 mg:mL™~"). b) Cell viability 24 h after adding
CaF»:(Tb3*,Gd3*) NPs at concentrations between 0.5 and 1 mg-mL~"
to hdF. 10% SDS was used for the positive control. All samples have

cell viabilities over 80% and therefore the NPs can be classified as
non-cytotoxic (n = 3).
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respect to the positive control. Thus in this concentration range
no cytotoxicity of CaF,:(Tb3",Gd3") NPs is observed on hdF.

Conclusion

In summary, we have demonstrated a new multifunctional parti-
cle system CaF,:(Tb3",Gd3"), which was fabricated via a
co-precipitation process. TEM, DLS, XRD and ICP-OES exam-
inations deliver a consistent characterization of the NPs. Ac-
cording to TEM and DLS measurements, the mean size of the
NPs is in the range of 5-10 nm and they have a spherical shape.
In the XRD diffractogram the crystalline structure of fluorite
CaF, is observable. The outcome of ICP-OES shows a
congruent composition of the NPs in all different batches.
Hence the results of these characterization methods evidence
that the used synthesis was successful and capable of producing
the desired particle system. The assumption is that doping with
the rare-earth ions Tb3* and Gd3* leads to a PL and MR activi-
ty. The Tb3" emission spectrum shows maxima at the expected
wavelengths (489, 542, 585, 621 and 667 nm). This signifies the
successful Tb3" doping and thus, the NPs are suitable for use as
a PL CA. With the second investigated imaging technique MRI
we verified the integration of the Gd3" ions in the CaF, lattice
and the reproducibility of the NP synthesis procedure. Further-
more, we investigated the long-term stability of the relaxivities.
In fact, the results for all batches show a decrease of the relax-
ivity of about 11.6% after nine months. Finally, the cell
viability of the NPs stabilized with Melpers®2450 was evalu-
ated in hdF and we can show that the NP system is biocompat-

ible and non-toxic.

Overall, we have developed a very promising particle system
CaF,:(Tb3*,Gd3"), which can be used as a multimodal CA for
two different imaging methods and therefore allows for a more
reliable, precise and time efficient diagnosis of diseases.

Experimental

Materials

Calcium chloride (CaCl,, 295%), ammonium fluoride (NH4F,
p.a.), terbium(IIl) nitrate pentahydrate (Tb(NO3)3-5H,0,
99.9%) and gadolinium(III) chloride hexahydrate (GdCl3-6H,0,
99%) were purchased from Sigma-Aldrich and used without
further purification.

Synthesis of CaF,:(Tb3*,Gd3*) NPs

Following Wang et al., 3.72 g (33.5 mmol) CaCl,, 146 mg
(340 pmol, 1 mol % based on Ca content) Tb(NO3)3-5H,0 and
121 mg (340 umol, 1 mol % based on Ca content) GdCl3-6H,0
were dissolved in 420 mL ethanol [26]. 2.5 g (67.5 mmol) of
ammonium fluoride were added under sonification. Subse-
quently, the solution was stirred at room temperature for 12 h.

The resulting precipitate was collected by centrifugation and

1490



washed with ethanol and deionized water for three times to
remove possible impurities such as CaCl,. Then the precipitate

was dried at 60 °C for 12 h and collected for characterization.

Characterization

The morphology of the NPs was studied by TEM on a Zeiss EM
900 transmission electron microscope at an acceleration voltage
of 200 kV. Samples were prepared by dipping 200 mesh copper
grids coated with a thin carbon film (Quantifoil Micro Tools
GmbH) into aggregate-free NP dispersions. The size of the par-
ticles was determined by the measurement tools of Fiji. The
DLS was measured with a Zetasizer Nano-ZS from Malvern
Instruments. The DLS measurement was carried out in aqueous
solutions. X-ray diffraction measurements were carried out on a
Phillips PW 1730/10 employing Cu Ka radiation. The composi-
tion of the NPs was determined by ICP-OES using a Varian
Wista Pro spectrometer. The crystallinity of the powder sam-
ples was analyzed with a Philips PW 1152. For photolumines-
cence measurements, a custom-built photospectrometer (S&I
Spectroscopy & Imaging FluoroVista) was used. The excitation
of the Tb3*-related emission spectra was carried out with a
254 nm UV lamp (Vilber Lourmat VL-4.LC), the emission was
detected with a high-speed silicon CCD camera (Princeton
Instruments PIXIS256). The spectra were not corrected for the
spectral sensitivity of the experimental setup.

MRI measurements

To guarantee a homogenous distribution within each sample, all
tubes were sonicated for five minutes and vortexed afterwards.
The MRI examinations took place within the following hour.
All measurements were performed at a 1.5 T system
(Magnetom Avanto, Siemens) in combination with a 4 + 4
channel multifunctional coil array (NORAS MRI products). The
relaxation time constant 77 was obtained through a segmented
2D IRSnapshotFlash method (7gr/Tg = 8.7 ms/4.8 ms, matrix:
256 x 176, inplane resolution: 0.7 x 0.7 mm?, slice thickness:
20 mm, number of segments: 44, number of echoes: 128,
T =4.75 min) [45,46]. Image reconstruction, data fitting and a
manually segmentation of the tubes was done offline using
Matlab R2012b (The Mathworks). The program used for the
statistical analysis was PASW Statistics 18 (IBM).

Biocompatibility

CaF5:(Tb3",Gd*") NPs were stabilized by shaking the particles
in a 20 vol % Melpers®2450 dispersion in water for 18 h. After-
wards the NPs were centrifuged, washed two times with DI
water and finally redispersed in DMEM with 10% FCS.

The sedimentation studies over 24 h were carried out by moni-
toring the absorbance at 700 nm as a function of time
(Shimadzu, UV-3100). The sample (5 mg'mL~! NPs in DMEM
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with 10% FCS, with or without Melpers®2450) was placed into
a polystyrene micro cuvette and the absorbance was measured
in 20 min time intervals. As the measurement beam entered the
cuvette approximately 1.5 cm from the bottom of the cuvette,
the supernatant of the sedimenting sample was measured. As a
reference DMEM with 10% FCS was used. The first measure-
ment was taken as 1.0 and the reference as 0.

The cell toxicity of the CaF,:(Tb3*,Gd") NPs was investigated
in 96-well plates on a subconfluent monolayer culture of hdF.
With the CellTiter-Glo luminescent cell viability assay
(Promega), based on the quantification of the ATP concentra-
tion, the cell viability was examined. The cell line was seeded
into 96-well cell-culture plates at a number of 1.47-10% cells per
square centimeter. Dilutions of CaF,:(Tb3*,Gd>") NP samples
in the concentration range of 0.5—1 mg'mL™! in DMEM with
10% FCS were added in triplicate. Wells containing 10% sodi-
um dodecyl sulfate (SDS) and untreated hdF in DMEM with
10% FCS were used as positive and negative control, respec-
tively. After 24 h of incubation, the CellTiter-Glo reagent was
administered per well according to the instructions of the manu-
facturer. Briefly, the test solutions were removed by washing
with PBS buffer, the cells in each well were overlaid with
100 pL of basal medium and 100 pL of CellTiter-Glo reagent
and luminescence was measured after two minutes of shaking
and ten minutes incubation at room temperature in a TECAN
plate reader (infinite M200, TECAN, Maennedorf,
Switzerland). According to DIN EN ISO 10993-5, a more than
20% deviation of measurement values of treated cells com-
pared to the untreated control was defined as cytotoxic.

Supporting Information

Supporting Information File 1

Additional figures and data.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-8-148-S1.pdf]
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Abstract

The self-organization of Cg fullerene and cisplatin in aqueous solution was investigated using the computer simulation, dynamic
light scattering and atomic force microscopy techniques. The results evidence the complexation between the two compounds. The
genotoxicity of Cg fullerene, Cis and their complex was evaluated in vitro with the comet assay using human resting lymphocytes
and lymphocytes after blast transformation. The cytotoxicity of the mentioned compounds was estimated by Annexin V/PI double
staining followed by flow cytometry. The results clearly demonstrate that water-soluble Cg fullerene nanoparticles (0.1 mg/mL) do
not induce DNA strand breaks in normal and transformed cells. Cg fullerene in the mixture with Cis does not influence genotoxic

Cis activity in vitro, affects the cell-death mode in treated resting human lymphocytes and reduces the fraction of necrotic cells.

Introduction
The water-soluble inorganic bi-valent platinum derivative, in particular, ovarian cancer, bladder cancer, esophagus cancer,
cisplatin (cis-[Pt(I1)(NH3),Cl,], Cis), is currently one of the lung cancer, and cancer of head and neck [1]. As an antitumor

most effective therapeutic agents used against cancer deceases, metal-containing agent Cis exerts an alkylating action and binds
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covalently to DNA. In tumor cells Cis induces the selective
inhibition of DNA synthesis and replication [2]. However, the
action of Cis is accompanied by side effects that limit the use of
Cis in anticancer chemotherapy. Cis-induced nephro-, hepato-
and cardiotoxicity, as well as disorders of the central nervous
system and sensory organs were reported [1]. Hence, there is a
search for new drugs including nanodimensional compounds
that could lower the side effects of Cis action, deliver Cis to the
region of pathological process in a targeted manner, manage the
curing at cell level, increase solubility in bioavailable form and
protect Cis from degradation [3-9]. The carbon allotrope
Cgo fullerene could act as such a potent agent.

Pristine Cgq fullerenes have no acute or sub-acute toxicity in
vitro [10-12] and in vivo [13] (at least at low physiological con-
centrations), exerting strong antioxidant properties due to their
high activity as free radical acceptors [14,15]. Water-soluble
pristine Cgq fullerenes penetrate through plasma membranes
and are located in the central part of tumor cells [16]. Thereby,
Cgo fullerenes can be used for treatment of cancer [17,18], in-
cluding combination chemotherapy [19] and photodynamic
therapy [20-22]. They are also applied for the targeted delivery
of drugs into tumor cells [23-25].

However, there are several conflicting reports in the literature
regarding the genotoxicity of Cg( fullerene [26]. Thus, a strong
correlation between the genotoxic response and the concentra-
tion of an aqueous suspension of nCg( (178 nm in size) was ob-
served at 2.2 ug/L in human lymphocytes using a single-cell gel
electrophoresis assay [27]. In contrast, with stable Cg fullerene
suspensions in 0.1% carboxymethylcellulose sodium or 0.1%
Tween 80 aqueous solution no positive mutagenic response was
observed up to the dose of 1 mg/plate with any tester strain in
the bacterial genotoxicity tests in vitro and in vivo [28].

The aqueous suspension of Cgq fullerenes caused positive
responses in two bacterial genotoxicity tests, namely the
Bacillus subtilis Rec-assay and umu test, up to concentrations of
0.048 mg/L and 0.43 mg/L, respectively. In [29], bulky DNA
adducts could not be found by 32P-postlabeling/polyacrylamide
gel electrophoresis assay, suggesting that an aqueous suspen-
sion of Cg fullerenes has the potential to damage DNA. By use
of a comet assay it was also demonstrated that an aqueous
suspension of Cg( fullerenes (0.1-1 mg/L) causes a concentra-
tion-dependent increase in DNA strand breaks in haemocytes
[30].

The in vivo genotoxicity of Cg( fullerene was estimated with a
comet assay in lung cells of rats. After a single and repeated
instillation inflammatory responses were observed in the lungs,

suggesting that Cg( fullerene has no potential for DNA damage
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even at inflammation causing doses [31]. Thus, it may be con-
cluded that the genotoxicity of Cg fullerene in vitro and in vivo
systems may strongly depend on its concentration in
biomedium, dose administration, type of cells and time of expo-

sure.

Since the biological action of Cg( fullerene significantly differs
from the action of traditional drugs by the mechanism of pene-
tration inside cells and biodistribution [23-25,32-35], the conju-
gation of Cgp molecules with drugs is currently considered a
perspective biomedical strategy. The formation of a stable non-
covalent nanocomplex of Cg( fullerene with doxorubicin
(CgptDox) in aqueous solution was confirmed theoretically and
experimentally [23,34,36]. The antitumor action of the
CgotDox nanocomplex was reported to be stronger than the
sole action of Dox or Cg fullerene in vivo [23,24]. Moreover,
recently it was found that Cg( fullerene in Cgo+Dox nanocom-
plex prevents cyto- and genotoxic effects of Dox on lympho-
cytes in vitro [37,38]. Based on these results it was suggested
that the mechanism of complexation could induce biological
synergy for other drugs administered together with
Cgo fullerene as well [19,23]. Taking into account the impor-
tance of Cis in chemotherapy of cancer, this drug could be a
candidate molecule for study. A recent extended physico-chem-
ical study has confirmed the formation of non-covalent entropi-
cally driven nanocomplexes between Cis and Cg fullerene in
physiological solution (i.e., the adsorption of Cis in
Cgo fullerene clusters) [25,39]. Hence, it is reasonable to expect
the biological interaction of these drugs. In order to testify this
hypothesis in the present study we evaluated and compared in
vitro cytotoxic action of Cg fullerene, Cis and their complex on
lymphocytes from healthy persons, as well as their genotoxic
effects towards resting lymphocytes and lymphocytes after blast

transformation.

Experimental

Materials preparation

A highly stable reproducible aqueous colloid solution of pris-
tine Cg fullerene (CgoFAS) with a maximum concentration of
0.15 mg/mL was prepared according to the protocol [40,41].
The initial stock solution of Cis (“Cisplatin-TEVA”, Pharma-
chemie B.V.) was prepared with a concentration of 0.5 mg/mL
and was further diluted to the required concentrations used in

particular experiments.

Immobilization of Cis on Cg( fullerene was accomplished ac-
cording to the following protocol: C49FAS and Cis solution
were mixed in a molar ratio of 1:2.4 (typically 0.1 mM
Cgo fullerene and 0.24 mM Cis). The obtained mixture was sub-
jected to ultrasonic treatment in dispersant for 20 min, followed

by magnetic stirring over 12 h at room temperature.
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Computer simulation
The spatial structure of the Cg fullerene was built according to

[http://www-jmg.ch.cam.ac.uk/data/molecules/misc/c60.html].

The spatial structure of Cis was built with the aid of Hyper-
Chem 8.0 according to Wysokinski et al. [42] and then opti-
mizated in Gaussian 09W at the mPW1PW hybrid level of
theory [43] in LanL2DZ basis set [44]. This level of theory and
basis set is considered to be optimal for quantum-mechanical
calculations of the molecules containing platinum atoms, in par-
ticular for Cis [42]. The spatial structure of the Cgo+Cis
nanocomplex was built according to Kostjukov et al. [45] with
the aid of the XPLOR software (version 3.851 [46] with
CHARMM27 force field). The plane of the Cis molecule was
located parallel to the surface of the Cgq fullereneat a distance
of ca. 3.4 A. Geometry optimization of the Cgy+Cis nanocom-
plex was accomplished by means of molecular mechanics in
X-PLOR. The modeling of the aqueous environment was
carried out by water molecules in the form of TIP3P placed in a
cubic box with a side length of 35 A (1423 molecules).

DLS study

Measurement of the hydrodynamic size distribution was per-
formed by dynamic light scattering (DLS) on a Zetasizer Nano
ZS (Malvern Ins. Ltd) with upload of multiple narrow modes
(high resolution) at room temperature. The instrument is
equipped with a He—Ne gas laser (max. output power 5 mW)
operating at a wavelength of 633 nm. The measurements were
performed at a 173° scattering angle (NIBS technology). The
autocorrelation function of the scattered light intensity was
analyzed by the Malvern Zetasizer software.

The zeta potential was measured with a Zetasizer Nano ZS
(Malvern Ins. Ltd) using a universal dip cell in disposable
cuvettes. The Smoluchowski approximation was used to convert
the electrophoretic mobility to the zeta potential.

AFM study

The surface morphology of the particles was examined using
atomic force microscopy (AFM). AFM images were collected
using an Integra Spectra microscope (NTMDT, Russia) in the
“light” tapping mode according to the well-established proce-
dure. For the sample preparation, a drop of solution was placed
onto a pre-cleaned microscope glass slide and dried in air prior
to AFM imaging.

Cell isolation and cultivation

Human peripheral blood from healthy donors was collected into
a heparinized medical syringe. Lymphocytes were separated by
centrifugation in a density gradient (Histopaque 1077, Sigma,
USA) according to instructions of the manufacturer and washed

twice: control lymphocytes in 0.15 M NaCl, lymphocytes that
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were intended for blast transformation reaction in RPMI 1640
medium. To induce the blast transformation the lymphocyte
suspension was cultivated in RPMI 1640 medium with 10%
FBS and 1000 units/mL IL-2a at 37 °C for 20 h. After cultiva-
tion the cells were washed in 0.15 M NaCl. Aliquots of the
suspension were used for cytological analysis to evaluate the
level of blast transformation (the fraction of lymphoblasts).

Incubation of lymphocytes and lymphoblasts

The cell suspension in RPMI 1640 medium (cell concentration
in the range of 1 x 10° to 5 x 10° cells per mL) was incubated
in the presence of either Cgq fullerene (0.1 mg/mL), anticancer
drug Cis (0.01, 0.1 or 0.15 mg/mL) or the complex of
Cgo fullerene with Cis (Cis concentration was 0.1 or 0.15 mg/L,
the Cg fullerene to Cis molar ratio was equal to 1:2.4) for 1.5 h
at 37 °C, washed once in 0.15 M NaCl, and then used for the
comet assay. Five to seven independent repeats of the experi-
ments were performed. As shown before [25], the molar ratio of
1:2.4 yields the highest anticancer activity of the Cgp+Cis com-

plex and was therefore used in the experiments.

Comet assay

To obtain lysed cells (nucleoids) 20 pL of the cell suspension
was mixed with 40 pL of 1% low-melting agarose (Sigma,
USA) at ca. 37 °C. 20 pL of the mixture were used to prepare a
microscope slide previously covered with 1% high-melting
agarose. After agarose polymerization, the slides were placed in
the lysis solution consisting of 2.5 M NaCl, 100 mM EDTA,
10 mM Tris-HCI (pH 7.5), and 1% Triton X-100 (Ferak,
Germany), which was added before use. Cells were exposed to
lysis solution for 2 h at 4 °C. After the lysis, slides were washed
with TBE buffer (89 mM Tris-borate, 2 mM EDTA, pH 7.5)
and electrophoresed in the same buffer for 20 min at 4 °C
(1 V/ecm, 300 mA).

After electrophoresis, the slides were stained with 1.3 pg/mL of
DAPI (Sigma, USA) and immediately analyzed under a fluores-
cence microscope (LOMO, Russia) connected with Canon
AS570 camera (a total 200 to 300 cells on each slide were
analyzed). The relative amount of DNA in the comet tail, the
parameter that reflects the level of DNA damages, was deter-
mined using the image analysis software programs Comet
Assay IV (Perspective Instruments, UK) and CometScore
(TriTec Corp., USA).

Cell-death assay

Apoptosis was assessed by staining cells with Annexin V—fluo-
rescein isothiocyanate (FITC) and counterstaining with
propidium iodide (PI) with the use Annexin V-FITC Apoptosis
Detection Kit (Dojindo EU GmbH, Munich, Germany) accord-
ing to the instructions of the manufacturer. Briefly, 2 x 103 cells
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were placed into wells of a 96-well flat-bottom plate and were
treated with Cg( fullerene (sample 1), Cis (sample 2) and
CgoTCis nanocomplex (sample 3) for 24 h. All additives were
used at the concentration of 0.15 mg/mL. Untreated cells were
used as a control (sample 4). Afterwards cells were washed
twice with PBS and incubated in the Annexin V binding buffer
containing 1/50 volume of FITC-conjugated Annexin V solu-
tion and PI (50 pg/mL) for 10 min at room temperature in the
dark. Cells from each sample were then analyzed by FacsCal-
ibur flow cytometer (BD Biosciences). The data were analyzed
using CELLQuest software (BD). PI detects cells that have lost
CPM integrity (i.e., necrotic and secondary necrotic cells),
whereas Annexin V detects early apoptotic cells.

Statistics

Statistical analysis was performed by conventional methods of
variation statistics. Significance of the differences between the
control and experimental measurements was estimated within
the framework of the Student’s t-test using Origin 8.0 software
(OriginLab Corporation, USA). The difference between the
compared values was considered to be significant at p < 0.05.

Results and Discussion

Characterization of the Cgo+Cis mixture

The freshly prepared mixture of Cgg fullerene with Cis was
characterized by conventional physico-chemical methods,
namely DLS and AFM. The monitoring of the morphology of
nanoparticles in solution is important not only for checking the
quality of solution for study, but also to control the degree of
aggregation which may influence their biodistribution and
toxicity [47].

Figure 1 shows DLS data of C40FAS and Cgp+Cis mixture at
room temperature. It is seen that CqgFAS contains Cg fullerene
nanoparticles with hydrodynamic sizes ranging from 65 to
105 nm. The Cgo+Cis nanocomplex exhibits hydrodynamic
sizes from 91 to 164 nm. The Z-average size of the Cgy+Cis
nanocomplex is about 122 nm. These results are in accordance
with AFM data (Figure 2), as well as with previous study of
CgotCis complexation [39].

The zeta potential of the Cgo+Cis mixture measured in this
work equals to —16.8 mV at room temperature. It is known from
previous studies that Cg( fullerene clusters not containing any
guest molecules have a zeta potential equal to —23 mV in water
solution [41]. Addition of neutral Cis molecules into CgoFAS
results in their adsorption into the Cg fullerene clusters and
causes a lowering of the absolute value of the zeta potential.
The stability of such negatively charged clusters in water is de-
termined by two opposite forces, viz., electrostatic repulsion of
negatively charged Cgo molecules and attraction of the
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Figure 1: DLS (hydrodynamic size) results of CgoFAS (grey; concen-
tration 0.15 mg/mL) and Cgp+Cis mixture (red; molar ratio of 1:2.4).
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Figure 2: AFM images of a) nanoparticles in CgoFAS (concentration
0.15 mg/mL) and b) Cgo+Cis mixture (molar ratio as 1:2.4).

Cgo fullerenes due to hydrophobic and van der Waals forces.
Thereby, the negative potential of Cg+Cis clusters is an impor-
tant factor responsible for the stabilization of this aqueous
system.

The structural and energetic peculiarities of Cgp+Cis complex-

ation were investigated by calculating the energy-minimized
spatial structure of their complex, shown in Figure 3.
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Figure 3: The calculated energy-optimized structure of the Cgp+Cis
nanocomplex in aqueous solution.

The initial location coordinates of Cis above the Cg fullerene
surface were taken from the ab initio structure [39]. Then we
performed the molecular dynamics simulation of this nanocom-
plex in aqueous environment and calculated the time-averaged
energies of interaction. The net van der Waals, electrostatic
and hydrophobic energies were obtained as follows, AGyqw ~
—0.6 kJ/mol, AGej = 0.9 kJ/mol and AGyy4 = —9.0 kJ/mol, re-
spectively. The near-zero magnitudes of the net ‘vdw’ and ‘el’
terms are quite expected and originate from compensatory
nature of the enthalpic interaction with water environment and
between the interacting molecules (discussed in more detail in
[36,39]). The ‘hyd’ term outweighs any other interactions indi-
cating the predominantly entropic character of Cgo+Cis com-
plexation. The obtained results fully agree with previous calori-
metric measurements of the same system [39] reporting the
purely hydrophobic nature of interaction between these mole-
cules. Moreover, the same conclusion was made regarding the
aggregation of Cg fullerene in solution [48], Cgg fullerene

a
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complexation with Dox [36] and landomycin A [49], and seems
to reveal a general pattern of complexation of small molecules

in water [45].

Estimation of genotoxic effects

Figure 4 shows typical images of the comet assay obtained after
20 min of electrophoresis of lysed cells. For both lymphocytes
and lymphoblasts, either the control cells or cells treated with
the agents studied, we did not observe any differences in the

comet appearance.

Figure 4: The representative comet-assay images obtained after

20 min of electrophoresis of a) control cells, b) cells incubated with
Cgo fullerene at concentration of 0.1 mg/mL, and c) cells treated with
Cis at 0.15 mg/mL. The bars correspond to 10 pm.

The average amount of DNA in the comet tails in control exper-
iments, when the isolated lymphocytes or lymphoblasts were in-
cubated in RPMI 1640 medium without any agents, was ca.
0.11 for both cell types (Figure 5). This value, which appears to

|:| Cis concentration 0.1 mg/ml
i i Cis concentration 0.15 mg/ml
5 ®
®
®
®
Control Ceo cis CootCis

Figure 5: The relative amount of DNA in the comet tails (P) after 20 min of electrophoresis of a) lymphocytes and b) lymphoblasts treated with Cis,
Cgo fullerene or Cgg+Cis nanocomplex. Control: cells were incubated in RPMI 1640 medium without any additional agents. The average values of 5-7
independent experiments are presented. The error bars represent the standard deviations. *Statistically significant (p < 0.05) with respect to control

cells.
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be slightly higher than that usually observed for intact cells (the
typical value is 0.06-0.07) [50], may indicate that a small
amount of DNA strand breaks occurred in the cells. We did not
observe any significant changes in the average amount of DNA
in the comet tails after cell treatment with Cg( fullerene
(Figure 5). Thus, Cg fullerene nanoparticles do not induce the
DNA breaks in the cells.

At a low Cis concentration (0.01 mg/mL) the Cis-treated
lymphocytes and lymphoblasts showed a DNA amount in the
tails comparable to that of control cells. The same picture was
observed for lymphocytes treated with Cis at 0.1 mg/mL
(Figure 5a), but a significant decrease in the DNA fraction in
the comet tails was detected for lymphoblasts incubated with
Cis at this concentration. To explain this result it is worth
remembering the mechanism of Cis action. After penetration
into cell nuclei Cis may induce coordinate bonds between Pt
and guanine bases in DNA that leads to intra- and inter-strand
crosslinking. In addition, Cis interaction with nuclear proteins
induces DNA—protein crosslinking. After cell lysis these
crosslinks remain in nucleoids, which hamper DNA migration
in the comet tail under electrophoretic conditions, i.e., the lower
the fraction of DNA in the tail, the stronger the mutagenic
action of Cis. Thus, lymphoblasts appear to be more sensitive to
Cis action than lymphocytes. During cultivation with IL-2a
(when lymphocytes are transformed into lymphoblast) a large
set of genes are activated to allow the entry of cells in the G1
phase of the cell cycle [S51]. Probably, such transformation that
never occurs in vivo in lymphocytes under normal conditions,
leads to an increase in the cells' sensitivity to the anticancer
drug Cis.

The increase of the Cis concentration up to 0.15 mg/mL causes
significant decrease in the DNA fraction in the comet tails for
both cell types, viz., the average amount of DNA in the tail was
0.08 £ 0.01 for lymphocytes and 0.05 + 0.01 for lymphoblasts.
At the same time, we did not observe any differences in DNA
fraction in the comet tail between cells treated with Cis only or
with its nanocomplex with Cgq fullerene. Hence, Cg( fullerene
in the nanocomplex does not influence the Cis activity.

Comparative evaluation of the cytotoxic
effects

Genotoxic effect of Cis is mostly associated with apoptotic cell
death. However, mechanism of Cis cytotoxic action involves
multiple signaling pathways inducing not only apoptosis but
also necrotic cell death [52-55]. Nephrotoxicity is considered to
be the most important side effect of Cis and is mainly caused by
tubular epithelial cell necrosis induced by extensive reactive
oxygen species (ROS) generation [56,57]. According to Kaeidi
et al. [58], preconditioning with mild oxidative stress may en-

Beilstein J. Nanotechnol. 2017, 8, 1494-1501.

hance some endogenous defense mechanisms and stimulate cel-
lular adaptation to subsequent severe oxidative stress after the
treatment with Cis. Cg fullerene can either consume ROS or in-
duce their generation [59]. Taking into account this fact we
have hypothesized that Cg( fullerene in the nanocomplex with
Cis can affect mode of cell death induced by Cis. In order to
testify this hypothesis, Annexin V/PI double staining of human
healthy lymphocytes treated with either Cg( fullerene, Cis or
their nanocomplex was conducted. As shown in Figure 6, the
total number of dead lymphocytes from healthy persons after
the treatment with Cgg fullerene was 13.8% vs 32.4% and
36.7% in samples of cells treated with Cis and Cgo+Cis
nanocomplex, respectively.

100%
90% x !
80%

70%

60%
50%
40%
30%
20%
10%

0%

C60 fullerene Cis
OAn-Pl- EAn+PL BAN+PH BAN-PH

control C60+Cis complex

Figure 6: Cgq fullerene, Cis and their nanocomplex induce apoptosis
as well as necrosis of lymphocytes from healthy persons. Cells were
treated with mentioned compounds at the concentration of 0.15 mg/mL
for 24 h. After culturing, cells were stained with annexin V (AnnV)/
propidium iodide (Pl) and analyzed by flow cytometry. Control: cells
were incubated without any additional agents. The average values for
four independent experiments are presented. *p < 0.05 compared with
untreated cells; #p < 0.05 compared with cells treated with CgotCis
nanocomplex.

Analysis of cell death using an Annexin V-FITC/PI assay
allows one to differentiate the stages of apoptosis and to reveal
necrotic cells. The treatment of human healthy resting lympho-
cytes with Cg( fullerene resulted in significant increase of early
apoptotic cells (An+PI-) to 11.8%, and raise of late apoptotic
(An+PI+) to 1.7% on average, as well as necrotic cells
(An—PI+) to 0.3%. Apoptosis to necrosis ratio in these samples
was 6:1 (on average). In cell samples treated with Cis we
noticed significantly more necrotic cells (9.2%), wherein apo-
ptosis to necrosis ratio was 2:1. Cgp+Cis nanocomplex induced
mainly apoptosis in resting lymphocytes, and apoptosis to
necrosis ratio was 7:1.

Conclusion
1. The computer simulation, DLS and AFM data confirmed the
ability of Cg( fullerene to form non-covalent nanocomplex with

Cis in aqueous solution.
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2. Cgp fullerene nanoparticles do not induce DNA strand breaks

in the normal (lymphocytes) and transformed (lymphoblasts)

cells as revealed by the comet assay.

3. Cgp fullerene in the Cgpt+Cis nanocomplex does not influ-

ence the genotoxic activity of Cis in vitro.

4. Cg fullerene in the Cgp+Cis nanocomplex affects the cell

death mode in treated resting lymphocytes from healthy persons

and reduces the fraction of necrotic cells.
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Abstract

We here describe a new approach to visualise nitric oxide (NO) in living macrophages by fluorescent NO-sensitive microspheres
based on poly(lactic-co-glycolic acid) (PLGA). PLGA microspheres loaded with NO550 dye were prepared through a modified sol-
vent-evaporation method. Microparticles were characterized by a mean hydrodynamic diameter of 3000 nm, zeta potential of
—26.000 £ 0.351 mV and a PDI of 0.828 + 0.298. Under abiotic conditions, NO release was triggered through UV radiation
(254 nm) of 10 mM sodium nitroprusside dehydrate (SNP). After incubation, AZO550 microspheres exhibited an about 8-fold in-
creased emission at 550 nm compared to NO550 particles. For biotic NO release, RAW 264.7 murine macrophages were activated
with lipopolysaccharide (LPS) of Salmonella typhimurium. After treatment with NO550 microparticles, only activated cells caused
a green particle fluorescence and could be detected by laser scanning microscopy. NO release was confirmed indirectly with Griess
reaction. Our functional NO550 particles enable a simple and early evaluation of inflammatory and immunological processes.
Furthermore, our results on particle-based NO sensing and previous studies in targeting intestinal inflammation via (PLGA)-based

microspheres demonstrate that an advanced concept for visualizing intestinal inflammation is tangible.
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Introduction

Inflammation and malignancies are fundamental aspects of
many human diseases. Nitric oxide (NO) has been proposed to
be an important mediator of inflammation and carcinogenesis.
Chronic inflammation, as found in inflammatory bowel
diseases, seems to be maintained by high levels of nitric oxide
(NO) due to an abnormal immune response against endogenous
flora and luminal antigens in genetically susceptible individuals.
High levels of NO become noxious to mucosal tissue. As NO
levels even correlate with severity of disease, imaging of
mucosal NO concentrations improves the assessment of disease
activity and even may contribute to predict disease progression
before mucosal damage continues. The visualisation of molecu-
lar processes that drive mucosal inflammation is of great
interest in life sciences. NO is synthesised and released on
demand, it is not stored and is highly diffusible. In vivo detec-
tion of NO in real time is difficult, because NO rapidly diffuses
and reacts with cellular components. NO quantification with
chemiluminescence or amperometry is often complicated by
low spatio-temporal resolution and complex experimental set-
ups prone to interferences [1]. Hence, the development of
highly sensitive fluorescent sensors for NO imaging may
improve its visualisation in vivo significantly [2]. Furthermore,
molecular imaging of NO enables a better visualisation of
intestinal functionalities, including irregular mucosal patterns

and vascular lesions [3].

We developed a novel polymeric microparticle made of
biodegradable poly(lactic-co-glycolic acid) (PLGA), which
accumulates selectively in inflamed mucosa of patients with in-
flammatory bowel disease without interfering with the healthy
mucosa. This approach is based on the epithelial barrier
dysfunction of the intestine during intestinal inflammation. The
intestinal barrier shows an increased permeability by disabled
tight junction proteins, alterations in the thickness and composi-
tion of the mucus. Thus, particles penetrate and accumulate
only into the inflamed mucosa [4]. Previously, we have shown

3
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that polymeric particles penetrate and accumulate selectively
within the inflamed mucosa proving that a particle-based ap-
proach is feasible [5,6]. Now, we introduce a cutting-edge
strategy to visualise NO in living macrophages as first step, and
to visualise these cells in NO-mediated intestinal inflammation
in vivo by fluorescent particle-based diagnostics in a second
step.

Here, we used a NO-sensitive dye, namely NOS550, as a model
molecule to proof the concept of a particle-based diagnostic as
part of an advanced diagnostic concept for detecting intestinal
inflammation. NO550 is a chemical sensor for the cellular
imaging of NO, while being inert to other reactive oxygen and
nitrogen species (ROS/RNS), and is characterized by high
specificity and low background signals [7]. We prepared and
characterized NO550-loaded PLGA microspheres to study NO
in abiotic and biotic experiments. To our knowledge, this is the
first time of visualisation of NO at different concentrations via
fluorescence-emitting NO550-PLGA microspheres.

Results and Discussion
Physicochemical characterisation of

microspheres

The preparation of NO550-loaded microspheres was a reliable
and reproducible process (for more experimental data please
see Section 1 and Section 2 of Supporting Information File 1).
The particles showed a mean hydrodynamic diameter of
3000 nm, a zeta potential of —26.000 £ 0.351 mV and a PDI of
0.828 £ 0.298. Furthermore, NO550-loaded microspheres were
characterised by a slightly more irregular surface with small
pores compared to blank microspheres (Figure 1). In contrast,
blank microspheres showed a mean hydrodynamic diameter of
3000 nm, a zeta potential of —1.250 + 0.132 mV and a PDI of
0.253 + 0.042. The blank microspheres are similarly sized
spherical particles with smooth, uniform and pore-free surfaces
(Figure 1). The influence of NO550 leads to a higher PDI, a

B 4

Figure 1: Scanning electron microscopic images of blank (A) and NO550-loaded (B) polymeric microspheres.
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shift of the zeta potential and an irregular surface compared to

blank microspheres.

Abiotic nitric oxide sensing studies

In this study, we used sodium nitroprusside (SNP) as an exoge-
nous NO donor. SNP in aqueous medium is highly photosensi-
tive and releases NO in a constant manner when irradiated with
UV light. This experimental approach allows for abiotic NO
sensing studies. After 2 minutes of incubation of NO550-loaded
microspheres with UV-irradiated SNP (10 mM, 2 min, 254 nm)
we observed an up to 8-fold increased fluorescence signal at
550 nm compared to inactive NO550-loaded microspheres (see
Section 3 of Supporting Information File 1 for further experi-
mental data). Thus, NO550-loaded particles could sense abiotic
NO by reacting with the encapsulated NO550. The conversion
into the fluorescent AZO550 was detected photometrically
(Figure 2).

Biotic nitric oxide sensing studies

In our studies, we used the murine RAW264.7 macrophage cell
line as an established model to analyse the endogenous forma-
tion of NO. This experimental approach allows for biotic NO
sensing studies with NO550-loaded microspheres. LPS from
Salmonella typhimurium was used to induce NO production in
these macrophages. The pathogen Salmonella typhimurium
causes severe intestinal inflammations, in some cases even
leading to bacteraemia. LPS increased cellular production and
release of NO in RAW264.7 macrophages up to 50 uM after
24 h of stimulation compared to non-stimulated macrophages.
The incubation (1 h) of LPS-treated RAW264.7 with micro-
spheres resulted in a slight increase in NO formation in the
range of about 1 pM, while native untreated cells displayed

basal NO levels of approximately 0.6 pM. Microscopic investi-
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gation of untreated macrophages confirmed this by a low fluo-
rescence signal of NO550-loaded microspheres (Figure 3). In
contrast, NO550-loaded microspheres revealed in LPS-stimu-
lated macrophages a strong fluorescence signal at 550 nm. Due
to the polymeric encapsulation of NO550, no fluorescent back-
ground was observed. The microspheres showed a clear round
shape with homogenous fluorescence. Some smaller micro-
spheres were located within macrophages, likely because of
endocytic uptake by the RAW264.7 macrophages (Figure 3).
These results clearly show that NO550-loaded particles can be
used to sense biotic NO by the reaction of NO with the encapsu-
lated NO550. The conversion of NOS550 into the fluorescent
AZO550 molecule can be detected chemically and spectrometri-
cally. Furthermore, the fluorescence intensity of the micro-
spheres in the supernatants of the cells can be measured using a
plate reader. In the same supernatants, we determined NO
release using the Griess reaction (see Section 4 and Section 5 of
Supporting Information File 1 for experimental data). These ex-
periments showed that the fluorescence intensity of the super-
natants coincided with the amount of nitrite in the supernatant
of LPS-stimulated cells as determined by the Griess reaction
(Figure 4).

Conclusion

We demonstrated the possibility of molecular imaging of NO at
different concentrations and under different conditions using
NO550-loaded PLGA microspheres in living macrophages.
NO550 is converted by NO into an azo dye, which emits green
fluorescence in an NO concentration-dependent manner. Thus,
this approach provides a novel approach for the early spatio-
temporal evaluation of inflammatory processes in IBD. The
intestinal distribution and signal intensity of the microspheres

can be easily analysed by fluorescence-based microscopy. A
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Figure 2: NO-releasing sodium nitroprusside (SNP) leads to light emission of NO550-loaded microspheres. Confocal laser scanning microscopy
(CLSM) images of activated (A) and inactivated (B) NO550-loaded polymeric microspheres in DPBS including fluorescence emission spectra (C) of
the microspheres are shown. UV-irradiated SNP (10 mM, 2 min, 254 nm) was used for 2 minutes to activate NO550-loaded microspheres. During the
incubation with SNP, NO550 is converted to AZO550 that emits green fluorescence at 550 nm.
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Figure 3: NO550-loaded microspheres detect the inflammatory response of murine macrophage-like RAW 264.7 cells. CLSM images of LPS-stimu-
lated and non-stimulated RAW 264.7 cells are shown. Cells were stained with Cell Mask deep red. The treatment of RAW 264.7 cells with LPS in-
creased formation and release of NO which in turn converted NO550 into AZO550 within the NO550-loaded microspheres. NO formation is visualised
as green fluorescence signal during LPS stimulation.
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Abstract

Biocompatible superparamagnetic iron oxide nanoparticles (NPs) through smart chemical functionalization of their surface with
fluorescent species, therapeutic proteins, antibiotics, and aptamers offer remarkable potential for diagnosis and therapy of disease
sites at their initial stage of growth. Such NPs can be obtained by the creation of proper linkers between magnetic NP and fluores-
cent or drug probes. One of these linkers is gold, because it is chemically stable, nontoxic and capable to link various biomolecules.
In this study, we present a way for a simple and reliable decoration the surface of magnetic NPs with gold quantum dots (QDs) con-
taining more than 13.5% of Au®. Emphasis is put on the synthesis of magnetic NPs by co-precipitation using the amino acid
methionine as NP growth-stabilizing agent capable to later reduce and attach gold species. The surface of these NPs can be further
conjugated with targeting and chemotherapy agents, such as cancer stem cell-related antibodies and the anticancer drug doxoru-
bicin, for early detection and improved treatment. In order to verify our findings, high-resolution transmission electron microscopy
(HRTEM), atomic force microscopy (AFM), FTIR spectroscopy, inductively coupled plasma mass spectroscopy (ICP-MS), and
X-ray photoelectron spectroscopy (XPS) of as-formed CoFe,O4 NPs before and after decoration with gold QDs were applied.
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Introduction

In current nanomedicine, biocompatible iron oxide-based NPs
have attracted particular interest due to their size-dependent
magnetic, optical and chemical properties that allow for the
design of NPs for multimodal imaging and photothermal
therapy of cancer cells [1]. Dual-imaging probes, capable to
perform simultaneously magnetic resonance and fluorescent
imaging, allow for a more rapid and precise screening of the
oncological disease sites. This is frequently achieved by
covering magnetic NPs with shells containing luminescent
quantum dots (QDs) [2-6]. The target molecules can be at-
tached to the surface of magnetic NPs through biocompatible
links such as Au—S— [7]. Iron oxide NPs can be coated with
polymeric or silica shells containing incorporated gold NPs
[8-10]. However, in this case the size of the magnetic NPs in-
creases up to ten times [9], resulting in a significant decrease in
the saturation magnetization value of the magnetic core. To
eliminate this drawback, several methods for the deposition of
the gold directly onto the surface of magnetic NPs have been
proposed that are based on the reduction of Au(Ill) species by
the typical reducing agents such as borohydride, ascorbic acid
and citric acid [11-14]. However, the direct-deposition proto-
cols are mainly suitable for covering y-Fe;O3 NPs. The forma-
tion of a gold shell on magnetite (Fe304) or ferrite surfaces
through reduction of chloroauric acid by citrates or borohy-
dride is usually problematic due to the formation of pure gold
crystallites in the solution [5,15]. The deposition of gold onto
the surface of magnetic iron oxide-based NPs can also be
achieved via their impregnation with hydroxylamine [16],
vitamin C [17] or methionine [18,19], which are capable to
reduce the gold ions at the surface of NPs. However, in this
case, uniform coating of magnetic NPs can only be obtained via
precise control of the precursor content and all steps of the
multistep process [17,18]. As a result, this way is time-
consuming and it does not fully prevent the formation of gold
crystallites in the plating solution. Moreover, to avoid the
aggregation of magnetic NPs during or at the end of the synthe-
sis they must be covered with capping materials such as acid
anions [20,21], surfactants [22] or proteins [23]. Besides, for in
vivo and in vitro applications of magnetic NPs their capping
materials should be biocompatible and allow for the attachment
of gold species. In recent publications amino acids such as
methionine [19] and lysine [24] have been reported to be effec-
tive capping agents to control the size of magnetite [19] and Co
ferrite [24] NPs during co-precipitation synthesis [25]. The
main goal of the methionine capping was the application of
Fe;04@Met NPs for the adsorption of water pollutants.

In this study, we report a novel synthesis protocol for super-
paramagnetic cobalt ferrite NPs capped with a biocompatible

methionine shell (CoFe,O4@Met), which in turn is capable to
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reduce and attach the gold species. In this way, hybrid magneto-
plasmonic cobalt ferrite NPs decorated with Au%Au'*
quantum dots (QDs) were formed for the first time. The forma-
tion of plasmonic gold QDs at the surface of iron oxide-based
NPs was confirmed by HRTEM, AFM, FTIR, XPS and chemi-
cal analysis.

Results and Discussion
Synthesis and characterization of
methionine-functionalized cobalt ferrite

nanoparticles

A hydrothermal approach was applied to synthesize the super-
paramagnetic cobalt ferrite NPs stabilized with methionine. The
proposed approach differs from the reported one [19] in the
nature of magnetic NPs, the composition of the aqueous solu-
tion applied, synthesis atmosphere and modes. It involves the
preparation of an alkaline aqueous solution containing CoCly,
FeCls, methionine, and NaOH up to pH 12.4, followed by auto-
claving at 130 °C for 10 h. To the best of our knowledge,
methionine has not been applied before for hydrothermal syn-
thesis and stabilization of cobalt ferrite NPs as the capping
ligand and reducing agent of gold ions. The interest in NPs
capped with methionine was based on the current under-
standing that methionine can reduce chloroauric acid from alka-
line solutions anchoring Au® at the surface of the NPs [18].
As-synthesized NPs were characterized by TEM, XRD, FTIR
and magnetic measurements. Figure 1a depicts the TEM image
of the as-grown NPs that have been carefully rinsed and reveals
their spherical shape and a size distribution in the range of (3.0
— 8.5) nm with a mean value of 5.7 nm (Figure 1b). Further-
more, the stabilization of cobalt ferrite NPs with metionine mol-
ecules confers them strong non-fouling properties not allowing
aggregate. The XRD pattern of these NPs (Figure 1c) implied
the formation of pure, inverse spinel structure CoFe,0y, as all
diffraction peaks at 2@ positions: 18.29 (111), 30.08 (220),
35.44 (311), 43.06 (400), 53.45 (422), 56.97 (511) 62.59 (440),
and 74.01 (533) match well with the standard polycrystalline
CoFe 04 diffraction data summarized in the PDF Card
No. 00.022-1086. The average size of as-grown Nps, calculated
by the Scherrer formula [26] from the (311) XRD line broad-
ening ~ 6.0 nm, it is a close proximity to the one calculated
from the TEM data (5.8 nm, Figure 1b).

Magnetization measurements were further performed to eval-
uate the gold deposition onto the surface of cobalt ferrite NPs.
Figure 1d shows the room-temperature magnetization plots as a
function of applied magnetic field for CoFe,O4@Met NPs
before (1) and after (2) their sonication in the chloroauric acid

solution. It was found that the saturation magnetization value of
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Figure 1: a) TEM image of cobalt ferrite NPs synthesized hydrothermally in a solution containing 25.0 mmol-L~1 CoCly, 50 mmol-L~! FeCls,
0.2 mol-L=" methionine, and NaOH to pH 12.4 at 130 °C for 10 h. The size distribution histogram and XRD pattern of the as-formed NPs are shown in
panels b) and c), respectively. In panel d) the magnetic responses of as-formed (1) and sonicated NPs in a 10 mmol-L~" HAuCI, solution, kept at a

pH 12.2, at 37 °C for 4 h (2) are presented.

CoFe,04@Met NPs decreases from 27 to 21 emu-g™! (at
Hphax = 4.4 kOe) upon sonication supporting the claim that gold
species are deposited but the NPs remain superparamagnetic.
The high-resolution TEM image of the CoFe,O4@Met NPs
after gold deposition with methionine and the EDX spectrum of
these NPs are shown in Figure 2.

Ni

5 Energy. kv 10

Figure 2: HRTEM image of CoFe,O4@Met NPs after sonication in
15 mmol-L~1 HAuCIy solution at 37 °C for 4 h (a) and their EDX spec-
trum (b).

The HRTEM image shows the formation of numerous gold
species at the surface of methionine-stabilized CoFe,O4@Met
NPs. In accordance with HRTEM image and EDX spectrum,
the ICP-MS analysis of the gold plating solution performed
before and after 30 min of sonication of the NPs indicated the
reduction of ca. 99.3% of gold ions. From the HRTEM inspec-
tion, however, it was difficult to determine the size distribution
of the attached gold species, although some of them seemed to
be spherical with a diameter of ca. 2.0 nm. More precise results
were obtained by the determination of the size of gold species
that were removed from the NP surface by the ultrasonic agita-
tion of 10 mg CoFe,O4@Met/Au NPs probe in 10 mmol-L™!
methionine solution. As a result a reddish-pink solution was ob-
tained after 20 min processing (see inset in Figure 3). This
process is most likely due to the stronger capping of Au NPs
with methionine molecules than with CoFe,O4@Met/Au NPs.
Note that no fluorescence was seen under UV and blue-light ex-
citation of this solution. Typical UV—vis absorption spectra of
aqueous methionine, tetrachlorauric acid and gold species solu-
tion are shown in Figure 3.

The pure methionine solution does not exhibit any absorption
peaks in the measured spectral range. For the chloroauric acid
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Figure 3: Absorption spectra of methionine (1), tetrachlorauric acid (2)
and reddish-pink colored solution of gold species (inset) collected from
the CoFexO4@Met—Au nanoparticles initially (3) and after dilution to
one half (3') and to on quarter (3").

solution, however, a clearly resolved absorption peak at 291 nm
is observed. The UV—vis absorption spectrum of the solution
containing the gold species collected from the surface of the
cobalt ferrite NPs (Figure 3, plot 3) exhibits two absorption
shoulders at 522 and 377 nm. The former seems to be origi-
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nated from the surface plasmon absorption of metallic Au [27-
29]. The position of this band mainly depends on the size of Au
species [30]. So the absorption position of this peak indicates
that the size of the methionine-stabilized gold species is
extremely small. This assumption was further verified by AFM
of gold species spread on a freshly cleaved mica substrate
(Figure 4a).

According to these investigations, the shape and size of gold
species attached to the surface of magnetic NPs were estimated.
The vast majority of species are 1-2 nm sized gold quantum
dots (QDs) (Figure 4b). Control experiments demonstrated that
the gold species detached from the surface of magnetic NPs
coalesced upon dilution of the analyzed Au@Met solution.
Consequently, it can be assumed that a significant part of the
NPs larger than 2-3 nm are coalesced ultra-small gold QDs.

The state of gold species formed and attached to the surface of
methionine-stabilized cobalt ferrite NPs was also investigated
using X-ray photoelectron spectroscopy (XPS). The surface
chemical composition of the CoFe,O4@Met—Au NPs is
presented in Table 1, whereas the typical core-level spectrum of
the deposited gold is presented in Figure 5. As shown, the main
Au 4f7, photoelectron peak is located at a binding energy (BE)

250
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o HDDDDD,DI

Il:lyl:ll

<1 12 23 3-4 4-5 6-7

Particle heigth, nm
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Figure 4: a) AFM 3D image and b) size distribution histogram b) of Au species removed from the surface of CoFe,O4@Met—Au NPs.
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Table 1: Elemental composition of CoFe,O04@Met-Au NPs.

name peak BE FWHM peak area atom %
(eV) (eV) (arb. un.)

Au 4f 83.94 1.96 12435.07 1.39
C1s 284.87 2.88 18041.56 36.02
N 1s 399.98 224 2647.25 3.02
O1s 530.21 3.03 55974.26 40.37
Fe 2p 710.75 3.70 63210.72 12.68
Co 2p 780.67 3.29 36815.35 6.47
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Figure 5: Deconvoluted X-ray photoelectron spectrum (XPS) of Au 4f.
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value of 83.94 eV, typical of pure metallic Au® species [31].
The fitting of the Au 4f core-level spectrum is performed
further by using two spin—orbit split Au 4f7/, and Au 4f5/, com-
ponents, separated by 3.56 eV. Surprisingly, the Au 4f curve
fitting shows an additional shoulder peaked at 85.74 eV indicat-
ing the presence of Au* species [31,32]. Their relative distribu-
tion reveals a fraction of about 13.7% of Au™ on the NPs sur-
face of the total deposited gold content of 1.39% (Table 1). It is
noticeable that plasmonic gold NPs upon excitation with
nanosecond laser light the wavelength of which corresponds to
the maximum absorption peak can create hot electrons in the
conductive band of gold and, as a result, generate especially
active singlet oxygen (10,), "OH and O, [33,34].

FTIR spectra

Figure 6 compares the infrared spectra of cobalt ferrite NPs
grown via the methionine-assisted hydrothermal approach, and
methionine as well as methionine sulfoxide. The FTIR spec-
trum of the same NPs sonicated in an aqueous solution of
chloroauric acid at 37 °C for 4 h is presented. The character-
istic peaks of methionine are at 1582 cm™!, assigned to antisym-
metric v,5(COO) and symmetric v¢(COO) stretching vibrations
of the COO™ group, whereas the bands in the spectral region of
12771341 em™! are due to the coupled vibration of CH, anti-
symmetric deformation and CH deformation modes [35,36].
According to the literature data [27], the band at 1516 cm™! is
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Figure 6: FTIR spectra of methionine (a, a'), methionine sulfoxide (b, b'), cobalt ferrite NPs stabilized with methionine (c, c'), and the same NPs after

decoration with gold (d, d') within the indicated wavenumbers.
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associated with the symmetric deformation vibration of NH3",
35(NHj3). Besides, the typical methionine S—C stretching mode
at 685 cm™! [37,38] and a clear resolved C—S—C stretching
mode, v(CSC), peaked at 554 cm ™! [39] are present in the spec-
trum. In the FTIR spectra of methionine and methionine sulf-
oxide a broad and strong band peaked at 2950—-3002 cm™!
belongs to the symmetric stretching of NH3* ions [40]. In the
spectrum of Co ferrite NPs, presented in Figure 6c, the intense
and broad band peaked at 591 cm™! belongs to Fe—O/Co-O
stretching vibrations in the tetrahedral metal complex [41]. The
broad band, peaked near 1515 cm™!, belongs to 8(NH3) mode
and is indicative of the presence of charged amino groups
[35,37]. The symmetric C—H deformation mode is also ob-
served at 1341 ecm™! in the FTIR spectra of both pure methio-
nine and CoFe,O4@Met. The attachment of methionine mole-
cules during the synthesis of NPs can also be proven by the
presence of the vibration modes in the frequency range of
2961-2855 cm™ !, attributable to the symmetric stretching of
NH;" ions [42]. The frequency of v{(COO) downshifts from
1414 to 1387 cm™! upon stabilization of ferrite NPs with
methionine molecules. The band near 1515 cm_l, however, can
only be seen in the CoFe,O4@Met FTIR spectrum after sonica-
tion of NPs in the chloroauric acid-containing solution. The
well-resolved band peaked at 1385 cm™! is also characteristic
for the FTIR spectrum of NPs after their sonication in the
chloroauric acid solution (Figure 6d). As has been previously
reported, such frequency downshift is due to the direct interac-
tion of the carboxylate group of the amino acid with the NP sur-
face [43]. We also suspect that the appearance of the signifi-
cantly stronger symmetric vibration mode in the FTIR spec-
trum of gold decorated NPs at 1515 cm™! due to cooperative
vibrations of -CH3 and -NH; groups is indicative of the oxida-
tion of methionine to methionine sulfoxide. However, this
mechanism requires more specific evidence and needs to be
studied.

Conclusion

Superparamagnetic methionine-coated cobalt ferrite nanoparti-
cles with an average size of ca. 6 nm were hydrothermally syn-
thesized via co-precipitation. Then the stabilizing shell of
methionine molecules attached to Np surface was successfully
applied for the reduction of the chloroauric acid. The formation
of ultra-small Au%Au’ QDs with a mean size of ca. 1.5 nm at
the surface of magnetic NPs, which retains their magnetic,
binding and conjugation properties, has been confirmed by
HRTEM, AFM, XPS and magnetic investigations. Contrary to
the previous works reported on the formation of Au® nanopar-
ticulate shells with thicknesses above 10 nm, we obtained nu-
merous Au%/Au’ QDs at the surface of magnetic NPs stabilized
with a biocompatible methionine shell. In this way, the initial

saturation magnetization of the CoFe,O4@Met NPs

Beilstein J. Nanotechnol. 2017, 8, 1734—1741.

(ca. 27 emu-g~!) decreased by ca. 22%. Besides, the formation
of more than 13.5% of extremely active Au* species of the total
gold content at the surface can have a dramatic effect on the for-
mation of the surface protein corona in the bloodstream that
affects CoFe,O4@Met—Au NPs passive targeting and uptake
into tumor cells.

The elaborated functionalization of magnetic NPs with gold
QDs represents a promising multi-task platform for linking
magnetic NPs with specific targeting ligands, such as aptamers
and antibodies. This synthesis way may also be explored in
future to design superparamagnetic, methionine-stabilized plas-
monic magnetite NPs decorated with Au®/Au™! QDs.

Experimental

Chemicals: All chemicals, including Co(II) and Fe(III) chlo-
rides, and HAuCly-4H,0 were of analytical grade, purchased
from Aldrich and used without further purification. NaOH was
purchased from Poch SA (Poland) and purified by preparation
of a saturated solution, which lead to crystallization of other so-
dium salts. D,L-methionine (99% purity) and D,L-methionine
sulfoxide (>99.0% purity) were purchased from Sigma-Aldrich
Co. Distilled water was used throughout the experiments.

Synthesis of Co-ferrite nanoparticles: Superparamagnetic
cobalt ferrite nanoparticles were synthesized by a hydrothermal
approach in an alkaline solution (40 mL) of Co(II) and Fe(III)
chlorides, at a molar ratio 1:2, at 130 °C for 10 h using a
10 K-min~! ramp. The total metal salt concentration was
75 mmol-L~!. Methionine (0.2 mol-L™!) was used as the
reducing and capping additive. The pH value of the solution
was kept at 12.4 by addition of 2.0 mol-L™! NaOH solution. The
required quantity of NaOH solution was determined by an addi-
tional blank experiment. In the subsequent experiment, this
quantity was placed in the reactor, and mixed with the other
components, during several seconds under vigorous stirring.
The as-grown products were collected by centrifugation at
8500 rpm for 3 min and carefully rinsed 5 times using fresh
portions (10 mL) of HyO. Afterwards, the NPs were dried at
60 °C. The collected NPs were studied and subjected to further
processing within the following two days.

Gold deposition: The deposition of gold onto the Co ferrite
surface was carried out through the methionine-induced chemi-
cal reduction of HAuCly. Briefly, 3.5 mL of NP solution was
diluted to 5 mL under ultrasonic agitation for 10 min and
2.0 mL of HAuCly (10 mmol-L™!) was introduced into the reac-
tion medium under ultrasound agitation. The solution was alka-
lized to the required pH value by addition of 2.0 mol-L™! NaOH
under vigorous stirring. The deposition process was performed
at 37 °C for 4 h under mild mixing conditions. The products ob-
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tained were collected by magnetic separation, carefully rinsed
several times with deionized water and re-dispersed in ethanol
for further examinations. For TEM observations, a drop of NPs
suspension was placed onto a lacey grid, whereas for FTIR and
magnetic investigations the suspension was dried at 60 °C.

Analysis: The concentration of gold remaining in the
deposition solution was determined by inductively coupled
plasma mass spectrometry. Measurements were made on
emission peaks at Aay = 267.595 nm, A, = 242.795 nm,
Aco = 228.616 nm and Ag, = 238.204 nm using an OPTIMA
7000DV (Perkin Elmer, USA) spectrometer. Calibration curves
were made using dissolved standards (1 to 50 ppm) in the same

acid matrix as the unknown samples.

Characterization: The morphology of as-grown products was
investigated using a transmission electron microscope (TEM,
model MORGAGNI 268) operated at an accelerating voltage of
72 keV. The average size of nanoparticles was estimated from
at least 150 species observed in the TEM images. High-resolu-
tion transmission electron microscopy (HRTEM) studies of
as-synthesized products were performed using a LIBRA 200 FE
at an accelerating voltage of 200 keV. X-ray powder diffraction
experiments were performed on a D8 diffractometer (Bruker
AXS, Germany), equipped with a Gobel mirror as a primary
beam monochromator for Cu Ka radiation. Upgraded vacuum
generator (VG) ESCALAB MKII spectrometer, fitted with a
new XR4 twin anode, was used for XPS investigations. The
non-monochromatised Mg Ko X-ray source was operated at
hv =1253.6 eV with 300 W power (20 mA/15 kV) and the pres-
sure in the analysis chamber was lower than 5 x 10”7 Pa during
spectral acquisition. The spectra were acquired with an electron
analyzer pass energy of 20 eV and resolution of 0.05 eV and
with a pass energy of 100 eV. All spectra were recorded at a 90°
take-off angle and the binding energies (BE) scale was calibrat-
ed by measuring of the C 1s peak at 284.6 eV. The spectra cali-
bration, processing and fitting routines were done using Avan-
tage software (5.918) provided by Thermo VG Scientific. Core-
level peaks of Fe 2p, Co 2p, Au 4f, C 1s and O 1s were
analyzed using a nonlinear Shirley-type background and the
calculation of the elemental composition was performed on the
basis of Scofield’s relative sensitivity factors. The FTIR spectra
were recorded in transmission mode with a Bruker Vertex 70v
vacuum FTIR spectrometer over the wavenumber range of
4000-400 cm™!. A 7 mm thick KBr discs were prepared under
high pressure by mixing the powdered samples with KBr
powder. Samples for AFM measurements were prepared by
casting a drop (20 uL) of gold NP solution on freshly cleaved
V-1 grade muscovite mica (SPI supplies, USA). The drop of
solution was removed after 60s by spinning the sample at

1000 rpm. The commercially available atomic force micro-
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scope (AFM) dilnnova (Veeco instruments inc., USA) was used
to take three-dimensional (3D) images of gold nanoparticles.
TESPA-V2 cantilevers (Veeco Instruments Inc., USA) with a
tip curvature of 8 nm were used. Measurements were per-
formed in the tapping mode in air. Images were acquired at the
scan rate of 1 Hz per line with the 512 x 512 pixel image reso-
lution. Image processing included flattening (2nd order) to
remove the background slope caused by the irregularities of the
piezoelectric scanner. The analysis was performed using the

SpmLabAnalysis software (Veeco Instruments Inc., USA).

Magnetization measurements were accomplished using a
vibrating-sample magnetometer calibrated by a Ni sample of
similar dimensions as the studied sample. The magnetometer
was composed of the vibrator, the lock-in amplifier, and the
electromagnet. The magnetic field was measured by a
testameter FH 54 (Magnet-Physics Dr. Steingrover GmbH).
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Abstract

Upconverting nanoparticles (UCNPs) are promising, new imaging probes capable of serving as multimodal contrast agents. In this
study, monodisperse and ultrasmall core and core—shell UCNPs were synthesized via a thermal decomposition method. Further-
more, it was shown that the epitaxial growth of a NaGdF, optical inert layer covering the NaGdF4:YDb,Er core effectively mini-
mizes surface quenching due to the spatial isolation of the core from the surroundings. The mean diameter of the synthesized core
and core—shell nanoparticles was ~8 and =16 nm, respectively. Hydrophobic UCNPs were converted into hydrophilic ones using a
nonionic surfactant Tween 80. The successful coating of the UCNPs by Tween 80 has been confirmed by Fourier transform infra-
red (FTIR) spectroscopy. Scanning electron microscopy (SEM), powder X-ray diffraction (XRD), photoluminescence (PL) spectra
and magnetic resonance (MR) T1 relaxation measurements were used to characterize the size, crystal structure, optical and magnet-
ic properties of the core and core—shell nanoparticles. Moreover, Tween 80-coated core—shell nanoparticles presented enhanced
optical and MR signal intensity, good colloidal stability, low cytotoxicity and nonspecific internalization into two different breast
cancer cell lines, which indicates that these nanoparticles could be applied as an efficient, dual-modal contrast probe for in vivo bio-

imaging.

1815


http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:vitalijus.karabanovas@nvi.lt
https://doi.org/10.3762%2Fbjnano.8.183

Introduction

Lanthanide-doped multimodal upconverting nanoparticles
(UCNPs), which can convert near-infrared (NIR) radiation into
visible light, have been extensively investigated due to the
advantages associated with their unique optical properties [1].
Compared with traditional semiconductor quantum dots (QDs)
or organic fluorophores, UCNPs show superior features such as
sharp emission peaks, low toxicity, high photochemical
stability, high resistance to photobleaching, and long emission
lifetime [2,3]. As a unique class of luminescent phosphors,
UCNPs show great promise in a broad range of applications
ranging from bioimaging, biosensors, drug delivery, to photody-
namic therapy [4-8]. Through combination with biologically
active molecules, UCNPs could be multifunctional in both
therapy and diagnostics (theranostics) [9]. However, biomedi-
cal applications require ultrasmall multifunctional nanoparti-
cles to be hydrophilic, biocompatible and have intense upcon-
version emission and efficient paramagnetic properties. Hexag-
onal phase sodium gadolinium fluoride $-NaGdF, is an ideal
matrix for the creation optical/magnetic dual-modal bioprobes,
but upconversion luminescence (UCL) efficiency of this host
material is still low and needs to be improved. A major method
to enhance the UCL intensity is to use a core—shell structure,
where the nonactive shell protects the luminescent rare earth
ions in the core from quenching caused by surface defects and
organic ligands [10]. A wide variety of studies were performed
to synthesize dual functional core—shell UCNPs [11-13]. How-
ever, it remains difficult to obtain hexagonal phase NaGdF, (a
host material exhibiting about an order of magnitude higher
upconversion luminescence efficiency compared to cubic ones)
with great optical and magnetic properties while maintaining a

small size (<20 nm).

The next problem is that those nanoparticles are often synthe-
sized in an organic phase and stabilized with hydrophobic
ligands, such as oleic acid. Consequently, they can only be
dispersed in nonpolar solvents (e.g., toluene, cyclohexane). In
the past few years, several methods including surface silaniza-
tion [14], ligand exchange [15], ligand oxidation [16], ligand
removal [17], and amphiphilic polymer coating [18] have been
developed in order to transfer nanoparticles with hydrophobic
surfaces into aqueous media. Furthermore, the multimodal
UCNP surface modification field still lacks reference materials
and established protocols for functionalization and targeting.
Some studies showed that the nonionic surfactant Tween 80
helps different nanoparticles (gold, silver and iron oxide) to
become well-dispersed in aqueous solution even in the pres-
ence of biological molecules, such as different serum proteins
[19-21]. However, information about Tween 80-coated
gadolinium-based UCNPs behavior in biological systems and

biocompatibility/nanotoxicity is still limited. The study of
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Cascales et al. showed that ultrasmall Yb:Er:NaGd(WOy),
UCNPs could be successfully covered with Tween 80 and are
internalized by human mesenchymal stem cells without trig-
gering their metabolic activity, but still no information has been
presented about uptake of these nanoparticles into different
types of cancer cells [22]. Although different gadolinium
chelates are widely used in clinics as contrast agents for mag-
netic resonance imaging (MRI), the literature for the last
two years shows increased awareness of the effects of
gadolinium toxicity [23,24]. Moreover, the possible influence of
gadolinium-based UCNPs on cells is not yet investigated and
understood.

In this work, we focus on studies of multimodal core—shell
NaGdF4:Yb,Er coated with NaGdF, (NaGdF4:Yb,Er@NaGdF,)
UCNPs synthesis and demonstrate the effective surface modifi-
cation method that uses a surfactant polysorbate 80 (Tween 80,
polyoxyethylene sorbitan laurate). Hexagonal phase f-NaGdF4
was chosen as host lattice for its ability to combine optical and
MRI. Tween 80 was used to make the UCNPs colloidally stable
and dispersible in water while protecting the surface from non-
specific adsorption of biomolecules. Our results show that
Tween 80-coated NaGdF4:Yb,Er@NaGdF 4 core—shell nanopar-
ticles exhibit excellent dispersibility in a biological medium and
are photostable. We also do not observe any changes in the
overall upconversion (UC) emission intensity of Tween
80-coated nanoparticles in comparison with oleic acid coated
UCNPs. In addition, the nonspecific uptake and distribution of
non-targeted Tween 80-coated UCNPs in human MCF-7 and
MDB-MA-231 breast cancer cells was visualized by using
confocal fluorescence microscopy. Our results showed that
Tween 80-coated UCNPs exhibited low cytotoxicity even at a
high-dose concentration.

Results and Discussion

The SEM images of the NaGdF4:Yb,Er core and
NaGdF4:Yb,Er@NaGdF, core—shell nanoparticles are shown in
Figure 1. Core nanoparticles are monodisperse, and have a
spherical shape with an average diameter of approximately
8 nm with polydispersity index (PDI) of 1.02. The resulting
core—shell nanoparticles are polydisperse and have an average
diameter of ~16 nm with PDI of 1.16. This indicates that poly-
dispersity occurred from secondary nucleation during the shell
growth process. However, an increase of the size suggests that
the NaGdF4 has been successfully epitaxial grown on the
NaGdF4:YD,Er core nanoparticles. The diffraction peaks of the
core (Figure 2a) and core—shell (Figure 2b) nanoparticles can be
indexed as pure hexagonal B-NaGdF4 phase (JCPDS, Card
No. 27-0699), indicating no change in the crystalline phase
during the shell growth.
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Figure 1: SEM images of the core NaGdF4:Yb,Er (A) and core@shell NaGdF4:Yb,Er@NaGdF, (B) nanoparticles. The insets display the UCNP diam-

eter distributions.
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Figure 2: XRD pattern of NaGdF4:Yb,Er core only (a), and NaGdF,4:Yb,Er@NaGdF4 core—shell (b) nanoparticles.

The as-obtained core and core—shell UCNPs were hydrophobic
as they were stabilized by oleic acid molecules. In this work,
hydrophobic core and core—shell nanoparticles were converted
into hydrophilic ones using a nonionic surfactant Tween 80.

The presence of the Tween 80 coating was verified by
comparing its FTIR spectra to that of pure oleic acid, oleate
ligands coated particles, pure Tween 80, and the final coated
nanoparticles (Figure 3). NaGdF4:Yb,Er UCNPs prepared in the
presence of oleic acid shows characteristic absorption peaks of
oleate ligands. The absorption peak at 1710 cm™! (Figure 3f)
corresponds to the stretching vibration of C=0 in pure oleic

acid (Figure 3a) which is replaced by two carboxylate stretching
bands (1560 and 1447 cm™! in Figure 3e), which indicates
oleate ligand adsorption on the UCNP surface.

Tween 80 is composed of three building blocks: aliphatic ester
chains, three-terminal hydroxyl groups and an aliphatic chain
(Figure 3b). The aliphatic chain can be adsorbed on the hydro-
phobic surface by hydrophobic interactions of UCNPs as syn-
thesized in oleic acid [25]. The strong band around 3400 cm™!
can be assigned to the O—H stretching vibrations (Figure 3d)
from terminal hydroxyl groups of Tween 80 (Figure 3b) and the
remaining moisture in the samples. The bands centred at 2922
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and 2855 cm™! are associated with the asymmetric (vas) and
symmetric (vs) stretching vibrations of methylene (~CH2), re-
spectively. The adsorption peaks at 1730 and 1094 cm™! are at-
tributed to the ester group stretching. The band at 946 cm™! is
present, which corresponds to the ether bond from the aliphatic
ester chains (Figure 3c). The FTIR data of UCNPs@Tween80
(Figure 3d) is highly comparable with that of pure Tween 80
(Figure 3c), indicating that the Tween 80 was successfully
coated onto the UCNPs. Additionally, dynamic light scattering
(DLS) was employed to measure the hydrodynamic diameter of
Tween-coated UCNPs in the cell culture medium as well as
their surface zeta potential. The measured mean hydrodynamic
diameter of the Tween-coated core NaGdF4:Yb,Er UCNPs was
38 nm and the core—shell NaGdF,4:Yb,Er@NaGdF, particles
was 48 nm. The zeta potential of Tween 80-coated core nano-
particles was about 26 mV and for core—shell nanoparticles it
was slightly higher at about 33 mV. More detailed information
about the DLS results is presented in the Supporting Informa-
tion File 1.

The upconversion emission spectra of different
NaGdF4:Yb,Er@NaGdF4@Tween80 core—shell and
NaGdF4:Yb,Er@Tween80 core nanoparticles dispersed in water
are shown in Figure 4a. The major emissions located at 381,
408, 521, 540, 654 and 756 nm can be attributed to radiative
transitions from 4G11/2 2Hg/z, 2H11/2, 4S3/2, 4F9/2 and 419/2
levels to the *1;5/, level of Er3™ (Figure 4b), respectively. The
comparison with the core-only nanoparticles showed that
coating the NaGdF4:Yb3*,Er3" core with a shell that has the

same crystal lattice structure reduce the effects of luminescence
quenching from the addition of ligands and/or surface defects
and therefore a significant increase in the UCL can be observed.
For the core-only nanoparticles, lanthanide dopants are exposed
to surface deactivations owing to the high surface-to-volume
ratio at the nanometer dimension, thus yielding UCL at low
efficiency. The integrated intensity (521 nm) of the core—shell
NaGdF4:Yb,Er@NaGdF4 nanoparticles was estimated to be
about two magnitudes higher than the core-only NaGdF4:Yb,Er
UCNPs. The results indicate that the core—shell structure can
effectively spatially isolate lanthanide dopants from being
quenched, and also negate the influence of surface defects. The
results correlate well with what is presented in the literature. Yi
et al. reported that the UC emissions of hexagonal phase
NaYF4:Yb3" Er*" were enhanced by as much as seven times by
growth of a 2 nm layer of NaYF,4 [26]. In a later publication, the
same conclusion was independently verified in core—shell
UCNPs of NaGdF4:Yb3" Tm3*@NaGdF,4 and
KGdF4:Yb3", Tm3" @KGdF4 when compared to the core under
980 nm excitation [11,12,27].

As shown in Figure 5 (inset), a positive enhancement for the
magnetic resonance (MR) signal was observed for all the
UCNPs samples when compared to water. Moreover, with the
increase of the concentration of UCNPs, the T1-weighted MRI
signal intensity (SI) continuously increased, resulting in brighter
images for both types of UCNPs. The MR SI values of UCNPs
are presented in Figure 5. The maximum MR signal enhance-

ment was of approximately 3.5-fold compared with the refer-
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Figure 5: Magnetic resonance (MR) signal intensity (Sl) plot of core (red dots) and core—shell (black squares) UCNPs of different concentrations of
aqueous solutions. Water Sl is marked as a dashed line as a reference; Inset: T1-weighted MR in vitro images of core and core—shell UCNPs at dif-

ferent concentrations of aqueous solutions.

ence. There was no significant difference observed in MR
signal enhancement between the core and core—shell UCNPs.
Therefore, it can be concluded that the UCNP coating does not
affect the favorable MRI properties of UCNPs. That signifies
that the Gd3" ions in the shell of the UCNPs are the major

contributors toward the relaxation of water protons, and the
UCNP core does not show any significant effect towards relax-
ivity enhancement. However, it has been shown in the literature
that reduced water access to the Gd*" ions may yield reduced

values for MR signal enhancement [29,30]. These observations
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indicate that both core and core—shell UCNPs could be applied
as efficient MRI contrast agents as they both present enhanced

MR signal intensity.

The as-prepared Tween 80-coated core—shell
NaGdF4:Yb,Er@NaGdF, nanoparticles were studied to eval-
uate their application to biological imaging using MDA-MB-
231 breast cancer cells. The confocal image of MDA-MB-231
breast cancer cells after 24 h incubation with UCNPs is shown
in Figure 6A. The scatter of excitation light by intracellular cell
structures was marked with red color. This was obtained by ex-
citation at 514 nm and detected at 500-530 nm. Tween
80-coated core—shell UCNPs were marked with green color (ex-
citation was continuous wave at 980 nm and detection at
500-530 nm). The cell nuclei were labeled with DAPI and
imaged using an excitation of 405 nm and detected at using a
bandpass filter with a center wavelength of 450 nm and band-
width of 35 nm. As seen from Figure 6A, the luminescence of
the UCNPs came from the intracellular region, suggesting that
Tween 80-coated nanoparticles were non-specifically internal-
ized into cells and concentrated within the cytoplasm. The simi-
lar localization of Tween 80-coated nanoparticles was observed
in MCF-7 cells as well. The same results of endocytic NP accu-
mulation in cells was demonstrated in different studies with
UCNPs [31], quantum dots [32], magnetic nanomaterials [33]

and noble metal nanoparticles [34].

Cell viability assay XTT was performed to measure the cellular
metabolic activity of human breast cancer MCF-7 and MDA-
MB-231 cell lines after 24 h treatment with core—shell Tween
80-coated UCNPs (Figure 6B). Untreated cells were used as a
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control group. After 24 h of incubation in the UCNP concentra-
tion range from 5 to 100 pg/mL, the viability of human breast
cancer MCF-7 cells remained over 92-100% and the viability
of MDA-MB-231 cells remained 85-93%. These results clearly
express that core—shell gadolinium-based UCNPs have low
cytotoxicity and are in good agreement with previous studies
[35,36].

Conclusion

In summary we have successfully synthesized ultrasmall,
monodisperse, hexagonal phase core NaGdF4:Yb,Er nanoparti-
cles and polydisperse, core—shell NaGdF4:Yb,Er@NaGdF4
nanoparticles.

Oleate-capped core NaGdF 4:Yb,Er nanoparticles and core—shell
NaGdF4:Yb,Er@NaGdF4 nanoparticles were successfully trans-
ferred to aqueous solutions after surface modification with the
surfactant Tween 80. The core—shell UCNPs presented en-
hanced upconversion intensity and MR signal intensity, which
indicates that these nanoparticles could be applied as an effi-
cient dual optical, MRI contrast agent. Moreover, an in vitro
uptake and cytotoxicity evaluation study showed that the
UCNPs internalized into breast cancer cell lines and possessed
low cytotoxicity and good biocompatibility. All these findings
indicate that Tween 80-coated NaGdF4:Yb,Er@NaGdF,
UCNPs are a promising nanomaterial platform for imaging and

detection in oncology.

Experimental
Materials: All of the chemicals used in our experiments were
of analytical grade and used without further purification. Ln

I Vicf-7 Cell line
I Mda-mb-231 Cell line
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Figure 6: A) Confocal images of MDA-MB-231 cells after 24 h treatment with Tween 80-coated core—shell UCNPs (10 pg/mL); UCNPs are green,
DAPI staining is blue, the red color represents excitation scattering from intracellular structures. Scale bar equals 10 ym. B) Viability of MCF-7 and
MDA-MB-213 cells, treated with different concentrations of UCNPs for 24 h. Toxicity of UCNPs was investigated using XTT cell viability assay.
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oxides (Lny03, 99.99%, Ln: Gd, Yb, Er) were obtained from
Treibacher Industrie AG (Germany). Oleic acid (OA, 90%) was
purchased from Fisher Scientific, 1-octadecene (ODE, 90%)
was obtained from Sigma-Aldrich. Tween 80 (polysorbate 80)
was purchased from Merck Millipore. Other chemicals includ-
ing hydrochloric acid, sodium hydroxide, ammonium fluoride,
methanol, chloroform, cyclohexane and acetone were obtained
from Reachem Slovakia.

Synthesis of core p-NaGdF4:Yb,Er nanoparticles: The syn-
thesis of B-NaGdF4:Yb,Er NPs was developed via a modified
procedure from the literature [11]. In a typical experiment,
1.6 mmol Gd;03, 0.36 mmol Yb,03 and 0.04 mmol Er,O3
were dissolved in HCI at an elevated temperature (=80 °C) to
prepare the rare earth chloride stock solution. Metal chlorides
were mixed with 12 mL oleic acid (OA) and 30 mL
1-octadecene (ODE) in three-neck round-bottom flask and then
heated to 150 °C for 40 min. 10 mL of methanol solution con-
taining NaOH (5 mmol) and NH4F (8 mmol) was slowly intro-
duced and the solution was stirred at 50 °C for 30 min. After the
methanol was evaporated, the solution was heated to 300 °C for
1 h under argon atmosphere. The resultant nanoparticles were
precipitated by hexane/acetone (1:4 v/v), collected by centrifu-
gation, washed with acetone and DI water several times, and
finally redispersed in cyclohexane.

Synthesis of core—shell p-NaGdF4:Yb,Er@NaGdF4 nano-
particles: The subsequent deposition of the NaGdF, shell fol-
lowed a similar process for the preparation of NaGdF4:Yb,Er
core particles. 1 mmol Gd,03 was dissolved in HCI at an
elevated temperature (=80 °C) to prepare a 2 mmol gadolinium
chloride stock solution. 2 mmol gadolinium chloride was added
to a three-neck round-bottom flask containing 8§ mL OA and
30 mL ODE and then heated to 150 °C for 40 min under argon
atmosphere to form a homogeneous solution and then cooled to
room temperature. 10 mL of cyclohexane solution of 0.66 mmol
NaGdF4:Yb,Er nanoparticles was added dropwise into the solu-

tion. The mixture was degassed at 100 °C for 10 min to remove

NaGdo.sF ::Ybo.1sEro.02

TWEEN 80

——
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cyclohexane and cooled to room temperature. Then 10 mL
methanol solution of NaOH (5 mmol) and NH4F (8 mmol) was
added and stirred at 50 °C for 30 min. After the methanol evap-
orated, the solution was heated to 300 °C for 1 h under argon at-
mosphere. The resultant core—shell nanoparticles were precipi-
tated by hexane/acetone (1:4 v/v), collected by centrifugation,
washed with acetone and DI water several times, and finally

redispersed in cyclohexene.

Tween modification of oleate-capped p-NaGdF4:Yb,Er and
p-NaGdF4:Yb,Er@NaGdF 4 nanoparticles: The surface mod-
ification of B-NaGdF4:YDb,Er and B-NaGdF4:Yb,Er@NaGdF4
nanoparticles was carried out following a literature protocol
with slight modifications [37]. In a typical experiment, 400 pL
of Tween 80 was added into a round-bottom flask containing
~20 mg of B-NaGdF4:Yb,Er (B-NaGdF4:Yb,Er@NaGdF,) and
8 mL of CHCl3, and the solution was stirred for 1 h at room
temperature. 20 mL of deionized water was poured in the flask
and the dispersion was kept in a 80 °C water bath for 3 h.
During this period, the CHCl3 was evaporated and the hydro-
phobic UCNPs were gradually converted into hydrophilic ones.
A principle mechanism by which the Tween 80 surfactant stabi-
lizes the UCNPs is shown in Figure 7.

Characterization: The polydispersity index of UCNPs was
calculated by finding the weight (D,,) and number-average di-
ameter (D) ratio using the following equations:

Dy = ZmD;/ Xn; 0]
D, = YnD}/¥nD? @)

where n; and Dj are the number and diameter of the particle, re-
spectively.

Dynamic light scattering (DLS) was used to determine the

hydrodynamic particle diameter and zeta potential. These exper-

NaGdo.sF4:Ybo 1¢Ero.

Figure 7: Formation of water-soluble core and core—shell UCNPs by coating with Tween 80.
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iments were performed with Brookhaven ZetaPALS zeta
potential analyzer (Brookhaven Instruments, USA). Powder
X-ray diffraction (XRD) analysis has been carried out by em-
ploying a Rigaku MiniFlex II diffractometer working in the
Bragg—Brentano (6/20) geometry. The data were collected
within a 26 angle from 10° to 65° at a step of 0.01° and scan-
ning speed of 10 °/min using the Ni-filtered Cu Ka line. The
particle morphology was characterized using a field emission
scanning electron microscope (SU-70 Hitachi, FE-SEM) at an
acceleration voltage of 10 kV. The UC luminescence spectra
were recorded using an Edinburgh Instruments FLS980 spec-
trometer equipped with a double emission monochromator, a
cooled (—20 °C) single-photon counting photomultiplier (Hama-
matsu R928), and a 1 W continuous wavelength 980 nm laser
diode. The emission slit was set to 1 nm, the step size was 1 nm,
and the integration time was 0.1 s with 5 scans to gain more in-
tensity. The emission spectra were corrected by a correction file
obtained from a tungsten incandescent lamp certified by
National Physics Laboratory, UK. The measurements were per-
formed in standard 1 cm quartz cuvettes at room temperature.
Fourier transform infrared (FTIR) spectra were recorded on an
infrared spectrometer (Perkin Elmer Spectrum).

Cell culturing and imaging: Human breast cancer cell lines
MDA-MB-231 and MCF-7 were obtained from the American
Type Culture Collection (ATCC HTB-26™; ATCC HTB-
22™) MDA-MB-231 and MCF-7 cells were cultured in cell
growth medium (DMEM, Gibco, US), supplemented with 10%
(v/v) fetal bovine serum (FBS) (Gibco, US), 100 U/mL peni-
cillin and 100 mg/mL streptomycin. The cells were maintained
at 37 °C in a humidified atmosphere containing 5% of CO,. The
cells were routinely subcultured 2-3 times a week in 25 cm?
culture dishes. Prior to the UCNP experimentation, the uptake
cells were seeded and allowed to grow for 24 h and then treated
with 10 ug/mL of Tween 80-coated core—shell UCNPs for 24 h.
Then the cells were fixed with 4% paraformaldehyde and
stained with DAPI. The high-resolution imaging system for
UCNP imaging was based on a confocal microscopy system
Nikon Clsi (Japan). A 980 nm continuous wave laser with an
intensity control module was introduced into the confocal
microscopy system for excitation of samples in the NIR spec-
tral region. 450/35 nm, 515/30 nm and 605/75 nm band pass
filters (where the first value is the center/peak wavelength and
the second refers to the bandwidth of the filter) were used to
block detectors from reflected and scattered NIR light.

Cell viability assay: MCF-7 and MDA-MB-231 human breast
cancer cells were seeded on a 96-well plate at a density of
20,000 cells/well. After 24 h, the old medium was replaced with
a fresh medium containing 5, 10, 20, 50 and 100 pg/mL
core—shell UCNPs. 12 wells were left without upconverting par-
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ticles to serve as the control group. After 24 h of treatment, the
cell growth medium with nanoparticles was aspirated and cells
were washed with DPBS (pH 7.0) three times. To prepare an
XTT solution, 0.1 mL activation solution (N-methyl dibenzopy-
razine methyl sulfate) was mixed with 5 mL XTT reagent (tetra-
zolium derivative). 100 uL of a fresh medium and 50 pL of the
reaction solution were added to each well and the plate was in-
cubated for 5 h in an incubator at 37 °C. After incubation,
optical density values at 490 nm were measured using the
Biotek (USA) microplate reader. Values obtained from
measuring optical density were recalculated as percentage
values of viability. The absorbance value of the control group
was set to 100% and the rest of the values were recalculated ac-
cordingly.

in vitro MR imaging: The MR signal enhancement measure-
ments were carried out on a 1.5 T clinical MRI scanner
(Achieva, Philips Medical Systems, Best, The Netherlands) in
conjunction with a Sense Flex-M coil (Philips Medical Systems,
Best, The Netherlands). Dilutions of core and core—shell
UCNPs (0.125, 0.25, 0.5, 1.0 mg/mL) in deionized water were
prepared for T1-weighted MR imaging and T1-weighted
contrast enhancement. A series of aqueous solutions of UCNPs
were placed in an array of 2.0 mL Eppendorf tubes with the
order of UCNP concentrations and deionized water (0 mg/mL)
was used as the reference. The parameters for T1-weighted MR
imaging sequence was set as follows: echo time (TE) = 15.0 ms,
repetition time (TR) = 500 ms, number of averages (NSA) = 8,
matrix = 1024 x 1024, FOV = 200 x 200 mm, and slice
thickness = 1.5 mm. The MR signal intensity (SI) in the tubes
was determined by the average intensity in the defined regions
of interests (ROIs). The resulting SI values in ROIs were
plotted as a ratio of UCNP:water against the concentration of
UCNPs.

Statistical analysis: Data are shown as the representative result
or as mean of at least three independent experiments +SD.
Statistical analyses were performed using the two-tailed
Student’s z-test; differences were considered significant at
p < 0.05.

Supporting Information

Supporting Information File 1

The hydrodynamic particle size and zeta potential.

The results representing hydrodynamic size distribution of
UCNPs and their zeta potential that were measured using
dynamic light scattering method (DLS).
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-8-183-S1.pdf]
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Abstract

This paper provides an overview of the current research in the field of optical techniques for cervical neoplasia detection and covers
a wide range of the existing and emerging technologies. Using colposcopy, a visual inspection of the uterine cervix with a colpo-
scope (a binocular microscope with 3- to 15-fold magnification), has proven to be an efficient approach for the detection of inva-
sive cancer. Nevertheless, the development of a reliable and cost-effective technique for the identification of precancerous lesions,
confined to the epithelium (cervical intraepithelial neoplasia) still remains a challenging problem. It is known that even at early
stages the neoplastic transformations of cervical tissue induce complex changes and modify both structural and biochemical proper-
ties of tissues. The different methods, including spectroscopic (diffuse reflectance spectroscopy, induced fluorescence and autofluo-
rescence spectroscopy, Raman spectroscopy) and imaging techniques (confocal microscopy, optical coherence tomography,
Mueller matrix imaging polarimetry, photoacoustic imaging), probe different tissue properties that may serve as optical biomarkers
for diagnosis. Both the advantages and drawbacks of these techniques for the diagnosis of cervical precancerous lesions are dis-

cussed and compared.

Review
Introduction

Cervical cancer remains one of the major health issues, causing
266000 deaths of women worldwide in 2012 [1]. While the
highest incidence rate of cervical cancers (approximately 70%)
is observed in developed countries, the cervical cancer mortality
rate is highest in low-income countries, where the regular
screening by Papanicolaou (Pap) test, colposcopy, biopsy and
curative treatment are not routinely available because of lack of

health infrastructure, trained practitioners and necessary

resources [2]. The high mortality rate of cervical cancer may be
reduced by implementing the integrated strategy which includes
the prevention, screening and treatment of the disease [3]
(Figure 1).

There is conclusive evidence that the majority of cervical cancer

cases (95-98%) is caused by the infection with cancerogenic

strains of human papillomavirus (HPV) [4-6]. Most of these
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Figure 1: Key steps for addressing cervical cancer as public health concern. New optical technologies and innovative approaches for the improve-
ment of early detection of cervical pre-cancer (second step) are discussed in this paper.

infections are cleared by the immune system within one to two
years. If carcinogenic HPV infection is not cleared, the virus
invades the cells at the junction of squamous epithelium of the
ectocervix and columnar epithelium of endocervical canal
(cervical squamocolumnar junction CSJ) [7-9]. The location of
the squamocolumnar junction relative to the external orifice, or
external os (cervix opening to the vagina, see Figure 2) shifts
over the lifetime of a woman.

Severe
Dysplasia

Moderate
Dysplasia

Invasive
Cancer

Mild

CERVIX

Endocervix

==
Squamous I

Epithelium

Ectocervix

VAGINA

Figure 2: Cross-section of uterus and vagina; schematics of cervical
intraepithelial neoplasia development.

The transformation zone, defined as an area limited by the posi-
tions of original and the active squamocolumnar junctions is
most susceptible to HPV infection. When HPV gets a foothold
and reproduces itself, it can invade the cells of the basal layer,
which separates epithelium from underlying connective tissue
and, eventually, rise to the epithelium surface with the mature

squamous cells. The virus infection gradually induces severe
damage. HPV-infected cells may become malignant if the virus
inserts its cancer-causing genes into the DNA of the host cell.

The staging of the disease is based on morphological criteria
and tissue architecture, namely, on the thickness of the involved
epithelium layer (Figure 2). When one third of the epithelium is
affected by disorganized growth and cytological atypia we talk
about mild dysplasia or cervical intraepithelial neoplasia (CIN)
of Ist grade (CIN 1). Such abnormality can regress and disap-
pear on its own. Moderate (CIN 2) dysplasia involves two thirds
of the epithelium, while severe dysplasia (CIN 3) spans over the
whole epithelium depth. At this stage, it is already highly
unlikely that precancerous epithelial lesions will clear spontane-
ously. According to the Bethesda system [10], the low-grade
squamous intraepithelial lesion (LSIL) usually indicates mild
dysplasia (CIN 1), high-grade squamous intraepithelial lesion
(HSIL) refers to moderate and severe dysplasia (CIN 2-3). This
classification system is used for reporting cervical cytological
diagnostics and for choosing different treatment strategies for
each group.

Left untreated, severe dysplasia will grow and break a basal
membrane and eventually evolve into an invasive cancer. This
process is very slow and may take over ten years after the infec-
tion. It makes cervical cancer perfectly suited for the effective
management by screening according to criteria defined by the
World Health Organization [11,12].

Recent discovery and subsequent mass use of the vaccines
against HPV hold promise for the prevention of cervical cancer
and will significantly improve the situation at large [13]. Those
vaccines, however, need to be applied early in life, and cannot
cure already existing conditions. Furthermore, none of those
vaccines create complete immunity against all HPV types, and
the price of these vaccines remains quite high. So, improve-
ments in the management of HPV infection are still needed,
especially for the population in low-income countries.

In high-resource settings a regular screening by the cytopatho-

logical Pap test is performed for an early detection and preven-
tion of cervical cancer. Cells collected from the external os of
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the cervix are studied under a microscope. If abnormal cells are
detected, further diagnostic testing in the form of colposcopy is
often recommended for the localization and marking out of
metaplasia.

The visual examination of the cervix for metaplastic lesions
with a colposcope is done after the application of acetic acid
and then repeated after the application of iodine Lugol’s solu-
tion (both work as contrast enhancing agents). Normally, the
biopsies (removal of a small tissue sample for examination by a
pathologist) are taken from the areas whitened by acetic acid
and those which are not colored by iodine. If the analysis of
histological cuts by pathologists ultimately confirms the pres-
ence of a high grade malignant lesion (CIN 2-3), the abnormal
zone is surgically removed by cervical conization. This is a
minimally invasive curative treatment which can completely
climinate the disease provided it was diagnosed at an early stage
before the transformation into an invasive cancer. This treat-
ment has minimal adverse effect on fertility and reproductive

functions of women.

It is worth to mention that the results of colposcopy may also be
affected by the presence of non-neoplastic cervical diseases and
demographic factors such as age and parity. Thus, the accuracy
of colposcopy strongly depends on the level of training and
experience of clinicians performing the test. As stand-alone
diagnostic method colposcopy has a quite high sensitivity (ratio
of true positive over the sum of true positive and false negative
diagnosis) of over 90% in detecting HSIL and cancer (CIN 2+).
But the specificity (ratio of true negative over the sum of true
negative and false positive diagnosis) of colposcopy for the
detection of CIN 2-3 is reported to be relatively low (23-87%)
[14-21]. Even if the diagnosis of a CIN 2-3 lesion is confirmed
by histological analysis, an additional difficulty is the correct
delimitation (“mapping”) of the neoplasia zone for complete
treatment. This problem arises because of the lack of contrast
between healthy and neoplastic zones of the cervix in colposco-
py images viewed by surgeon-gynecologists. Because of these
drawbacks of conventional colposcopy there is an ongoing
research and exploration of different optical techniques (spec-
tral or imaging, wide-field or scanning) for the accurate detec-
tion of cervical neoplasia.

Current management of cervical cancer (implementation of
screening, anti-HPV vaccination and treatment programs) has
significantly decreased the mortality rate in highly developed
countries during last decades. At the same time the incidence
and mortality rates in the middle and low-income countries did
not improve and remain significantly high due to insufficient
awareness about cervical cancer among women and health

providers, lack of access to HPV vaccination, absence of

Beilstein J. Nanotechnol. 2017, 8, 1844-1862.

screening and treatment programs. This puts women at the in-

creased risk of developing invasive cervical cancer (Figure 3).

W Incidence

8

m Mortality

[
S

~N
15}

10

Estimated rates per 100 000

Figure 3: Cervical cancer estimated incidence, mortality and preva-
lence worldwide in 2012. Adapted from [22].

In current programs for screening and diagnosis of cervical
cancer the critical issue is an increase of efficiency and accu-
racy of screening and diagnostics techniques. Typically it
requires up to three visits to a medical professional and several
weeks in total in order to obtain the diagnosis and treatment, if
necessary [23]. The implementation of new optical techniques
may bring an alternative to the Pap/HPV test for screening and
an improvement of colposcopy for guiding the biopsy and diag-
nosis. The performance of new techniques is estimated in terms
of accuracy, time and cost of diagnostics, combined with patient
comfort, which is relevant to the rate of participation in

screening programs.

Currently several optical methods such as diffuse reflectance
spectroscopy, fluorescence spectroscopy, Raman spectroscopy,
in vivo confocal microscopy, optical coherence tomography and
multi-wavelength imaging Mueller polarimetry, as well as the
combination of different techniques have been explored to
improve the detection of cervical neoplasia. The results of these
studies as well as current trends to miniaturization of diagnostic

instruments will be discussed further.

Optical spectroscopy and imaging

In vivo diffuse reflectance optical spectroscopy (DRS) exploits
the fact that abnormal zones of the cervical epithelium illumi-
nated with a low-power broadband light source produce differ-
ent backscattering spectra compared to normal cervical tissue in
the visible wavelength range. Such difference in spectra
detected by an optical sensor can be used in order to identify
neoplastic lesions of the cervical epithelium. DRS is an indirect
optical technique and may require either fitting of measured

spectra with multi-parametric models describing the realistic
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optical properties of tissue [24] or using an efficient classifica-
tion algorithm of optical spectra for the detection of HSIL
[25,26]. The propagation of light in a scattering medium is
usually modeled by the Monte Carlo algorithm. The fit of the
measured spectral data with the optical model of tissue provides
the effective values of diagnostically relevant model parame-
ters, e.g., reduced scattering coefficient and absorption coeffi-
cient. In the optical model of tissue these parameters are linked
to the size and density of the scatterers, total hemoglobin (Hb)
concentration and Hb saturation with oxygen, which can be
used as optical markers to assess and grade CIN lesion. The
principle of using diffuse reflectance and fluorescence spectros-
copy for tissue diagnostics is illustrated in Figure 4.

It has been demonstrated that the total concentration of Hb,
which is responsible for absorption in tissue in the visible wave-
length range, was statistically higher in CIN 2—3 compared to
normal cervical tissue [24,27]. This effect was attributed to an
increased density of micro-vessels in the stroma of neoplastic
tissue and stromal angiogenesis [28-30]. The observed drop in
scattering in CIN 1-3 zones was attributed to the degradation of
the stromal collagen matrix of the cervix related to both decom-
position of collagen fibers and decrease in concentration of
collagen cross-links [31,32].

Despite the observed common trends for DRS optical markers
with the evolution of CIN lesions there is a significant vari-
ability of parameter values in different patients depending on
their age as well as presence of non-neoplastic lesions [33]. The
shortcomings of DRS as a tool for screening and diagnosis are
related to the fact that the estimation of optical parameters may
be degraded by both correlation of model parameters and instru-
ment-dependent response. It increases the uncertainty of
threshold parameter values used for diagnostics and choice of
treatment strategy, when either watchful waiting accompanied
by HPV/Pap tests or active treatment is further needed [34-38].
The use of spectra classification algorithms (e.g., Bayesian vari-
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light

Specular
reflection
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able selection, neural networks, library approach, multivariate
statistical analysis) may bring its own set of the problems: high-
dimensionality of data, insufficient number of data for training,
overtraining because of too many tuning parameters [25]. More-
over, Mirkovic et al. [39] reported that even in healthy cervical
tissue a transformation zone (area of most probable location of
HSILs) and squamous epithelium are spectroscopically differ-
ent because of their anatomical differences. This effect can also
have impact on the diagnostic parameters extracted from the
spectroscopic measurements. Using optical spectroscopy as a
complementary technique to colposcopy aims to examine the
patients with inconclusive Pap test cytological results and to
guide the biopsies [25,40].

Point-probe optical spectroscopic instruments may also be used
for scanning the suspicious sites of the cervix. However, this
approach is laborious and time-consuming and the possibility to
miss the potential lesions is not negligible. Hence, these tech-
niques are not suitable for CIN screening in real settings. The
instruments that perform a multi-spectral wide-field imaging of
the whole cervix are required to address these issues. Park et al.
[41] developed an algorithm for the automated analysis of
colposcopic images taken with a multispectral digital colpo-
scope before (Figure 5a) and after (Figure 5b) application of
acetic acid. They explored the ratio between the reflected inten-
sities of green and red light and the changes in the reflectance
images induced by acetic acid as optical markers for differenti-
ating HSIL and cancer from LSIL and healthy cervical tissue. In
their study of 29 patients a sensitivity of 79% and a specificity
of 88% for HSIL detection were reported using histological
analysis of excised cone biopsies (Figure 5c) as the gold-stan-

dard diagnosis technique.

The advanced version of the automated domain-specific image
analysis algorithm for the detection of cervical precancerous
lesions identified first the regions of squamous and columnar
epithelium [42]. Transformation zone and external os were
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Figure 4: Diffuse reflectance and/or fluorescence spectroscopy for the optical analysis of tissue; A is a wavelength. Adapted from [34].
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Figure 5: Reflectance colposcopic images (a) before and (b) after application of acetic acid; (c) reconstructed histological map of lesions CIN 1, 2,
and 3; (d) diagnostic map of disease probability provided by an automated multi-classifier. Reproduced with permission from [41], copyright 2008

Society of Photo-optical Instrumentation Engineers.

delimited on the image taken before the application of acetic
acid using color and texture information. Domain-specific
anatomical features related to tissue types were integrated in the
conditional random field probabilistic model for the segmenta-
tion of images taken after the application of acetic acid. The
clinical data from 48 patients were examined with the proposed
image analysis algorithm resulting in an average sensitivity of
70% and specificity of 80% in detecting neoplastic areas, when
using histopathology analysis as gold-standard diagnosis.
Lower average sensitivity compared to conventional colposco-
py performance was attributed to the fact that during the
patient-based colposcopy analysis a delimitation of abnormal

zones in images was not carried out.

Fluorescence spectroscopy and imaging

While the scattering of light by biological tissue plays the main
role in DRS, the absorption and emission of light by matter are
the key steps in fluorescence spectroscopy. The use of fluores-
cence spectroscopy for the screening and diagnosis of cancer is
related to the ability of this technique to probe the molecular
composition of tissue and observe the distribution of specific
molecules. When light of a chosen excitation wavelength illu-
minates the sample, the tissue molecules are exposed to light

having an energy that may match a possible electronic transi-

tion within the molecule. Consequently, part of incident radia-
tion will be absorbed as the electron is lifted to a higher energy
orbital. During de-excitation (return of electron to the ground
state) those molecules release energy in the form of light of a
specific emission wavelength (usually different from the excita-
tion wavelength), which can be measured by a detector. The
fluorescence signal is a superposition of various emission
signals of different wavelengths and intensities. It depends on
the excitation wavelength and on the presence and concentra-
tion of fluorophore molecules in the tissue.

Depending on the type of investigated fluorophores (endoge-
nous, i.e., intrinsically present in biological tissue or synthe-
sized after introducing a precursor molecule, or exogenous, i.e.,
administrated as drugs) light-induced fluorescence spectrosco-
py can be classified either as autofluorescence spectroscopy or
as induced fluorescence spectroscopy, respectively. The infor-
mation on fluorescence lifetimes may be obtained using instru-
ments with pulsed mode illumination and time-resolved detec-
tion [43]. The direct links between endogenous fluorophores
and certain morphological and functional properties of living
matter lead to distinguishable autofluorescence emission peaks
and give an opportunity to monitor the state of biological tissues

in vivo.
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There is experimental evidence that the intensity of autofluores-
cence of normal cervical tissue is altered by the precancerous
modifications of cervical epithelium [31]. The differences in
fluorescence spectra of normal and precancerous cervical tissue
are explained by the concomitance of two phenomena linked
with the CIN progression. An increase in number of metaboli-
cally active mitochondria in epithelial cells with CIN develop-
ment leads to the increase of epithelial fluorescence, while
stromal fluorescence drops because of a decrease in density of
the collagen matrix adjacent to neoplastic epithelium [31,44].
The overexpression of matrix metalloproteinases (enzymes re-
sponsible for the degradation of collagen cross-links, which are
the main source of collagen autofluorescence) was found to be
an early sign of malignant transformation in cervical neoplasia
[45].

Chidananda et al. [46] studied about 1000 autofluorescence
spectra of cervical tissue specimens taken from 62 patients with
different cervical pathologies. They reported a sensitivity and
specificity of over 95% for CIN diagnostics using total fluores-
cence spectra resulting from the emission of individual endoge-
nous fluorophores (e.g., collagen and the reduced form of
nicotinamide adenine dinucleotide (NADH), the main tissue
fluorophores in the visible wavelength range). The excitation
wavelength was 325 nm. Principal component analysis (PCA)
of the spectra and the intensity ratio of curve resolved fluores-
cence peaks was applied (Figure 6). Recent studies of autofluo-
rescence spectra of biopsied specimens taken during colposco-
py from 46 patients demonstrated both a significant decrease in
collagen fluorescence (peak around 400 nm) and increase in
NADH fluorescence (peak around 460 nm) in dysplastic tissues
[471.

Combining information about the fluorescence of stromal
collagen and epithelial NADH, Pandey et al. [47] reported a
sensitivity of 96.5% for cervical neoplasia diagnosis. In vivo
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fluorescence spectroscopy studies reported the decrease of
emission intensity combined with the shift of emission peak
towards longer emission wavelengths for precancerous zones

compared to healthy squamous tissue of the ectocervix.

Apart from the changes in cellular metabolic processes and in
the extracellular tissue matrix induced by CIN progression, both
scattering and absorption of light in tissues may significantly in-
fluence the measured fluorescence spectra modifying the inten-
sity and width of specific peaks. Georgakoudi et al. [48] sug-
gested combining the information from DRS and fluorescence
spectra in order to remove the distortion of fluorescence spectra
caused by tissue scattering and absorption and to determine the
fluorescence spectra of NAD(P)H and collagen in vivo. The
intrinsic (undistorted) fluorescence spectra from 35 patients
taken at different (normal and abnormal) sites of the cervix
during the colposcopy were analyzed. The results of these
studies also showed that high-grade dysplastic lesions are char-
acterized by low collagen fluorescence and high NADH fluores-

cence compared to non-dysplastic tissues.

Despite a clinically significant increase in NADH fluorescence
and decrease in collagen fluorescence in the spectra measured
on dysplastic cervical tissue the age of the patient may affect the
fluorescence-based diagnosis of CIN. Some age-related changes
of cervical tissue modify the fluorescence spectra in a similar
way as dysplasia [47,49]. Due to a wide inter- and intra-patient
variability of fluorescence spectra there is a need for the devel-
opment of advanced mathematical algorithms for the analysis of
fluorescence signals to provide the consistent and reproducible
diagnosis of cervical neoplastic lesions [46,50]. The prepro-
cessing (filtering, co-registration) of reflectance and fluores-
cence images, the reduction of image data by PCA, the image
clustering by the K-means clustering algorithm and the use of
the nonparametric K-nearest neighbor (KNN) classifier for the
image segmentation was implemented by Milbourne et al. [51]
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Figure 6: Site-to-site variations in fluorescence spectra measured at different pathologically confirmed (a) normal and (b) malignant tissue samples at
325 nm excitation wavelength. Reproduced with permission from [46], copyright 2006 Wiley-Liss, Inc.
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for the diagnosis of high- and low-grade lesions of the cervix.
The results of this pilot study in 46 patients showed that using
an appropriate classifier on the multispectral digital colposcope
data may produce algorithmic maps that correlate well with
histopathologic mapping.

The accuracy of the detection of CIN lesions with spectral auto-
fluorescence measurements depends on several factors includ-
ing (i) changes in autofluorescence background, which may in-
fluence the quantum yield of fluorophore, (ii) inhomogeneities
in the optical properties of tissue, (iii) alterations of the tissue
architecture (e.g., variable thickness of epithelial layer), (iv) the
spectral dependence of the absorption of light by non-fluores-
cent chromophores such as hemoglobin. Weingandt et al. [52]
observed a similarity of autofluorescence response from zones
of severe inflammation and of CIN. This made the diagnostics
difficult and led to an increased number of false positive results.

Gu et al. [53] suggested using fluorescence-lifetime imaging
microscopy (FLIM) on haematoxylin and eosin (H&E) stained
histological cuts of cervical tissue and a neural network classi-
fier for the automated diagnosis of CIN lesions. This technique
can overcome the limitations of conventional fluorescence
microscopy because FLIM results are insensitive to fluoro-
phore concentration and excitation power of the laser.

The growth of tumor in mice, inoculated with highly tumori-
genic TC-1 cells immortalized using HPV type 16 proteins, was
studied as a model of cervical cancer by Bae and co-workers
[54]. Using an optical imaging system they detected the en-
hancement of protoporphyrin IX (PpIX) autofluorescence in
tumor regions. This endogenous protein tends to accumulate in
tumor tissue, and may help in effective localization and visuali-

zation of tumor lesions by PpIX fluorescence imaging

An intrinsic problem of fluorescence spectroscopy is linked to
the fact that both intensity and contrast of autofluorescence in
tissue are quite low. Often the spectral difference between
normal and pathological tissue can be enhanced by external
administration of fluorophores or fluorophore precursors. The
preferential accumulation of exogenous fluorophores in
abnormal cells [55] results in contrast enhancement, which
helps to detect and stage the lesions [56,57]. However, possible
side effects and a low accumulation rate of exogenous fluoro-

phores may impede the clinical use of the method.

Raman spectroscopy

During the interaction of light with matter a number of differ-
ent processes may take place: reflection, transmission, absorp-
tion, elastic and inelastic scattering of incident radiation. Raman

spectroscopy (RS) is an optical technique that relies on inelastic
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scattering of light. The sample is usually illuminated with a
monochromatic laser beam that vibrationally excites molecular
chemical bonds. The energy of inelastically scattered light is
changed by those vibrations that are strictly related to the struc-
ture of molecules. A plot of intensity of inelastically scattered
radiation as a function of the difference of its frequency from
the frequency of the incident radiation is called Raman spec-
trum. Consequently, positions, shapes and relative intensities of
the peaks in a Raman spectrum carry valuable information
about both chemical composition and morphology of the sam-
ple. That is why RS performs well as a versatile optical tech-
nique for chemical and structural characterization of studied
samples in a rapid and non-destructive manner (Figure 7).
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Figure 7: Raman vibrational spectroscopy for probing the molecular
chemical bonds as well as crystal lattice vibrations. wj is the frequency
of the incident radiation.

The biochemical components of tissue (e.g., proteins, lipids and
carbohydrates) contribute to the measured Raman spectra by
superposition of their individual Raman signals. The combina-
tions of these components, which are specific for the different
type and physiological status of tissue, produce a unique
biochemical “signature” of the sample in the form of particular
fingerprint-like spectral features in the Raman spectrum.

It suggests that Raman spectroscopy may be used as a tool to
detect early biochemical changes at a molecular level that are
associated with the precancerous modifications of tissue.
During the last years the potential of RS as label-free diagnos-
tics technique for the detection of different types of cancers has
been studied by many research groups both in vivo and ex vivo
[58-65].

In one study of 44 patients Raman spectra were acquired from
356 normal and 120 precancerous sites during the colposcopy in
the fingerprint (FP, 800~1800 cm™') and high wavenumber
(HW, 2800-3700 cm™!) spectral regions [62]. Differences in
Raman spectra of normal and dysplastic cervical tissue were ob-

served at wavenumbers related to proteins, lipids, glycogen,
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nucleic acids, and the water in tissue. The multivariate statis-
tical analysis yielded a sensitivity of 85.0% and a specificity of
81.7% using integrated FP/HW Raman spectroscopy for the in
vivo diagnosis of cervical precancerous lesions.

Results of studies of 79 patients showed that in vivo Raman
spectroscopy combined with logistic regression can differen-
tiate HSIL zones from benign conditions with a similar sensi-
tivity of 89% and a higher specificity of 81% compared to col-
poscopy in expert hands [66].

The use of Raman spectroscopy for histological analysis of
cervical tissue cuts is discussed in [60] and [64]. The Raman
spectral mapping of the unstained histological cuts was per-
formed with the spatial resolution of 18 pm. The spectral
Raman data set was evaluated by K-means cluster analysis
(KMCA). The regions with similar spectral and hence
biochemical properties were clustered on a generated pseudo-
color map.

In the spectrum averaged over the pixels from stromal layer
cluster the Raman peaks at 853, 921, 938 and 1245 cm~! were
assigned to collagen, which is the major component of this
layer. The accumulation of glycogen in the mature squamous
cells of intermediate and/or superficial layers manifested itself
by peaks at 480, 849 and 938 cm™! in the spectrum averaged
over the pixels from corresponding clusters. The differentiation
of stromal, basal and superficial layers on a pseudo-color map
of normal squamous cervical tissue was clearly observed [64].
The KMCA of Raman spectral data from cervical tissue with
HSIL demonstrated the loss of differentiation of layers. The
classifier clustered HSIL regions with basal layer. It proposes
that cells of both regions of cervical tissue share common
biochemical profiles.

The obvious advantages of Raman spectroscopy include (i) no
specific requirements for sample preparation, (ii) the possibility
to use this technique with fiber optics for ex vivo and in vivo
measurements, (iii) a high spatial resolution suitable for
imaging of subcellular components.

Typically, Raman scattering produces a very weak signal (with
a spontaneous inelastic scattering cross-section of about
10739 em?-sr71). So, one of the main difficulties of RS consists
in separating the contribution of the weak intensity of the
inelastically scattered light from the strong intensity of the
Rayleigh scattering signal. Current solution consists in using
notch or edge optical filters to cut the contribution of the Raman
probing wavelength. To avoid the interference of the Raman
signal with fluorescence emission, special attention should be

paid to the selection of the laser excitation wavelength.
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The improvement of the signal-to-noise ratio can be achieved
by using ultrashort-pulsed laser sources (stimulated Raman
scattering (SRS) and coherent anti-Stokes Raman scattering
(CARS)) or metal nanoparticles (surface-enhanced Raman scat-
tering, SERS). However, these improvements often increase the
time of measurements and the complexity/cost of the instru-
ment, which may hinder clinical applications of Raman spec-
troscopy. In addition, the spread of diagnostically relevant
peaks across the Raman spectra requires the development of
efficient classifiers, which can fully explore rich spectral infor-
mation for accurate and reliable diagnostics. One of the promis-
ing applications of RS can be the monitoring of the patients
undergoing chemotherapy. A priori knowledge of adminis-
trated drugs will help to detect the new Raman peaks. There
will be no need for point-by-point scanning. Hence, the time of
measurements can be significantly reduced.

High-resolution microscopy

The optical techniques for CIN diagnostics discussed so far
focused on macroscopic imaging or spectral probing of tissue. It
is known that CIN lesions are characterized by morphological
changes, such as modified tissue architecture, increased size of
cell nuclei and increased nuclear/cytoplasmic ratio. The
assessment of these morphological changes is currently done
through microscopic histological analysis of biopsies (gold-
standard diagnostics). Screening and diagnostics can be signifi-
cantly improved by the high-resolution optical imaging technol-
ogies that image subcellular structures in vivo, thus, replacing
tissue removal, processing, and examination by pathologists
[67].

In vivo confocal microscopy is an optical technology that can
non-invasively reconstruct three-dimensional cell structures
from successive microscopic images taken at different depths
(around 300—400 um) within a thick tissue (so called optical
sectioning). A point illumination and a pinhole placed at the
optically conjugate image plane in front of the detector isolate
light reflected or fluorescent from a finite volume and block
scattered and out-of-focus light. This increases optical resolu-
tion and image contrast compared to conventional optical
microscopy. The sample plane is scanned by focused laser beam
and confocal images are built up point-by-point. The fluores-
cence scanning confocal microscopy is typically used for
imaging in the majority of biological applications [68-70]. The
use of reflectance confocal microscopy for tissue imaging is
limited, but sometimes it can provide additional information
from the samples with significant spatial variation of refractive
index [71,72]. It is worth to mention that optical sections are
imaged in a focal plane tangential to the tissue surface. This is
not a typical view seen by pathologists, because standard histo-

logical cuts are orthogonal to the tissue surface.
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Confocal microscopy has been extensively used in different
branches of medicine [69-72]. Due to its ability to provide real-
time structural information on superficial layers of tissue this
technique was also applied for the detection of precancerous
lesions of the uterine cervix [73-76]. A fiber-optic reflectance
confocal microscope was used by Carlson et al. [74] for in vivo
imaging of cervix. They demonstrated an increase of nucleus-
to-cytoplasm ratio with scanning depth in normal epithelium,
but there was little change of this ratio from the upper layer to
the basal layer in the images of dysplastic epithelium. Tan et al.
[76] used fluorescence confocal endomicroscopy for in vivo
microscopic imaging of cellular structures during colposcopy.
Confocal imaging and histology of normal cervix tissue
(Figure 8 a(ii), a(iii)) showed a uniform arrangement of epithe-
lial cells through the full thickness of squamous epithelium.

CIN lesions were characterized by increased nuclear density
and size, and the presence of atypical cells. Examination of a
CIN 3 lesion with a confocal endomicroscopic imaging
probe (site marked by the asterisk in the colposcopy image
(Figure 8 b(i)) showed significant variation in nuclear size and
shape (Figure 8 b(ii)). Histological analysis confirmed precan-
cerous cell modifications over the full epithelial thickness
(Figure 8 b(iii)). They reported a sensitivity of 97% for CIN
detection, a specificity of 80% for predicting the grade of
dysplasia for normal tissue to CIN 1 and 93% for CIN 2 to CIN
3 lesions.
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A low-cost high-resolution microendoscope (HRME) was de-
veloped and used for the direct visualization of neoplastic bio-
markers (increase in nucleus-to-cytoplasm ratio and nuclear
density, pleomorphic nuclei) during colposcopy [77-79]. Grant
et al. [79] performed HRME imaging by placing a fiber-optic
probe tip in contact with colposcopically abnormal and normal
sites. Before microendoscopic imaging a topical solution of
proflavin (fluorescent DNA label that stains the nuclei and
makes them appear brighter than the cytoplasm of the cell) was
applied to the cervix. In pilot studies involving 59 women the
HRME images were obtained from 84 colposcopically
abnormal sites and 59 colposcopically normal sites. They re-
ported a sensitivity of 92% and specificity of 77% for CIN 2+
detection using parameters calculated from HRME images of 59
abnormal sites (nucleus-to-cytoplasm ratio, mean nuclear area
and median nuclear eccentricity). They acknowledged a lower
specificity of HRME image-based diagnostics (67%) in their
previous studies [77] where they used one parameter from
HRME image (nucleus-to-cytoplasm ratio) alone for the diag-
nostics. The majority of the sites with false-positive diagnosis
were affected by chronic inflammation.

A set of images from over 60 patients obtained by fluorescence
confocal endomicroscopy was used for ex vivo and in vivo
studies of four types of cervical tissue relevant for the diagnos-
tics: normal columnar epithelium, normal and precancerous
squamous epithelium, and stromal tissue [80]. Researchers ac-

Figure 8: Cervical epithelium examined using (i) colposcopy, (ii) confocal endomicroscopy and (iii) conventional histology (H&E staining). (a) Normal
cervix; (b) cervical CIN 3 lesion. *Confocal image site. Scale bars = 100 ym. Reproduced with permission from [76], copyright 2006 Wiley-Liss, Inc.
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knowledged the challenge of reliable differentiation of all four
types of cervical tissue by fluorescence endomicroscopy alone
because of structural similarities of HSIL and stromal/columnar
tissues in confocal endomicroscopic images. However, the
capacity of confocal fluorescence microscopy to accurately
discriminate between HSIL and LSIL/normal tissues at various
imaging depths was confirmed [80,81].

Nanotheranostics

The rapid progress of nanotechnology had an important impact
on cancer management research. The variety of new nanoscale
platforms (gold nanoparticles, quantum dots, nanocages, car-
bon nanotubes) are used for cancer theranostics, which means
the simultaneous diagnosis and treatment of diseases [82-86].
These nanoobjects can be used for a non-invasive monitoring of
cellular processes at a molecular level. It has been confirmed
that there is a strong interaction of nanoobjects with a size of
less than 100 nm (i.e., which are much smaller than normal
human cells) with biomolecules such as receptors, enzymes, and
antibodies on the cell surface and inside the cell [87]. By sur-
face coating, functionalization, and integration with different
bioconjugated targeting agents those nanoparticles can be used
for molecular-selective recognition of cancer biomarkers. The
overexpression of specific biomarkers with cancer develop-
ment will lead to the increase in concentration of optically
active nanoobjects in the tumor zone and, consequently, to the

diagnostic contrast enhancement (Figure 9).
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Figure 9: lllustration of optical molecular-targeted imaging with nano-
particles.

It is known that progression of CIN from mild dysplasia to
invasive cancer is accompanied by the increase in level of
epidermal growth factor receptor (EGFR). The overexpression
of EGFR has been correlated to uncontrolled cell growth and
inhibition of cell apoptosis. Hence, EGFR can be used as a
unique molecular tumor marker [88].

The contrast agents consisting of a targeting agent conjugated

with optically active labels (metal nanoparticles, quantum dots)
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can be used for in vivo imaging of this biomarker. Sokolov et al
[89] reported the use of gold nanoparticles for the molecular
targeted imaging of the specific biomarker of cervical cancer.
The bioconjugates of gold nanoparticles (approximately 12 nm
in diameter) with antibodies against EGFR have been used to
increase the contrast during in vitro confocal reflectance and
confocal fluorescence imaging of normal and abnormal cervical
cells. The high affinity of antibodies to EGFR and the overex-
pression of EGFR in tumor cells lead to the agglomeration of
gold nanoparticles in tumor zone. The scattering cross-section
per particle increases when particles agglomerate. It leads to a
non-linear enhancement in scattering resulting in a large optical
contrast between isolated gold particles and agglomerated gold
particles in tumor tissue in both confocal reflectance and

confocal fluorescence images of cervical tissue specimens [89].

In recent years many research groups explored the potential of
using quantum dots (QDs) as inorganic fluorophores for cellu-
lar imaging [57,83,85,90-93]. The unique optical properties of
semiconductor quantum dots including quantum confinement
effect, wide absorption spectrum (i.e., broad excitation band),
and narrow emission spectrum (i.e., tunable fluorescence emis-
sion via QD bandgap engineering) combined with low toxicity
and resistance to photo bleaching [93] make them ideal candi-
dates for multi-wavelength cellular imaging. Because of the
small size QDs can be effectively used for labeling molecular
targets at both cellular and subcellular levels. Despite the above
mentioned advantages of using QDs for molecular imaging in
cancer theranostics the possible side effects (toxicity, disrup-
tion of cellular processes) also need to be considered [90].

Mueller polarimetry

There is an emerging set of optical techniques based on the
detection of changes in the polarization of light instead of (or
together with) intensity measurements. Apart from the intensity
and wavelength of probing light its polarization can carry im-
portant information about the sample. Many research groups
work in the field of biomedical applications of polarized light
[94-103].

Even the simplest orthogonal state contrast (OSC) polarimetric
techniques provide data about the polarimetric characteristics of
the sample. Typically, the sample is illuminated with linearly or
circularly polarized white light. Two set of measurements are
performed, detecting the intensity of signal after interaction
with sample through another linear or circular polarizer, set
parallely (/p) and orthogonally (7)) to the polarization state of
the illuminating light. The OSC parameter is then calculated
from these two measurements as OSC = ([P_]J_)/([P"' Il).
The diagnostic utility of this optical technique relies on the fact

that polarized light loses its polarization when undergoing
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multiple scattering events within biological tissue. The part of
backscattered light that preserves its polarization was most
probably scattered only once or reflected at the sample surface.
Thus, the differential signal removes the contribution of light
that has been diffused deeply within tissue and keeps the contri-
bution of the superficial layer at which epithelial cancer starts.

The studies of spectra or images of OSC polarimetric measure-
ments for the detection of colon cancerous polyps [94], skin
cancer [95], and cervical precancerous lesions [104,105]
revealed the enhancement of contrast between normal and
pathological zones of tissue. Balas et al. [106] reported on using
I, measurements for eliminating the surface reflectance com-
ponent during time-resolved imaging of the whitening of

cervical neoplasia after the application of acetic acid.

The OSC techniques make use of only two out of four compo-
nents of the Stokes vector

T
S =(1P+Il’IP_Il7l45° —1_450,IL +IR) 5

where [450 and /_450 denote the intensities which would be
measured through ideal linear polarizers oriented along either
+45° or —45°, respectively, in the plane perpendicular to the
direction of light propagation and /; and /R are the intensities
transmitted by left-handed or right-handed circular polarizers,
respectively [107]. The linear transformation of the Stokes
vector of incident light S interacting with a sample is described
by the matrix equation $° = MS!, where M is the 4 x 4 real
Mueller matrix of the sample. This matrix provides the most
complete description of the polarimetric response of any medi-
um (even partially or fully depolarizing) to the illumination
with polarized light in the absence of non-linear effects. So,
using the Stokes—Mueller formalism has proven to be neces-
sary when dealing with biological samples. Rich polarimetric
information about the sample properties is contained in the
coefficients of the Mueller matrix. Currently, the phenomeno-
logical approach based on polar decomposition of the Mueller
matrix by the Lu—Chipman algorithm [108] is widely accepted
by many research groups [97,102,103,105,109,110] for the
interpretation of basic polarimetric properties of the sample.
The measured Mueller matrix M is decomposed into the prod-
uct of three matrices: M = MAMgrMp, where My, Mg, and My,
are the Mueller matrices of depolarizer, retarder and diattenu-
ator, respectively. Finally, the scalar values of depolarization,
retardance and diattenuation, as well as the orientation of the
optical axes of the retarder and the diattenuator can be obtained
from the matrices M, MR, and Mp. Strictly speaking, these
parameters represent a set of “effective” optical markers of

tissue. Lu—Chipman decomposition implies a sequential order
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of elementary polarimetric properties along the trajectory of the
probing beam, whereas these polarimetric properties can be
mixed within the volume of tissue. Nevertheless, these effec-
tive values of depolarization and retardance are found to be the
important parameters for the polarimetric analysis.

Shukla et al. [109] obtained polarimetric images of histological
slides of cervical tissue by applying Lu—Chipman decomposi-
tion of experimental Mueller matrices and analyzed them in
order to discriminate normal tissue and CIN lesions. They found
that values of scalar retardance drop in stromal areas adjacent to
neoplastic epithelium. It can be explained by the structural reor-
ganization of the extra-cellular collagen matrix accompanying
early precancerous modifications of the epithelium [31,32]. The
observed increase in depolarization power in neoplastic epithe-
lial zones of tissue was attributed to an increasing scattering
coefficient due to the increase of cell density.

During in vivo clinical studies linear OSC images of healthy
uterine cervices acquired during colposcopy demonstrated a
strong change of OSC contrasts with a 90° periodicity (i.e., a
strong optical anisotropy) when the azimuth of the polarizer
was varied [105]. Contrary to that the OSC contrasts in CIN
zones, confirmed by following histological analysis of corre-
sponding biopsies, showed no dependence on the azimuth varia-
tion. Consequently, CIN zones behaved as an isotropic depolar-
izer. The ex vivo polarimetric images of scalar retardance and
depolarization power calculated from the Mueller matrix of a
fresh cervical specimen measured at 550 nm are shown in
Figure 10. None of studied cervical specimens demonstrated
noticeable diattenuation. Healthy regions of cervix covered with
squamous epithelium exhibited strong birefringence (optical
index anisotropy), which vanished in precancerous regions even
for LSIL. The orientation of the optical axis of retarder became
completely random in CIN zones.

This effect was attributed to the degeneration of stromal
collagen beneath the precancerous epithelial lesions [31,32].
The depolarization power is found to decrease monotonously
with precancerous evolution. Combining both scalar retardance
and depolarization power values it is possible to delimit the
zone of benign modifications of cervical tissue (Figure 10a,b).

At first glance the trends in depolarization look contradictory to
the results of Shukla et al. [109]. However, the imaging plane of
a Mueller polarimeter is orthogonal to the plane of histological
cuts of tissue seen by pathologists. Moreover, the images of
thick tissue specimens were taken in backscattering configura-
tion [105] compared to Mueller polarimetric transmission mea-
surements of thin histological cuts by Shukla and co-workers

[109]. It suggests that “effective” optical polarimetric biomark-
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Figure 10: Polarimetric images of a cervical specimen taken at 550 nm: (a) depolarization (b) scalar retardance and (c) azimuth of optical axis. The
colored lines show the position of cuts and results of histological analysis (white: healthy squamous epithelium (H), violet: CIN 3, black: glandular
epithelium (G)). Reproduced with permission from [105], copyright 2013 Optical Society of America.

ers of tissue (scalar retardance, azimuthal angle of retarder
optical axis and depolarization) extracted from in vivo Mueller
polarimetric images in clinical settings will be sensitive not to
precancerous epithelial transformations but rather to stromal
modifications induced by CIN [111]. Hence, the decrease of
depolarization power in CIN zones of thick tissue can be attri-
buted to both a decrease of light scattering and an increase of
absorption [112] due to reorganization of the collagen matrix
and stromal angiogenesis [28-30].

Ex vivo studies of 17 fixed cervical specimens performed with a
multi-spectral Muller imaging polarimeter [113] showed opti-
mized values of sensitivity and specificity of about 83% for
HSIL diagnosis when using both scalar retardance and depolar-
ization power values as decision variables and histological anal-
ysis of pathologists as gold-standard diagnostics (Figure 11).

This suggests that Mueller polarimetry as wide-field imaging
technique can greatly enhance colposcopy performance for the
detection of CIN zones provided the raw data are processed by
properly chosen algorithms. Finally, since polarimetric imaging

is sensitive to the overall conditions of the collagen in the extra-
cellular matrix (e.g., spatial organization, density and fiber
length), it may also be relevant for the optical diagnostic of
various gynecological pathologies involving connective
tissues (e.g., preterm birth [114] and female genital prolapse
[115,116]).

Optical coherence tomography

Optical coherence tomography (OCT) is an optical technique
for non-invasive cross-sectional imaging of biological tissue.
This technique makes use of low-coherence interferometry with
a near-infrared light source to create two-dimensional images of
tissue cross-sections by exploring elastic light scattering from
internal tissue microstructures [117]. OCT provides depth-
resolved images, where the contrast results from the spatial
difference in refractive indices of layers and structures within
the tissue. The high resolution of OCT (2-20 um) and a depth
of penetration up to 2 mm allow clinicians to visualize the sub-
surface tissue in real time at a spatial resolution better than that
available with other optical diagnostics techniques. The depth
resolution of OCT is decoupled from its transverse resolution.
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Figure 11: (a) Histological map (colored lines) superimposed on an RGB image of a conization sample; HPV: epithelium infected by HPV; EO:
external os of cervix; NI: non-identified epithelial zones, GE: glandular epithelium; SEM: squamous epithelium metaplasia; HSE: healthy squamous
epithelium; CIN 1-3: squamous intraepithelial neoplasia of grade 1-3; (b) diagnostic (red: CIN 2-3, green: all other conditions) image segmentation
using a threshold of 10.1° for the value of scalar retardance R for measurements performed at 450 nm; (c) receiver operating characteristic (ROC)
curves (violet dashed: diagnostics based on scalar retardance values only, orange: diagnostics based on combination of scalar retardance and depo-
larization power values). Images adapted from [113], copyright 2016 Society of Photo-optical Instrumentation Engineers.
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Nowadays OCT is the reference technique in ophthalmology
[118-121] and has been clinically tested in dermatology,
otolaryngology and gastroenterology [122-125]. Recently OCT
has been shown to be an efficient adjunct to colposcopy for the
management of cervical neoplasia [126-128]. Because the reso-
lution of OCT approaches the cellular tissue level, this optical
technique demonstrated its potential for guiding biopsies during
colposcopy and for monitoring CIN treatment [129].

Normal squamous cervical tissue exhibits a well-organized
three-layer architecture [126]. Prior studies revealed that the
lack of this specific structure in OCT images of squamous
cervical tissue can be used as a fingerprint of malignancy,
which allows for discriminating “benign” and “malignant” OCT
images [129-131].

In the OCT image of healthy squamous cervical tissue a base-
ment membrane (BM) is not resolved because of the lack of
OCT resolution (Figure 12a). However, a sharp interface be-
tween the epithelium and stroma is clearly seen on OCT image.
Both HSIL and invasive carcinoma are characterized by loss of
layered tissue architecture and an increase in tissue microstruc-
tural disorder in OCT images (Figure 12 b,c). The stromal layer
demonstrates columnar proliferation towards the surface of
tissue in the OCT image of a CIN 3 lesion (Figure 12b). The
invasive carcinoma manifests itself in the OCT image as
unstructured homogeneous highly backscattering region with a
complete loss of layered tissue architecture (Figure 12c). The
basement membrane is broken and the microstructure of the
tissue is no longer preserved.

Studies on using OCT for the detection of CIN and invasive
carcinomas were carried by Gallwas and co-workers [131].
During the colposcopy in 60 women 610 OCT images were
acquired from colposcopically abnormal and normal zones of
the ectocervix. OCT images were independently evaluated by
two experts and then matched to histological diagnoses of the
corresponding biopsies. A sensitivity of 95% and a specificity
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of 46% for the detection of precancerous (CIN) and cancerous
lesions were reported for OCT technique. A similar study in
120 women was performed for the evaluation of the accuracy
and reproducibility of OCT diagnostics for both detection of
CIN lesions and identification of CIN grades [126]. With the
threshold at CIN 1 the sensitivity varied between 98% and 96%.
Defining the threshold at CIN 2 the sensitivity calculated for
both experts was 86% and 84%, respectively. A specificity of
39-41% was reported with the threshold at CIN 1. The speci-
ficity increased to 60—-64% when the threshold was defined at
CIN 2. These studies prove that OCT is highly sensitive in iden-
tifying precancerous lesions and invasive cancer of the uterine
cervix. The relatively low specificity of OCT was attributed to
the difficulties in distinguishing the OCT images of mild
dysplasia (CIN 1) and tissue inflammation/benign modifica-
tions. It was shown that the mean brightness of the cervical
epithelium layer in OCT images of squamous cervical tissue has
the potential to become an optical marker for the differentiation
between normal tissue, LSIL, HSIL and invasive cancer [132].

A study with 299 women on using OCT as adjunct to colposco-
py for improving its sensitivity and specificity in a real-time
clinical evaluation were conducted by Liu and co-workers
[133]. They demonstrated that the specificity increased from
83% to 93% by adding OCT to colposcopy, but the sensitivity
for CIN 2+ lesions decreased.

Gallwas et al. [134] suggested combining an OCT device with a
microscope for the detection of CIN lesions. In that study 160
OCT images of excised cervical specimens were taken under
microscopic guidance. The OCT images were independently
analyzed by two experts and later compared to the histological
gold-standard diagnosis, resulting in a sensitivity of 88%
(second investigator 84%) and a specificity of 69% (65%) in
detecting HSIL. They expect that the integration of an OCT
instrument into the colposcope may be beneficial compared to
scanning with the OCT probe and may improve the accuracy of

colposcopic examinations of the cervix.

Figure 12: (a) OCT image of normal cervical tissue (BM: basement membrane, EP: epithelium, ST: stroma); (b) OCT image of a CIN 3 lesion; (c)
OCT image of invasive carcinoma (length of white bar: 1 mm). Reproduced with permission from [131], copyright 2010 ISUOG.
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Polarization-sensitive OCT (PS-OCT) combines the spatial
information on the polarization state of light scattered from
tissue with the recorded intensity of interference fringes [135].
Depth-resolved images of Stokes vector parameters allow for
the determination of the degree of polarization and the orienta-
tion of the optical axis in anisotropic turbid media, thus provid-
ing additional contrast in cross-sectional OCT images of the

sample.

Lee et al. [136] examined cervical conization specimens from
18 patients with PS-OCT (71 images were taken) for the detec-
tion of CIN lesions. It was demonstrated that PS-OCT can
improve the specificity of diagnosis when interpreting “diffi-
cult” OCT intensity images. From the images of the degree of
circular depolarization DOCP = §3/S), the slope of axial decay
of DOCP signal near the cervical epithelium was determined by
a linear fitting procedure. Using the abovementioned slope as
parameter for CIN diagnostics a sensitivity of 94.7% and a
specificity of 71.2% was obtained for a slope threshold value of

1.8 mmL.

Combined techniques

Several studies reported using the combination of different
optical (and non-optical) techniques to improve the perfor-
mance of CIN diagnostics. Georgakoudi et al. [137] developed
a trimodal spectroscopy (TMS) combining intrinsic fluores-
cence, diffuse reflectance, and light scattering spectroscopy for
the detection and analysis of CIN lesions. During colposcopic
examination a white light reflectance spectrum and autofluores-
cence spectra at ten excitation wavelengths were acquired using
a flexible optical contact probe. Light scattering spectra were
obtained by subtracting the contribution of diffuse reflectance
from the measured reflectance. Intrinsic fluorescence spectra
provided information about the metabolic state of the epithe-
lium and adjacent stromal collagen. Information about scat-
tering and absorption properties of epithelium and stroma was
extracted from light scattering and diffuse reflectance spectra,
respectively. Data collected from 44 patients demonstrated that
the sensitivity and specificity of TMS was higher compared to
the results of each individual technique alone.

Freeberg et al. [33] reported the results of a screening trial com-
prising 1000 patients and a diagnostic trail comprising
850 patients with combined fluorescence and reflectance spec-
troscopy using a fiber-optic probe for detecting cervical
neoplasia. According to their analysis there is a distinguishable
difference in mean intensity values measured on normal
cervical tissue and HSIL. However, type of tissue (squamous or
columnar) and patient age were confounding factors for the per-
formance of combined fluorescence and reflectance spectrosco-

py diagnostics. The clinical trials on 227 patients with an
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optical detection system (ODS; combining scanning fluores-
cence spectroscopy, diffuse reflectance spectroscopy and video
imaging) as an adjunct to colposcopy showed statistically sig-
nificant improvement in the detection of histologically con-
firmed CIN 2-3 lesions compared to conventional colposcopy
[138].

Weber et al. [139] measured in vivo reflectance and fluores-
cence spectra of normal and precancerous cervical tissue in
330 patients using a fiber-optic point-probe. By means of an an-
alytical model they extracted diagnostically relevant parameters
from the spectral data. They reported a sensitivity of 85% and a
specificity of 51% of their technique relative to the gold stan-
dard of histopathology analysis.

A multimodal hyperspectroscopy (MHS) instrument that
combines fluorescence and reflectance spectroscopy was tested
in 1607 women at risk for cervical dysplasia [140]. The sensi-
tivity of MHS for CIN 2+ lesions was 91.3%. The specificity
was 38.9% for women with normal or benign histology and
30.3% for women with CIN 1 histology.

The comparative studies of diffuse reflectance and Raman spec-
troscopic measurements performed in vivo with a fiber-optic
probe on 22 patients (67 tumor spectra and 22 normal cervix
spectra) showed a slightly better diagnostic accuracy of
Raman spectroscopy [141]. The sensitivity and specificity of
RS were estimated as 91% and 96%, respectively, compared
to a sensitivity of 85% and a specificity of 95% for DRS
diagnostics. Some inherent features of Raman systems (price,
complexity and dimensions) suggest using them in stationary
settings, while compactness, portability and low cost of DRS
systems can make them an instrument of choice for field appli-

cations.

A hybrid optical imaging modality that explores photoacoustic
effect was used by Peng et al. [142] for the detection and
grading of precancerous and cancerous lesions of the cervix (in
vitro studies). The technique is based on the absorption of light
by tissue, which creates a temperature gradient, and the associ-
ated raise of pressure, which generates ultrasonic waves.
Acoustic detectors receive these waves and provide the signals
to generate images. Optical absorption in tissue is mainly due to
hemoglobin; hence, photoacoustic imaging provides an en-
hanced image contrast for vascular system, hemodynamics and
oxygen metabolism, which all can be used as biomarkers for the
detection of tissue malignancy. Using ultrasound as a response
signal allows for a deeper penetration depth compared to pure
optical imaging systems. It suggests photoacoustic imaging for
the detection of lesions in the endocervix, which is not acces-

sible for the direct observation under colposcopy [142].
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The efficacy and advantages/disadvantages of new alternative
technologies or technologies adjunct to colposcopy using multi-
modal hyperspectroscopy, dynamic spectral imaging, OCT,
confocal microcolposcopy, electrical impedance spectroscopy
and combined optical/electrical instruments are discussed in
[143-147].

The use of all functionalities of smartphones for the wide-field
imaging of the uterine cervix with white and green light sources
and magnification lens for an enhanced visualization is sug-
gested and being tested by MobileODT [148]. Another mobile
battery-powered colposcope Gynocular by Gynius AB [149]
was clinically tested for cervical examination in Sweden,
Bangladesh, India and Uganda. These new instruments allow a
medical practitioner to get relevant information on the spot,
thus, making screening, diagnostics and treatment more effec-
tive and less expensive. Hence, the emerging techniques may
also contribute to the reliable “screen-and-treat” cervical
cancer programs in low- and middle-income countries wher-
ever the Pap and/or HPV tests would be difficult to implement
[150,151].

Conclusion

Current programs for cervical cancer screening still rely on
Pap/HPYV tests for the primary screening and on colposcopy for
the diagnostics and guiding biopsies, if necessary. With more
countries introducing HPV vaccination programs the preva-
lence of HSIL is expected to drop. The challenges for standard
colposcopy will grow, since correct diagnosis depends to a large
extent on the experience of the operator trained to recognize the
high-grade cervical dysplasia on a sheer number of cases.

To maintain the satisfactory level of sensitivity and specificity
of HSIL diagnostics we need to improve the instruments and
advance the screening procedures. The innovative biomedical
optical imaging and spectroscopic techniques provide clini-
cians the possibility to inspect the epithelial volume and under-
lying tissue non-invasively and to extract an accurate informa-
tion regarding tissue morphological and biochemical states. The
choice of the most appropriate optical technique will always
involve a trade-off between the technical parameters (such as
spatial and spectral resolution, acquisition time and field of
view) and medical diagnostic outcome (specificity and sensi-
tivity) that can be achieved.

Currently, new optical instruments and contrast enhancement
techniques for the accurate and reliable diagnostics of cervical
neoplasia are still at an exploratory stage and have not yet been
widely accepted for routine screening and diagnostics. Com-
mercially available instruments are being tested by medical

practitioners in real-life settings, while other devices still
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undergo clinical trials for the confirmation and optimization of

their diagnostic performance.

Modern trends in biomedical optical instrumentation require the
development of portable and cost-effective versions of medical
devices. In particular, these needs are driven by the necessity to
support global transition, namely, to deploy and use these
instruments in low-resource countries. This is the problem of
paramount importance for the screening, diagnosis and treat-
ment of cervical cancer. Ideally the wide-field imaging (polari-
metric or fluorescent) should be combined with optical point-
probe measurements (e.g., Raman spectroscopy, confocal
microscopy, OCT) and different contrast-enhancing techniques
to perform the optical biopsy of tissue. Such instruments might
be considered for the first-line screening and triage by optical
means during the same medical visit, thus, significantly
reducing the cost of cervical cancer prevention programs.
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