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Inorganic functional materials are widely applied due to their

electrical, optical, magnetic and mechanical properties. Accord-

ingly, these materials exhibit an enormous impact on key tech-

nologies relevant for future fields such as energy generation and

storage, information and medical technology as well as automo-

tive engineering. The manufacturing of such materials is usually

performed at elevated temperature and/or pressure combined

with enormous experimental effort and extensive equipment.

Consequently, problems arise due to shrinkage or grain growth.

In addition, the production of composite materials with multi-

functional properties may be severely limited because of the

mismatch between the thermal expansion coefficients of the

different components. This is also an issue in the combination

of inorganic components with temperature sensitive materials,

which is limited or even impossible.

In contrast to the aforementioned manufacturing methods,

biomineralization leads to fascinating, complex-structured, inor-

ganic materials under ambient conditions. The corresponding

processes have been evolutionarily optimized over millions of

years and involve biopolymeric templates, which control the

mineralization and the structure formation of inorganic compo-

nents in an aqueous environment. Accordingly, composites

made of inorganic solids (i.e., calcium phosphate or carbonate)

and biopolymers are formed. Furthermore, the resulting combi-

nation of inorganic and bioorganic components yields biomin-

erals with unique multifunctional features and an expanded

spectrum of properties as compared to those of the pure inor-

ganic components.

Although the composition of biominerals comprises only a

limited number of chemical elements, the principles of biomin-

eralization and the obtained structures can be considered arche-

types for the generation of inorganic functional materials not

found in living nature. This highly topical research field is

currently drawing worldwide attention and is a main subject of

the Priority Program 1569, “Generation of multifunctional inor-

ganic materials by molecular bionics”, of the Deutsche For-

schungsgemeinschaft in Germany. Correspondingly, this

Thematic Series addresses multifunctional, inorganic materials

generated by templating with biomolecules. The reader of this

series will gain a comprehensive overview about the general
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ideas and principles of biopolymeric templating by means of

selected examples presented in the contributions.

We would like to acknowledge all contributors for their invalu-

able participation in this Thematic Series and thank the referees

for their great support to ensure that this Thematic Series fulfills

high quality standards. Many thanks also go to the Beilstein

Journal of Nanotechnology for providing us with the opportu-

nity to present this novel, exciting research field to a broad
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Abstract
Chrysophyceae, also known as golden algae, contain characteristic, three-dimensional biomineralized silica structures. Their chem-

ical composition and microscopic structure was studied. By high-temperature conversion of the skeleton of Mallomonas caudata

and Synura petersenii into elementary silicon by magnesium vapour, nanostructured defined replicates were produced which were

clearly seen after removal of the formed magnesium oxide with acid.
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Introduction
In nature, there are many biominerals which form silica-miner-

alized structures [1-3]. This process is also referred to as biosili-

fication. The structural characteristics of these biominerals are

species-specific [4-7]. For example, diatom frustules consist of

silica which is assembled into complex 3-D structures and hier-

archical forms [8-12]. These porous biominerals can serve as

template for chemical conversion reactions, such as the calcium

carbonate skeleton of sea urchins or the silica cases of diatoms

[8,13]. In 2002, such a conversion reaction was first described

in which biominerals were chemically transformed by a high-

temperature conversion process [14].

Because it leads to delicate three-dimensional micro- or

nanoscaled objects, the conversion of silica from biominerals

into silicon is of potential interest for catalytic, biochemical,

electronic and thermal applications. Furthermore, the use as

electrodes in lithium batteries has been proposed [9,15,16].

Another advantage of such biofabrication approaches is the
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Figure 1: Scanning electron micrographs of the skeletal elements of Mallomonas caudata with an overview of spikes and shields (A), a broken spike
(B), and a view into a broken spike (C).

conversion of a large number of almost identical biological

objects into defined materials.

Different approaches which start from porous silica-mineral-

izing organisms as template are possible. The deposition of gold

or silver coatings on diatom frustules by thermal evaporation

has been described [8]. Sandhage et al. have shown that diatom

structures can be chemically converted at higher temperature,

e.g., with magnesium to magnesium oxide or with calcium to

calcium oxide. The principal reaction that occurs has been

formulated as follows (s = solid; g = gaseous) [9,14]:

Sandhage et al. have found that silicon is formed first in a

binary phase mixture of magnesium and silicon (magnesium

silicide) and does not deposit on the cell walls, so that the depo-

sition of magnesium oxide occurs onto the diatoms [9]. Shen et

al. have demonstrated the chemical transformation of diatoms

into silicon by magnesium [17].

The chrysophytes sensu lato, also commonly referred to as

golden algae because of the yellowish colour of their chloro-

plast, belong to the Stramenopiles [18]. Chrysophytes, and stra-

menopiles in general are heterokont, i.e., they have a long

flagellum bearing tripartite hairs and a short flagellum without

such hairs. The flagella are used for locomotion [19]. The

chrysophytes are usually photoautotrophic even though some

lineages of the Chrysophyceae have secondarily reduced their

plastid. The photoautotrophic chrysophytes form chlorophyll a

and c and the accessory pigments α- and β-carotene. The char-

acteristic golden-brown colour of the chrysophytes is based on

the formation of the carotenoid zeaxanthin, a xanthophyll which

masks the green colour of chlorophyll. They are mainly found

in fresh water [20]. The chrysophytes sensu lato comprise the

two classes Chrysophyceae and Synurophyceae. Some taxa,

specifically the synurophycean genera Mallomonas and Synura,

form silica scales.

Here we report on the analysis of the structure of the chryso-

phyte biomineral and their subsequent replication into elemental

silicon with high geometric precision.

Results and Discussion
Before the conversion experiments, the skeletal structure of the

golden algae was investigated. Figure 1 shows scanning elec-

tron micrographs of the skeletal elements of Mallomonas

caudata. These elements consist of a kind of "head" (the

so-called shield) and a serrated spike. This spike is about 50 µm

long, has a diameter of about 400 nm and a wall thickness of

about 45 nm (Figure 1C). The spikes have an edge where they

tend to break even by small mechanical stress (Figure 1B). The

spherical shield consists of an outer ring and an apical pore

field. The shield is about 8 µm in diameter.

In Figure 2, scanning electron micrographs of Synura petersenii

are shown. Synura petersenii consists of a mineralized skeleton

with an average width of 1.5 µm and a length of 3 µm. They are

composed of the base plate, the rims, the keel, the keel tips and

the base plate hole. Similar to Mallomonas caudata, a pore field

can also be seen in Synura petersenii. The golden algae were

further characterized by X-ray diffraction, thermogravimetry

and infrared spectroscopy (Figure 3).

Synura petersenii and Mallomonas caudata both contain only

X-ray amorphous mineral, as expected for biogenic silica. IR

spectra showed for both species the characteristic bands of

water, silica and organic material. Thermogravimetry showed

the decomposition in two steps. The first between 80 and

200 °C is associated with the loss of water (4.8 wt %). The

second is attributed to the combustion of organic matter and

also to dehydration of biogenic silica (43.0 wt % in total). The
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Figure 2: Scanning electron micrographs of the skeletal elements of Synura petersenii, showing the skeleton from various angles (A, B).

Figure 3: Characterization of the golden algae before the conversion. (A) shows powder diffractograms of Synura petersenii (black) and Mallomonas
caudata (grey), (B) shows IR spectra of Synura petersenii (black) and Mallomonas caudata (grey), and (C) shows a thermogravimetric analysis of
Synura petersenii in dynamic air atmosphere.
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remaining 52.2 wt % of the sample can be assigned to inor-

ganic silica, i.e., the dehydrated mineral ("SiO2").

The results of energy-dispersive X-ray spectroscopy (EDX) of

the golden algae before the conversion are shown in Figure 4.

Besides silicon, a couple of other elements were detected. The

carbon and gold signals are due to the carbon sample holder and

the gold sputtering, but the elements oxygen, sodium, magne-

sium, sulfur, calcium, and iron were present in the golden algae.

However, it cannot be decided whether the metals were present

in the organic matrix or as traces of salts from the culture

medium.

Figure 4: EDX analysis of golden algae (Synura petersenii) before the
conversion.

The conversion of the skeletal elements of the golden algae

Synura petersenii and Mallomonas caudata was carried out in a

custom-made reactor consisting of heat-resistant steel

(Figure 5). The reactor had an inner length of 18 cm and an

outer length of 22 cm. The outer diameter was 7 cm; the inner

diameter was 5 cm. Inside the tube was a rack with a large

reservoir on both sides which each contained 3 g of magnesium

powder (4 × 2 × 0.3 cm3). Golden algae were placed into 12

small wells, which were 0.2 cm in diameter and 0.3 cm in

depth.

The dried golden algae were put into the wells (each filled

about half) to carry out the conversion experiments. Then the

reactor was tightly closed and transferred into a furnace, heated

from room temperature to 900 °C within 4 h and kept at this

temperature for 5 h. Finally, the furnace was freely cooled to

room temperature and opened. The golden algae were removed

gently from the wells. The formed magnesium oxide on the

surface was carefully dissolved in 17% aqueous hydrochloric

acid. The samples were dried at 37 °C in air. After the conver-

sion to elemental silicon and removal of magnesium oxide, the

Figure 5: The tube reactor used for the chemical conversion of the
golden algae.

structures of the golden algae were analysed by scanning elec-

tron microscopy (Figure 6).

The conversion led to a good replication of the initial biomin-

eral structure of Synura petersenii (Figure 6A,B). All character-

istic structural elements seen before conversion, such as the

pore field or the wedge, were obtained. The "skeleton", as well

as the keel and the base plate, interspersed with pores, were

clearly visible. The fragility of the structures has been previ-

ously described [21]. The structures of Mallomonas caudata

were more damaged by the chemical conversion and handling

(Figure 6C,D). The spikes were mostly broken. The shield of

the golden algae was preserved and shows a defined pore struc-

ture like before the conversion reaction. The size of the mineral

structures was well preserved without noticeable shrinkage.

Structures of 50 nm or less were well replicated.

EDX-analysis showed the complete conversion of silica into

silicon (Figure 7).

Besides silicon, only carbon (due to the sample holder), oxygen,

and traces of magnesium and chlorine were detected. Similar

results were reported by Bao et al. They reported that the

conversion of diatoms with magnesium leads to silicon and

magnesium oxide on the frustules. The latter was then washed

out using hydrochloric acid and hydrofluoric acid (to remove

traces of remaining SiO2) [22]. Sandhage et al. found that the

conversion of diatoms with magnesium under flowing argon

atmosphere does not lead to the formation of silicon because of

the formation of a two-phase mixture of silicon and magnesium,

which is not deposited on the surface of the diatoms. EDX

spectra showed the absence of silicon and only the formation of

magnesium oxide [9,14,23]. The formation of the mixed binary
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Figure 6: Scanning electron micrographs of the skeletons of Synura petersenii (A, B) and the shields of Mallomonas caudata (C, D) after conversion
to silicon.

Figure 7: EDX spectra of Synura petersenii after conversion into
silicon. The EDX spectra of Mallomonas caudata shows almost iden-
tical signals.

phase Mg2Si was also described in the literature, but the forma-

tion of the alloy phase occurs only as an intermediate that reacts

in a subsequent step with silica to the products silicon and

magnesium oxide [16].

These equations correspond to our results because the forma-

tion of silicon was clearly detected by energy dispersive X-ray

spectroscopy. Yamada et al. also showed that it is possible to

convert magnesium silicide powder with magnesium into

silicon [24]. In addition, magnesium silicide reacts with oxygen

to magnesium oxide and silicon above 450 °C [25]. As our

conversion is performed under an oxygen atmosphere, the pres-

ence of the binary mixed phase after the reaction can be

excluded.

Conclusion
The skeletal structures of the golden algae Synura petersenii

and Mallomonas caudata were extensively characterized. They

form typical delicate structures, such as the apical pore field,

spikes and keels. The chemical conversion of the silica-mineral-

izing structure was conducted by magnesium powder in a

tubular reactor at 900 °C. It was found that the delicate skeletal

structures of the golden algae structures were well replicated.

This shows that the magnesiothermic conversion route is well
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suited also for golden algae with their special skeletal features

like rods and porous shells.

Experimental
Cultivation of Mallomonas caudata and
Synura petersenii
We used the synurophytes Synura petersenii, strain WA18K-A,

and Mallomonas sp., strain WA40K-F. Both strains were taken

from the culture collection at the University of Duisburg-Essen

(Department of Biodiversity). All strains were grown on modi-

fied WC medium at 15 °C and 90 µE [26]. In order to obtain a

sufficiently high biomass for further analysis, the strains were

serially transferred to higher culture volumes. Briefly, the

cultures were first transferred to 100 mL Erlenmeyer flasks.

After the strains reached the stationary phase (after approxi-

mately two weeks), the cultures were transferred to 500 mL

Erlenmeyer flasks. The culture volume was then increased to

150 mL by adding fresh medium. After approximately ten more

days, the culture volume was again doubled and after another

ten days further increased to a final volume of 400 mL by

adding fresh medium. After another ten days the biomass of 5 to

10 flasks was pooled prior to further analyses in order to obtain

a sufficiently high yield of biomass. The golden algae were

collected by filtration. The yield was dependent on the density

of the biomass and varied strongly. Thus, the yield for Synura

petersenii was between 2 and 5 mg per L culture medium. The

yield for Mallomonas caudata was significantly lower with a

maximum of 1 mg per L culture medium.

Characterization
Mallomonas caudata and Synura petersenii were characterized

by thermogravimetric analysis (STA 409 EP thermobalance

from Netzsch; heating from 30 to 1200 °C with 2 K min−1 in

dynamic air atmosphere), scanning electron microscopy (SEM,

ESEM Quanta 400 FEG instrument with gold-palladium-sput-

tered samples), X-ray diffraction (XRD, Bruker D8 Advance

powder diffractometer with Cu Kα-radiation), energy disper-

sive X-ray spectroscopy (EDX, ESEM Quanta 400 FEG instru-

ment) and infrared spectroscopy (IR, Bruker Alpha-Platinum

FTIR-Spectrometer).
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Abstract
Calcium carbonate is the material that builds up the spicules of the calcareous sponges. Recent results revealed that the calcium

carbonate/biocalcite-based spicular skeleton of these animals is formed through an enzymatic mechanism, such as the skeleton of

the siliceous sponges, evolutionarily the oldest animals that consist of biosilica. The enzyme that mediates the calcium carbonate

deposition has been identified as a carbonic anhydrase (CA) and has been cloned from the calcareous sponge species Sycon

raphanus. Calcium carbonate deposits are also found in vertebrate bones besides the main constituent, calcium phosphate/hydroxy-

apatite (HA). Evidence has been presented that during the initial phase of HA synthesis poorly crystalline carbonated apatite is

deposited. Recent data summarized here indicate that during early bone formation calcium carbonate deposits enzymatically formed

by CA, act as potential bioseeds for the precipitation of calcium phosphate mineral onto bone-forming osteoblasts. Two different

calcium carbonate phases have been found during CA-driven enzymatic calcium carbonate deposition in in vitro assays: calcite

crystals and round-shaped vaterite deposits. The CA provides a new target of potential anabolic agents for treatment of bone

diseases; a first CA activator stimulating the CA-driven calcium carbonate deposition has been identified. In addition, the

CA-driven calcium carbonate crystal formation can be frozen at the vaterite state in the presence of silintaphin-2, an aspartic acid/

glutamic acid-rich sponge-specific protein. The discovery that calcium carbonate crystals act as bioseeds in human bone formation

may allow the development of novel biomimetic scaffolds for bone tissue engineering. Na-alginate hydrogels, enriched with

biosilica, have recently been demonstrated as a suitable matrix to embed bone forming cells for rapid prototyping bioprinting/3D

cell printing applications.
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Introduction
The size and complexity of a metazoan taxon is correlated with

the dimensioning of its respective complex composite skeleton.

This statement can be exemplarily illustrated by comparing

different sponge [phylum: Porifera] species. These animals are

grouped to the classes of the siliceous sponges, the Hexactinel-

lida and the Demospongia, and the calcareous sponges, the

Calcarea [1,2]. Sponges of the ‘‘crusty’’ asconoid type

Calcarea, e.g., the encrusting Clathrina coriacea, measure about

2 mm in thickness, the syconoid type calcareous sponges, e.g.,

Sycon raphanus have an axis length of 1–5 cm, while species

with a leuconoid type Bauplan can be up to 3 m in size, e.g., the

demosponge Spheciospongia vesparium, or the hexactinellid

Monorhaphis chuni [1,2]. The evolutionary oldest animals on

earth to comprise a skeleton formed of biosilica and are found

among the siliceous sponges, the Hexactinellida and later in the

Demospongiae [3,4], while the mineralized skeletons of the

calcareous sponges are built of calcite [5]. The selection of the

mineral appears to parallel the levels of silicate and carbonate in

the marine environment [6].

The distinguished feature of biosilica-based skeletons is the fact

that this polymer is formed enzymatically, a finding that

resulted in the introduction of a new paradigm in biochemistry

that also inorganic polymers and not only organic polymers can

be formed enzymatically from their respective precursors [7].

This first clue, together with the finding that all animals,

including the sponges, are of monophyletic origin gave the basis

for the view that the bodyplan of the metazoans follows more

universal genetic blueprints and, in turn, more general biochem-

ical relationships [8].

Following this intellectual approach we asked the question,

does the evolutionary oldest inorganic polymer, biosilica, share

a functional relationship with the skeletal elements of the crown

mammals, the calcium phosphate/hydroxyapatite (HA)-based

skeletal systems. The understanding of the genetic blueprint of

any morphogenetic event must begin with the identification and

functional characterization of the individual expressed genes

(proteins), followed by the elucidation of the interaction of the

proteins, e.g., acting during mineralization, in other words,

should start with the disclosure of the regulatory network of the

proteins involved. It should be the aim to unravel the regulatory

genetically-controlled architecture of proteins, based on the

expression of a few molecules, and to pinpoint a single master

gene that, after switching on, initiates the direction of develop-

ment of a structural skeletal element.

Only recently it was possible to describe the molecular level of

the formation of a hard skeleton (reviewed in [4]). Initial

investigations were successfully performed with the siliceous

sponge spicules. The key discovery was the identification of

silicatein, the enzyme that initiates the biocatalytic biosilica-

condensation reaction [9-11]. It initiated the resolution of the

biochemical processes leading to biosilica formation

(Figure 1A). The silicateins are members of the cathepsin L and

papain family of proteases. They have been discovered

in the demosponge Tethya aurantium by the group of Morse

[9,10] and soon thereafter were also identified in the

demosponge Suberites domuncula [11]. Based on biochemical

studies, three isoforms of silicatein have been described

in T. aurantium, silicatein-α to -γ. They have similar

molecular weights (approximately 34 kDa). Among them

the silicatein-α is the dominant isoform, forming the

axial filament, residing in the axial canal. In T. aurantium the

molar ratio between silicatein-α and silicatein-β was

determined to be 2:1, while in S. domuncula the molar

ratio amounts to 4:1. Soon after the expression of the

silicateins and after the first formation of silica nanoparticles,

the silicatein-interacting proteins, the silintaphins, are read out

(Figure 1A). Until now two silintaphins, silintaphin-1 [12]

and silintaphin-2 [4], have been described extensively.

Silintaphin-1 significantly enhances the biosilica-forming

activity of silicatein in vitro. A 5.3-fold increase of the

biosilica-forming activity is measured at a molar ratio

of 4:1 [silicatein-α/silintaphin-1] [13]. Likewise, in S.

domuncula the 15-kDa protein silintaphin-2 had been

identified as a second silicatein-interactor. Like silintaphin-1,

this protein is located in the axial filament, but particularly

in the organic cylinder around the growing spicules.

Silintaphin-2 is a Ca2+-binding protein that complexes four

Ca2+ ions [14].

The formation of HA and HA resorption by osteoclasts and

osteoblasts in bone tissue are controlled by a network of

cytokines and growth factors. The receptor activator of

NF-KB (RANK) and its ligand, receptor activator of NF-KB

ligand (RANKL) and osteoprotegerin (OPG) play a

key function in regulation of bone formation and bone

degradation (reviewed in [16]). The molecular triad OPG/

RANKL/RANK not only regulates the differentiation

of osteoclasts, but also differentiation processes in the vascular

system and in the immune system. Addition of biosilica

leads to an increased expression of OPG. The consequence

is an inhibition of the differentiation of osteoclasts from

their respective precursor cells (Figure 1B). In addition,

after exposure of SaOS-2 cells to biosilica these cells

increase the synthesis of the bone morphogenetic protein 2

(BMP2), a cytokine that induces osteoblast differentiation

and mineralization (Figure 1C) (see [17,18] and reviewed in

[16]).
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Figure 1: Function of biosilica during (A) the formation of siliceous sponge spicules and (B) mammalian bone mineral formation; scheme. (A) The
different key molecules involved in spicule formation are sequentially expressed [11]. o-Silicate induces the expression of silicatein, followed by the
expression of silintaphin-1 and silintaphin-2, a process that is most likely induced by biosilica nanoparticles. These two classes of molecules (sili-
cateins and silintaphins) form mesoscopic gelatinous flocs that harden through syneresis to spicules [15]. The latter process is driven by water extru-
sion via aquaporin channels. (B) Effect of biosilica on mammalian bone-forming cells (SaOS-2 cells) in vitro. After incubation with biosilica those cells
differentiate and express osteoprotegerin (OPG) and the bone morphogenetic protein 2 (BMP2), two components of their newly acquired morpho-
genetic activities. (C) SaOS-2 cells that have formed calcium-based carbonate and phosphate crystallites (cry).

Review
Calcium carbonate/bicarbonate a potential
bioseed for Ca phosphate mineral formation
by osteoblasts
It is well established that the calcium salt of carbonate is an

effective diet supplement for amelioration of bone-loss during

postmenopausal osteoporosis [19]. Recently, we could show in

in vitro studies, by using SaOS-2 cells growing in calcium

bicarbonate-deprived medium that these cells respond with a

significant increase in calcium deposit formation after exposure

to bicarbonate [20]. The cells start to form larger crystallite

nodules on their surfaces, compared to the controls. Of course,

the prerequisite has to be fulfilled that simultaneously with

bicarbonate the cells have to be treated with the mineralization

activation cocktail (MAC), composed of β-glycerophosphate,

ascorbic acid and dexamethasone. One plausible explanation

that emerged from this observation was that those crystalloids,

which have been formed metabolically, are composed of

calcium carbonate. This assumption was corroborated by the

well established finding that mammalian skeletons contain,

besides of HA-composed bones, biomineralized otoliths in the

vestibular labyrinth of the vertebrate ear. There the inorganic

matrix consists to 90 to 95% of calcium carbonate in the arago-
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nite form [21,22]. Not only in those skeletal elements but also

in the vertebrate bones calcium carbonate co-exists to a consid-

erable amount with Ca phosphate [23].

Under physiological conditions the major processes of biomin-

eralization of bone, teeth and otoconia proceeding in verte-

brates mainly occur extracellularly, while intracellular mineral

deposits are predominantly assembled during pathological calci-

fications of soft tissues [24]. Bone formation is based on a

tightly controlled process between osteoblasts and fibrillar

organic structures that starts from collagen fibrils around which

poorly crystalline carbonated apatite aggregates are deposited

[25,26]. Carbonated apatite are deposits in which carbonate ions

(CO3
2−) reversibly substitute either phosphate (PO4

3−) or

hydroxyl (OH−). Analyses by X-ray and electron diffraction and

Fourier transform infrared spectroscopy, as well as determin-

ation of the chemical composition revealed that at least under in

vitro conditions in osteoblasts low concentrations of carbonate

ions exist in their Ca2+/phosphate mineral phase. Parallel spec-

troscopic studies suggested that Ca-deposition in osteoblasts

starts intracellularly in calcium-rich vesicles that substantially

contribute to the formation of bone apatite [27].

Both calcium phosphate formation [28] and calcium carbonate

deposition [29] are exergonic processes that, in turn, are ther-

modynamically possible, but are strictly controlled in a

biochemical system through the activation energy barriers that

prevent a chemical reaction from occurring at physiological

temperatures/conditions [30]. A modulation of the activation

energy barriers enables an organism to control under which

physiological conditions a thermodynamically possible reaction

can be initiated or prevented [30]. Almost exclusively, alter-

ations of the heights of the activation energy barriers are

adjusted by enzymes or by the surface architecture of

membranes separating two phases. The recent findings that in

animals the inorganic polymer biosilica (see: [4,7]) is synthe-

sized enzymatically through silicatein prompted us to study if

also during calcium carbonate deposition there is an enzyme-

driven step involved [31].

Carbonic anhydrase, the basis for the accel-
erated calcium carbonate synthesis in
calcareous sponges
The prevalent enzymes that allow bicarbonate to be formed in

an organism are the carbonic anhydrases [CAs] [32]. These

enzymes, which are characterized by an extremely high

turnover number, catalyze the reversible hydration of carbon

dioxide (CO2) to bicarbonate. This reaction occurs also in the

presence of Ca ions [33]. Four of the seven metazoan CA isoen-

zymes are cytosolic, CA-I, -II, -III, and -VII. Among them the

CA-II is a widely studied one [34]. Recently, experimental

evidences have been presented revealing that the CAs might be

involved in bone formation [35]. The mammalian CA-II, a

cytosolic enzyme, is targeted in intact cell systems under certain

physiological conditions to the cell membrane [36,37].

Among the phylogenetically oldest animals that have a skeleton

based on calcium carbonate are the calcareous sponges with

Sycon raphanus as an example (Figure 2A), the CA enzyme

was cloned, expressed and functionally tested [38]. From this

organism the complete cDNA encoding for the CA was

obtained (accession number CCE46072). The complete

1,476 nts cDNA encodes, within its ORF [open reading frame]

(from nt68–70 to nt1001–1003), the 312 aa putative CA, having a

Mr of 33,251 and an pI of 5.81. The closest human related CA

to the Sycon  enzyme (Figure 2C), the human CA-X

(CAHA_HUMAN; Q9NS85), and -XI (CAHB_HUMAN;

O75493), are grouped to the "acatalytic" CA isoforms of

unknown function, which have been proposed to be devoid of

CO2 hydration activity [39]. However, the branch with the two

sponge CAs comprises a common origin with the stony coral

Stylophora pistillata enzyme [40] for which an enzymatic

activity has been proven. Those human CAes, comprising CO2

hydration activity (the catalytic CA), are in the CA group I to

IV.

The Zn-binding sites that are involved in the catalytic reaction

(hydration of CO2) are present in the CA-alpha (vertebrate-like)

group stretch of the S. raphanus protein. The Zn ions are bound

to the enzyme through the three His residues in the catalytic

center of the enzyme [41]. The presence of a signal peptide

cleavage site in the sponge CA indicates that this enzyme is

secreted by the sponge cells or bound to the cell membrane. The

spicules from the calcareous sponges (Figure 2B), e.g., Sycon

used in our studies [38,42], consists of almost pure calcium

carbonate (calcite). In a first approach to investigate the forma-

tion of the calcareous spicules on the molecular level, the func-

tion of the CA in this process has been studied by using S.

raphanus as a model. The cDNA of the Sycon CA was prepared

in a recombinant way and used to raise antibodies. Immunos-

tructural studies revealed that the Sycon CA is localized on the

surface of mature, developed spicules, the ca. 300 µm long

diactines and the ca. 300 µm large triactines and tetractines

(Figure 3A and B). It is assumed that the membranous, organic

sheaths described to cover the spicules [43,44] are composed

predominantly of this enzyme. Subsequently the recombinant

enzyme was used to determine the in vitro calcium carbonate

formation by applying the in vitro diffusion assay [45].

Even though the present-day oceans are supersaturated with

respect to calcium carbonate, only very rarely spontaneous

abiotic precipitation is seen [46]. Like in other metazoan
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Figure 2: Sycon raphanus, its spicules and its CA. (A) Specimens of S. raphanus; (B) the calcareous spicules. (C) Phylogenetic, radial tree computed
with the putative calcareous sponge S. raphanus carbonic anhydrase (CA_SYCON; accession number CCE46072) and the demosponge S.
domuncula silicase (SIA_SUBDO; DD298191), as well as the carbonic anhydrase isoforms from human: I (CA-I) (CAH1_HUMAN; P00915); II (CA-II)
(CAH2_HUMAN; P00918); II-2 (CA II) (CAHB_HUMAN; O75493), III (CA-III) (CAH3_HUMAN; P07451); IV (CAIV_HUMAN; AAA35625.1); IV (CA-IV)
(CAH4_HUMAN; P22748); VA (CAH5_HUMAN; P35218); VB (CA5B_HUMAN; O75493); VI (CA-VI) (CAH6_HUMAN; P23280); VII (CA-VII)
(CAH7_HUMAN; P43166); VIII (CA-VIII) (CAH8_HUMAN; P35219); IX (CA-IX) (CAH9_HUMAN; Q16790); X (CA-RP X) (CAHA_HUMAN; Q9NS85);
XII (CA-XII) (CAHC_HUMAN; O43570); XIV (CA-XIV) (CAHE_HUMAN; Q9ULX7). In addition, the related sequences from the scleractinian Acropora
millepora-1 (CAr1_ACRMIL; ACJ64662.1), the stony coral Stylophora pistillata (CAa_STYPI; ACA53457.1, EU159467.1), the anthozoan Nematostella
vectensis (CAr_NEMVE; XP_001627923.1), the tunicate Ciona intestinalis (CA14_CIONA; XP_002123314.1), the lancelet Branchiostoma floridae
(CAr_BRANFLO; XP_002601262.1), the shark Squalus acanthias (CA4_SQUAAC; AAZ03744.1), the fish Oreochromis niloticus (CA4_ORENI;
XP_003456174.1), and the insect enzyme from Drosophila melanogaster (CAr_DROME; NP_572407.3) are included. The CAs, belonging to the
"acatalytic" CA isoforms and of the catalytic CA isoforms, are surrounded. Partially taken from [38] with permission.

systems, e.g., mollusks or echinoderms, in sponges carbonate is

taken up from the aqueous environment as bicarbonate via

specific membrane transporters,  characterized by a

Michaelis–Menten constant of around 50 mM [47], or is

produced metabolically. At this concentration, calcium

carbonate precipitates at an extent of about 50% during an incu-
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Figure 3: Sycon CA, its localization and in vitro function. Reacting of Sycon spicule with antibodies, raised against the homologous CA. (A) Light
microscopic image of the spicules (in the center is a large triactine). (B) The spicules have been reacted with polyclonal antibodies, raised against the
Sycon CA. The immunocomplexes were stained with Cy5-labelled anti-rabbit IgG. (C) Formation of CaCO3 in the ammonium carbonate diffusion
assay in the presence of CA. For this series of experiments the recombinant human CA2 enzyme, expressed in Escherichia coli (C6624, Sigma), with
a specific activity of about 5,000 units/mg, was added at a concentration of 35 W-A units (10 μg)/500 μL of CaCl2 to the assays. The formation of
calcium carbonate was determined quantitatively on the basis of the consumption of free Ca2+ ions using the EDTA titration procedure [31]. The
assays either remained free of additional compound(s) (filled square) or were supplemented with 10 μM quinolinic acid (QA, filled triangle). Samples
of six parallel determinations were quantitated; means ± SD are given. *p < 0.05.

bation period of only 20 h in an ammonium carbonate

diffusion/“dessicator assay” at pH 7–8 [48]. However, this reac-

tion velocity is too slow to account for the rate of calcium

carbonate deposition measured in vivo, e.g., in the sponge

spicule formation in Sycon sp. [49]. The Sycon spicules, with a

diameter of about 4 μm and a length greater than 100 µm, show

a very fast growth rate of 65 μm/h. Hence it has to be concluded

that an acceleration of the velocity of the exergonic reaction at

ambient environmental conditions has to occur by lowering the

activation energy by an enzyme, or by allowing the calcium

carbonate process to proceed on a functionalized organic

surface. In our previous studies we tested the first possibility

[7,31].

As the substrate for the enzymatic reactions in the “dessicator

assay” we used a solution of 50 mM CaCl2 over which CO2

vapor, generated from NH4HCO3 solution, was passed. The pH

of the reactions was adjusted to 7.5 [7,31]. The mineralization

process (based on the decrease of free Ca2+ concentration

measured) started after an initial lag phase of 5 h. Addition of

the recombinant CA (35 W-A units/500 μL) significantly

increased the reaction velocity and accelerated the mineraliza-

tion process; after 50 min already 25% of the CaCl2 had been

precipitated, in the presence of CO2, to calcium carbonate

(Figure 3C). An extent of 80% of precipitated calcium

carbonate was reached after 10 h. To highlight again, the major

role of the CA during the stages of enzymatic synthesis of
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Figure 4: Calcium carbonate crystals formed in vitro (ammonium
carbonate diffusion assay) by using Sycon CA. Left: a calcite crystal
formed; at the right a vaterite crystal that has been formed.

calcium carbonate is to accelerate the reaction velocity, an

essential feature of any enzyme. Furthermore, the CA allows

the process of calcium carbonate deposition to occur at ambient

physiological conditions.

Two morphologically different deposits are formed in the in

vitro assay in the presence of the CA (35 W-A CA units per

assay): first prisms with an average size of 80–120 μm and

second round-shaped deposits of similar dimensions (Figure 4).

Predominantly prisms with a rhombohedral morphology are

formed, which are composed of calcite, as analyzed by MIDAC

Fourier transform infrared spectroscopy (the characteristic

vibrational bands at 873 cm−1 and 711 cm−1; Figure 4, left

crystal). Intermediately, during the formation of the calcite crys-

tals, round-shaped vaterite deposits are formed (875 cm−1 and

744 cm−1; Figure 4, right crystal). It is remarkable and likewise

indicative that the biogenic CA-driven calcium carbonate

crystal formation can be frozen at the vaterite state (in spite of

the overall thermodynamically possible “end-point” transition

formation to calcite) if the CA-driven reaction proceeds in the

presence of silintaphin-2, a sponge-specific protein that is rich

in aspartic acid (Asp, D) and glutamic acid (Glu, E) [50]. The

hardness, elastic modulus and creep of the two forms of the

calcium carbonate deposits, the calcitic prisms and the round-

shaped vaterite deposits were determined by nanoindentation.

The load–displacement curves obtained for the two calcium

carbonate forms revealed the following values: for the rhombo-

hedral calcite 1.98 ± 0.31 GPa and for the round-shaped vaterite

deposits only 1.38 ± 0.39 GPa. Concurrently, a distinct decrease

of the elastic modulus was measured for the vaterite deposits

(39.13 ± 8.04 GPa), in comparison to the rhombohedral calcite

prisms (72.83 ± 11.68 GPa). This significant difference in the

mechanical properties between the two morphologies can also

be deduced from the creep behavior. While the creep character-

istics for the rhombohedral calcitic prisms was found to be

5.44 ± 1.15 (per maximal depth [%]), the corresponding value

for the round-shaped vaterite deposits is 9.95 ± 1.60.

The enzyme-mediated deposition of calcium carbonate is

markedly temperature dependent [31]. While at 10 °C the reac-

tion velocity of calcium carbonate deposition is almost iden-

tical in the enzyme-containing and enzyme-lacking assays, at

higher, physiologically more relevant incubation temperatures

(e.g., 22 °C [42]), the reaction velocity of the CA-driven

calcium carbonate formation is significantly higher (about

2-fold) than that in the absence of CA. Varying the pH value in

the precipitation assay shows that in the absence of CA the

precipitation of calcium carbonate increases only slightly from

pH 6.0 to pH 8.1. In contrast, the CA-driven reaction velocity

increases markedly (by over 5-fold) from pH 6.0 to pH 8.0.

Importantly, the increased rate in the reaction velocities seen in

the CA-containing assays can be inhibited almost completely by

the CA-specific inhibitor acetazolamide at 3 μM. In those

assays the calcium concentration had been 50 mM with respect

to CaCl2 [31]. These findings are compatible with the view that

the calcium carbonate deposition in the system described is

enzymatically driven by the CA.

In order to underscore the dominant enzymatic contribution to

the calcium carbonate deposition in vitro, one kinetic character-

istic, the Michaelis–Menten constant, for CA, was determined

[31]. At first it should be mentioned that the reaction follows

substrate saturation kinetics. Under the assay conditions used

(50 mM CaCl2, pH 7.5, 25 °C), the linear increase of the reac-

tion velocity is seen between 0 and 20 mM CaCl2. Only at

higher concentrations a saturation level is approached. It is well

established that the CAs function both as hydratase, in the for-

mation of bicarbonate, and also as esterase [51]. The

Michaelis–Menten constants (Km) for both reactions are almost

identical at around 5 mM for the hydratase (using CO2 as sub-

strate) and for the esterase (with the substrate 4-nitrophenylac-

etate). The constant Km for the sponge CA/esterase was deter-

mined by applying the method of Lineweaver and Burk. The

apparent Km constant for the sponge recombinant CA

using 4-nitrophenylacetate as esterase substrate was found

to be 6.2 ± 1.0 mM, at a maximal reaction velocity of

0.32 ± 0.05 mmol·mL−1·min−1. Using the same approach, the

apparent Km constant in the hydratase/CO2 diffusion assay was

calculated to be 9.9 ± 2.1 mM (with respect to CaCl2) at a

corresponding vmax of 24.9 ± 3.7 mmol·mL−1·min−1.

Carbonic anhydrase: Evidence for forming
bioseeds during mammalian hydroxyapatite
formation
Our experimental data show that SaOS-2 cells, exposed to

bicarbonate and the MAC, form a significantly increased
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amount of Ca-deposits, as analyzed by a staining procedure

with alizarin red S [7]. The MAC supplement (ascorbic acid,

β-glycerophosphate and dexamethasone) stimulates cellular dif-

ferentiation processes. Importantly, it had been measured that

this process is paralleled by an enhanced expression of the

CA-II gene, suggesting its participation in the Ca-deposit for-

mation. Furthermore, the CA-II inhibitor acetazolamide signifi-

cantly inhibited the Ca-mineral deposition process. These data

favor the assumption that a CA-II-driven enzymatic process is

involved in the formation of calcium carbonate bioseeds,

required for the initial Ca phosphate deposit synthesis onto

SaOS-2 cells. The CA-II is ubiquitously present in the cyto-

plasm of almost all metazoan cells and, focusing on mammalian

bone cells, is probably involved in bone resorption [52]. There,

CA-II causes proton production, resulting in a drastic acidifica-

tion of the resorption lacuna/bone regions. However, recent

studies implicate that this enzyme is also involved in bone for-

mation [35]. These surprising Janus-faced catabolic/anabolic

metabolic reactions, controlled by CAs might be explained on

account of the reversibility of the CA-catalyzed reaction. The

CA acts both as a calcium carbonate anabolic enzyme, facili-

tating and accelerating bicarbonate formation, a precursor mole-

cule for calcium carbonate synthesis, and also as a catabolic

enzyme that promotes calcium carbonate dissolution, as shown,

e.g., in corals [53]. Experimental data revealed that during the

initial phase of the controlled bone-synthesizing process poorly

crystalline carbonated apatite is deposited, which contains

several percents (4–6 wt %) of carbonate in the apatite crystals

[54,55]. Recent studies suggest that the increased carbonate

content in apatite crystals has an anabolic effect on bone forma-

tion [56]. Our EDX mapping studies [20] indicate that the crys-

tallites initially formed onto SaOS-2 cells are not only rich in

the elements calcium and phosphorous but also in carbon. We

have taken this observation as a further indication that

carbonate and phosphate deposits are co- or sequentially synthe-

sized onto SaOS-2 cells, during the initial phase of mineral for-

mation. Furthermore, the CA-II has been proven to be (under

certain physiological conditions [pH regulation]) localized at

the plasma membranes of human pancreatic cells [36], where

the enzyme is involved both in pH regulation and in the secre-

tion of bicarbonate through the Cl−/HCO− exchanger [57] and/

or an additional HCO3
− channel [36]. We concluded from the

data gathered [20] that the calcium phosphate/HA deposition

reactions in bone tissue are preceded by calcium carbonate

precipitation, a process that is driven by an increased CA

activity (Figure 5).

Carbonic anhydrase: A new target for bone
anabolic agents
A number of therapeutic targets have been described influ-

encing signaling pathways, and/or transcription factors to stimu-

late bone growth (see [59]). Among those are the BMP/SMAD,

Wnt/β-catenin, Hedgehog/Gli, IGF, and FGF pathways.

Emerging evidence indicate that the CA enzyme could also be

tackled as a promising target for activators to stimulate calcium

carbonate/phosphate mineral deposition onto bone cells. Only

very little experimental evidence has been presented that

supports our supposition that CA activators exert a potential

therapeutic effect on bone anabolism [60]. Until now only a few

CA activators have been identified, but none of them have been

tested for its potential in the treatment of bone disorders [61-

63]. This view might be changed in view of the now available

data indicating that calcium carbonate deposits might function

as bioseeds for calcium phosphate precipitation onto bone-

forming cells.

It is known that mineralization of osteoblasts, bone mineral-

forming cells, is significantly induced by polyphosphate [polyP]

in vitro even in the presence of orthophosphate [64]. PolyP is a

linear polymer of phosphate linked by energy-rich phosphodi-

ester bonds. Moreover, polyP turned out to be an inducer of

osteoblast-specific alkaline phosphatase. This finding is

interesting in view of published data indicating that intracellu-

larly polyP might be formed in the vesicles of bone-forming

cells as a Ca salt, which may act as a potential precursor of

carbonated HA [65] (Figure 5).

In our recent study we could show that CA-driven CaCO3 depo-

sition can be stimulated by CA activators in vitro [66]. As acti-

vator(s) we have chosen extracts from the sponge S. domuncula

and one component, isolated from those extracts, quinolinic

acid (QA). In the in vitro CA-driven calcium carbonate deposi-

tion assay we could demonstrate that the S. domuncula extract

and QA stimulate mineral formation (Figure 3C); as controls,

the assays had been performed in the absence of sponge extract

or of pure QA. Furthermore the results revealed that the stimu-

latory effect of bicarbonate ions on mineralization onto

osteoblast-like SaOS-2 cells is strongly enhanced if the cells are

exposed to polyP [64]. Finally, after hydrolysis of polyP

through the alkaline phosphatase, the liberated orthophosphate

inhibits in a negative feedback circle the CA (Figure 5).

Future direction: 3D printing
In the repair of critical-size bone defects, autogenous bone

grafts are considered to be the gold standard [67]. This tech-

nique has, however, several limitations which cannot be solved

by using allogenous bone grafts, which have additional disad-

vantages, such as immunogenicity and risk of infection. Syn-

thetic bone scaffolds can provide several advantages if they

meet the following conditions: (i) similar physiochemical char-

acteristics as the natural bone, and (ii) ability to attract the bone

forming cells (the progenitor cells or the functionally active
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Figure 5: Sketch proposing the sequential deposition of calcium carbonate and Ca phosphate on the surface of bone-forming cells (SaOS-2 cells).
The CA drives/accelerates the formation of bicarbonate, which reacts to carbonic acid and finally undergoes precipitation to calcium carbonate. Bicar-
bonate is provided to the CA via the chloride/bicarbonate anion exchanger (AE), or by the sodium bicarbonate co-transporter (NBC). It is proposed
that the calcium carbonate crystallites are formed in the vicinity of the plasma membrane, perhaps under the participation of osteocalcin (OCAL).
Sponge extracts (as well as their components, e.g., quinolinic acid) and bicarbonate (abbreviated as BiCa) stimulate the CA. In the second step
calcium phosphate precipitates in the extracellular space onto the calcium carbonate bioseeds under formation of calcium carbonated apatite. Finally,
orthophosphate, released from polyphosphate (polyP), downregulates the activity of the CA. In the third step it is outlined that the Ca2+-salt of
polyphosphate (polyP) undergoes hydrolysis through the alkaline phosphatase (ALP), resulting in the liberation of both orthophosphate (pink filled
triangles) and Ca2+, both components are required for the synthesis of HA [(Ca5(PO4)3(OH)]. Partially taken from [58] with permission.

differentiated cells), two challenging tasks, limiting the routine

application of synthetic materials in the treatment of bone

defects. Bone repair materials like calcium phosphate, calcium

carbonate, calcium sulfate and coralline carbonate grafts are

characterized by good mechanical properties. They can be used

as osteoconductive implant materials. They also may show

osteointegrative properties. However, these implants lack any

osteoinductivity and must be functionalized to become bio-

logically active (for a review, see [68]).

The prerequisite for any scaffold applicable for bone tissue

engineering is that it is accepted by the cells as a suitable 3D

platform for their growth, differentiation and mineralization

(HA deposition). These requirements can be met by scaffolds

made of natural fibers, which correspond in their structure and

composition to the extracellular matrix. A suitable scaffold

must possess the inorganic/organic 3D structure of bone and an

appropriate porosity [69] that allows the ingrowth of cells and

an efficient transport of cytokines, growth factors, and nutrients.

To avoid necrosis within larger implants, a suitable scaffold

must also allow an efficient vascularization and tissue supply

with oxygen. Much progress has been achieved in rapid proto-

typing/3D printing techiques in the last years. 3D printing is a

computer-controlled layer-by-layer technology. Thereby a

binder (binding solution) is printed into each layer of powder, a

step-wise process that finally results, after blowing-away the

unbound powder, in a 3D printed copy of the sliced virtual

model [70,71]. 3D printing has turned out to be of promising

technique for the fabrication of implants used as bone substitu-

tion materials [72]. The advantage of this method is that the

implants can be customized to the 3D geometry of the bone

defect of an individual patient, based on medical imaging data.

Such implants allow an optimal integration and can be provided

with the required functional properties using suitable materials

such as bioactive glasses and Ca phosphate.

Based on published data, indicating that alginate/chitin, also

together with silica [73,74], provides a suitable matrix for the

encapsulation of mammalian cells we have recently also

embedded SaOS-2 cells into Na alginate that has been supple-

mented with silica [75-77]. Silica displays morphogenetic

activity towards SaOS-2 cells (see above); this biological
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Figure 6: Computer-aided rapid prototyping bioprinting. (A-a) A sketch
outlining the computer-guided extrusion of Na alginate hydrogel
(supplemented with biosilica or bicarbonate) through a capillary in a
meander-like pattern. This matrix contained SaOS-2 cells (Sa-2). (A-b
and A-c) The blocks formed were incubated in medium into which
RAW 264.7 cells (RAW) had been suspended. (B) Part of the
bioplotter showing the capillary (cap) through which the alginate/cell
matrix is extruded. (C) Completed 4 mm high blocks into which the
cells have been embedded into the alginate. (D) The cells retain the
capacity to form crystallites, which can be visualized after staining with
Alizarin Red S.

activity of silica is retained by SaOS-2 cells that have been

encapsulated into Na alginate. Based on the finding that Na

alginate is a suitable matrix for embedding bone cells [78] we

have successfully started to print 3D structures in order to apply

this technology for bioprinting and construction of bioartificial

tissues or organs. In a first step we have encapsulated sepa-

rately bone-forming (SaOS-2) and bone-degrading (RAW

264.7) cells to develop a biomimetic synthetic scaffold suitable

for tissue engineering [75]. In the alginate matrix applied the

SaOS-2 cells retain their capacity to synthesize HA crystallites.

Furthermore, the mechanical properties, including surface

roughness and hardness, of the hydrogel were determined. If

silica is included in the hydrogel matrix, the encapsulated

SaOS-2 cells were found to increasingly express the gene

encoding for osteoprotegerin in co-cultivation experiments with

RAW 264.7 cell beads, suggesting that under the applied condi-

tions the differentiation capacity of the RAW 264.7 cells is

impaired. In continuation it was found that under these condi-

tions (SaOS-2 cells cultured together with RAW 264.7 cells) the

RAW 264.7 cells show a reduced capacity to express the gene

for tartrate-resistant acid phosphatase. For rapid prototyping

bioprinting we are using a computer-aided tissue engineering

printer (3D-Bioplotter; Corporate EnvisionTEC GmbH, Glad-

beck; Germany). With this technology we succeeded to embed

SaOS-2 cells into the Na alginate, with the indicated supple-

ments, and allowed the matrix to be passed through the capil-

lary of the 3D printer (Figure 6). The arrays of strands were

computed to 4 mm high blocks into which the cells remained

viable and retained the capacity to form mineral crystallites. We

are convinced that this strategy will contribute to a further

improvement of the formulation of a suitable artificial scaffold

for rapid prototyping 3D bioprinting of organ-like tissue units.
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Abstract
Cellulose/calcium phosphate hybrid materials were synthesized via an ionic liquid-assisted route. Scanning electron microscopy,

transmission electron microscopy, energy-dispersive X-ray spectroscopy, X-ray diffraction, infrared spectroscopy, and thermo-

gravimetric analysis/differential thermal analysis show that, depending on the reaction conditions, cellulose/hydroxyapatite, cellu-

lose/chlorapatite, or cellulose/monetite composites form. Preliminary studies with MC3T3-E1 pre-osteoblasts show that the cells

proliferate on the hybrid materials suggesting that the ionic liquid-based process yields materials that are potentially useful as scaf-

folds for regenerative therapies.
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Introduction
One of the key advantages of carbohydrates, especially cellu-

lose and chitin, is their abundance and favorable properties such

as mechanical robustness and biocompatibility [1-4]. Moreover,

the growth (mineralization) of calcium phosphate on polysac-

charides may lead to composites with properties that are useful

for the regeneration of hard tissue even though the chemical

composition of these materials is different from the original

biomaterial [5-11]. Unfortunately, the synthesis of carbohy-

drate-based hybrid materials is not straightforward. This is due

to the fact that many carbohydrates exhibit low solubilities in

aqueous media. Aqueous solutions, however, are the most

commonly used media for calcium phosphate mineralization

[12,13]. As a result, mineralization of carbohydrates often

yields heterogeneous materials with properties that are not

suited for an application. In spite of this, a number of authors

have reported the successful mineralization of carbohydrates

with various calcium phosphates.

Falini and coworkers used β-chitin from a squid pen for miner-

alization of octacalcium phosphate (OCP) and hydroxyapatite

(HAP) [14,15]. They found a distinct change of the chitin fiber

organization on OCP mineralization. Moreover, the OCP–HAP

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:ataubert@uni-potsdam.de
http://dx.doi.org/10.3762%2Fbjnano.5.167
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transition is delayed with respect to OCP grown in the absence

of the carbohydrate matrix. One of the issues of chitin,

however, is again its limited solubility in most mineralization

media. This limits the processing and mineralization efficien-

cies. Chitosan, which exhibits a higher water solubility than

chitin, has therefore been used as an alternative scaffold for

calcium phosphate mineralization [16,17]. Among others,

chitosan/HAP scaffolds show good osteoconductivity and

biodegradability, as has been shown for some synthetic

composites in rats [18].

Chiono et al. developed a photochemical approach towards the

triggered nucleation of calcium phosphate on chitosan cast films

[19]. Mineralization is induced by photoexcitation of fluores-

cein molecules grafted to the chitosan films. The authors claim

that the formation of local positive charges by electron transfer

from the fluorophore to reactive species in the surrounding

medium like O2 or water leads to singlet oxygen radicals and

superoxide radical anions. According to the authors, these may

then act as nucleation sites. One unresolved question here is the

fact that these results differ significantly from other work

[16,18] where calcium phosphate deposition on chitosan was

equally successful, but without the need to photoactivate the

mineralization reaction.

Besides chitin and chitosan, carboxymethyl inulin (CMI)

[20,21] and carboxymethyl cellulose (CMC) [22,23] have been

studied as mineralization additives. Composites of CMC,

calcium phosphate nanoparticles, and the antibiotic chlorhexi-

dine efficiently remineralize dentin tubules [23]. In contrast,

CMI inhibits or at least delays calcium phosphate mineraliza-

tion [20-22].

There are also a few reports on the mineralization of unmodi-

fied cellulose [11,24-33], but like in the case of chitin, the poor

solubility of cellulose in conventional solvents hampers the

development of true calcium phosphate/carbohydrate hybrid

materials because it prevents, or at least dramatically reduces,

the penetration of the precursor ions into the carbohydrate

templates and thus results in materials mostly exhibiting surface

or near-surface mineral layers.

The most straightforward strategy towards real, nanostructured

and hierarchical carbohydrate/calcium phosphate composites

would therefore be a synthesis protocol using a solvent that is

able to dissolve carbohydrates as single molecules or very small

aggregates. At the same time the solvent should enable the

growth of calcium phosphate.

Ionic liquids (ILs) could provide a viable access for the syn-

thesis of such nanoscale carbohydrate/inorganic hybrids. Some

ILs dissolve up to 25 wt % of cellulose [34-37]. This efficiency

has mainly been attributed to the ability of the ILs to break

hydrogen bonds, which is the key interaction stabilizing cellu-

lose and chitin [34,38-40]. Moreover, ILs are efficient reaction

media for the synthesis of new and interesting inorganic ma-

terials [35,41-45] although there are only a few reports on

IL-based protocols for the synthesis of carbohydrate/inorganic

hybrid materials.

Mumalo-Djokic et al. studied the formation of ZnO/carbohy-

drate hybrid materials using a hydrated IL, tetrabutylammo-

nium hydroxide [TBA][OH], as the solvent and hydroxide

source for ZnO formation [46]. This study revealed significant

differences between the two carbohydrates studied, cellulose

and starch. While starch was soluble in the water/IL mixture,

cellulose was, due to the high water content in the reaction mix-

ture, not. As a result, while the mineralization of starch led to a

nanoscale hybrid material, the mineralization of cellulose led to

cellulose fibers with a high degree of surface mineralization. In

spite of this, the cellulose fibers appeared to “imprint” some

features of their surface structure on the mineral layers.

Venkataramanan et al. synthesized cellulose/TiO2 hybrids via a

sol–gel reaction in 1-butyl-3-methylimidazolium chloride,

[Bmim][Cl] [47]. Ti(OBu)4 was used as TiO2 precursor and a

network of TiO2 layered fibers was observed after the sol–gel

reaction. Amarasekara and Owereh prepared cellulose carba-

mate/silica hybrid materials in [Bmim][Cl] [48]. Cellulose-

based hybrid materials with calcium carbonate [49], copper

oxide [50], or calcium silicate [51] have been grown in

[Bmim][Cl]. Finally, there is a report on the synthesis of cellu-

lose/calcium phosphate composites using ILs [52]. The authors

of this study, however, did not grow inorganic matter in the IL,

but dispersed prefabricated hydroxyapatite (HAP) nanoparti-

cles into a solution of cellulose in [Bmim][Cl] to form compos-

ites with limited homogeneity.

Besides the approaches introduced above, [Bmim][Cl] has also

been used for calcium carbonate precipitation [53]. [Bmim][Cl]

is thus a prime candidate for the generation of new calcium

phosphate/carbohydrate hybrid materials. The current study

therefore evaluates the potential of [Bmim][Cl] for the syn-

thesis of well-defined calcium phosphate/cellulose composites

with a defined morphology, chemical composition, calcium

phosphate crystal phase, crystal organization, and suitable

compatibility for cells. The approach is based on the precipita-

tion of calcium phosphate from IL/cellulose solutions rather

than adding pre-fabricated calcium phosphate nanoparticles to

the IL/cellulose solution and thus provides a rather simple, one-

step approach towards cellulose/calcium phosphate hybrid ma-

terials.
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Experimental
Materials. [Bmim][Cl] (≥95%, Aldrich) was freeze-dried from

water. The final water content was below 0.3%, as determined

by volumetric Karl Fischer titration. After freeze-drying the IL

was stored under argon until use. Microcrystalline cellulose

(extra pure, average particle size 90 µm, Acros), calcium chlo-

ride dihydrate CaCl2·2H2O (extra pure, Merck), dibasic potas-

sium phosphate K2HPO4 (≥98%, Sigma-Aldrich), sodium dihy-

drogen phosphate dihydrate NaH2PO4·2H2O (≥98%, Roth), and

glacial acetic acid (100%, p.a., water content below 0.1%,

Roth), NaOH (puriss. p.a. ACS, pellets, ≥98%, Sigma-Aldrich),

and ethanol (p.a., absolute, Merck) were used as received.

Calcium phosphate synthesis. 0.6 g of powdered calcium

chloride (4.1 mmol) were dissolved in 6 g of [Bmim][Cl] at

80 °C under vigorous stirring. After complete dissolution,

2.46 mmol of the phosphate precursor (0.43 g of dibasic potas-

sium phosphate or 0.38 g of sodium phosphate) were added at

80 °C, yielding a reaction mixture with a Ca/P ratio of 1.67.

Then 0.4 mL of ethanolic NaOH or glacial acetic acid was

added and the ethanol was removed by evaporation. The reac-

tion mixture was subsequently stirred for 24 or 48 h at 80 °C.

The reaction products were precipitated by adding an excess

amount of water to the reaction mixture after cooling. The pre-

cipitates were filtered, washed with distilled water, and the IL

was removed from the products via Soxleth extraction (metha-

nol, 48 h). The purified products were dried at 40 °C for 24 h in

a vacuum oven. Samples are labeled CPXy, where X = NaOH or

GAA (glacial acetic acid) indicates the additive and y = 24 or

48 indicates the reaction time, 24 or 48 h. For example,

CPNaOH24 is a sample grown in the presence of NaOH for 24 h.

Preparation of cellulose/calcium phosphate hybrid ma-

terials. Cellulose was dissolved in [Bmim][Cl] at 80 °C

overnight in different weight fractions (Table 1). 0.6 g of

powdered calcium chloride (4.1 mmol) per 6 g of IL was added

to the cellulose/IL solution at 80 °C under vigorous stirring.

After complete dissolution/dispersion, 2.46 mmol of the phos-

phate precursor (0.43 g of dibasic potassium phosphate or

0.38 g of sodium phosphate) were added at 80 °C, yielding a

reaction mixture with a Ca/P ratio of 1.67. Then 30 µL GAA or

ethanolic NaOH were added and the ethanol and water from the

inorganic precursor salts were removed under high vacuum

(10−3 mbar) for 30 min. The reaction mixture was subsequently

stirred for 24 or 48 h at 80 °C during which time a white precip-

itate formed. The reaction products were precipitated by adding

an excess amount of water to the reaction mixture after cooling.

The precipitate was filtered, washed with distilled water, and

the IL was extracted from the products by Soxleth extraction

with methanol for two days. The products were subsequently

dried at 40 °C for 24 h in a vacuum oven.

Characterization. Attenuated total reflection-Fourier trans-

form infrared spectroscopy was done on a Thermo Nicolet

FT-IR Nexus 470 with a diamond crystal. Spectra were

recorded from 500 to 4000 cm−1 with a resolution of 2 cm−1.

X-ray diffraction patterns were recorded with a Siemens D5005

(Cu Kα, 0.154 nm) between 3 and 70° 2θ with a step size of

0.02° per second. Samples were mounted on a silicon support.

Scanning electron microscopy was done on a FEI Phenom oper-

ated at 5 kV. Transmission electron microscopy was done on a

Zeiss 912 Omega operated at 120 kV. Cross sections were

obtained with a Leica Ultra Cut Microtome. For sectioning, the

powder samples were embedded in “LR white” resin (Plano

GmbH). Samples were cut at 1 mm/s at room temperature.

Energy dispersive X-ray spectroscopy was done on a JEOL

JSM 6510 SEM with tungsten hairpin filament (15 kV) and an

Oxford INCAx-act SN detector with a resolution of 135 eV at

5.9 keV. Elemental analysis was done on a Vario EL III

analyzer. Thermogravimetric analysis/differential thermal

analysis was done on a Linseis STA PT-1600 thermal balance

in air from 20 to 600 °C with a heating rate of 10 K/min and air

flow of 50 mL/min.

Results
Calcium phosphate precipitated without cellu-
lose
Table 1 summarizes the samples obtained after reaction in

[Bmim][Cl]. Figure 1 shows the XRD patterns and the FTIR

spectra of the reaction products after purification. The IR

spectra of the calcium phosphates obtained by reaction in the

presence of glacial acetic acid (GAA) after 24 h (CPGAA24, for

details of labeling see Experimental part) show no band in the

range of 3500 cm−1, which suggests that these precipitates are

relatively free from water or hydroxy groups. In contrast, all

other samples (CPGAA48, CPNaOH24, CPNaOH48) show strong

bands at 3350 to 3360 cm−1 indicating the presence of signifi-

cant amounts of hydroxy- or water-containing calcium phos-

phate phases [54,55].

FTIR spectroscopy (Figure 1A) further corroborates the forma-

tion of calcium phosphate. Products prepared with GAA after

24 h (CPGAA24) exhibit major bands for the phosphate group at

1022 and 1126 cm−1 (P–O ν3), 565 cm−1 (P–O ν4), and

990 cm−1 (P–O ν1) which can be attributed to the presence of

PO4
3− and/or HPO4

2− groups. The IR spectra of the calcium

phosphates precipitated in the presence of glacial acetic acid

(GAA) after 48 h (CPGAA48) mainly shows bands associated

with apatite at 1045 and 1169 cm−1 (P–O ν3), 563 and 606 cm−1

(P–O ν4 ), and 960 and 802 cm−1 (P–O ν1).

Similar spectra were observed for the samples precipitated in

the presence of NaOH after 24 and 48 h (CPNaOH24 and
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Table 1: Samples investigated in this study. CP is calcium phosphate,
GAA is glacial acetic acid, 24 and 48 are reaction times in hours.

Sample Phosphate
precursora

GAA or
NaOH

Reaction
conditions

CPGAA24 NaH2PO4·2H2O GAA 24 h, 80 °C
CPGAA48 NaH2PO4·2H2O GAA 48 h, 80 °C
CPNaOH24 K2HPO4 NaOH 24 h, 80 °C
CPNaOH48 K2HPO4 NaOH 48 h, 80 °C

aCalcium precursor was always CaCl2·2H2O.

Figure 1: (A) ATR-FTIR spectra and (B) XRD patterns of calcium
phosphates obtained from [Bmim][Cl]. The reflection at 14.2 degrees
2θ is from the sample holder (Si).

CPNaOH48). Here the bands are at 1034 and 1168 (P–O ν3), 563

and 602 (P–O ν4), and 963 and 802 cm−1 (P–O ν1). This

suggests that the CPGAA48, CPNaOH24, and CPNaOH48 materials

are structurally similar.

X-ray diffraction (XRD, Figure 1B) shows that the addition of

glacial acetic acid (GAA) or NaOH, respectively, to the reac-

tion mixture leads to different calcium phosphates. XRD

patterns of CPGAA24 show reflections at 2θ (°) = 13.08, 26.66,

28.52, 30.14, 32.70, 35.86, 40.16, 45.54, 47.52, 49.24, 50.88,

53.08, and 54.64, which can be assigned to monetite (CaHPO4,

dicalcium phosphate anhydrate, DCPA, ICDD09-0080). In

contrast, XRD patterns of CPGAA48 show intense reflections at

2θ (°) = 26.18, 28.46, 32.20, 34.00, 39.10, 46.36, 49.48, 53.70,

62.16, and 63.86. They can be assigned to either hydroxyap-

atite (Ca5(OH)(PO4)3, HAP, ICDD01-1008) or chlorapatite

(Ca5(Cl)(PO4)3, ClAP, ICDD33-0271, ICDD24-0214) but the

experimental data match better with ClAP.

The addition of NaOH instead of GAA leads to the formation of

HAP or ClAP already after 24 h (CPNaOH24); an exact assign-

ment of the reflections at 2θ (°) = 26.02, 28.42, 31.94, ca. 46.6,

49.64, 53.49, and 63.90 is difficult due to the fact that the

reflections are very broad and the reflections of HAP and ClAP

are very close.

Reflections in the XRD patterns of CPNaOH48 at 2θ (°) = 26.14,

28.42, 31.78, ca. 46.88, ca. 49.40, and 53.48 can again be

assigned to HAP or ClAP. As the reflections are broader than in

the patterns obtained from samples grown with GAA and

because the positions of the reflections in HAP and ClAP are

very close, it is difficult to make an irrefutable assignment to

either HAP or ClAP. No indication of brushite or monetite can

however be observed here.

Figure 2 shows representative scanning electron microscopy

(SEM) images of the precipitates. With addition of GAA, SEM

shows a clear morphological transition between the samples

isolated after 24 and 48 h of reaction time, consistent with IR

and XRD data. At 24 h, large and thin platelets form. Their size

distribution is broad (from ca. 2 to 80 μm) and the crystal

shapes are well developed. In most cases the plates are not

present as individual platy crystals, but they form dense aggre-

gates and exhibit steps and overgrowth of other crystals. At

48 h, the samples are dense large blocks with thicknesses in the

micrometer range. These large blocky features are accompa-

nied by smaller, less densely aggregated nanoparticles with

sizes in the 100 to 300 nm range. These particles form small

irregular aggregates with diameters of a few micrometers. All

features (the large blocks and the less dense aggregates) are

composed of smaller nanoparticles in the 100 nm range. These

particles appear to be the primary constituents of all larger

features observed in the SEM.

In contrast to the samples grown with GAA, the samples grown

with NaOH exhibit a relatively uniform morphology, where

small particles with sizes of 100 to 200 nm aggregate into larger

structures. The main difference between the samples isolated at

24 and 48 h is the increased aggregation of the smaller particles.

That is, at longer reaction times, the aggregated features are
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Figure 2: Low magnification (top row) and higher magnification (bottom row) SEM images of the precipitates. High magnification imaging of
CPNaOH24 led to rapid sample charging and very poor imaging conditions even after sputtering; no image is thus shown.

Table 2: EDXS data of the precipitates; n.d. = not detected. EDXS does not observe any nitrogen indicative of the ionic liquid. Elemental analysis
(EA) finds ca. 1% of carbon. Nitrogen is below the detection limit of the EA instrument (0.3%).

Sample Ca [atom %] P [atom %] Cl [atom %] Na [atom %] Na [atom %] Ca/P Ca/Cl

CPGAA24 15.6 ± 1.5 18.4 ± 0.8 1.8 ± 0.8 1.7± 0.1 n.d. 0.8 ± 0.1 8.6 ± 1.8
CPGAA48 15.4 ± 0.8 18.3 ± 0.2 2.3 ± 0.1 1.3 ± 0.2 n.d. 0.9 ± 0.1 6.7 ± 2.1
CPNaOH24 21.6 ± 1.6 16.1 ± 0.9 1.1 ± 0.2 n.d. n.d. 1.3 ± 0.2 19.7 ± 3.3
CPNaOH48 22.0 ± 0.7 15.8 ± 0.1 1.2 ± 0.6 n.d. n.d. 1.4 ± 0.1 18.3 ± 3.4

aFrom elemental analysis.

larger and reach tens of microns at 48 h. Moreover, the reaction

in the presence of NaOH appears to favor an open structure

with interstitial spaces with a few 100 nm to a few microns in

diameter. Overall, the sample morphologies of the powders

obtained in the presence of NaOH is more uniform than in the

samples obtained in the presence of GAA.

Table 2 summarizes data obtained from energy dispersive X-ray

spectroscopy (EDXS). The samples grown in the presence of

GAA have a Ca/P ratio of 0.8 to 0.9. This is on the order of the

Ca/P ratio of 1 in stoichiometric DCPD or DCPA [12,13,56].

Moreover, CPGAA24 also contains roughly equivalent amounts

of sodium and chlorine, while the amount of chlorine in

CPGAA48 is higher at around 2.3%. Consequently, the Ca/Cl

ratios are slightly different at 8.6 and 6.7, respectively, at 24

and 48 hours of reaction.

Samples grown in the presence of NaOH have a Ca/P ratio of

1.3 to 1.4, which is typical (although at the low end [12,13,56])

for calcium-deficient HAP or ClAP. None of the samples grown

with NaOH contains Na in measurable amounts, while the frac-

tion of Cl is on the order of 1%. Consequently, the Ca/Cl ratio

is much higher than in the samples grown with GAA.

Cellulose/calcium phosphate hybrid materials
The neat cellulose used in this study is a white powder. During

mineralization, the precipitation of the hybrid materials can be

observed visually by the appearance of a solid in the IL. The

cellulose/calcium phosphate hybrid (CCPH) materials obtained

after mineralization are either white (when synthesized in the

presence of NaOH, see experimental part) or light brown (when

synthesized in the presence of glacial acetic acid, GAA). This

color change may be due to the acid-induced degradation of the
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Figure 3: SEM images of as-received microcrystalline and regenerated cellulose.

cellulose by HCl [37,57,58] produced during the mineralization

reaction: The reaction of the CaCl2 and NaH2PO4 yields the

desired calcium phosphate precipitate along with NaCl and HCl

as side products. While NaOH is able to neutralize some of the

HCl formed during the reaction (and thus effectively removes

acidic protons from the reaction mixture), GAA will contribute

additional protons. The higher amount of protons in the latter

case will then lead to a somewhat stronger acid-induced degrad-

ation of the cellulose. Alternatively, other degradation reactions

of cellulose in ILs have also been reported [59,60]; these could

also play a role here. Table 3 summarizes the reaction condi-

tions.

Table 3: Reaction conditions for preparation of cellulose calcium phos-
phate hybrids (CCPH).

Sample Additive Reaction time
[h]

Cellulose in IL
[wt %]

Neat cellulose — — —
CCPH1 GAA 24 3
CCPH2 GAA 48 3
CCPH3 GAA 24 6
CCPH4 GAA 24 9
CCPH5 NaOH 24 3
CCPH6 NaOH 48 3
CCPH7 NaOH 24 6
CCPH8 NaOH 24 9

Figure 3 shows representative SEM images of the as-received

microcrystalline cellulose and cellulose regenerated from the IL

1-butyl-3-methylimidazolium chloride, [Bmim][Cl]. Neat,

untreated microcrystalline cellulose consists of heterogeneous

and highly aggregated fibers with sizes in the micrometer to

hundreds of micrometers range. Regenerated cellulose exhibits

a more uniform, less aggregated morphology of intertwined

fibers with diameters on the order of tens of microns. This is

consistent with other observations on cellulose reconstituted

from ILs [34,58,61].

Figure 4 shows SEM images of the CCPH materials obtained

after mineralization in the presence of GAA. SEM shows parti-

cles with sizes on the order of several hundreds of micrometers

that are broken into pieces of several tens of microns with irreg-

ular shapes. All samples appear rather dense and no obvious

pores can be observed. Moreover, closer inspection shows that

the particles and fragments appear to have a layer-like architec-

ture. Finally, the precipitates appear composed of small

subunits, possibly of particles with diameters in the nanometer

range, but this is, due to significant charging of the samples in

the SEM, difficult to evaluate.

Figure 5 shows that the addition of NaOH instead of GAA

dramatically alters the product morphology. In contrast to GAA,

the addition of NaOH leads to the formation of heterogeneous

samples. At low cellulose concentrations (3%, CCPH5 and 6),

the samples exhibit prominent round and holey features,

presumably composed mostly of the inorganic, calcium phos-

phate. These features transform into smaller, poorly defined

features after 48 h of reaction (CCPH6). The darker matrix ma-

terial in these samples can be assigned to cellulose, because the

brightness in the SEM images is roughly related to the atomic

number of the respective region of the sample [62]. At higher

cellulose concentrations, the round features are, although still



Beilstein J. Nanotechnol. 2014, 5, 1553–1568.

1559

Figure 4: Low (top row) and high magnification (bottom row) SEM images of the hybrid materials prepared in the presence of GAA. Note the different
scale bar in the lower row for CCPH3.

Figure 5: Low (top row) and high magnification (bottom row) SEM images of the hybrid materials prepared in the presence of NaOH.

present, much less prominent. In these samples, the morphology

is largely defined by a darker background with morphologies

similar to pure reconstituted cellulose, Figure 3.

Figure 6 shows representative TEM images of thin sections

of GAA and NaOH. Overall, TEM cross-sections show

a high conservation of structures between the two different

approaches. Samples obtained in the presence of GAA

(CCPH1-4) are highly homogeneous and consist of densely

packed nanorods with a length on the order of 50–150 nm, that

are densely packed, but, unlike a previous example [63], do not

exhibit a common preferred orientation. In contrast, samples
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Figure 6: TEM images of thin sections of CCPH2 and CCPH6. Top row are low magnification and bottom row are high magnification images of the
same samples.

obtained with NaOH (CCPH5-8) appear homogeneous at lower

magnifications, but higher magnification imaging clearly

reveals their heterogeneous structure. The samples exhibit

regions with low degrees of mineralization inorganic particles,

sparsely mineralized regions and densely mineralized regions.

The individual particles are roughly spherical and have a diam-

eter of around 10–30 nm. Most particles are highly aggregated

and form clusters of 100–200 nm in diameter; often also larger

aggregates are observed.

Table 4 shows energy-dispersive X-ray spectroscopy (EDXS)

data of the samples. The samples prepared with NaOH have

Ca/P ratios between 1.2 and 1.3. This ratio is lower than the

Ca/P ratio of 1.67 in pure stoichiometric hydroxyapatite (HAP)

but Ca/P ratios lower than 1.67 are known for HAP and usually

assigned to calcium-deficient apatite. Alternatively, the Ca/P

ratios from EDXS could also indicate the formation of amor-

phous calcium phosphate (Ca/P = 1.5), octacalcium phosphate

(OCP, Ca/P = 1.33), or β- or γ-tricalcium phosphate (TCP, Ca/P

= 1.5) [13,56,64], or a mixture of phases.

Samples grown in the presence of GAA have a Ca/P ratio of

ca. 1 after 24 h of reaction time and ca. 1.2 after 48 h. The Ca/P

ratio of ca. 1 is indicative of brushite or monetite, two

calcium phosphate phases that precipitate (in aqueous

media) at rather low pH. The ratio of 1.2 is rather unspecific

and could indicate the formation of most of the above phases,

although DCPD and DCPA are usually less prone to

forming non-stoichiometric products than the other calcium

phosphates.

EDXS also suggests that there are compositional differences

between the samples. Generally, the chlorine content of the

samples grown with higher cellulose content (CCPH3, 4, 7, 8)

appears lower than the content of the samples grown at lower

cellulose concentrations (CCPH1, 2, 5, 6). Moreover, EDXS

seems to suggest that the chlorine content is slightly higher in

the samples grown with NaOH (CCPH5, 6) instead of GAA

(CCPH1, 2). These data must however be treated carefully

because of their large errors: the standard deviations of most

datasets are large and there is a significant overlap of the data;
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Table 4: EDXS data of the CCPH materials.

Sample Ca [atom %] P [atom %] Cl [atom %] Ca/P Ca/Cl

stoichiometric HAP 22.73 13.64 n/a 1.67 n/a
stoichiometric ClAP (OH
completely substituted by Cl)

23.81 14.29 4.76 1.67 5.00

CCPH1 18.2 ± 1.3 17.8 ± 0.2 1.8 ± 1.2 1.0 ± 0.06 10.1 ± 4.4
CCPH2 18.2 ± 2.1 17.1 ± 1.1 2.5 ± 1.2 1.1 ± 0.2 7.3 ± 4.7
CCPH3 17.1 ± 2.9 18.1 ± 1.1 1.1 ± 0.2 0.9 ± 0.2 15.5 ± 5.4
CCPH4 16.6 ± 1.1 18.4 ± 0.2 1.3 ± 1.5 0.9 ± 0.1 12.7 ± 3.9
CCPH5 19.2 ± 0.4 16.6 ± 0.5 3.2 ± 1.7 1.2 ± 0.1 6.0 ± 1.4
CCPH6 19.4 ± 1.9 16.2 ± 0.4 3.5 ± 1.8 1.2 ± 0.2 5.6 ± 1.9
CCPH7 19.7 ± 0.5 16.7 ± 0.8 1.8 ± 1.6 1.2 ± 0.1 10.9 ± 1.9
CCPH8 20.4 ± 1.6 16.4 ± 0.8 1.5 ± 0.2 1.3 ± 0.2 13.6 ± 1.6

Figure 7: SEM image and elemental map of CCPH6.

EDXS is thus not able to clearly distinguish between the

different samples.

Figure 7 shows representative X-ray elemental maps of all

elements detected in energy dispersive X-ray spectroscopy

(EDXS), that is, carbon, oxygen, phosphorus, chlorine, and

calcium. The maps indicate fairly homogeneous elemental

distributions on a hundreds of micrometers length scale even in

CCPH5 to CCPH8, which suggests that all materials are

uniform over the mm length scale. While carbon (from the

cellulose), oxygen (from cellulose and calcium phosphate),

phosphorus, and calcium (both from calcium phosphate) can be

expected in these samples, the presence of chlorine and its

homogeneous distribution throughout the sample is somewhat

unexpected but highly reproducible. The fact that the location of

the chlorine signal overlaps with the calcium and phosphorus

signals suggests that it is also part of the mineral phase, possibly

as chloride in chlorapatite.

In spite of the limitations of the EDXS data just discussed,

EDXS clearly shows, by way of the low Ca/P ratios, that the

samples obtained by mineralization from the IL likely are crys-

tallographically poorly defined. This is supported by powder

X-ray diffraction (XRD), which in all cases yields patterns with

broad reflections indicative of small crystallites, poor crys-

tallinity, and poor crystallographic correlation, Figure 8.
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Figure 9: ATR-FTIR spectra of neat cellulose, for sample nomenclature see Table 3. Panels B and D are higher magnification views of the region
showing the calcium phosphate vibration bands. Spectra are shifted vertically for better visibility.

Figure 8: XRD patterns of cellulose and mineralized samples. Panel A
shows effects of acid or base addition, panel B shows effects of cellu-
lose concentration in the case of the samples grown with NaOH.

Patterns of neat microcrystalline cellulose show reflections at

15.1 and 22.8° 2θ; these can be attributed to the crystalline

structure of the cellulose. XRD patterns of all samples show

that the order of the cellulose decreases after reconstitution

from IL because the cellulose reflections are significantly

broader after regeneration.

XRD patterns of samples prepared in the presence of GAA after

24 h show reflections at 2θ (°) = 13.1, 27.0, 30.5, 33.0 and 49.2,

which can be assigned to monetite and, possibly, brushite.

Patterns of samples obtained after 48 h show reflections at

2θ (°) = 26.0, 28.6, 32.3, 39.0, and 49.4, which can be assigned

to HAP or ClAP. Similarly, samples prepared in the presence of

NaOH after 24 and 48 h show broad reflections; they can again

be assigned to HAP or ClAP. Increasing cellulose concentra-

tions yield in all cases samples consisting of HAP and cellulose.

Figure 9 shows representative attenuated total reflection-Fourier

transform infrared (ATR-FTIR) spectra of the samples. Neat

cellulose exhibits bands at 3335, 2890, 1427, and 1055 cm−1,

which can be assigned to the OH, CH2, C–H symmetrical defor-

mation, and C–O–C stretching vibration of cellulose, respect-

ively.

The spectra of the hybrid materials prepared with GAA

(CCPH1, 2, 3, and 4) show intense bands at 1031, 1090 cm−1

(P–O ν3), 562, 605 cm−1 (P–O ν4), and 956 cm−1 (P–O ν1),

which can be attributed to the presence of PO4
3− and/or HPO4

2−

groups. The intensity of the cellulose bands increases with

increasing cellulose concentration from 3 to 6 to 9% of cellu-

lose. The weak and broad –OH vibration band at around

3400 cm−1 in CCPH1 and CCPH2 is presumably due to the
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Table 5: EA and TGA data obtained for CCPHs. No N was detected in EA; the detection limit of the instrument is 0.3%.

Sample C & H from EA [%] Weight loss at
600 °C [%] (residue)

T of step in TGA [°C] Theoretical C & H
from TGAa [%]

C H Step 1 Step 2 Step 3 C H

Cellulose 43.18 ± 0.07 6.31 ± 0.0 96.01 (3.99) 246 350 530 42.70 5.92
CCPH1 11.59 ± 0.09 1.98 ± 0.08 34.71 (65.29) 218 338 597 13.04 2.06
CCPH2 21.80 ± 0.30 4.10 ± 0.10 56.49 (43.51) 218 343 596 21.90 3.35
CCPH3 24.46 ± 0.02 3.98 ± 0.04 59.60 (40.40) 182 333 462 21.00 3.50
CCPH4 26.90 ± 0.10 5.00 ± 0.10 69.30 (30.70) 183 342 458 25.10 4.20
CCPH5 23.49 ± 0.10 3.99 ± 0.14 62.91 (37.09) 167 340 597 24.53 3.73
CCPH6 23.00 ± 0.04 3.92 ± 0.02 57.36 (42.64) 215 368 590 21.26 3.39
CCPH7 29.19 ± 0.04 4.66 ± 0.04 75.98 (24.02) 249 348 596 27.89 4.50
CCPH8 32.84 ± 0.23 4.79 ± 0.33 82.71 (17.29) 252 342 593 31.94 4.89

aTheoretical amounts C and H were calculated from the fraction of organic material (= cellulose) as determined from TGA. The weight fraction of
water (represented by the first weight loss at around 100 °C) was was subtracted and the molecular weight of anhydroglucose was used for calcula-
tion.

hydroxyl groups of cellulose, water, and hydroxide ions in the

calcium phosphate. The relatively low intensity of the band

suggests that (i) the fraction of cellulose is relatively low or that

the –OH groups are strongly coordinated to the calcium phos-

phate and (ii) that the calcium phosphate is low in water or

hydroxide content.

In contrast, IR spectra of the samples grown in the presence of

NaOH at 3% cellulose concentration (CCPH5, 6) show typical

bands associated with apatitic calcium phosphates. Bands at 960

(P–O ν1), 563 and 601 (P–O ν4), 1029 and 1095 cm−1 (P–O ν3)

[54,55]. However, the calcium phosphate/cellulose hybrids

prepared in the presence of NaOH at 6% and 9% of cellulose

(CCPH7, 8) show slightly shifted and broadened phosphate

bands at 901 (P–O ν1), 555 and 597 (P–O ν4), 1014 and

1160 cm−1 (P–O ν3). The intensity of the band at 3360 cm−1

suggests that (i) the fraction of cellulose is relatively high or (ii)

that the calcium phosphate is relatively high in water or

hydroxide content. Moreover, the spectra suggest, by way of the

intense cellulose bands mentioned above, that, possibly, the

degree of mineralization is lower than in the samples prepared

in the presence of GAA. This is qualitatively supported by the

fact that especially the intensity of the phosphate vibration

bands is fairly low in the samples prepared at higher cellulose

concentrations.

Figure 10 shows thermogravimetric analysis/differential

thermal analysis (TGA/DTA) data. Table 5 summarizes the

results from elemental analysis (CHN analysis) and TGA/DTA.

TGA of the neat cellulose finds a weight loss of 96.1%, indi-

cating that even the neat cellulose contains some fraction of

non-volatile components. Overall the TGA curve is consistent

with earlier data [65] on cellulose decomposition, where a first

Figure 10: Representative TGA and DTA data of select samples. For
full data see Table 3.

weight loss of ca. 4.5% is assigned to water desorption below

ca. 120 °C. This initial weight loss is followed by the main

decomposition step between ca. 280 and 340 °C (accounting for

a loss of ca. 78.5%), followed by the final decomposition of the

organic and carbonaceous residues up to 600 °C (13.1%). The

corresponding DTA data confirms these assignments.

The same general observation can be made from the TGA/DTA

data of all hybrid materials, Table 5. The samples exhibit a first

weight loss of a few % assigned to water desorption and drying

processes, followed by a two-step, thermally induced and

exothermic, decomposition of the organic fraction. The fact that

two steps are observed in TGA and two broad and overlapping,

but distinct, signals in DTA clearly shows that the decomposi-

tion is in all cases a sequential but overlapping process.
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Table 5 summarizes the results from TGA/DTA and elemental

analysis (EA). EA shows that the carbon (= organic) content in

the materials obtained in the presence of GAA (CCPH1, 2, 3,

and 4) is lower than in the samples obtained with NaOH under

the same conditions. This is supported by TGA, which also

finds a lower overall weight loss in samples prepared with GAA

(ca. 34–57%) than in samples prepared with NaOH

(ca. 57–83%). Both EA and TGA therefore indicate that the

mineralization in the presence of GAA is more effective in the

sense that the fraction of inorganic is higher with the GAA

additive than with NaOH. Both TGA and EA also show that,

not surprisingly, the organic content in the hybrid materials

increases as the initial cellulose concentration in the reaction

mixture increases.

As stated in the introduction, calcium phosphate cellulose

hybrid materials could be interesting biomaterials. Preliminary

attempts to study the biocompatibility with MC3T3-E1 pre-

osteoblasts, however, only provided qualitative information

because of sample disintegration in the cultivation medium

(PBS buffer). Likely this is due to the fact that the materials are

quite brittle and tend to rapidly form a powdery product, which

is difficult to handle quantitatively in cell assays. In spite of

this, qualitative analysis showed that the pre-osteoblasts did

proliferate on the hybrid materials. More detailed experiments

are underway.

Discussion
As stated in the introduction, ILs are interesting reaction media

for the synthesis of advanced inorganic materials. ILs have,

however, not been explored for the synthesis of inorganic

biomaterials such as calcium phosphate, possibly for toxicity

concerns [66,67]. The only examples the authors are currently

aware of is an interesting study by de Zea Bermudez and

colleagues, who have reported strong effects on the morphology

of calcium carbonate but, interestingly, not on the crystal phase

[53].

The current study shows that in all cases investigated here,

calcium phosphate can be obtained from [Bmim][Cl]. In

analogy to water-based precipitation reactions [12,13,68,69],

the addition of an acid, GAA, or a base, NaOH, leads to

different crystal phases (likely, one parameter that is significant

here, is the presence of water traces). In the presence of GAA,

DCPA forms, as can be verified from XRD (Figure 1B). XRD

is further supported by FTIR spectroscopy (Figure 1A) which

finds no –OH band at 24 h, indicating the formation of DCPA

rather than DCPD, consistent with XRD. EDXS (Table 2)

further supports these findings as it detects a Ca/P ratio of just

below 1. Moreover EDXS also suggests that some sodium and

chlorine are present in the samples grown with GAA. Although

XRD does not show any indication of NaCl, we have previ-

ously observed the formation of minor NaCl fraction in a

different system [70]. The formation of NaCl could thus also be

possible here, especially because alkali salts are generally

poorly soluble in ILs [65]. The low fraction of sodium and chlo-

rine observed in the EDXS data could be due to the fact that the

precipitates were washed with water after synthesis and most

NaCl would thus have been washed out.

Additionally, both Na+ and Cl− can also substitute into calcium

phosphate; the residual fraction observed in the EDXS could

thus also be incorporated in the calcium phosphate crystal

lattice, although this is most common in the apatites and not in

DCPA formed with GAA [12,13,64,71,72].

Moreover, SEM (Figure 2) shows that the particle size of the

crystals grown with GAA after 24 h is orders of magnitude

larger than the size of the crystals obtained after 48 h. This is

similar to work by Shkilnyy et al. [73] who have shown that

calcium phosphate grown from aqueous solution in the pres-

ence of poly(ethylene imine) follows a precipitation-redissolu-

tion-repreciptation pathway before forming the final product,

HAP nanoparticles with a diameter on the order of 5–10 nm.

The current study thus suggests that at least some of the find-

ings from water-based calcium phosphate mineralization studies

may have analogies in IL-based precipitation processes; this

matter is however still under debate and more work is neces-

sary to understand and quantify the intricacies of precipitation

of inorganic matter from ILs.

SEM also shows that the samples grown from GAA-containing

ILs are large blocks consisting of nanoparticles with diameters

on the order of 100–300 nm. This suggests that the resulting

materials could be mesocrystals [74,75]. At the moment this is,

however, difficult to asses because the samples are highly

unstable under the electron beam during electron diffraction.

In contrast to the samples grown with GAA, samples grown

with NaOH are more uniform and SEM (Figure 2) shows the

typical nanoparticle morphology that is also observed for

calcium phosphate grown from aqueous solution at basic condi-

tions [12,13]. Also consistent with conventional processes in

aqueous solutions, XRD and FTIR spectroscopy (Figure 1)

show that these precipitates are HAP and ClAP. Likely the

reason for ClAP formation is the fact that the IL [Bmim][Cl]

contains a high amount of chloride. The formation of Ca-defi-

cient HAP or ClAP is further confirmed by EDXS (Table 2).

Importantly, EA and EDXS find no nitrogen in the precipitates.

This suggests that the fraction of IL in the final materials is low.

This is important for reasons of toxicity, as outlined above: if
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the precipitates synthesized in the current study are to be used

in implantation or toothpaste, toxic compounds such as ILs

must of course be removed. Apparently the washing process

used here is sufficient to remove most of the IL such that no

nitrogen (that is, IL cation) can be detected.

As pointed out in the introduction, there is a need for viable,

flexible, and robust protocols towards (nano- and mesostruc-

tured) carbohydrate/calcium phosphate hybrid materials with

the potential for scale-up. While the organic modification of

cellulose in ILs has yielded a large number of publications

[35,37,40,57] the synthesis of carbohydrate/inorganic hybrid

materials from ILs is still in its infancy. The current study there-

fore addresses the problem by exploiting the potential of

[Bmim][Cl] to both dissolve cellulose in significant weight frac-

tions and to yield nanoscale calcium phosphate precipitates.

Besides, we have also explored the effects of additives, NaOH

and GAA, in the reaction mixture on sample architecture,

crystal phase, crystal organization, and sample homogeneity.

SEM (Figures 2, 4, 5) and TEM (Figure 6) show that the addi-

tive, GAA vs NaOH, has a dramatic influence on the sample

morphology. In the presence of GAA very uniform and highly

organized nanoscale hybrid materials are obtained. In contrast,

the addition of NaOH leads to heterogeneous sample morpholo-

gies with a poorly defined architecture of the inorganic building

blocks. EDXS (Table 4) shows that all samples have Ca/P ratios

that are lower than expected for stoichiometric HAP, although

the initial Ca/P ratio in the reaction mixture was 1.67. In some

cases (CCPH1, 2) the ratios of around 1 are indicative of DCPD

or DCPA. Moreover, X-ray maps of elemental distribution

(Figure 7) confirm SEM by showing that samples precipitated

with NaOH are not homogeneous on a micrometer to nanometer

scale.

Overall, the homogeneity of the samples precipitated with GAA

suggests that here (i) the reaction mixture is homogeneous and

nucleation and growth occurs throughout the reaction mixture

or (ii) that the GAA molecules act as growth modifiers, possibly

by stabilizing intermediates or nuclei which would then again

yield the uniform particles observed in the TEM. Indeed, citrate

has been suggested as a strong growth modifier for calcium

phosphate from aqueous solution [76]. In contrast, the hetero-

geneity of the samples obtained with NaOH could be due to

solubility issues of NaOH in the IL; as ILs are known to only

poorly solubilize alkali halides [65]. A similar argument may

apply to the case here.

The presence of Cl in all samples is surprising at first, but can

be assigned to the fact that the reaction is done in an environ-

ment rich in chloride, the IL [Bmim][Cl]. The incorporation of

chloride into the precipitates is further confirmed by XRD

(Figure 8) because the XRD patterns can – at least partly – be

assigned to chlorapatite.

XRD and IR spectroscopy (Figure 9) further show that in the

presence of GAA not HAP or ClAP forms initially, but dical-

cium phosphate anhydrate (monetite CaHPO4, DCPA). This is

interesting because DCPA is a calcium phosphate phase

that (in water) forms at relatively low pH values of around 5

[64,68,71,72]. This suggests that at least some of the growth of

calcium phosphate in ILs, such as the effects of pH in water vs

the presence of protons or hydroxide ions in IL, could be

similar, but this claim will need further investigation.

The seeming discrepancy between the observation, that in the

current work DCPA forms instead DCPD (which would be

expected in aqueous media), can be resolved by the fact that the

materials investigated in the current study were synthesized at

80 °C. At this temperature, DCPA also forms in aqueous media

[68].

This observation, however, points to an issue with the current

system. While most carbohydrates are fairly stable against

temperature, it may for other reasons be desirable to operate at

lower temperatures. To achieve this, [Bmim][Cl] is, due to its

high melting point, not well suited. Other ILs such as acetates

or formates would likely be more suitable candidates.

TGA/DTA (Figure 10, Table 5) and IR spectroscopy (Figure 9)

show that the mineralization of calcium phosphate in the pres-

ence of NaOH yields materials with significantly lower degrees

of mineralization than in the presence of GAA. This is different

from aqueous systems, where the solubility product of HAP

(formed at high pH) is significantly lower than that of DCPA

(formed at low pH). Here the current study shows that concepts

known from mineralization of calcium phosphate in aqueous

media cannot in all cases directly be transferred to ILs. While

both in water and ILs, higher temperatures seem to favor the

formation of DCPA over DCPD, the higher degree of mineral-

ization is somewhat counterintuitive when drawing inspiration

from aqueous media: the reason for the higher mineralization

level of the samples grown in the presence of GAA could well

be related to issues of solubility products of the respective

calcium phosphates in [Bmim][Cl] and these could be signifi-

cantly different than in aqueous solution.

Finally it is important to address the aspect of biocompatibility

and cytotoxicity. ILs are nowadays (after an initial phase, where

this aspect was completely ignored) regarded as moderately

toxic. This is mostly due to the fact that (i) many ILs either have

long alkyl tails on the cation or that (ii) some of the anions such
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as PF6
− can degrade and form, among others, hydrofluoric acid,

which is toxic [65,66]. In spite of this, the current data show

that the extraction process used for sample purification is suit-

able to produce materials free of IL: neither EA (Table 5) nor

EDXS (which is less sensitive, Table 2 and Table 4) detected

any nitrogen in the current samples. As nitrogen is only present

in the IL cation, this indicates that no more imidazolium

moieties are present in the final, purified materials. Indeed,

preliminary tests with MC3T3-E1 cells show that they prolif-

erate on our materials without significant damage. This thus

shows that IL-based synthesis protocols are also viable for

biomaterials development.

Conclusion
The current study presents a new approach towards true carbo-

hydrate/calcium phosphate hybrid materials with a highly

ordered, uniform, and chemically well defined mesostructure.

The study has three key findings: (i) the use of suitable ILs

enables the synthesis of hybrid materials with carbohydrates

that have so far not been accessible for the formation of true

nanoscale architectures in hybrid materials research, (ii) the

addition of an acid or a base dramatically affects the outcome of

materials synthesis; these data also suggest that some, but by far

not all, concepts of calcium phosphate growth known from

aqueous media can be transferred to ILs. Much more work is

however needed to understand the processes leading to the

observed morphologies. (iii) Soxleth extraction with a suitable

solvent is a viable method for producing essentially IL-free

hybrid materials that could find use in hard tissue repair or other

fields. Clearly, as stated throughout the discussion, there are

numerous open questions both with respect to synthesis opti-

mization and the fundamentals of materials formation from ILs.

This article is but the start down this interesting and promising

new avenue of materials research and development.
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Abstract
Treatments with organic surfactants, followed by the deposition of nanocrystalline ceria coatings from aqueous solution, were

applied to anodes of solid oxide fuel cells. The cells were then operated in hydrogen/nitrogen fuel streams with H2S contents

ranging from 0 to 500 ppm. Two surfactant treatments were studied: immersion in dodecanethiol, and a multi-step conversion of a

siloxy-anchored alkyl bromide to a sulfonate functionality. The ceria coatings deposited after the thiol pretreatment, and on anodes

with no pretreatment, were continuous and uniform, with thicknesses of 60–170 nm and 100–140 nm, respectively, and those cells

exhibited better lifetime performance and sulfur tolerance compared to cells with untreated anodes and anodes with ceria coatings

deposited after the sulfonate pretreatment. Possible explanations for the effects of the treatments on the structure of the coatings,

and for the effects of the coatings on the performance of the cells, are discussed.

1712

Introduction
Fuel cells convert chemical energy directly to electrical energy.

Compared to conventional power sources, fuel cells offer higher

efficiencies, lower emissions, modular installation scalable from

milliwatts to megawatts, and distributed power generation to

reduce transmission losses [1]. Among fuel cell technologies,

solid oxide fuel cells (SOFCs) offer unique benefits [1,2]. They

run not only on hydrogen, but also on widely available hydro-

carbon fuels. They need little or no precious-metal catalysts.

They provide high-quality utility-grade heat, which in combina-

tion with electrical efficiencies of up to 60% leads to total

system efficiencies of 80–85%, exceeding conventional power

sources. SOFCs thus have tremendous potential to meet rising

global demand for electrical energy more efficiently and with

lower environmental impact than conventional power sources.

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:mrd2@case.edu
http://dx.doi.org/10.3762%2Fbjnano.5.181
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A fuel cell consists of a dense ionically conducting layer (elec-

trolyte) with porous electronically conducting layers (the elec-

trodes) on each side, separating the fuel (e.g., H2) from its

oxidant (typically O2 in air). In typical solid oxide fuel cells

(SOFCs), oxygen molecules are reduced to oxide ions at the air

electrode (the cathode) by electrons from the external circuit.

The oxide ions cross the electrolyte and combine with H2 at the

fuel electrode (the anode, the focus of the present study) to form

H2O, releasing electrons into an external circuit to do electrical

work before they pass to the cathode for consumption in the

oxygen reduction reaction.

It is well known that the performance of SOFC anodes, typi-

cally composites of nickel metal with a zirconia or ceria ionic

conductor, is degraded by sulfur impurities in the fuel, severely

reducing both the power generated by the cell and its operating

lifetime. (For recent reviews, see [3,4].) The extent and perma-

nence of this “sulfur poisoning” varies with operating tempera-

ture, current density, sulfur concentration (as low as a few

ppm), and anode materials [5-12]. Current consensus holds that

adsorption of sulfur onto the nickel surface [13] may impede

the ability of nickel to catalyze the oxidation of hydrogen

[9,14-16]. Understanding sulfur poisoning is crucial to devel-

oping SOFCs that could operate on commercial, sulfur-

containing hydrocarbon fuels (such as diesel and aeronautical

fuels) and fuels derived from sulfur-containing sources such as

coal.

Studies [17-21] have shown that incorporating ceria into the

anode, either to replace yttria-stabilized zirconia (YSZ) as the

ionic conductor or infiltrated into a porous anode structure, can

lead to the reduction or elimination of sulfur poisoning. The

procedures used by other groups to infiltrate ceria into SOFC

anodes usually involve immersing the anodes into a precursor

solution, e.g., of cerium nitrate [16,18,22-24] or through a

sol–gel route [25]. After drying and high-temperature treatment,

a ceramic film results.

Recent developments in the aqueous-phase deposition of func-

tional oxides [26] can lead to a greater degree of control over

the properties and morphology of films on SOFC anodes.

Specifically, the surfaces of a commercial SOFC anode were

treated with surfactants prior to immersion in an aqueous

precursor solution [27]. By this approach, a nanocrystalline

ceria film was formed without further heat treatment. The thick-

ness of the film and its morphology and distribution within the

microstructure of the porous SOFC anode depended signifi-

cantly on the type of pretreatment used.

The present research sought to distinguish sulfur tolerance due

to replacing YSZ with ceria from that due to protecting Ni from

sulfur exposure. Few studies of sulfur poisoning have character-

ized the microstructural changes associated with the loss of

performance [6,19,20,28]. In the present work the microstruc-

tural changes and the degree of sulfur tolerance were related to

the presence or absence of the ceria coating, its morphology

(which depended on the prior surfactant treatment), and the

extent of sulfur exposure.

Results
First we illustrate general characteristics of the performance of

the cells in sulfur-containing environments. Then SEM and

EDXS analyses of the microstructures of the cells, before and

after operation, with and without surfactant pretreatments are

presented. The performance of the cells, grouped by type of

anode treatment, is then discussed to show correlations between

surfactant treatment, coating characteristics, and cell perfor-

mance. The anode treatments were of four types:

• Treatment 1: no ceria coating or surfactant treatment

• Treatment 2: ceria coating with no surfactant treatment

(direct-treated)

• Treatment 3: ceria coating after thiol surfactant treatment

• Treatment 4: ceria coating after sulfonate surfactant

treatment

Effects of sulfur exposure on cell
performance
The initial value of current density for each cell was chosen to

give an output voltage of 0.7 V. If voltage dropped by more

than 10% in a 24 h period, the current density was reduced to

raise the voltage back to 0.7 V. Common measures of SOFC

performance are the change in output voltage over time at a

fixed current density, and area specific resistance (ASR, units of

Ω·cm2).

Figure 1 shows the change in output voltage and ASR in a cell

with no ceria coating (treatment 1) running on H2/N2 fuel at

107 mA·cm−2 (8.4% fuel utilization) throughout the 192 h test.

This cell exhibited sulfur tolerance, i.e., only a gradual loss in

power (no worse than that observed in sulfur-free fuel in the

first 24 h of operation) throughout the test, though H2S levels

progressively increased from 0 and 500 ppm in 24 h intervals.

Such behavior was observed in many cells operated at current

densities below 200 mA·cm−2, regardless of the presence or

absence of a ceria coating.

Figure 2 shows the change in output voltage and ASR in a treat-

ment-3 cell operating while H2S levels alternated between 0 and

50 ppm in 24 h periods. The current density of 214 mA·cm−2

corresponded to fuel utilization of 16.7%. This test showed

several hallmarks of sulfur poisoning [4,5,7,10]:
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Figure 1: Output voltage and ASR at low current density, showing sulfur tolerance. Yellow shading denotes 24 h periods of H2S exposure in the
anode stream at the concentration indicated. (Treatment-1 cell (no ceria coating) with no interlayer.)

Figure 2: Output voltage and ASR, showing typical effects of partially reversible sulfur poisoning. Yellow bands denote periods of H2S exposure in the
anode stream at the concentration indicated. (Treatment 3 cell, no interlayer.)

• a sharp initial drop in voltage on adding 50 ppm H2S to

the fuel stream;

• a slower decrease in voltage on continued operation

under constant atmosphere;

• recovery of most of the lost output voltage on reducing

the H2S level to 0 ppm;

• overall decline in output voltage at constant current

density, and a progressive rise in ASR (from 1.3 Ω·cm2

to 4.8 Ω·cm2) over the duration of the test.

This behavior was typical for many cells operated at current

densities above about 200 mA·cm−2 [12], whether ceria-coated

or not. In general, exposure to H2S led to shorter operating life-

times and/or lower power (see Figure 12 below), resulting in

lower total lifetime energy output.

Figure 3 underscores the significance of current density in the

appearance of sulfur poisoning in the present study. It shows the

change in output voltage and ASR in a treatment-4 cell

that exhibited both sulfur tolerance at a current density of

150 mA·cm−2 (24–192 h) and partially reversible sulfur

poisoning at 179–200 mA·cm−2 (192–456 h).

Figure 4 shows the voltage output versus time of a treatment-2

cell that initially showed high sulfur tolerance, with little

change in voltage or ASR on exposure to 50 ppm of H2S at high
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Figure 3: Output voltage and ASR, showing sulfur tolerance at a current density below 200 mA·cm−2 (24–192 h) and partially reversible sulfur
poisoning at 200 mA·cm−2 (192–456 h). (Treatment-4 cell, no interlayer.)

Figure 4: Output voltage and ASR, showing initial sulfur tolerance at high current density, and early cell failure. (Treatment-2 cell with GDC
interlayer.)

current density (625 mA·cm−2) for 24 h. Nevertheless, with

each subsequent 24 h increase in H2S level (to 100 and 200

ppm) the current density had to be reduced sharply (to 368 and

129 mA·cm−2, respectively) to maintain the same voltage as at

the preceding H2S level. (After about 90 h of testing, the rapid

failure of the cell resulted from inadequate removal of H2O

from the anode atmosphere [12].)

Microstructures of as-treated anodes
The microstructures of coatings of cells with gadolinia-doped

ceria (GDC) interlayers between the anode and electrolyte (see

Experimental section for details) were essentially the same as

those observed on cells without GDC interlayers. All SEM

images shown here, except Figure 9, are of cells without GDC

interlayers.

The as-received anodes (i.e., before reduction of NiO to Ni)

(Figure 5a) had a Ni:Ce atomic ratio of 3.47 (22.4 atom % Ce)

(Table 1), in excellent agreement with the value of 3.43

computed from their nominal composition. (All reported Ni:Ce

ratios and cerium concentrations were measured by using

energy-dispersive X-ray spectroscopy (EDXS).) The NiO parti-
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Figure 5: Top views of ceria deposition on NiO/GDC anodes. a) Treatment 1 (no coating). b) Treatment 2 (direct-treated). The ellipse indicates a gap
in the coating. c) Treatment 3 (thiol-treated). d) Treatment 4 (sulfonate-treated).

cles ranged in size from 0.5 to 1.5 μm and had faceted, poly-

gonal faces (Figure 5a). The GDC particles were more rounded;

many were sintered agglomerates ca. 3 μm long and ca. 1 μm

wide.

Direct-treated ceria coatings (treatment 2) were mostly uniform

and continuous (Figure 5b). The presence of a coating can be

readily detected in the covering of the polygonal NiO grains,

giving them a more rounded appearance. The untreated coating

exhibited a few cracks at grain boundaries and occasional gaps

(indicated by a circle in Figure 5b). The Ni:Ce atomic ratio was

2.60 (27.8 atom % Ce) (Table 1).

On thiol-treated anodes (treatment 3; Figure 5c) the ceria

coating was uniform and continuous. Cracks in the coating were

occasionally evident at the grain boundaries. The Ni:Ce atomic

ratio was 2.01 (33.2 atom % Ce) (Table 1). On sulfonate-treated

anodes (Figure 5d) the appearance of the anode was similar to

that of the untreated anode, except that loose ceria clusters were

evident. The Ni:Ce atomic ratio was 3.27 (23.4 atom % Ce)

(Table 1).

Coating thicknesses were measured on cells with NiO/YSZ

anodes that had been coated by using the same procedures as

for the nickel-GDC anodes. Then cross-sections were prepared

Table 1: Summary of typical EDXS analyses of Ce and Ni (Ni + Ce =
100 atom %) from Ni/GDC anodes (without GDC interlayer) in cells
before and after testing, by type of pre-treatment. Data in the “after
testing” columns were taken from the surfaces and cross-sections of
the anodes shown in Figures 7 through 10.

treatment before testing after testing
surface cross-

section

1 Ni, atom % 77.6 69.4 69.2
Ce, atom % 22.4 30.6 30.8
Ni:Ce 3.47 2.27 2.25
∆(Ni atom %)a — −8.2 −8.4

2 Ni, atom % 72.2 64.2 64.4
Ce, atom % 27.8 35.8 35.6
Ni:Ce 2.60 1.79 1.81
∆(Ni atom %)a — −8.0 −7.8

3 Ni, atom % 66.8 65.3 67.5
Ce, atom % 33.2 34.7 32.5
Ni:Ce 2.01 1.88 2.08
∆(Ni atom %)a — −1.5 0.7

4 Ni, atom % 76.6 76.8 69.2
Ce, atom % 23.4 23.2 30.8
Ni:Ce 3.27 3.30 2.25
∆(Ni atom %)a — 0.2 −7.4

aChange in atom % of nickel from start of testing to the end.
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Figure 6: FIB cross-sections halfway through ceria-coated NiO/YSZ anodes, with superimposed EDXS maps (Ni: green; Zr: blue; Ce: yellow).
a) Direct deposition (treatment 2). b) Deposition after thiol treatment (treatment 3). c) Deposition after sulfonate treatment (treatment 4). (Pink regions
are the protective Pt layer applied as part of the FIB sectioning technique.)

Figure 7: Cross-sectional view of an untreated Ni/GDC anode (treatment 1) after operation. a) SEM image; b) EDXS mapping of Ni (green) and Ce
(yellow).

by using a focused ion beam unit, and EDXS maps were super-

imposed on the cross-sectional images (Figure 6). With YSZ

replacing the GDC as the ionically conducting phase in the

anode, the ceria coating could easily be distinguished. All three

cross-sections showed ceria coatings enveloping both the NiO

and YSZ grains. Figure 6 shows that the coating extended into

the porous anode. The thicknesses of the coatings were deter-

mined from 5–10 locations in the underlying SEM images (not

shown). Typical thickness values ranged from 60 to 170 nm on

the direct-treated anode (Figure 6a), 100–140 nm on the thiol-

treated anode (Figure 6b), and 50–110 nm on the sulfonate-

treated anode (Figure 6c). Coating thicknesses typically varied

in the order: thiol (treatment 3) > direct (treatment 2) >

sulfonate (treatment 4). The ceria contents of these samples, as

determined from overall EDXS analysis of the SEM images,

decreased in the same order (Table 1, Ce atom % before

testing).

Microstructural analysis of anodes after
operation
As-received cells (treatment 1): Figure 7 shows the post-oper-

ation cross-sectional SEM images of the anode of an

as-received cell (i.e., no ceria coating). The cell was tested at an

average current of 71 mA·cm−2 for 98 h with a total H2S expo-

sure of 28.8 cm3. Even during this short test at low current

density, some of the Ni particles had coarsened to over 2 μm in

size (vs 0.5 to 1.5 μm before testing, Figure 5). At the top of the

anode, coarsened Ni particles were spread on the surface. Both

Ni particles and GDC particles were rounded without facets.

The Ni:Ce atomic ratio was 2.27 at the surface and 2.25 at the

cross-section, compared to 3.47 as received (Table 1). That is,

Ni was depleted from the anode during operation, but had not

preferentially segregated to the surface.

Direct-coated cells (treatment 2): Figure 8 shows the anode of

a direct-treated cell that gave an average current density of

135 mA·cm−2 for 109 h, with a total H2S exposure of 28.9 cm3.

The testing conditions were comparable with the cell shown in

Figure 7, but at nearly twice the current. The Ni:Ce atomic ratio

was 1.79 at the surface, and 1.81 over the entire cross-section,

compared to Ni:Ce = 2.60 at the surface of the coated anode

before operation, i.e., depletion of Ni had occurred during oper-

ation, but Ni had not preferentially segregated to the surface.

Thiol-treated cells (treatment 3): Figure 9 shows the anode of

the thiol-treated cell of Figure 2 after operation (average current
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Figure 8: Cross-sectional view of a direct-treated anode (treatment 2) after cell operation. a) SEM image; b) EDXS mapping of Ni (green) and Ce
(yellow).

Figure 9: Cross-sectional views of the thiol-treated anode (treatment 3) of the cell shown in Figure 2 after operation. a) Whole anode thickness;
b) EDXS mapping of Ni (green) and Ce (yellow); c) and d) higher magnification, c) near the anode surface and d) near the electrolyte (electrolyte is
visible at bottom). Images c) and d) show that the ceria coating persisted throughout the anode. (Arrows in d point to coating edges or cracks).

density of 218 mA·cm−2 for 305 h of actual operation, with a

total H2S exposure of 36 cm3). This test lasted nearly three

times as long as that of the direct-treated cell (Figure 8). After

operation, the remaining ceria film and film fragments could be

observed at the anode surface and near the electrolyte

(Figure 9). A few coarsened Ni particles over 2 µm in diameter,

round with smooth surfaces, protruded from the anode surface.

Pieces of the ceria film or of GDC particle fragments were

observed on the coarsened Ni particles. The measured Ni:Ce

ratio was 1.88 at the anode surface, and 2.08 over the cross-

section (compared with 2.01 at the surface before operation).

That is, a slight loss of Ni from the surface had occurred.

Sulfonate-treated cells (treatment 4): Figure 10 shows the

anode of the sulfonate-treated cell of Figure 3 after testing

(average current density of 187 mA·cm−2 for 456 h, with a total

H2S exposure of 367 cm3). This was the longest test and the

highest cumulative H2S exposure of the cells shown in Figures

1–4 and 7–10. Nickel and ceria phases were sintered into a

porous two-phase network, with no signs of a ceria coating



Beilstein J. Nanotechnol. 2014, 5, 1712–1724.

1719

Figure 10: Cross-sectional view of a sulfonate-treated anode (treatment 4) after operation. a) SEM image; b) EDXS mapping of Ni (green) and Ce
(yellow).

remaining. The measured Ni:Ce atomic ratio for the cross-

section was 2.25, compared with 3.27 on the surface before

operation, suggesting that nickel depletion from the interior had

occurred during operation.

The loss of Ni from the anodes was especially noticeable for

uncoated cells. Among the 17 anodes whose Ni distributions

were analyzed after testing, on average, the trend for signifi-

cance of this effect was: treatment 1 > treatment 4 ≈ treatment 2

> treatment 3. That is, the thicker the ceria coating, the less

severe was loss of Ni from the anode.

Overall cell performance
Because the test protocol (see Experimental section) subjected

the cells to a wide range of current densities and H2S exposures

of various concentrations and durations (compare, e.g., Figures

1–4), and because of the different pre-treatments to which the

cells were subjected, as well as performance variations between

nominally identical cells, the cells exhibited significant varia-

tion in their operating lifetimes and output. As fuel cells are

essentially energy-conversion devices, one useful metric for

assessing the relative performance of devices that differed not

only in their anode structures, but also in the details of their

operating history, is total electrical energy output over the life

of the device. Figure 11 shows the average total energy output

of the cells (with and without GDC interlayers), grouped by

anode treatment, in tests entailing H2S exposure. On average,

the direct-treated and thiol-treated cells provided 103% and

78.5% more energy over their lifetimes than did the untreated

cells, whereas the sulfonate-treated cells provided 31% less

energy than the untreated cells.

Plotting the average power over the lifetime of individual cells

versus total H2S exposure for the four types of treatment

(Figure 12, which includes all of the cells averaged in

Figure 11, plus cells that underwent no H2S exposure) gives

another perspective on the effectiveness of the ceria coatings at

Figure 11: Average lifetime energy output of SOFCs (with and without
GDC interlayers) tested in sulfur-containing fuel streams, grouped by
treatment: 1, no coating; 2, direct ceria coating; 3, ceria coating after
thiol treatment; 4, ceria coating after sulfonate treatment. The numeral
above each column is the number of cells tested for each type of treat-
ment.

improving sulfur tolerance. For cells with the same treatment,

the average power mostly decreased with increasing cumula-

tive sulfur exposure over the cell lifetime, but only ceria-coated

cells (treatments 2, 3, and 4) survived total H2S exposure

greater than 120 cm3. Figure 12 also indicates that for cells that

experienced no H2S exposure, all the ceria-coated cells exhib-

ited higher average power than the uncoated cells (treatment 1).

This suggests that the ceria coating, regardless of the details of

the pre-treatment, improved the average power output of the

cells over their lifetimes.

Discussion
The microstructures of the anodes changed greatly during oper-

ation and depended strongly on the testing conditions. The most

notable changes occurred in the nickel phase: coarsening (in

almost all cases), and nickel depletion from the interior in most

anodes. The effects of the coatings and of the surfactant treat-

ments on these phenomena are discussed below.
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Figure 12: Average power over cell lifetime, grouped by anode treatment and anode type, ranked by cumulative H2S exposure within each group.
Numbers at the top of each column indicate the cumulative H2S exposure over the lifetime of each cell. Blue columns: cells with GDC interlayers
between anode and electrolyte. Red columns: cells without GDC interlayers.

Dependence of coating characteristics on
surfactant treatments
Whatever effects the organic surfactants had on the cell perfor-

mance could have only been exerted during the deposition of

the ceria coatings. Before cell operation, during the high-

temperature reduction of NiO to Ni (see Experimental section),

the surfactants were undoubtedly burnt out, as similar surfac-

tant layers have been shown to pyrolyze below 400 °C, even in

low-oxygen atmospheres [29].

During deposition, the solution parameters (concentration,

temperature, and pH) can be expected mainly to dictate the

particle size and ultimate crystalline form of the coating [30].

The effects of the surfactant layer will be seen primarily in the

extent to which it promoted the attachment of the solid parti-

cles from the deposition medium and affected their distribution

on the substrate (in this case, a NiO–GDC composite).

In previous studies of oxide film deposition on surfactant-

treated surfaces, sulfonate surfaces strongly favored the

formation of continuous films of ZrO2, TiO2, and SnO2 [26].

This outcome is attributed to the high negative surface

charge density of well-packed sulfonate surfaces under the

acidic conditions at which these oxides precipitate from solu-

tion [31]. When the same treatments that we described here

were used prior to applying ceria coatings to a different SOFC

anode design than that used in the current work [27], the

sulfonate surface gave the thickest and most continuous coat-

ings.

In the present study, the fact that the sulfonate treatment gave

the thinnest and least uniform ceria coatings can be attributed to

the nature of the deposited surfactant layer. X-ray photoelec-

tron spectroscopy (XPS) of the sulfonate-treated anodes (before

ceria deposition) showed carbon and sulfur signals much higher

than expected [32] from, e.g., a well-packed surfactant mono-

layer, and many times higher than the signals detected in the

sulfonate-treated anodes of [27]. This indicates that the

sulfonate treatment on the present anodes left large oligomers

and cross-linked clusters of surfactant, which could have

obscured or neutralized most of the sulfonate functionality and

led to the thinner, less uniform ceria coatings.

Conversely, XPS measurements of the thiol-treated anodes

before ceria deposition showed that most of the thiol function-

ality had oxidized to sulfonate. So it appears in the present work

that the thiol surfactant provided a surface more like a well-

packed sulfonate layer than did the sulfonate treatment (Figures

5c vs 5d; Figures 6b vs 6c), resulting in thicker and more

uniform ceria coatings from the thiol treatment than from the

sulfonate treatment.

Relation of cell performance to coating char-
acteristics and surfactant treatments
The effects of the surfactant treatments on the coatings are

reflected in the sulfur tolerance of the variously treated anodes

(Figure 11 and Figure 12). In light of the current thinking that

sulfur blocks catalytic sites for the anode reaction on the nickel,

the ceria coating may act to impede the sulfur adsorption on the
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nickel while still allowing the anode reaction to proceed. The

current results then suggest that a continuous coating (direct- or

thiol-treated), but not necessarily the thickest (thiol-treated)

provides best sulfur tolerance to the anode. Aspects of the

sulfonate treatment, particularly the oxone oxidation step, may

have adversely affected the anode surface chemistry. (As

explained in the Experimental section, we observed chemical

damage to the cathode if the oxone solution contacted it, and

subsequently took steps to prevent such contact before testing

began.)

Nickel coarsening
Coarsening of nickel is often associated with performance de-

gradation in cermet SOFC anodes [3,16,33,34]. One significant

effect of the ceria coating in the current work was to hinder

nickel coarsening. For example, compare the significantly

coarsened nickel in Figure 7 (an untreated cell) to the nickel in

Figure 8 (an direct-treated cell), tested for a similar time but at

twice the current and power. Similarly, compare Figure 7b to

Figure 9b and Figure 10b (thiol- and sulfonate-treated cells),

which showed similar coarsening though the coated cells expe-

rienced many times longer and more intensive operation. Coars-

ening of the metallic phase reduces the density of three-phase

boundaries between pore, electronic conductor, and ionic

conductor, which are essential to cell operation [35]. Coars-

ening of Ni also leads to less interconnection of metal particles

and therefore to a decrease of the electrical conductivity of the

anode. This would be expected to result in loss of power over

time, e.g., increased ASR.

The ceria coatings could not suppress nickel coarsening indefi-

nitely. The coatings were readily observed after early stages of

cell operation, but in the anodes of long-lived cells the ceria

coating was visible mainly as small fragments on coarsened

nickel particles. Most of the coating had presumably sintered

into, and was indistinguishable from, the GDC phase of the

anode. This suggests that eventually the ability of the coating to

hinder coarsening broke down, allowing coarsening to proceed

until the cell failed.

Nickel depletion
Lussier et al. [8] reported Ni depletion from Ni/YSZ and

Ni/GDC anodes during operation in sulfur-containing atmos-

pheres. Likewise in the present work, by comparing the anode

composition before and after cell operation, loss of nickel from

the anode was detected for most cells, especially uncoated cells

and cells running at high current for long times [32,36]. This

suggests that the ceria coatings hindered Ni depletion. The

mechanism of nickel depletion is believed to involve the forma-

tion of low-melting, volatile Ni(OH)2 in the presence of the

H2O formed at the anode [37]. A ceria shell around the metal

network may act as a physical barrier to impede Ni(OH)2 for-

mation or evaporation, with the most continuous coatings being

most effective.

Conclusion
Overall, this work established that nanocrystalline ceria coat-

ings could be deposited throughout porous cermet anodes of

SOFCs 6 µm thick by using an aqueous infiltration technique at

50 °C in 48 h without subsequent heat treatment. The

morphology of the coatings – specifically, their thickness and

their continuity – could be affected through surfactant

pretreatments. Lastly, continuous uniform coatings 60–170 nm

thick, as deposited directly on the anodes without prior surfac-

tant treatment, or 100–140 nm thick as deposited on thiol-

treated anodes, significantly improveed the sulfur tolerance in

the tested cells.

The improvements in sulfur tolerance in ceria-coated anodes

were attributed to the ability of the coatings to suppress Ni

coarsening and depletion in the anode, and this effect was most

pronounced in the thiol-treated and the direct-treated cells. The

protective effect of the ceria coating appeared to diminish in

cells where the coating had not remained physically intact and

continuous.

Experimental
The cells used in this study were electrolyte-supported, circular

“button” cells, 3.8 cm in diameter. The electrolyte was

Y0.03Zr0.97O2−δ, 100 µm thick. The anode, 6 µm thick,

consisted of 60 wt % NiO and 40 wt % Gd0.1Ce0.9O2−δ

(gadolinia-doped ceria, GDC). The NiO was reduced to Ni

during the initial heat-up of the cell under a flowing H2/N2

stream before cell operation began.

Some anodes (the cell of Figure 4, cells included in the aver-

ages in Figure 11, and cells represented by blue columns in

Figure 12) in addition contained a 2 µm-thick, porous GDC

interlayer between anode and electrolyte. This interlayer had no

discernible effect on the characteristics of the ceria coatings,

either before or after testing, which are the focus of the current

work; the conclusions presented here apply equally to both of

these types of anodes.

The cathode, 12 µm thick, was composed of 50 wt %

Y0.08Zr0.92O2-δ and 50 wt % lanthanum strontium manganite

with La:Sr ratio of 0.85:0.15. The area of each electrode was

2.8 cm2.

Surfactant treatment and ceria deposition
All cells were first cleaned with ethanol and dried in flowing

argon. For the thiol treatment, the cleaned substrates were
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immersed in 1-dodecanethiol (CH3C11H22SH) for 5 h at room

temperature in air, then washed in flowing ethanol for 2 min

and in deionized water for 2 min.

For the sulfonate treatment, the cleaned cells were immersed in

1 vol % 1-bromo-11-(trichlorosilyl)undecane (Cl3SiC11H22Br)

in bicyclohexyl (C12H22) for 5 h at room temperature

in air. The trichlorosilyl groups hydrolyze and undergo conden-

sation reactions with oxide and hydroxide groups on the elec-

trode surfaces, and with each other. The intended result is a

siloxy-anchored, bromine-terminated, cross-linked organic

monolayer on the pore walls of the electrode. Then the speci-

mens were refluxed with 7% potassium thioacetate in ethanol at

80 °C for 16 h to replace the –Br end groups with thioacetate

(-SCOCH3). Lastly, the thioacetate was converted to sulfonate

(-SO3H) by exposing the anode to saturated oxone

(2KHSO5·KHSO4·K2SO4) aqueous solution for 2.5 h at room

temperature [31]. During this step, instead of immersing the cell

into the oxone solution, a cotton pad saturated with oxone was

used to cover only the anode side of the cell. This technique

provides enough oxone to oxidize the thioacetate group to

sulfonate, while preventing damage to the cathode by reaction

with the oxone.

Prior to ceria deposition, the surfactant depositions were moni-

tored with X-ray photoelectron spectroscopy (XPS, PHI Model

5600 MultiTechnique System), with particular attention to the

presence of the characteristic functional groups and to the

progress of the in situ transformations entailed by the sulfonate

treatment.

To deposit the ceria coating, the cells (with or without

surfactant pre-treatment) were immersed in an aqueous solution

of 0.01 M cerium acetate and 0.005 M potassium chlorate [38]

at 50 °C for 48 h. After the deposition, the cells were rinsed

with deionized water then ethanol and dried with argon.

Cell operation
Current collectors, consisting of a Pt wire (Alfa Aesar,

0.30 mm dia., 99.9% metals basis) spot-welded to Pt mesh (Alfa

Aesar, 52 mesh, woven from 0.1 mm-diameter wire, 99.9%

metals basis),  were bonded to both electrodes with

Pt-based ink (Heraeus). The cell was then sealed to the

end of a 3.2 cm-diameter stabilized zirconia tube (by using a

silicate-based paste fired at 1050 °C for 1 h) with the anode

facing an alumina gas feed tube inside the zirconia tube. This

assembly was then put into a vertical tube furnace for cell oper-

ation.

Cell operation was conducted at 900 °C. The cathode side

of the cell was exposed to the air atmosphere of the furnace.

Fuel of 25 sccm H2 and 25 sccm N2, humidified to 3% water

vapor by passing through a water bubbler at room temperature,

was fed to the anode through the alumina tube. For each

tested cell, open circuit voltage (OCV) was checked at

the start of operation and every 24 h thereafter to be

between 1.0 and 1.1 V, and testing was ended if the OCV

was below 1.0 V. Cells were operated galvanostatically (by

using an Autolab electrochemical analyzer or an Amrel

electronic load with a power supply) at a current that produced

a cell voltage of 0.7 V. If the cell voltage dropped more than

5% in 24 h, the current was reduced until the voltage reached

0.7 V. If the cell voltage dropped less than 5% in the first 24 h,

H2S was introduced to the fuel stream at 50 ppm for an addi-

tional 24 h. If the cell voltage dropped by less than 5% during

this period, the level of H2S was raised to 100 ppm, 200 ppm,

300 ppm, 400 ppm, or 500 ppm in successive 24 h periods. If

the voltage dropped by more than 5% during any of these

stages, the cell was run in the original sulfur-free gas flow for

24 h. Testing was ended if the voltage dropped to 0.4 V or if the

current density had dropped to <50 mA/cm2 after a long decline

in performance. After operation, the cells were cooled in

flowing humidified H2/N2 to near room temperature. The

current collectors were carefully peeled from the electrodes

before analysis.

Cell characterization
Scanning electron microscope (SEM) images of the anodes

were taken (FEI xT Nova Nanolab) at 5 kV accelerating

voltage. Energy-dispersive X-ray spectroscopy (EDXS)

mapping at beam energy of 15 keV, combined with SEM

images, was used to resolve the phases of anode particles quali-

tatively and to investigate the microstructure changes. The

chemical compositions of the anode were analyzed

(QUANTAX Esprit 1.8 software) on EDXS maps taken over an

area of 190 μm2 or greater. Cross-sectional images through the

coated anodes were obtained by using the focused ion beam unit

of the Nova Nanolab.
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Abstract
A microfluidic biosensor with surface acoustic wave technology was used in this study to monitor the interaction of calcium

carbonate with standard carboxylate self-assembled monolayer sensor chips. Different fluids, with and without biomolecular

components, were investigated. The pH-dependent surface interactions of two bio-inspired cationic peptides, AS8 and ES9, which

are similar to an extracellular domain of the chitin synthase involved in mollusc shell formation, were also investigated in a bio-

logical buffer system. A range of experimental conditions are described that are suitable to study non-covalent molecular interac-

tions in the presence of ionic substances, such as, mineral precursors below the solubility equilibrium. The peptide ES9, equal to the

mollusc chitin synthase epitope, is less sensitive to changes in pH than its counterpart AS8 with a penta-lysine core, which lacks the

flanking acidic residues. This study demonstrates the extraordinary potential of microfluidic surface acoustic wave biosensors to

significantly expand our experimental capabilities for studying the principles underlying biomineralization in vitro.

1823

Introduction
Biomineralization is a natural process of global significance that

involves the deposition of mineral ions under the control of bio-

logical organisms [1-7]. The interaction of proteins with

minerals is one of the key regulatory elements in biomineraliza-

tion processes, and many proteins involved in biomineraliza-

tion exhibit molecular features that make them attractive models

for materials science and nanotechnology [8-10]. Especially the

protein fraction of mollusc shells is of interest for studying

protein–mineral interactions because each mollusc shell

contains a species-specific set of proteins which, in a collective

manner, achieve superior materials properties in the final

ceramic composite [11-13]. Molecular and phylogenetic investi-

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
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gations report that the differences between the assemblies of

shell proteins from one species to another species can be

tremendous [14-16]. This observation suggests that multiple

interactions between the proteins are fine-tuned in relationship

to the forming mineral phases [17-20].

Dissecting each single interaction event in a given biomineral-

ization process poses some experimental challenges [21-24]. An

investigation of biomolecular interactions, in such a process,

requires quantifying the impact of different parameters under

well-defined conditions [25,26]. Especially in the case of

mineral precipitation, the required control over the process is

limited when the reaction takes place closer to the solubility

equilibria regime [27]. This could be one of the reasons why

mechanistic insights into the functions of many biomineraliza-

tion proteins are difficult to establish [9,28]. Mineral precipi-

tates obtained in the presence of organic additives have been

analyzed using an arsenal of characterization techniques

including high-resolution X-ray and electron microscopy tech-

niques [25]. However, many details about the dynamics of

interfacial interactions – an intrinsic design feature of enzy-

matic catalysis common to all biological systems [4,26] – are

still poorly understood as far as the design features of biominer-

alization proteins are concerned [14,19]. Especially in the field

of biomineralization it is therefore of major importance to quan-

tify biomolecular interactions as a solid–liquid system with high

sensitivity.

Recent progress in the field of biosensors based on surface

acoustic wave (SAW) technology has made it possible to

perform experiments with very high sensitivity in extremely

small volumes of liquid media [29]. Surface acoustic wave

biosensors operate with different types of waves [30]. Not all of

them are useful for fluidic applications due to an enormous

energy loss [31]. The propagation of the surface acoustic wave

is influenced by the adjacent medium. Phase and amplitude of

the propagating wave vary as a function of viscosity changes

related to mass deposited on the surface [32]. Advanced

microfluidic biosensor technology is based on the propagation

of a surface acoustic wave within a thin film [33]. Interdigital

transducers on both sides of the sensor area give rise to an elec-

trical field when alternating voltage is applied [34]. The elec-

trical field is converted into mechanical stress that propagates

through the material and generates the surface acoustic wave,

which is converted at the opposite side of the sensor to an elec-

trical signal by the direct piezoelectric effect. The ability to

easily calibrate the system with high performance [35] is essen-

tial to ensure the observed changes in the acoustic wave are in-

dicative of changes in the system free energy which changes as

a function of mass transfer between the fluid and the sensor

[33]. This opens the possibility to analyze the deposition of

mass in real-time and as a function of organic additives under

marker-free conditions [29].

The sensitivity of the new generation of microfluidic SAW

sensors is about 4–5 times higher than that of quartz crystal

microbalances with dissipation QCM-D [35]. Mass and

viscosity changes can be continuously and simultaneously

monitored in standardized systems, as long as the amplitude

signal is strongly correlated with the viscosity of the fluid [36].

Recently, multichannel experiments became possible,

enhancing the efficiency while expanding the experimental

design options [37,38].

So far, the most common real-time assays with respect to the

function of macromolecules involved in biomineralization are

based on calcium titration in bulk environments [23,39].

Although these assays are perfectly suited to monitor the onset

of early mineralization events including the formation of pre-

nucleation clusters, the assay is restricted to comparably large

volumes, which poses a problem for the study of biomineraliza-

tion, where the amount of organic compounds is rather limited

because of the low yield after purification, especially from

native shell extracts [40], but even from recombinant sources

[41,42].

The aim of the present study was to evaluate the suitability of

microfluidic SAW biosensor systems with respect to eluci-

dating the interaction between small biomolecules and calcium

carbonate, one of the most common minerals in biomineraliza-

tion processes. Acidic macromolecules comprise a significant

fraction of the organic matrix of many mollusc shells [43-45],

therefore a carboxylate-terminated self-assembled monolayer

(COO-SAM) sensor chip was used to investigate under which

conditions interactions related to organic biomolecules and

calcium carbonate in the presence of carboxylate surfaces could

be reproducibly quantified in real-time assays.

Here, we report a case study with calcium carbonate, both in

pure aqueous systems and in the presence of citric acid. We also

investigated the two cationic peptides ES9 (sequence, N→C:

EEKKKKKES) and AS8 (sequence, N→C: AKKKKKAS)

[46]. The ES9 peptide is derived from E22, one of four major

extracellular loops of an enzyme involved in biomineralization

[20,47]. Previous experiments suggest that self-assembly of E22

is fine-tuned in accordance with pH changes that may occur as a

function of the mineral precipitation and dissolution [48]. Since

no equivalent real-time information regarding the deposition of

calcium carbonate on carboxylate-SAMs below the equilibrium

solubility is available from the literature, we started our

investigation and described our results in detail with the particu-

lar aim to inspire similar investigations in biomineralization
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research in the future. A standard database of the function of

organic molecules, peptides and proteins in mineralizing

systems will be a major achievement of global significance for

materials science, biomedical engineering and bioinspired

nanotechnology.

Results and Discussion
Using a standard microfluidic surface acoustic wave (SAW)

biosensor system equipped with commercially available COO−/

H3O+-SAM (COOH-SAM, in the following is termed COO-

SAM) sensor chips, we monitored the phase and amplitude

signals as a function of time. The influence of the concentration

of calcium carbonate relative to the solubility equilibrium and

the flow rate on the SAW biosensor phase and amplitude

signals was investigated in real-time. The influence of organic

molecules is studied in two different systems: First, citric acid

in aqueous solution was investigated in a flow channel pre-incu-

bated with calcium carbonate. Second, two peptides (pI 10 and

pI 9) in glycylglycine buffer (Gly–Gly) were investigated at

three different pH values between pH 7.75 and pH 9.0 in order

to learn about their interaction with charged surfaces. The aim

of this study was to evaluate the competitive non-covalent inter-

actions of peptides and buffer substances at the liquid–solid

interface. For standardization, commercially available COO-

SAMs were used to mimic negatively charged surfaces, which

similarly occur in natural biomineralization processes. The

sequence of injections into the respective flow channels is an

essential part of each experiment and the tables are presented in

Supporting Information File 1.

Calcium carbonate in water
The first series of experiments are designed to test whether

dynamic interactions between calcium and (bi)carbonate ions

(hydrogen carbonate and/or carbonate) with a COO-SAM

surface can be monitored in real-time and whether or not the

interaction depends on the concentration, which was adjusted to

fractions of the solubility equilibrium concentration. Therefore,

140 µmol/L calcium carbonate in pure water was diluted to

105 µmol/L, 70 µmol/L, 35 µmol/L, 17.5 µmol/L. Deionized

water was used as the running buffer in these experiments and

calcium carbonate solutions were sequentially injected, all into

the same channels of a four-channel sensor chip, starting with

the lowest concentration (Supporting Information 1, Table S1).

In between the injections, deionized water (the "running buffer"

in this case) was supplied to all channels of the sensor chip for

five minutes. Figure 1 shows the phase and amplitude signals of

the SAW sensor in response to the calcium carbonate injections

at different concentrations.

The phase signal as a function of time (Figure 1A) was nearly

the same for all concentrations tested in this experiment. At

time = 0 seconds the injection started, lasting for 600 seconds in

this case. After an initial fast increase, the signal remained more

or less constant at maximum values, dependant on the different

calcium carbonate concentrations. The 140 µmol/L solution

reaches 0.44°, whereas the 17.5 µmol/L solution achieves the

lowest maximum phase value with only 0.05°. The baseline

noise, according to the manufacturer of the instrument, is

<0.05° phase (RMS), the baseline drift typically <0.01° phase/

min. The signal decreased when the channel is flushed with an

injection of water and reached a nearly constant value, which

differed from the starting conditions up to about 0.04°, corres-

ponding to about 10% of the maximum phase value reached

during the continuous calcium carbonate flow. It is unclear,

how stable the interaction with the COO-SAM during the

calcium carbonate injection would be. The obtained value could

just indicate a more or less stable equilibrium between precipi-

tation and dissolution from the surface. The final value, which

is reached after pure water is injected, very likely represents the

complete dissolution of a precipitate temporarily attached to the

COO-SAM. If this is indeed true, it would represent a calcium

carbonate precipitate reversibly formed under conditions far

below the solubility equilibrium, thus providing an opportunity

to study the function of biomineralization proteins under condi-

tions where spontaneous mineral nucleation should not occur.

This would, in turn, represent a new degree of freedom in

biomineralization research.

The response of the amplitude signal to the injection of calcium

carbonate solutions is in the range of 0.998–1.001 a.u. (compare

also with citrate experiments described in the following

section). The amplitude data presented in Figure 1B are evalu-

ated with respect to significant differences before and after the

injection of calcium carbonate (Figure 1C). The amplitude

signals decrease with increasing calcium carbonate concentra-

tions of at least 35 µmol/L. The data sets of the different

calcium carbonate concentrations were compared after the

injections were followed by a constant flow of deionized water

(Figure 1D). After equilibration, amplitude signals of

105 µmol/L and 140 µmol/L remain low, whereas the

70 µmol/L reaches the same range as the 17.5 µmol/L

(Figure 1D). The relatively high amplitude signal corres-

ponding to 35 µmol/L indicates additional drift effects. In

summary, it can be concluded that the temporary interaction

with the sensor chip is concentration dependent. A minimum

concentration of 35 µmol/L is required. After the injection of

deionized water (Figure 1A, 600–1000 s), the 105 µmol/L or

140 µmol/L calcium carbonate injections apparently lead to

stable calcium deposits on top of the COO-SAM. The lower

concentrations are similar to 17.5 µmol/L calcium carbonate,

which appears inert during the injection. There is no long-term

effect. This observation raises the question of whether there is a
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Figure 1: Phase and amplitude signal of microfluidic experiments on COO-SAM with calcium carbonate in pure water at different concentrations.
Calcium carbonate solutions of 140 µmol/L (equilibrium saturation level, violet), 105 µmol/L (blue), 70 µmol/L (green), 35 µmol/L (red), 17.5 µmol/L
(black) were injected in a sam®X system and interactions with a COO-SAM sensor chip were monitored in real-time. The phase vs -time plot visual-
izes the change of the phase signals (A) and the corresponding amplitude signals (B) of the sensor during the injection of the calcium carbonate solu-
tions (0–600 s) and pure water (600–1000 s). (C), Statistical evaluation of averaged amplitudes prior to (shaded box) and during injections as shown
in (B). (D), Comparison between the amplitude signals after the injections as shown in (B). There is a significant difference between the lowest
concentration (c = 17.5 µmol/L) and c = 105 µmol/L or, c = 140 µmol/L, indicating that long-lasting residence of calcium carbonate at the carboxylate-
SAM interface occurs at c > 70 µmol/L but far below the calculated equilibrium in solution. Note that the amplitude signal during the injections (C)
remained unchanged only for the lowest concentration (c = 17.5 µmol/L).

structural difference between calcium deposits on COO-SAMs

obtained at higher versus lower concentration levels. Such

structural differences could account for the sustained stability of

the layer as indicated by both the phase and the amplitude

signals.

Since even the smallest change in concentration causes a

discernable change in the phase signal (Figure 1A), this

biosensor system is suitable to detect biomolecular interactions

with calcium carbonate in the range of n(CaCO3) ~10−12 mol to

10−11 mol. One microfluidic channel has a flow cell height of

2 × 105 nm and a volume of 1.2 µL. The sensitive area of the

chip is 5 × 106 nm × 1.2 × 106 nm and the cross-sectional area

of the flow channel is 0.24 mm2. This would correspond to

~2 × 1013 to 3 × 1013 elementary cells of calcite, assuming that

these would form a homogeneous monolayer on the sensitive

area of one sensor channel. The commercial SAM's used here

were not specifically characterized with respect to the molec-

ular ordering. It would have exceeded the scope of the present

study to investigate the growth kinetics of differently oriented

calcium carbonate crystals [44,45], and to evaluate the homo-

geneity of the calcium carbonate films deposited on the sensor

chip.

The injection of pure water did not result in a complete reduc-

tion of the phase signal. This suggests that calcium ions and/or

calcium carbonate are not completely removed from the sensor

chip surface. It seems that part of the previously formed layer is

stable with respect to the water interface at a given flow rate,

depending on how closely the concentration of the dissolved
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Figure 2: Flow-rate dependency of calcium carbonate interactions with COO-SAM chip. Phase vs time plot (A) and corresponding amplitude vs time
plot (B) for different flow rates. A constant volume of 400 µL calcium carbonate in pure water (140 µmol/L) was injected, followed by pure water for
5 minutes.

calcium carbonate matches the solubility equilibrium during

deposition. The relatively small changes in the amplitude

signals during the injection indicate that the overall viscosity

effect on a COO-SAM is small in the case of calcium and

(bi)carbonate ions in aqueous solution.

Flow rate dependence
The sam®X microfluidic system was designed for flow rates in

the range between 12.5 µL/min and 300 µL/min. The influence

of different flow rates on the interaction between ions derived

from calcium carbonate in aqueous solution and the sensor chip

surface was tested at flow rates of 200 µL/min, 100 µL/min,

50 µL/min, 25 µL/min and 12.5 µL/min. At each time, 400 µL

of the calcium carbonate solution was injected. The system was

allowed to equilibrate for 5 minutes between individual experi-

ments with pure water at the respective flow rates (Supporting

Information 1, Table S2). Figure 2 shows the phase vs time and

amplitude vs time plots obtained when a calcium carbonate

solution at solubility equilibrium was injected at different flow

rates.

The initial slope and overall shape of the phase signal vs time is

independent of the flow rate. A maximum phase value of ~0.7°

is reached at flow rates up to 50 µL/min. When the experiments

are performed at flow rates 100 µL/min and 200 µL/min, the

maximum phase values are in the range 0.5–0.6°, which indi-

cates that the threshold for flow rate independence is between

50 µL/min and 100 µL/min. The little irregular peaks in the

phase signal obtained for 200 µL/min flow rates can be attrib-

uted to the pumping procedure which is a common phenom-

enon when the flow rate is high. The volume of the pump is

250 µL, and each time when this volume is refilled it causes

artifacts in the signal as observed here.

Since the flow rate determines the duration of the injection, we

chose to keep the injection volume and thus the total amount of

injected calcium carbonate constant. If the phase signal at flow

rates up to 50 µL/min, as shown in Figure 2A, were displayed at

stretched time intervals, they would correspond to each other in

terms of maximum height and curvature. There is no flow rate

dependency as long as flow rates are kept below 50 µL/min.

The highest flow rate tested (200 µL/min) yields the lowest

phase signal at approximately 0.5°. Flow rates below 50 µL/min

reach the maximum phase at values between 0.6 and 0.7°. In

accordance with these observations, all subsequent experiments

are performed at flow rates equal to or less than 50 µL/min. The

maximum phase values are reached after approximately 200 µL

injection volume. This observation suggests that the time course

of the interaction depends also on the total amount of calcium

and/or (bi)carbonate ions introduced to the sensor surface. It is

interesting to note that calcium carbonate surface interactions

seem to be less well controlled at flow rates higher than

50 µL/min. One can assume that, at higher flow rates, the inter-

action of calcium and/or (bi)carbonate does not reach the

maximum capacity of the sensor surface.

Calcium carbonate and citric acid interactions
In order to explore the possibility of calcium carbonate removal

from the sensor chips as seen in the previous experiments, the

COO-SAM surfaces of the sensor chip were treated with

different volumes of 1 mM citric acid. A solution of calcium

carbonate at solubility equilibrium (140 µmol/L) was used as

the running buffer and different amounts of citric acid (100 µL,

200 µL, 400 µL) were injected successively. The flow rate was

kept constant at 50 µL/min. Pure water was also injected for

comparison. Table S3 (Supporting Information File 1) shows

the sequence of injections and experimental details.
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Figure 3: Monitoring of citric acid on calcium carbonate treated sensor surfaces. Phase (A) and corresponding amplitude (B) signal versus time for
different injection volumes of 1 mM citric acid. Citric acid and pure water differ in their interaction with sensor chip surfaces in the presence of calcium
carbonate.

The time course of the phase signal for the duration of each

injection volume was similar for all injected volumes of 1 mM

citric acid (Figure 3A).

The phase signals of pure water and citric acid experiments are

displayed in an overlay, adjusted to phase = 0° and time of

injection = 0 seconds. The injected volume determined the

length of each injection. There is almost no change in the phase

signal of the three injections of pure water (Figure 3A), all of

them have the same negative gradient during the injection. The

phase signal decreases with time in an almost parabolic shape.

As soon as the injection ends there is a fast increase in the phase

signal until it reaches the original value. Phase signals at the end

of the injection period reach a certain minimum value,

depending on the volume and hence the duration of the injec-

tion. Nevertheless, all phase signals of the citric acid injections

decrease very rapidly with nearly the same negative slope,

which decreases with time until a constant minimum value is

reached (Figure 3A, 200 µL and 400 µL citric acid). As soon as

the injection is finished, the phase signal increases very rapidly

until the original value close to 0° is reached. In the case of pure

water, an injection volume of 400 µL is required to reach the

minimum phase value of the citric acid experiment.

Figure 3B shows the corresponding amplitude vs time plot.

Almost no amplitude changes occur when different volumes of

pure water are injected. In contrast, the amplitude signals for the

injections of citric acid decrease immediately after injection and

remain at a constant minimum value as long as citric acid is

injected. When the injections stop, the amplitude signals return

quickly to the original value of 1.00 (a.u.). The volume of citric

acid and thus the total amount of organic molecules has little

effect in this case. The volume of the injected solution changes

only the duration of the injection period and does not change

anything in the behavior of the amplitude signal. Experiments

with 10 mM citric acid show that the phase signal behave more

or less the same, but the minimum phase value attained during

the injection is much lower than the phase shifts caused by

1 mM citric acid solution.

The decrease in the phase signals observed for citric acid and

pure water corresponds to a loss of mass on the surface of the

sensor chip. Based on the time-course of the phase signals we

assume that calcium carbonate originating from the running

buffer is removed from the sensor surface by pure water and,

even faster, by citric acid. Furthermore the time-course of the

removal of calcium carbonate from the surface depends on the

total volume of the citric acid injected. A certain amount of

citric acid is required to reach the equilibrium level that leads to

a depletion of mass, represented by the phase signal. A

maximum turn-over is reached at 200 µL of citric acid or

400 µL of pure water. The observation that the changes of the

phase signals caused by citric acid occur much faster than the

changes of those induced by pure water injections indicates the

removal by citric acid is more efficient. This is in perfect agree-

ment with expectations, confirming that an online monitoring of

the sequence of events in the removal of calcium and/or

(bi)carbonate ions from COO-SAM surfaces by citric acid in

comparison to water is possible. However, as shown in

Figure 3B, the viscosity effect was not observed to follow the

trend of the observed mass loss for the two different solvents

(phase signal, Figure 3A). Citric acid and pure water induce a

mass loss from the calcium carbonate treated COO-SAM sensor

chip, but only citric acid shows a significant viscosity effect.
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Figure 4: Experimental determination of the mass normalized phase signal in a citric acid/calcium carbonate system. A calcium carbonate running
buffer was used here. Citric acid was injected for 120 seconds, followed by regeneration intervals of several minutes. Finally, 5% glycerol were
injected. Green triangles, injection start; black triangle, end of injection.

Whether the temporary residence of citric acid molecules on the

calcium carbonate layer can explain this behavior remains

subject to further investigations. When 10 mM citric acid was

used, the viscosity effect was even more pronounced and

prevented reliable phase measurements (data not shown). We

also tested the applicability of mass normalization based on

integrated features provided by the commercial biosensor

sam®X and the software SenseMaster [49]. An example for the

experimental procedure is described in Supporting Information

File 2. The phase vs time and amplitude vs time plots are shown

in Figure 4.

Experimentally, the procedure is very fast and easy to perform,

since the experiment is simply followed by an injection of an

appropriate viscous substance. In this case, 5% aqueous glycer-

ol was used. The calculation of the normalized mass signal is

shown in Figure 5.

First, the "SenseMaster" software calculates a correction factor

based on the phase difference between two values prior to and

after the injection of the reference substance, arbitrarily selected

by the user. For example, in the case of t1 = 4200 s, and

t2 = 4700 s (Figure 4A), the phase difference for glycerol is 5.4°

(Figure 5A). In the second step, this factor is used for calcu-

lating the normalized phase where, in principle, the "viscosity

effect" should be eliminated. In the case of glycerol, the phase

is normalized to −0.075° ± 0.074° (Δt = −100–400 s,

Figure 5B). The calculated phase ("mass normalized",

Figure 5B) for calcium carbonate is decreased by the injection

of citrate from −0.439° ± 0.015° to −1.363° ± 0.015° (mean

values of 4 individual injections between 30–100 seconds). The

respective amplitude signals are shown in Supporting Informa-

tion File 2. These observations would be consistent with a rela-

tive mass loss, which is induced by the injection of citrate. This

experiment provides first evidence that calcium carbonate inter-

acts with the COO-SAM surface in the range of the solubility

equilibrium, and that the molecular interactions could be quanti-

fied to some extent.

The procedure was experimentally established for biomolecular

systems in order to evaluate the underlying theoretical calcula-

tions [49]. The same procedure, however, must not be used for

calculating viscosity and mass effects in mineral systems,

unless further experiments provide the evidence that interfer-

ence with density and/or viscosity effects in such complex

systems are negligible. Unless specifically mentioned, all data
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Figure 5: Comparison between the original phase signal and calculated mass normalized phase signal. The time-courses of all signals are aligned
according to the injection start. The green lines represent an overlay of 4 citric acid injections as indicated in Figure 4. Note that these signals are
extremely reproducible. The line in magenta represents the glycerol injection. (A), original phase signal; (B), calculated mass normalized phase signal.
The glycerol signal in (A) was used for the software-automated calculation of all signals shown in (B).

sets shown in this paper represent the original measurements for

both, phase and amplitude obtained without viscosity correc-

tion procedures.

Cationic peptide interactions on COO-SAM
Two positively charged peptides, AS8 and ES9, were previ-

ously shown to produce calcium carbonate precipitates with

characteristic complex morphologies as a function of pH [46].

We are interested to see whether these peptides also interact

with negatively charged surfaces such as COO-SAM as a func-

tion of pH. We are also interested to see whether the molecular

features of these peptides (pI 9, pI 10) could be differentiated by

using the microfluidic biosensor system sam®X. The buffer

substance glycylglycine (Gly–Gly) is used to maintain the pH

values 7.75, 8.2 and 9.0, similar to the previous studies [46,48].

The peptide AS8 represents a modified version of the peptide

ES9 with only two differences in the length and in the substitu-

tion of two glutamic acid residues by alanines [46]. Different

concentrations of peptides (0 µM, 50 µM, 100 µM, 200 µM) are

dissolved in Gly–Gly buffers and adjusted to pH values 7.75,

8.2 and 9.0. The highest concentration (200 µM) was used for

the experiments presented here. In Table S4 (Supporting Infor-

mation File 1), a representative experiment with peptides ES9

and AS8 in Gly–Gly buffer is listed. Experiments at pH 7.75,

pH 8.2 and pH 9.0 were performed analogous on the same

biosensor chip using separate channels. The flow rate was

40 µL/min and the running buffer was the respective Gly–Gly

buffer. Between the injections of the peptides EDTA was

injected. Volumes of 200 µL were injected if not otherwise

indicated.

The three experiments with the different pH values are

performed sequentially on separate channels of the same

sam®X sensor chip. It was necessary to adjust the entire system

to the same buffer conditions for Gly–Gly buffers pH 7.75, pH

8.2 or pH 9.0, in order to avoid uncontrolled response of the

SAW sensor system when switching from the running buffer to

injection mode. The peptide solutions were sequentially injected

on the same channel, first ES9 and then AS8. The phase signals

for 200 µM peptide injections according to Table S4

(Supporting Information File 1) are shown in Figure 6.

The observed maximum phase shift values depend on the pH.

For both peptides, the maximum phase shifts are observed for

pH 8.2. Taking all experiments into account, it is 1.4° ± 0.3° in

the case of AS8 and 0.6° ± 0.5° in the case of ES9. The latter

only reaches 0.24° ± 0,03 at pH 7.75 and 0.25° ± 0.03° at pH

9.0. Peptide AS8 reaches maximum values of approximately

0.78° ± 0.03° at pH 7.75 and 0.96° ± 0.09° at pH 9.0. These

observations suggest that pH 8.2 provides conditions for both,

the cationic peptides and the carboxylate-terminated COO-

SAM, to have the maximum surface interaction. However, the

maximum value represents steady-state conditions as long as

peptide is continuously supplied. We also evaluated the differ-

ence between the initial phase value (setpoint: 0°) and the phase

values at the time = 310 seconds, 10 seconds after the injec-

tions finished (Figure 6D). This difference indicates the amount

of peptide that remains stably adsorbed to the surface. As

shown in Figure 7, there is a trend for peptide ES9 indicating

the peptide interaction is decreasing with increasing pH.

At pH 9, the interaction is lowest for both peptides. This is in

agreement with simple calculations according to the

Henderson–Hasselbalch equation [48], since most of the lysine

residues are neutral under these conditions. The presence of

negatively charged glutamic acid residues in peptide ES9 leads
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Figure 6: Monitoring of cationic peptides ES9 and AS8 on COO-SAM sensor surfaces. Phase (A) and corresponding amplitude (B) signal vs time for
Gly–Gly pH 7.75, pH 8.2, or pH 9.0 with 200 µM peptides ES9 and AS8 (injection: 0–300 s). Graphs were produced by an overlay of data-sets (rows
2, 4, 6 of Table S4, Supporting Information File 1) at the time of injection (setpoint: 0 s). For clarity, the phase signals at the onset (C) and offset (D) of
peptide injections are shown in time intervals of 50 seconds.

Figure 7: Evaluation of the phase difference prior and after injection of
peptides as shown in Figure 6 A,C,D. For experimental values, see
Supporting Information File 3.

to a reduction in the interaction with carboxyl-terminated SAM.

As Figure 7 also shows, the AS8 has a larger variation in the

phase difference, especially at pH 8.2. Previous results

suggested that the peptide AS8 is not as well suited to gain

control over calcium carbonate precipitation and crystal growth

as the peptide ES9 [46]. Further work is required to elucidate

the exact mechanisms in the case of AS8/CaCO3 or ES9/CaCO3

composites. However, the results as presented here suggest that

the previously predicted pH-dependent interfacial interactions

of each peptide species, which is intimately related to its

sequence and pI, can be quantified by comparative sam®X

biosensor experiments in order to predict which peptide

sequences are more suitable to gain control over biomineraliza-

tion in vitro and in vivo.

The initial slope prior to reaching the steady-state level

(Figure 6A,C) is steeper for peptide AS8 (calculated pI ~10.4)

as compared to the peptide ES9 (calculated pI ~9.2). We evalu-
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ated both, the slopes at the time of injection (Figure 6C), and

after the injection is finished (Figure 6D). The results for the

injection of the peptides are shown in Figure 8.

Figure 8: Evaluation of the slope observed in peptide experiments as
shown in Figure 6C. For experimental values, see Supporting Informa-
tion File 4.

This graph demonstrates that the two peptides, which differ in

pI due to the exchange of glutamic acid residues (glu, E) against

alanine residues (ala, A), flanking the penta-lysine core

(N-EEKKKKKES-C vs N-AKKKKKAS-C) interact with

carboxylates on the SAM-biosensor chip surface in a different

way. The presence of the glutamic acid residues stabilizes the

mode of interaction with the charged surface. When lysine

residues are flanked by neutral amino acids, the interaction

seems more likely to depend on pH. In the case of ES9, which

represents the evolutionary optimized conserved sequence

derived from the natural biomineralization system, the inter-

action seems to be less dependent on pH, suggesting a more

robust control mechanism for the interfacial interaction of the

tissue with the forming biomineral.

It remains subject to speculations whether, for example,

pH-dependent peptide folding could favor interpeptide or

intrapeptide interactions, which could also reduce the potential

for interaction with the negatively charged COO-SAM surface.

It was clearly shown in this experiment that the Gly–Gly buffer

does not interfere significantly with the interfacial interactions

of the positively charged penta-K (penta-lysine) peptides, and

can therefore be regarded as a neutral agent which mainly

serves for maintaining the pH. The fact that phase signals

differed relatively to each other as function of pH further

demonstrates that the buffer capacity of the chosen Gly–Gly

system is sufficient to probe various environmental conditions

in a convenient way.

Conclusion
Biomineralization processes are very complex systems. They

depend on evolutionary conserved, collective biomolecular

interactions in fluidic systems, which are even more difficult to

mimic when minerals are deposited or dissolved. Recently

developed microfluidic biosensor systems provide promising

perspectives for quantifying such biomolecular interactions

under defined conditions. The biosensor sam®X (SAW Instru-

ments, Bonn, Germany) used in this study combines a four

channel microfluidic system with SAW detection and is

equipped with an efficient software-driven access for auto-

mated sample processing and data analysis. The injection of a

glycerol reference is a useful technique to separate the mass

signal from the viscosity effect of the surrounding medium. In

most cases the latter is represented by the amplitude signal. The

mass deposited at the surface can be calculated from the

viscosity normalized phase signal. As demonstrated here, this

effect was marginal in the case of the purely aqueous calcium

carbonate system. However, in the case of organic additives this

may as well change. As a case study for a more complex system

in biological buffers at various pH, we chose a peptide which

was taken from an extracellular domain of the chitin synthases

involved in biomineralization. A control peptide was designed

with a slightly higher pI from glutamic acid residues, flanking a

penta-lysine motif, were replaced by alanines. The pH-depen-

dency of these peptides' interactions with calcium carbonate

precipitation was previously demonstrated [46]. The in vitro

systems tested so far were operated under saturated conditions

by means of sodium bicarbonate and calcium chloride, thus

suffering from additional salt effects. Only the finally obtained

precipitate was analyzed further. The microfluidic biosensor

experiments, in contrast to the previous study [46], bear the

advantage of detecting mineral interactions prior to reaching the

solubility equilibrium, as demonstrated here for the first time.

So far, there are not many studies on biomineralization

performed using microfluidic SAW sensor techniques [25]. We

therefore started with calcium carbonate deposition on nega-

tively charged standard SAMs. Our present results confirm that

there are many parameters that determine the interaction of

dissolved calcium carbonate with the carboxylate surface. The

investigation of the cationic peptides AS8 and ES9 was there-

fore limited to the evaluation of the pH-dependency of COO-

SAM interaction, but still in the absence of calcium carbonate.

This system provides the chance to fine-tune parameters such as

temperature, which also influences the solubility equilibrium,

and flow rates. The influence of the buffer system can be moni-

tored along with the samples of interest for direct comparison

on the same chip. On the other hand, further experiments are

necessary to interpret, for example, the difference in the disso-

lution of calcium carbonate by citric acid versus pure water.

One has to be careful in terms of interpreting the large negative
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amplitude signal of the citric acid experiments mainly as a

viscosity effect as suggested by the manufacturer (SAW Instru-

ments). The normalized mass signals presented in this study

certainly require additional work to establish a reliable sensi-

tivity factor (ΔS, [µg−1·cm2·°]). As demonstrated here, the

calcium carbonate concentration plays a significant role in the

interaction with the carboxylate SAM, whereas the flow rate

does not really matter unless it is very high. The possibility to

investigate calcium carbonate solutions at much lower concen-

trations than the solubility equilibria of the respective mineral

phase is particularly appealing to study the influence of peptides

on mineral deposition in a buffer system similar to biomineral-

izing compartments. It can be concluded that multichannel

microfluidic SAW sensor systems are highly attractive for

biomimetic mineralization studies in liquids and in real-time. It

remains subject to further investigations whether this technique

will bring the desired break-through in terms of elucidating the

structure–function relationships in biomineralization. Our possi-

blities to replicate biominerals, to create sustainable processes

and to design bio-inspired new biocompatible materials with

sophisticated structures and functions will certainly expand.

Experimental
Biosensor measurements
A commercial biosensor system sam®X (SAW Instruments,

Bonn, Germany) equipped with carboxyl-terminated self-

assembled monolayer (SAM) coated Au sensor chips (SAW

Instruments, Bonn, Germany) was used in this study. The

surface acoustic wave phase signal as well as the amplitude

signal was recorded for each experiment. Calibration proce-

dures followed exactly as described according to the manufac-

turer's instructions. The instrument was operated at 22 ± 1 °C.

The software packages SensMaster und SequenceMaster (SAW

Instruments, Bonn, Germany) were used to control the

biosensor sam®X. Automated features were used for program-

ming and documentation of the experimental conditions. The

software package FitMaster (SAW Instruments, Bonn,

Germany) was used to analyze the collected data and to elec-

tronically align, for example, the time of injection for compara-

tive analyses of different experiments.

The phase signal is sensitive to both, mass changes on the

surface as well as viscosity changes in the adjacent medium.

Since the amplitude signal is influenced almost exclusively by

the viscosity effect, a corrected phase signal can be calculated

using the software SensMaster (SAW Instruments, Bonn,

Germany). For this purpose, the phase signal is recorded after

injection of 5% glycerin in the respective running buffer. The

software extracts the corrected phase signal based on the

assumption that glycerin induces a change in viscosity only, but

does not affect the mass signal. All data as shown in this paper

represent the original raw data, unless otherwise indicated.

Statistics
OriginPro 8.6G (OriginLab Corporation, Additive GmbH,

Friedrichsdorf, Germany) was used for data handling and statis-

tics. Data from 5 measurements (120 measured values) in

the time interval prior to the injection (−140 seconds to

−100 seconds) were avaraged in order to account for deviations

caused by the instrument and initial alignment procedures (e.g.,

shaded box in Figure 1C). For individual experiments, 120

values measured during injections, between 100–300 seconds,

and after injections, between 700–900 seconds were averaged.

The Wilcoxon signed-rank test and sign test were used to deter-

mine statistical significance (p-value 0.05).

Solutions and buffers
Ultra-pure water with a conductivity of <0.026 µS (Barnstead™

GenPure™ Pro; Thermo Fisher Scientific) was used for all

experiments including the preparation of solutions and buffers.

The latter were prepared at room temperature (20 ± 3 °C).

Calcium carbonate solutions
Solid calcium carbonate (minimum 99.0%, Sigma-Aldrich,

USA) was freshly dissolved at 100× the solubility product of

1.4 mg/L (20 °C) in pure water or in Gly–Gly buffers, which

were previously adjusted to three different pH values pH 7.75,

pH 8.2, or pH 9.0. The solid-free supernatant was used for

experiments at 140 µmol/L and served as a stock solution for

the respective dilution series.

Peptides in Gly–Gly buffer
A 10 mM stock solution of peptides AS8 and ES9 (99% purity;

GeneCust, Dudelange, Luxembourg) [46] was prepared in

Gly–Gly buffers (20 mM glycylglycine, 350 mM NaCl, 10 mM

KCl), previously adjusted to either pH 7.75, 8.2 or 9.0. Each

peptide was diluted in the respective buffers to final concentra-

tions of 50 µM, 100 µM or 200 µM.

Citric acid
A 10 mM citric acid solution was prepared using 0.9% NaCl in

pure water as the solvent. The pH was adjusted to pH 5.5 and

diluted to a final concentration of 1 mM citric acid in order to

reduce viscosity effects. This solution was also used in some

experiments for regenerating the sensor chip after exposure to

calcium carbonate.

Ethylendiamintetraacetate (EDTA) solution
For regenerating the sensor chip after exposure to calcium

carbonate, 1 mM and 10 mM EDTA solutions were prepared

from a 0.5 M EDTA stock solution, pH 8.0 (146 g/L).
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Glycerol solution
For determining viscosity effects, a 5% glycerol solution was

prepared in aqueous buffer.
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Abstract
The discovery of long-chain polyamines as biomolecules that are tightly associated to biosilica in diatom cell walls has inspired

numerous in vitro studies aiming to characterize polyamine–silica interactions. The determination of these interactions at the molec-

ular level is of fundamental interest on one hand for the understanding of cell wall biogenesis in diatoms and on the other hand for

designing bioinspired materials synthesis approaches. The present contribution deals with the influence of amines and polyamines

upon the initial self-assembly processes taking place during polyamine-mediated silica formation in solution. The influence of

phosphate upon these processes is studied. For this purpose, sodium metasilicate solutions containing additives such as polyallyl-

amine, allylamine and others in the presence/absence of phosphate were investigated. The analyses are based mainly on turbidity

measurements yielding information about the early aggregation steps which finally give rise to the formation and precipitation of

silica.

2026

Introduction
Long-chain polyamines (LCPAs) were previously found

biomolecules that are tightly associated to the biosilica of

various diatom species [1-5]. They consist of linear oligo-

propyleneimine chains attached to putrescine or spermine [5,6].

Biosilica-associated LCPAs occur either as free molecules [1,4]

or covalently attached to the ε-amino groups of certain lysine-

residues [7,8] in highly post-translationally modified peptides,

so-called silaffins [7-10]. It is, furthermore, remarkable that the

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:eike.brunner@chemie.tu-dresden.de
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amine moieties in LCPAs from diatoms are partially methy-

lated. The degree of methylation depends on the diatom species.

LCPAs have also been identified in the silica spicules of

sponges [11] and thus appear to be a general component for bio-

logical silica formation. In vitro experiments with LCPAs

extracted from diatom biosilica revealed that these molecules

are capable of enhancing the silica precipitation from silicic

acid solutions [2,5]. It is very remarkable that the silica precipi-

tation process is extremely rapid if the solutions contain phos-

phate or other suitable counterions in addition to LCPAs and

silicic acid [2,3,12]. These observations have inspired numerous

in vitro investigations to understand the underlying self-

assembly processes and interactions [13-30]. Corresponding in

vitro investigations using polyallylamine (in form of polyallyl-

amine hydrochloride, PAH) as a synthetic analogue [15] for

native LCPAs revealed that phosphate is capable of inducing

the self-assembly of PAH into large aggregates that could be

detected by dynamic light scattering (DLS) experiments

[16,17]. Self-assembled PAH aggregates were shown to

strongly enhance the speed of silica precipitation, which takes

place at a time scale of seconds or minutes. In the absence of

phosphate, solutions containing polyallylamine and silicic acid

are capable of forming so-called polyamine-stabilized silica sols

[18]. These stabilized sols exhibit particles of 30–50 nm diam-

eter, which remain stable up to 24 h. In the relevant pH range of

5–7, monosilicic acid is an uncharged molecule, Si(OH)4 [31].

However, monosilicic acid (pKa ≈ 9.8) spontaneously trans-

forms into higher oligomers and silica particles (pKa ≈ 6–7) [19]

which exhibit a negative surface charge in solution. It was,

therefore, suggested that the stabilized sol consists of

polyamine–silica nanoparticle superstructures resulting from a

self-assembly process driven by attractive interactions between

positively charged polyamines and negatively charged silica

particles [18,20]. Subsequent in vitro studies support the idea of

polyamine-stabilized sols [21,22]. In contrast to the charged

PAH, uncharged polymers such as polyvinylpyrrolidone or

polyethylene glycol cannot undergo such a self-assembly

process driven by electrostatic interactions [23,24]. However,

they interact with the silicic acid/silica species via hydrogen

bonding and possibly hydrophobic interactions. These interac-

tions even result in the stabilization of mono- and disilicic acid

species [22,23]. The described observations have meanwhile

lead to numerous biomimetic or bioinspired silica synthesis

approaches [21,25-32].

The addition of negatively charged phosphate ions (see above)

to pure LCPA solutions has already been studied in detail.

Phosphate results in a cross-linking of the positively charged

LCPAs. The resulting self-assembly processes give rise to the

formation of a microemulsion finally leading to macroscopic

phase separation. It was concluded that the phosphate-driven

self-assembly processes are accelerating the silica-precipitation

processes. However, the self-assembly processes going on in

LCPA/silicic acid/phosphate solutions have not yet been studied

in detail — in contrast to the pure LCPA/phosphate system

[12,16,17]. Further understanding of the molecular interactions

between polyamines, silicic acid/silica species and phosphate is,

therefore, a rewarding research topic. The aim of the present

study is the analysis of the influence of the polyamine structure

and charge upon the polycondensation of silicic acid in the

absence and presence of phosphate. The kinetics of the aggrega-

tion and silica polycondensation processes were studied by a

combination of turbidity measurements and silicomolybdic acid

test [31,33,34]. The study includes the monomeric allylamine,

its fully methylated analogue allyltrimethylammonium bromide

(allylamineQ) and the widely used long-chain model polyamine

poly(allylamine) hydrochloride (PAH). Moreover, a homolo-

gous series of diamines with different degree of methylation

was studied in order to visualize the possible influence of

hydrophobic interactions. For 29Si NMR spectroscopy aqueous

solutions of isotope-labelled sodium [29Si] metasilicate as

precursor compound were used. Different silica precursors,

such as toxic TMOS (tetramethyl orthosilicate) or TEOS

(tetraethyl orthosilicate), have been used for previous in vitro

experiments. Here we used the biorelevant sodium metasilicate

as silicic acid precursor. Sodium metasilicate dissolves in water

to silicic acid (Na2SiO3 + 3H2O → Si(OH)4 + NaOH) at a pH

value of 11.5–12.5 and can subsequently be acidified. Another

benefit of using sodium metasilicate is the relatively high

sodium concentration since it is known that silicon uptake and

transport are connected with the sodium metabolism of diatoms

[35,36].

Results and Discussion
Two of the most important parameters influencing the polycon-

densation reaction of silicic acid [31] are concentration [37] and

pH value [38]. The maximum polycondensation rates occur

around pH 7 [31,38]. It should be noted that the formation of

diatom cell walls takes place in the so-called silica deposition

vesicle (SDV) with an internal pH of 5–6 [39-42]. Previous in

vitro experiments were carried out by Sumper et al. at pH 6.8

[3,27]. Other experimentalists have chosen pH 5.5 [2,23,24].

We have therefore carried out experiments at both pH values,

ca. 7 and 5.5.

At pH > 12, the silicic acid solutions (in the form of silicate)

remain stable even at high concentrations [23,31]. The same is

true under very acidic conditions. However, 29Si HR NMR

measurements (Figure 1) of sodium metasilicate solutions

without any additive reveal that the state of the silicic acid is

different for the basic (pH 12.5) and the acidic environment

(pH 1.95). In the basic environment, the signals of Q0 and Q1
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Figure 2: Soluble silicic acid concentration at different pH values in the presence (red rhombuses) and absence (control, blue circles) of PAH. SiO2
concentration 70 mM (4200 ppm); PAH concencation 0.45 mM. The silicomolybdic acid test reaction was performed 30 min after sample preparation/
pH titration.

are dominating the spectrum (Qn = Si(OSi)n(OH)4−n, n = 0–4)

[43]. Note that highly mobile species exhibit narrow signals as

observed in basic solution. In contrast, the spectrum of the

acidic solution already exhibits the Q2, Q3, and Q4 signals char-

acteristic for higher oligomers which are broadened due to an

increasing degree of immobilization. That means the conden-

sation reaction is more advanced in the acidic solution whereas

the basic solution mainly consists of Q0 and Q1 species. It

should be noted that these two species are rapidly intercon-

verting. The sum of Q0 and Q1 represents the so-called “soluble

silica” and can be detected by the silicomolybdic acid test reac-

tion [31,33,34]. In the basic solution, practically all silica is

soluble, i.e., molybdate-reactive. For this reason, our experi-

ments were carried out starting from a basic sodium metasili-

cate solution.

Figure 2 shows the concentration of soluble silica as a function

of pH determined by the silicomolybdic acid test. A pure

sodium metasilicate solution and a solution containing sodium

metasilicate and PAH are compared. The interaction between

silicic acid/silica species and PAH is assumed to be mediated by

the NH2 groups. Therefore, the PAH concentration was chosen

to obtain a Si/N ratio of 1:1. In the pure sodium metasilicate

solution, all silica is detected by the silicomolybdic acid test

reaction at pH 11.5. However, the amount of soluble silica

steadily decreases with decreasing pH. In the pH range of 5–7,

more than 95% of the initial silicic acid are present in the form

of insoluble silica. This is the result of the silica polycondensa-

tion reaction, which transforms soluble silica species into insol-

uble silica species, i.e., higher oligomers or silica nanoparticles.

Figure 1: 29Si HR NMR spectra of the control stock solution (75 mM
SiO2) in acidic and basic solution.

Such insoluble silica species are not detected by the silico-

molybdic acid test. It is remarkable that the presence of PAH

strongly influences the amount of soluble silica, i.e., the silica

polycondensation reaction. The concentration of soluble silica

in the PAH-containing sample is always lower than in the PAH-

free control. The most pronounced difference between the pure

and the PAH-containing sodium metasilicate solution occurs in

the pH range between 11.5 and 8.5. The pKa of PAH amounts to

ca. 9.7 [44,45] and the pKa of Si(OH)4 to circa 9.8. That means

PAH is positively charged for pH < 9.7 and Si(OH)4 is nega-

tively charged for pH > 9.8. Hence, purely electrostatic interac-

tions between the polyamine and monosilicic acid cannot be

expected.
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Figure 3: Absorbance of a 90 mM sodium metasilicate solution with 31.25 µM PAH (red rhombuses) and of a pure sodium metasilicate solution
(control, blue circles) measured as a function of time up to 800 min.

In contrast to monosilicic acid, higher silicic acid oligomers/

silica nanoparticles exhibit lower pKa values. For fumed silica,

two different types of silanol groups are reported with pKa

values of ca. 8 and 4.5 [46,47]. It can therefore be assumed that,

in the relevant pH range of 5–7, the silica nanoparticles exhibit

a negative surface charge. Electrostatic interactions will, there-

fore, occur between the positively charged polyamine and nega-

tively charged higher silicic acid oligomers/silica nanoparticles

below the pKa of PAH. The resulting immobilization of higher

silicic acid oligomers could indeed be observed by 29Si NMR

spectroscopy previously [23]. The soluble silica (mono- and

disilicic acid) is almost completely polycondensed into insol-

uble species (higher silica oligomers/nanoparticles) below pH 9

after 30 min in pure sodium metasilicate as well as the PAH

containing sample (see Figure 2). The PAH-containing sample

exhibits a white precipitate whereas the pure sodium metasili-

cate solution has formed a gel.

Turbidity measurements
Turbidity measurements provide a simple possibility for the

time-resolved study of self-assembly processes in solutions

containing organic molecules and silicic acid as has been

demonstrated by Robinson et al. [48]. The process of self-

assembly and silica polycondensation reaction increases the

turbidity of the solution, which causes an increasing absorption.

This property can easily be determined with a spectropho-

tometer and provides a measure for the speed of the ongoing

aggregation processes [48,49]. Moreover, the turbidity, i.e., the

absorbance is influenced by the size and number of aggregates

formed in solution. We chose 90 mM silicic acid concentration

for measurements at a reasonable timescale (up to 800 min)

following Robinson et al. [48]. The silica polycondensation is

very fast at the PAH concentrations applied in the experiments

as shown in Figure 2 (0.45 mM) in the relevant pH range

between 5 and 7. Hence, we have decreased the PAH concentra-

tion down to 31.25 µM in order to prevent rapid silica precipita-

tion at the timescale of the turbidity measurements. The results

are shown in Figure 3.

Figure 3 displays the absorbance of a solution with pure sodium

metasilicate solution (90 mM silicic acid) and a solution with

90 mM silicic acid plus 31.25 µM PAH at pH values of 5.5 and

6.8. The absorbance of the pure sodium metasilicate solution

increases much faster at pH 6.8 than at pH 5.5. This is obvi-

ously due to the fact that the maximum speed of silica polycon-

densation is expected around pH 7. The addition of PAH to the

sodium metasilicate solutions strongly enhances the absorbance

at pH 6.8. That means the polyamine additive pronouncedly

accelerates the aggregation process, which can be explained by

the electrostatic interactions between the positively charged

PAH and negative surface charges of higher silica oligomers/

silica nanoparticles rapidly forming at pH 6.8. At pH 5.5, the

absorbance for both samples slowly increases after an induc-

tion period of ca. 100 min. In contrast to the behavior found at

pH 6.8, the addition of PAH has almost no effect at pH 5.5, the

absorption of the PAH-containing sample is even slightly

smaller than in the control solution. It is remarkable that this

rather small change of pH by 1.3 units gives rise to such a

pronounced change in the aggregation behavior. The two

samples exhibit an identical overall composition except for the

pH and amount of chloride resulting from the titration with

HCl. With respect to the charges of the aggregating molecules,

the change in pH will result in the following: The total charge

of PAH may become slightly more positive. For monomeric

allylamine, the pKa value is known to be 9.49. That means allyl-

amine would be positively charged at both pH values, 5.5. and

6.8. However, the pKa values of polyallylamine, i.e., of allyl-

amine in its polymeric form, are likely to be different from the
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monomer. Kobayashi et al. and Rao et. al. estimated a pKa value

of 9.7 for polyallylamine [44,45]. The real charge state of PAH

is yet hardly predictable, but it should be supposed that a

decreasing pH results in an increasingly positive charge. More-

over, the silica oligomers/nanoparticles in solution are supposed

to exhibit a decreasingly negative surface charge at decreasing

pH. If so, the repulsion among the increasingly positive PAH

molecules would not be compensated by attractive forces with

the negatively charged silica oligomers/nanoparticles. Conse-

quently, the aggregation process would be suppressed below a

certain pH, as is indeed observed for pH 5.5. If the lack of nega-

tive charges is indeed the problem, the capability of the system

to self-aggregate should be restored by the introduction of nega-

tively charged ions that themselves do not destructively inter-

fere with the PAH/silica system. This should be the case for

phosphate, which is already known to enhance silica precipita-

tion from polyamine/silicic acid solutions. The influence of

phosphate upon the sample at pH 5.5 is demonstrated in

Figure 4. As predicted, the phosphate-containing solution

exhibits a rapidly increasing, strong absorbance which indi-

cates aggregate formation. In the case of the PAH-free control

sample, the negatively charged phosphate has the opposite

effect: The aggregation becomes even slower than in the phos-

phate-free sodium metasilicate solution (cf. Figure 3). This can

be explained by the fact that the repulsion among the silica

oligomers/nanoparticles with their negative surface charge and

the phosphate ions further retards the aggregation processes. It

can, therefore, be concluded that charge balance is one major

parameter determining the speed of aggregation in the

polyamine–silica system. Perturbed charge balance can be

restored at decreasing pH by introducing phosphate or other

appropriate anions into the solutions.

Figure 4: Absorbance of a 90 mM sodium metasilicate solution with
31.25 µM PAH and 180 mM hydrogen phosphate (red rhombuses) and
of a sodium metasilicate solution 90 mM containing 180 mM hydrogen
phosphate (control, blue circles) measured as a function of time up to
800 min.

We have also studied sodium metasilicate solutions containing

monomeric allylamine (pKa ≈ 9.5) at the same Si/N ratio as in

the PAH-containing solutions shown in Figure 3 and Figure 4 in

order to elucidate possible differences between the polymeric

and monomeric compounds. Moreover, monomeric allyl-

amineQ was also used in order to analyse the influence of a

quaternary ammonium group with its pH-independent, perma-

nently positive charge surrounded by three hydrophobic methyl

groups. The result of the corresponding turbidity measurements

at pH 6.8 is shown in Figure 5. First of all, it is evident that the

monomeric compounds are much less efficient than the

polymer, PAH, in inducing the aggregation process at pH 6.8.

This observation agrees with previous studies performed by

Behrens et al. [50] on other polyamines. It should be noted that

allylamineQ is slightly more efficient than allylamine at pH 6.8

although the charge state of both molecules should be the same

(+1 elementary charges).

Figure 5: Absorbance of a 90 mM sodium metasilicate solution with
10 mM allylamine (orange triangles), 10 mM allylamineQ (pink
squares) and of a sodium metasilicate solution (control, blue circles)
measured as a function of time up to 800 minutes.

An explanation for the higher turbidity induced by allylamineQ

compared with allylamine could be the influence of

hydrophobic interactions induced by the methyl groups. This

effect has already been described by Robinson et al. [48] when

studying the turbidity of polyamines with different degree of

methylation in solution. Interestingly, long-chain polyamines in

diatoms are sometimes methylated and lysine residues in

silaffins occur as trimethyllysine. It is, therefore, likely that

methylation of amine moieties is an important parameter for

self-assembly processes. In order to further substantiate this

effect, a series of diamines with different degree of methylation

was studied, the compounds and their charge state are described

in Table 1. The absorbance of sodium metasilicate solutions

containing these additives are displayed in Figure 6. The solu-

tion containing the compound TMEDA with two methyl groups
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Table 1: Diamines used in the turbidity measurements and their calculated fractions of the charge states at pH 7.

pH 7 fraction of charge states [%]

EN

0.04 50.56 49.40

MEEN

0.21 69.95 29.84

ENQ —

40.34 59.66

TMEDA

0.75 94.51 4.74

on each of the two nitrogen atoms exhibits by far the largest

turbidity. In contrast, the non-methylated compound EN

exhibits the lowest absorption, even slightly below the control.

The absorbance curves for two partly methylated substances

MEEN and ENQ are found in between.

Figure 6: Absorbance of a 90 mM sodium metasilicate solution with
10 mM TMEDA, ENQ, MEEN, and EN (cf. Table 1) and of a pure
sodium metasilicate solution (control, blue circles) measured as a func-
tion of time up to 800 min.

It can, therefore, be stated that hydrophobic interactions can

very strongly influence self-assembly processes taking place in

silicic acid solutions. It is interesting to note in this context that

Belton et al. [25] observed an increasing third order reaction

rate for the monosilicic acid condensation reaction in methy-

lated triamines compared with the non-methylated substance. It

Figure 7: Absorbance of a 90 mM sodium metasilicate solution with
180 mM hydrogen phosphate in the presence of 10 mM allylamine and
allylamineQ and of a pure sodium metasilicate solution with 180 mM
hydrogen phosphate (control, blue circles) measured as a function of
time up to 800 min.

is possible, that this enhanced reaction rate is coupled with the

enhanced efficiency of the self-assembly processes observed

here. For polyallylamine, efficient aggregation under the chosen

conditions and at pH 5.5 only occurred in the presence of phos-

phate (Figure 4). The final question to be answered is therefore

related to the influence of phosphate upon the monomer-

containing solutions.

Figure 7 shows the absorbance curves for phosphate-containing

sodium metasilicate solutions in the presence allylamine and

allylamineQ as well as for the pure phosphate-containing
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sodium metasilicate (control). In contrast to the behavior

observed for PAH, phosphate does not enhance the aggregate

formation in these solutions. The influence of phosphate is even

slightly retarding the aggregation. This observation again

emphasizes the need to use polymeric additives such as PAH

in order to obtain an enhanced aggregation in silicic acid

containing solutions.

Conclusion
The self-assembly processes taking place in sodium metasili-

cate solutions containing polyamines as well as monomeric

amine compounds were studied in the presence and absence of

phosphate ions. The present study was especially devoted to the

characterization of the initial aggregation steps taking place in

such solutions. For this purpose, turbidity measurements were

employed as a simple method to detect self-assembly before

silica precipitation starts. The following conclusions can be

drawn from our studies:

(i) Polyallylamine (PAH) is by far more efficient in inducing

self-assembly processes in silicic-acid containing solutions than

equivalent amounts of its monomer, allylamine. That means

efficient self-assembly necessarily requires the polymeric state

of the amine as already pointed out by Behrens et al. [50]. PAH

strongly reduces the concentration of soluble silica especially at

elevated pH above 8.5. It is tempting to speculate that PAH

catalyzes the silicic acid polycondensation reaction as suggested

by Kröger et al. [1] – in particular at elevated pH. Belton et al.

[25] indeed observed an enhanced reaction rate for the silicic

acid polycondensation reaction in the presence of different

amines at pH 6.8 whereas Behrens et al. [50] did not observe

such an effect at pH 5.5. Elucidation of this possible catalytic

effect and its dependence on the experimental parameters

should be subject of future research.

(ii) Efficient self-assembly takes place in the pure PAH/silicic

acid solution at pH 6.8. This can be explained by the electro-

static interactions between positively charged polyamines and

negatively charged silicic acid oligomers/silica nanoparticles.

However, changes of the pH strongly influence these processes.

At pH 5.5, self-assembly in the pure silicic acid/PAH solutions

is totally suppressed at the concentrations chosen here. This is

explained by the perturbed charge balance caused by the

decreasing negative surface charge of the silica nanoparticles at

lower pH. However, the introduction of negatively charged

phosphate restores the ability of the system to self-assemble.

This highlights the necessity of a proper charge balance in the

formed aggregates.

(iii) Methylation of the amine groups strongly enhances the ten-

dency for self-assembly in amine-containing silicic acid solu-

tions (see also [48]). The enhanced reactivity of methylated

polyamines in the silicic acid polycondensation reaction

observed by Belton et al. [25] may be related to this fact. That

means the degree of methylation provides a further important

“tuning” parameter for bioinspired silica synthesis approaches

based on the use of LCPAs which should be further exploited in

future in vitro studies.

Experimental
Reagents and chemicals
Polyallylamine hydrochloride (PAH; (C3H8ClN)n; M =

15000 g/mol, n ≈ 160), allylamine (C3H7N; M = 57.09 g/mol),

ethylenediamine dihydrochloride (EN; C2H8N2·2HCl; M =

133.02 g/mol), N,N-dimethylethylenediamine (MEEN;

C4H12N2; M = 88.15 g/mol), (2-aminoethyl)trimethyl-

ammonium chloride hydrochloride (ENQ; C5H15N2Cl·HCl;

M = 175.10 g/mol), N,N,N′,N′-tetramethylethylenediamine

(TMEDA; C6H16N2; M = 116.20 g/mol), sodium metasilicate

(Na2SiO3·9H2O; M = 284.2 g/mol), as well as the reagents used

for the silicomolybdic acid test (ammonium molybdate

((NH4)6Mo7O24·4H2O), oxalic acid (C2H2O4·2H2O)) were

purchased from Sigma-Aldrich (Germany). The allyltrimethyl-

ammonium bromide (al lylamineQ; C6H14BrN; M  =

180.09 g/mol) was obtained from ABCR (Germany).

The samples studied in this work were prepared by using puri-

fied distilled water (filtersystem: Elga – Purelab Classic,

Germany; filter: Gelman Sciences – Supor® DCFTM 0.2 µm).

In the following, this deionized water will be called ultrapure

water.

Silicomolybdic acid test
The solutions for the silicomolybdic acid test were prepared and

used by following the protocol developed by Spinde et al. [23].

29Si NMR measurements
To obtain 29Si-enriched sodium metasilicate (Na2

29SiO3),
29SiO2 was melted with sodium carbonate (Fluka), thus forming

Na2
29SiO3 in a solid-state reaction.

For liquid-state 29Si NMR measurements, 24.2 mg of

Na2
29SiO3 were dissolved in 2 mL of D2O/H2O (1:1) and

placed in a container with a Teflon-covered magnetic stirring

bar, resulting in a 6030 ppm SiO2 stock solution at pH 12. For

the acidic sample, 24.2 mg of Na2
29SiO3 were dissolved in

2 mL 0.25 M hydrochloric acid and hydrolyzed for 15 min.

Ultrapure water was added to both stock solutions giving a final

silicic acid concentration of 4350 ppm.

29Si NMR experiments were performed on a Bruker Avance

300 spectrometer operating at a resonance frequency of
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59.63 MHz. For liquid-state 29Si NMR measurements, a

commercial 10 mm HR probe (56° flip angle, number of scans

180, 60 s repetition time) was used. Typical T1 values for

samples in solution were 8–13 s. Waltz16 1H decoupling was

applied during signal acquisition. The chemical shift was refer-

enced relative to tetramethylsilane (TMS).

pH Titration
The starting solutions were prepared by mixing 2.1 mL of

orthosilicic acid solution (100 mM, Na2SiO3) with 0.6 mL of a

PAH containing solution (2 mM) or ultrapure water (control).

The final ratio of silicon and nitrogen atoms in the polymer-

containing sample was 1:1 and the starting pH was 12.7. The

desired pH values were adjusted by titration with a 2.4 M HCl

stock solution under continuous stirring. The final SiO2 concen-

tration was 70 mM. The resulting solution (control) or precipi-

tate (PAH) were transferred into Eppendorf vials and set aside

without stirring. The concentration of soluble silicic acid was

determined using the well-established silicomolybdic acid test

40 min after titration.

Turbidity measurements
To slow down the reaction, the final ratio of silicon and

nitrogen atoms in the turbity measurements was changed to 9:1.

Turbidity measurements were performed by mixing a silicate-

containing solution A with different amines (solution B).

Preparation of solution A without phosphate: Solution A was

prepared by titration of a stock solution of sodium metasilicate

(ca. 250 mM) to pH 6.8 or 5.5 with 2.5 M hydrochloric acid

(see final concentrations in Table 2). Finally, the samples were

diluted to a Si-concentration of 120 mM.

Table 2: Final concentrations of stock solution A without phosphate.

final concentration (solution A
without phosphate) pH 5.5 pH 6.8

silica 120 mM 120 mM
chloride 220 mM 180 mM

Preparation of solution A with phosphate: Solution A was

prepared as described by using 0.5 M phosphoric acid for titra-

tion (see final concentration in Table 3). Finally, the samples

were diluted to a Si-concentration of 120 mM.

Preparation of solution B: The amine-containing solution B

was prepared by titration of an amine stock solution (ca. 40 mM

or ca. 0.25 mM for PAH) with 2.5 M hydrochloric acid. After-

wards, the solutions were diluted to the final concentrations

shown in Table 4.

Table 3: Final concentrations of stock solution A with phosphate.

final concentration (solution A with
phosphate)

pH 5.5 pH 6.8

silica 120 mM 120 mM
phosphate 240 mM 160 mM

Table 4: Final concentrations of stock solution B.

final concentration (solution B) pH 5.5 pH 6.8

amine monomer 20 mM 20 mM
polymer 125 µM 125 µM

HCl depending on amine

Measurements: All solutions were prepared immediately

before use. Both solutions were stored in an ice bath to slow

down further reactions. Before starting the measurements, the

samples were warmed in a water bath at room temperature for

5 min. Mixing of 1.2 mL solution A with 0.4 mL of solution B

resulted in the final concentrations displayed in Table 5 and

Table 6.

Table 5: Final concentration of turbidity measurement samples without
phosphate.

final concentration (without
phosphate)

pH 5.5 pH 6.8

silica 90 mM 90 mM
amine monomer 10 mM 10 mM

polymer 31.25 µM 31.25 µM
chloride 165 mM 135 mM

Table 6: Final concentration of turbidity measurements with phos-
phate.

final concentration (with phosphate) pH 5.5 pH 6.8

silica 90 mM 90 mM
amine monomer 10 mM 10 mM

polymer 31.25 µM 31.25 µM
phosphate 180 mM 120 mM

An initial absorption spectrum was taken from 400 to 500 nm

on a Varian Cary 50 spectrometer. The solutions were directly

mixed in a glass cuvette, shortly shaken and the measurement

started immediately. For rapidly reacting solutions (such as with

PAH) solution B was given directly into the cuvette, which

already contained solution A and was placed in the spectrom-
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eter by moving the pipette from the bottom upwards. The

resulting mixture was homogenous and no air bubbles, gradient

or sedimentation could be observed. The absorbance was

measured as a function of time (tmax = 800 min) in continuous

mode every minute. Measurements were run overnight. The

absorbance at 480 nm was taken as a measure of turbidity.
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Abstract
Biopolymers and biopolymer colloids can act as controlling agents and templates not only in many processes in nature, but also in a

wide range of synthetic approaches. Inorganic materials can be either synthesized ex situ and later incorporated into a biopolymer

structuring matrix or grown in situ in the presence of biopolymers. In this review, we focus mainly on the latter case and distin-

guish between the following possibilities: (i) biopolymers as controlling agents of nucleation and growth of inorganic materials;

(ii) biopolymers as supports, either as molecular supports or as carrier particles acting as cores of core–shell structures; and

(iii) so-called “soft templates”, which include on one hand stabilized droplets, micelles, and vesicles, and on the other hand contin-

uous scaffolds generated by gelling biopolymers.
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Introduction
During the natural synthesis of inorganic matter in living organ-

isms, referred to as biomineralization, biogenic macromole-

cules are not only present in the crystallization medium, but

play a crucial role in the mineral formation. Biomacromole-

cules, (e.g., polysaccharides, proteins, and nucleic acids) can

have thereby two main functions: (i) a controlling effect on

nucleation and growth of the inorganic material, and (ii) a struc-

turing function, either confining spaces or acting as supports or

as scaffolds for the growth. As a result of the interaction of

organic and inorganic matter, nature is able to create hybrid ma-

terials whose exquisite structures and properties continue to

impress humankind [1]. Egg shells, nacre, corals, or biosilica in

sponges are still nowadays fascinating materials for scientists,

who try to imitate natural strategies in the laboratory with only

limited success.

It is clear that all synthetic routes based on the use of (bio)poly-

mers as controlling and templating agents in inorganic syn-

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
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thesis have in one or other way their origin or inspiration in

natural strategies. We do not wish, however, to insist once more

on the well-known ditty on the use of nature as “bioinspiration”

for science. Our aim, probably more modest, is to classify and

review here some of the recent – and in our opinion most

representative – synthetic works involving the use of bio-

polymer and biopolymer colloids for the design of inorganic

and inorganic/organic materials, with special emphasis on parti-

cles and particle synthesis.

In the formation of polymer/inorganic hybrid materials, both the

inorganic and the polymer component can be formed either in

situ or ex situ (i.e., prepared independently before the forma-

tion of the hybrid final material), leading to four combinatorial

possibilities: in situ/in situ, in situ/ex situ, ex situ/ex situ, and in

situ/in situ. These different strategies for the formation of

hybrid materials have been recently reviewed elsewhere in

detail [2]. In the present review, we will describe the use of

biopolymers as controlling agents and templates, which implies

that the polymer is almost always formed beforehand. Never-

theless, cross-linking processes of the polymer can occur simul-

taneously to the inorganic precipitation/crystallization. With

these considerations in mind, and centering our attention on the

formation of the inorganic materials and not of the biopolymer,

we should distinguish two possibilities:

1. Approaches in which the inorganic component is formed

ex situ and later combined with the polymer

2. Approaches in which the formation of the inorganic ma-

terial takes place in situ, that is, while the biopolymers

are already present in the system

In the first situation, with the inorganic material being

formed ex situ, biopolymers can probably be considered

neither as controlling agents nor as templates in a strict sense,

at least not for the synthesis. However, before entering to

describe the in situ formation, we will briefly refer to the

ex situ case for the sake of completeness. Figure 1 represents

schematically the ways in which biopolymers can be

useful for designing inorganic and inorganic/organic materials,

including the ex situ synthesis and the different cases of the in

situ formation, further classified in the corresponding section

below.

Review
Ex situ formation of the inorganic material
Hydrogels, such as those based on the polyaminosaccharide

chitosan, are probably the most commonly used scaffolds for

the preparation of bipolymer/inorganic composites, very

especially for biomedical applications. Aimé and Coradin

have reviewed the topic in a recent publication [3]. By mixing

Figure 1: Different roles of biopolymers as controlling agents and
templates in the formation of inorganic materials.

colloidal inorganic particles formed ex situ with a biopolymer

sol, followed by a gelation process, porous hybrid structures can

be obtained. Starting from a colloidal suspension of laponite

particles, Shi et al. [4] reported the preparation of a nanocom-

posite matrix of chitosan and clay that was applied as a

glucose biosensor. Very recently, da Costa Neto et al. [5]

prepared chitosan/silica composite microspheres by mixing an

aqueous solution of the biopolymer with commercial nanosized

silica particles. The obtained microparticles were dried after-

wards. In further examples, chitosan matrices have also been

used to immobilize CdSe quantum dots [6] and γ-Fe2O3

nanoparticles [7].

In a different approach, biopolymers can also be applied to

modify surfaces and induce the deposition of nanoparticles. For

instance, Nochomovitz et al. [8] described the deposition and

patterning of gold colloidal nanoparticles and carbon nanotubes

on surfaces previously modified with peptides.

In situ formation of the inorganic material
After having briefly discussed a few examples in which the

inorganic material is formed ex situ and combined a posteriori

with biopolymers, we will revise now in situ strategies, with

biopolymers playing an active role during the formation of inor-

ganic materials. We propose the following classification, being

aware that all divisions are arbitrary to some degree and it may

be difficult to place some of the examples in one or other group

without ambiguity:
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A. The use of biopolymers and biopolymer colloids as control-

ling agents for the precipitation and crystallization of inorganic

materials, which is typically referred to as “polymer-assisted”

or “polymer-controlled” formation and is intimately related to

the (bio)mineralization field.

B. Biopolymers as “supports” for precipitation/crystallization

processes. We distinguish depending on whether the formation

of inorganic nanoparticles takes places on biopolymer mole-

cules or on particles: (B1) Nanoparticle formation on bio-

polymer molecules (often referred to as “metallization” and

“mineralization” of biopolymers). (B2) Biopolymer particles as

support, with the formation of the inorganic nanoparticles

taking place on the surface.

C. Biopolymers as so-called “soft templates”. Differently

from the previous case, here the precipitation/crystallization

of the inorganic materials does not take place merely

on the surface, but within the supramolecular structure

formed by the biopolymer (polymer matrix). Among the

“soft templates”, two subgroups can be considered:

(C1) Biopolymer-stabilized spherical geometries (stabilized

droplets ,  micel les ,  and vesic les)  that  conf ine  the

inorganic formation. (C2) Biopolymer structures acting

as “scaffolds”, with more complex geometries than simple

spheres. This is typically the case for gels and microgels.

Microgels can also be prepared in the form of nanoparticles,

which can be considered a kind of intermediate case between

C1 and C2.

A. Biopolymers and biopolymer colloids as
controlling agents: polymer-controlled crystal-
lization
Many types of polymers, both of natural origin and synthetic,

have been used as controlling agents for crystallization. This

field of the so-called “polymer-controlled crystallization” has

been reviewed in detail in several publications of Cölfen and

collaborators [9-12].

Among the different natural or biomimetic polymers

studied, we find starch [13,14], different cellulose derivatives

[15],  dextran [16],  pectin [17],  alginate [18],  and

poly(amino acids) or proteins [19-29]. Researchers in the

biomineralization field very often extract proteins from

biological matter and use them for the ex vivo mineralization,

trying to study the effects of natural macromolecules [30].

Silicateins, for instance, are proteins not only used ex vivo

for understanding mineralization processes in sponges,

but also applied to prepare novel biomimetic hybrid

materials, as nicely revised in a recent publication by Müller

et al. [31].

From the mineral side, the most investigated systems are by far

the calcium minerals because of their biological importance:

calcium carbonate [16-18,20,32], calcium oxalate [23-26,33],

and calcium phosphates (including hydroxyapatite) [22]. Never-

theless, biopolymers have also been used as controlling agents

or additives in the precipitation/crystallization of other inor-

ganic systems, such as ZnO [34], metal particles [13], silica

[35], or Fe2O3 [15].

To investigate the effects of proteins in mineralization, syn-

thetic oligopeptides with sequences of defined lengths and com-

position are sometimes used [23,24,36,37]. A previous work

from our research group showed that an increasing length of

oligo(L-glutamic acid) chains is able to change not only the

morphology of the obtained crystals, but also to stabilize the

metastable calcium oxalate dihydrate (Figure 2) [38]. In a more

recent work, we have also shown that charged acidic peptides

are able to stabilize vaterite, and we studied the effect of the

acidity of the amino acid residues on this stabilization [39].

Figure 2: Schematic representation of the evolution of the morphology
of calcium oxalate crystals prepared in the presence of oligo(L-
glutamic acid)s of different lengths, ranging from the monomer (Glu) to
the eicosamer (Glu20). COD: calcium oxalate dihydrate; COT: calcium
oxalate trihydrate. Reprinted with permission from [38]. Copyright 2010
American Chemical Society.

In a previous work, synthetic polymer colloidal particles func-

tionalized with different groups were shown to have an effect

on the growth and on the final properties of inorganic materials

such as zinc oxide [40,41], calcium oxalate [38], or calcium

carbonate [42,43]. It is expectable that analogous effects should

be obtained when biopolymeric (or synthetic biomimetic

chains) are attached to the surface of colloidal particles. In this

sense, Krattiger et al. [44] reported the morphogenesis of

CaCO3 and DL-alanine crystals in the presence of polystyrene

beads functionalized with synthetic peptides with different

amino acids and oligopeptides.
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Figure 3: DNA-templated preparation of porous CdS shells on the surface of silica beads: (a) surface modification with (3-aminopropyl)trimethoxysi-
lane (APTMS), (b) DNA deposition on the cationic particle surface, (c) CdS precipitation, and (d) dissolution of the SiO2 core to form hollow structures.
Reprinted with permission from [52]. Copyright 2011 American Chemical Society.

B. Biopolymers as “supports”
B1. Molecular templates: Biomacromolecules contain often

functional groups (such as phosphates in DNA or carboxylic

and amino groups in proteins) that are able to complex metal

ions and act as nucleation centers for the growth of metal or

mineral nanoparticles. The use of molecular templates as a

support for inorganic nanoparticles may be referred to as

“metallization” or “mineralization” (depending on whether

metal or mineral particles are formed) of biopolymers.

Zinchenko [45] reviewed the advances in the field, with special

emphasis on DNA and its assemblies, but going also through

the use of proteins. Although there are common points between

such molecular templating and the polymer-controlled crystal-

lization described above, and in some cases the distinction may

be unclear, the main difference lies on the size of the formed

particles and the polymer. In the case of molecular supports,

tiny inorganic nanoparticles are formed on the biomacromolec-

ular chain, while in polymer-controlled crystallization processes

the inorganic material is significantly larger than the macromol-

ecules, which may get engulfed by the growing crystals.

DNA chains have been coated by in situ deposition with

different metals, metal oxides, and metal chalcogenides,

including metallic silver [46], Pt [47], Fe2O3 [48], and CdS [49-

52]. Pu et al. [52] reported the deposition of DNA chains on

silica particles. After mineralization of the DNA to CdS as shell

and subsequent removal of the silica core by dissolution with

HF, hollow inorganic particles were obtained (Figure 3). Analo-

gous to the DNA case, peptidic supports have also been used for

the deposition of metals [53] and semiconductor chalcogenide

quantum dots [54-65].

B2. Biopolymer particles as “supports”: In the area of prepar-

ation of hollow particles it is common to distinguish between

“hard” and “soft” templates [57-59]. This nomenclature can

also be extended to the formation of polymer/inorganic parti-

cles. “Soft templates” will be reviewed in Section C; here, we

will consider the case of so-called “hard templates”, which typi-

cally involves the deposition of an inorganic material on the

surface of “hard” spheres (silica or polymer) that act as sacrifi-

cial cores. The core can be eventually removed by calcination

or dissolution, if the aim is the formation of hollow structures.

Such strategies have been widely used for templates with syn-

thetic polymers (see Section 4 in [60] for a review), but only a

limited number of works are found for biopolymers.

Li et al. [61] prepared cross-linked chitosan microspheres and

immobilized bovine serum albumin covalently on their surface.

On the resulting particles, silica was formed by a sol–gel

process from 3-aminopropyltrimethyoxysilane (APTMS) or

tetraethoxysilane (TEOS). The structures after the removal of

the template were proven to be suited for protein recognition.

The synthesis process is depicted in Figure 4.

When referring to polymer particles, the denomination “hard

template” may sound somehow odd, even more in the case of

microgel particles, which are definitely not “hard”. However, in

our classification we consider within this group all approaches

in which a shell is formed on the surface of a particle. As an

example, Boissière et al. [62] synthesized poly(L-lysine)/algi-

nate microparticles through a microgel route and coated them

with silica to obtain core–shell composites. In an alternative

method, spray-drying of biopolymer and biopolymer/silica solu-

tions was conducted. Magnetic cobalt silicate could be also

generated by introducing a cobalt salt during the process.

C. Biopolymers as “soft templates”
C1. Biopolymer-stabilized simple geometries (droplets,

micelles, and vesicles): Surface-active polymers can assemble

in solution and in heterophase systems to form defined geome-



Beilstein J. Nanotechnol. 2014, 5, 2129–2138.

2133

Figure 4: Siloxan polymerization on chitosan microspheres by using immobilized protein templates. Reprinted with permission from [61]. Copyright
2008 Elsevier.

tries, most typically spherical, such as micelles, vesicles, or

even stabilized droplets. As in the case of “hard templates”

stated above, the approach has been very productive with syn-

thetic polymers [2,60], but only explored in a limited way with

biopolymers. The main reason for this is that the assembly of

many biopolymers results in a rather continuous network and

not necessarily in “discrete” geometries.

In a very recent work, Taheri et al. [63] have presented the for-

mation of potato starch capsules decorated with silver nanopar-

ticles, which could have applications as drug carriers or antibac-

terial coatings. The capsules are prepared in an inverse (water-

in-oil) miniemulsion and the surfactant polyglycerine-polyrici-

noleate (PGPR) is used to stabilize the system. Interestingly, a

polyaddition process of the starch, driven by the addition of 2,4-

toluene diisocyanate (TDI), occurs simultaneously to the reduc-

tion of Ag+ ions to metallic silver without addition of any addi-

tional reducing agent (Figure 5). Since polyaddition and silver

precipitation occur both at the same time, the approach could be

considered as an “in situ/in situ” or “all in situ” strategy, which

is a rather rare case in literature. We have decided to include it

within this subsection mainly due to the spherical geometry and

the presence of a heterophase system, but probably the example

could have been included as well in the next subsection, as the

silver precipitation takes place within the polymer scaffold.

As an extension of the metallization examples presented in

Section B1, structures formed by DNA or proteins can also be

used for templating. The toroidal structures formed by DNA

condensates were used as soft templates for the formation of

silver [64,65] and gold [66] nanoparticles by reduction of the

metal salts (Figure 6). Rings resulting from the assembly of a

bolaamphiphilic peptide molecule were reported as templates

for the growth of conductive indium tin oxide (ITO) nanoparti-

cles [67].

C2. Biopolymers as “scaffolds”: As mentioned above, gelling

biopolymers are very common templates in inorganic syntheses

[3,68]. Since the precipitation/crystallization of the inorganic

nanoparticles takes place within the network generated by the

polymer and not on the surface or edges (as it is the case of the

“supports” of the previous subsection), we label this type of

templating as “scaffold”, being aware that the term is also used

in a more general way – almost as a simple synonym for

“template” – by other authors.

Because of the biodegradability and biocompatibility, chitosan

can be considered as a “green material”. In addition to the

common applications in food and biotechnology, chitosan can

also be used as a support for catalysts. Chitosan–silica [69] and

chitosan–titania [70] catalysts were prepared by applying

conventional sol–gel methods. The preparation of sol–gel sili-

cates have been reported by several research groups [71,72].

Nevertheless, the use of chitosan is not limited to silicates and

titanates. El Kadib et al. [73] demonstrated the use of chitosan

microspheres as templates for vanadium, tungsten, and molyb-

denum oxide clusters, which were shown to be active as cata-

lysts for selective alcohol oxidation. Similarly, Ganesan and

Gedanken [74] had prepared tungsten(VI) oxide nanoparticles

through the encapsulation of ammonium metatungstate on

chitosan and the subsequent calcination. These particles showed

a higher catalytic activity than bulk tungsten trioxide. Other ma-
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Figure 5: Schematic representation of the procedure applied for synthesizing starch/Ag nanocapsules. Reprinted with permission from [63]. Copy-
right 2014 The Royal Society of Chemistry.

Figure 6: Products obtained when gold(III) is reduced in the presence of DNA toroids formed with bis(ethylenediamine)gold(III). Reprinted with
permission from [66]. Copyright 2010 American Chemical Society.

terials, such as cobalt-Prussian blue nanoparticles [75], Zn–Al

layered double hydroxide [76], hydroxyapatite [77], and

calcium carbonate [78], were also prepared within, or in the

presence of, chitosan gels. In a biological approach, calcium

phosphate/chitosan composite films were shown to influence

the behavior of human mesenchymal stem cells. Lee et al. [79]

studied the scaffold–cell interaction by changing the crys-

tallinity and ratio of the calcium phosphate.

Alginate is another of the gelling biopolymers used as a scaf-

fold. An alginate-influenced growth of Co, Ni, and CoNi

nanoparticles was reported by Coradin et al. [80]. The same

research group also studied the in situ growth of gold colloids

with alginate films [81,82]. Gel frameworks have been shown

to be able to control the size distribution of particles. Hernández

et al. [83] demonstrated the synthesis of iron oxide nanoparti-

cles in a semi-interpenetrating polymer network of alginate and

poly(N-isopropylacrylamide).

Gold and AuNi alloy gelatin nanocomposites were developed

by Brayner et al. [84]. A gelatin network incorporating metallic

nanoparticles was obtained after reduction of gold salts. Like

other gel biopolymer templates, gelatin has also been used in

silicate sol–gel processes [72,85,86]. Ethirajan et al. [87] used

the confinement provided by gelatin particles prepared through

a miniemulsion to template the crystallization of hydroxyap-

atite (Figure 7).

A further example of a heterogeneous catalyst was reported by

Taubert’s group with gold/cellulose nanocrystal hybrids
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Figure 7: Dark-field TEM micrograph (a) and corresponding electron diffraction pattern (b) of hydroxyapatite/gelatin particles. Reprinted with permis-
sion from [87]. Copyright 2008 John Wiley & Sons.

Figure 8: Schematic representation of aerogel preparation. A nanoporous cellulose gel is impregnated with the silica precursor TEOS (a). Afterwards,
the silica formation takes place by sol–gel process (hydrolysis and condensation), yielding a cellulose–silica composite gel (b). Drying with supercrit-
ical CO2 gives a composite aerogel (c). Macroscopic views of the prepared samples are shown in panels (e–h). Reprinted with permission from [90].
Copyright 2012 John Wiley & Sons.

produced in the presence of ionic liquids [88]. Also for catalytic

applications, nanoparticles of silver, gold, and platinum were

synthesized by using a cellulose aerogel [89]. Cellulose has

been further used for silicates. Zhang et al. [90] presented the in

situ formation of silica in a cellulose aerogel (Figure 8). The

addition of the silicate precursor (TEOS) takes place first, fol-

lowed by a sol–gel process and the cellulose/silica composite

formation. The aerogel is formed by drying with supercritical

CO2 and subsequent calcination.

Scaffold templating can also be achieved with starch and even

with peptides. Thakore et al. [13] synthesized Cu, Ag, and

Cu–Ag alloy nanoparticles in a matrix of starch through a green

route and studied the antibacterial activity. Hexagonal silica

platelets were prepared through a polypeptide-templated syn-

thesis by using the interactions of a polypeptide of L-lysine with

silicate [35].

Conclusion
The application of biopolymers (polysaccharides, peptides, and

nucleic acids) as controlling agents or as templates of inorganic

precipitation and crystallization is not only present in nature

(biomineralization), but is also a versatile strategy for the design

of inorganic and inorganic/organic hybrid materials in the

laboratory. On one hand, biopolymers may assemble forming

structures that serve as confining spaces or scaffolds in which

the formation of the inorganic component takes place. On the

other hand, the presence of functional groups such as
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carboxylic, amino or phosphate groups can provide a high

ability to bind metal ions or to interact with growing crystal

faces, influencing nucleation and growth.

Hydrogels, such as those formed with chitosan or gelatin, are

very commonly used as polymer matrices for the synthesis of

porous structures. Although in general the inorganic material is

formed in situ (i.e., while the biopolymer is present in the

system), there are also some examples in which previously

formed nanoparticles are combined with the biopolymer and

incorporated into the matrix after gelation.

In most cases, biopolymers have been either used in bulk solu-

tions or applied to surfaces, so that the resulting material is a

continuous hybrid structure. However, they can also be used to

generate “discrete” structures either by using single molecular

chains as supports (e.g., metallization or mineralization of

DNA) or by using particle systems. Hydrogel approaches can

also be confined to the spaces of particles.

Clearly, synthetic polymers are often a more economic and

versatile alternative, but biopolymers can be especially interest-

ing in those applications in which biocompatibility or

biodegradability are an issue, such as biomedical applications.

In addition, biopolymers may be also good model systems. In

this sense, for instance, peptides or nucleic acids of defined

length and structure can be very convenient models for studying

polyelectrolyte systems. Furthermore, the high ability of

biopolymers to form complex hierarchical structures is a major

feature to be explored in the upcoming years. A better under-

standing of the interface between the biopolymeric component

and the growing inorganic matter will continue to be the crucial

issue in the design of novel and more sophisticated materials.
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Abstract
Biosilicification sets the standard for the localized in vitro precipitation of silica at low orthosilicate concentrations in aqueous envi-

ronment under ambient conditions. Numerous parameters must be controlled for the development of new technologies in designing

inventive nanosilica structures, which are able to challenge the biological templates. A long neglected requirement that came into

focus in the recent years are the cellular techniques of preventing unintentional lithification of cellular structures since numerous

cellular components such as membranes, DNA, and proteins are known to precipitate nanosilica. The diatom metabolism makes use

of techniques that restrict silicification to an armor of silica around the cell wall while avoiding the petrifying gaze of Medusa,

which turns the whole cell into stone. Step by step, biochemistry unveils the hierarchical interplay of an arsenal of low-molecular

weight molecules, proteins, and the cytoskeletal architecture and it becomes clearer why the organisms invest much metabolic

effort for an obviously simple chemical reaction like the precipitation of amorphous silica. The discrimination between different

soluble components in the silicification process (chemoselective silicification) is not only vitally important for the diatom but poses

an interesting challenge for in vitro experiments. Until now, silica precipitation studies were mainly focused on the amount, the

morphology, and composition of the precipitate while disregarding a quantitative analysis of the remaining soluble components.

Here, we turn the tables and quantify the soluble components by 1H NMR in the progress of precipitation and present experiments

which quantify the additivity, and potential cooperativity of long chain polyamines (LCPAs) and cationic peptides in the silicifica-

tion process.

103

Introduction
Modifications of the Stöber method [1] are in use today for the

synthesis of largely monodisperse silica particles with

entrapped enzymes for NMR studies [2] or numerous other

applications [3]. Generally, one or more molecular species are

exposed to orthosilicic acid at pH 7 or higher. Slow or ineffi-

cient precipitation is accompanied by gelation of the remainig

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:geyer@staff.uni-marburg.de
http://dx.doi.org/10.3762%2Fbjnano.6.10
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Figure 1: Chemoselective silica precipitation. Different symbols indicate a mixture of organic molecules from which only selected compounds form a
precipitate with silicic acid. The remaining solution is analyzed by 1H NMR.

silicic acid but the primary aim of such experiments is the for-

mation of precipitates with well-defined shapes such as spheres

(grey ball in Figure 1) or other morphologies. The unmitigated

silicification entraps the dissolved molecules as far as possible

in the silica precipitate. Biosilicification however, relies on the

sharp differentiation between soluble and entrapped molecules,

a sophisticated form of chemoselective silicification. Currently

accepted models are the LCPA–phosphate model [4] and the

silaffin-matrix hypothesis [5]. Both formulate varying concen-

trations of soluble components at the surface of the forming

silica beads. Poulsen et al. investigated the mutual influence of

peptides and LCPAs. Here we investigate the simplest scenario

of chemoselective precipitation, which is the differentiation

between two dissolved components, a cationic peptide and an

oligoamine, that are both capable of precipitating silica on their

own (Figure 1). Observing dissolved molecules next to the

precipitate gives answers to questions such as these: Is the

amine completely consumed by the precipitate formed or is

there a fixed N/Si ratio leaving the surplus amine untouched?

What happens with the less capable Si precipitator in the pres-

ence of the better precipitator? Is there a measurable coopera-

tivity between peptides and amines?

Silica precipitation experiments are time consuming and error-

prone because many actions are needed to separate the precipi-

tate of amorphous silica, to dry it, and to weigh it. NMR is no

substitute for other analytical methods but 1H NMR is a single

technology that simultaneously monitors the pH value,

viscosity, and amount of dissolved molecules. 1H NMR is ad-

vantageous for optimizing the experimental settings of silica

precipitation process because of the many parameters that are

visible in a single spectrum. The consumption of molecules

during the precipitation process is quantified as a function of

time while constantly monitoring the change in pH from the

signal splitting of imidazole and the viscosity of the solution

from the half-width of a selected singlet. The greatest benefit

lies in the conduction of competition experiments between

different types of molecules. By using only a small excess of

TMOS, there is no need for stopping the precipitation experi-

ment by addition of HCl after a few minutes. Instead, a mole-

cule of interest can be mixed with a known oligoamine to iden-

tify the better precipitator based on the stronger reduction in
1H NMR signal intensity.

Results
Polyamines and cationic peptides
The cell wall of diatoms is a composite material with a high

content of organic molecules from various compound classes

such as oligopropylenamines [6], polycationic peptides [7],

proteins [8], and polysaccharides [9]. Even higher contents of

organic material are found in sponges in which the biosilica is

associated with collagen-type proteins [10]. The common

feature of all these organic molecules is their modular assembly.

We and others analyzed to what extent the mineralisation

process and the morphology of the precipitate depends on the

number of propyleneimino repeating units [11], the type of

KXXK-boxes in silaffin proteins (K = Lys, X = other amino

acid) [12], or the number of POG tripeptide repeating units in

collagens [13]. The availability of relatively large amounts of

pure material in reproducible quality is a benefit that links

organic synthesis to material science. Different from silica-asso-

ciated molecules of biological origin, which are characterized
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Figure 2: The polyamines 1, 2, and 3 have increasing numbers of 4, 5 and 11 basic nitrogens. Peptide 4 is a simplified sequence derived from the
silaffins and bears 6 primary amines. Amino acids are characterized by the one-letter code (S Serin, K Lysin, G Glycin, Y Tyrosine). Toxine 5 is the
condensation product of Arginine and bis(3-aminopropyl)amine.

by structural and compositional microheterogeneity, the chem-

ical synthesis of such molecules yields defined structures and

allows for the comparison of individual chain lengths. The

distribution of natural oligomers around an average value is

replaced with a sequence of individual chain lengths for inde-

pendent experiments. The aim is to unravel the interplay

between different organic compound classes and inorganic

components as well as the synergy on different levels of hier-

archy from the charge interaction on the atomistic level to the

micrometer scale of the frustula structure. Here, we focus on

five compounds, which are all either known to or at least

expected to precipitate silica (Figure 2). Three amines with

increasing number of nitrogen atoms, a basic peptide, and a

toxin [14] that is not involved in biomineralization but stands

exemplary for other amines capable of silica precipitation.

Synthetic methods
Figure 3 shows the synthetic strategies used to access the mole-

cules 2–5. CTC resin [chloro-(2'-chlorotrityl)polystyrene resin]

served as a solid support and was functionalized directly with

different amines [14]. The nucleophilicity of one nitrogen of

1,3-propylenediamine was annihilated by tritylation with CTC

resin (Figure 3 upper row) while the other peripheral amine

remains reactive for peptide coupling. The HBTU/HOBt-medi-

ated condensation of a Fmoc-acylated amino acid and cleavage

of the temporary protecting group Fmoc with piperidine was

repeated in 15 cycles to obtain CTC-bound precursor of peptide

5 which was finally Boc-deprotected by TFA and simultane-

ously cleaved from the resin. This peptide bears an additional

cationic charge instead of the unproductive C-terminal carboxy-

late, which would be obtained from traditional solid-phase

peptide synthesis. CTC-resin has a double function here

because it acts as a protecting group and as a solid support. This

strategy can be expanded to other amines such as bis(3-amino-

propyl)amine (sometimes called norspermidine) shown in the

center of Figure 3. Again only one of the two primary amines

reacts with the resin because the secondary amine is sterically

too demanding to be tritylated. Avoiding large excess of

acylating reagent, toxin 5 was obtained directly in high regiose-

lectivity for acylation without necessity of a N-protecting group

on the triamine. Protecting groups on both primary amines lead

to a complementary reactivity of bis(3-aminopropyl)amine, now

enabling the secondary amine as the only remaining nucleo-

phile to react with the CTC-resin. This is shown in the bottom-
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Figure 3: Three synthetic strategies for oligoamines and cationic peptides. The CTC-resin is shown as a grey ball and the arrows represent the
coupling and Fmoc deprotection step. The letter n stands for the number of coupling and deprotection cycles. DDE = 1-(4,4-dimethyl-2,6-dioxocy-
clohex-1-ylidene). Top and center: Propylenediamine or bis(3-aminopropyl)amine acts as a spacer for the solid-phase peptide synthesis on CTC-
resin. Bottom: Chain extension at both ends of a diamine.

most synthesis of Figure 3. For the synthesis of 3, we introduce

this handy method, which halves the number of synthetic trans-

formations. Hydrazinolysis cleaved the DDE groups allowing

the simultaneous chain extension at both primary amines.

Fmoc-β-Ala-OH and Fmoc-Gly-OH were coupled to a suspen-

sion of this resin with HBTU. Key step in the synthesis of

LCPAs is the borane reduction of oligoamides developed by the

groups of Hall [15] and Houghten [16], which we adapted for

the synthesis of LCPAs on trityl resin [11]. The amide reduc-

tion with excess of the THF-complex of borane removed the

amide oxygen to obtain C2 and C3 extensions of the

oligoamine. Borane–nitrogen complexes were destroyed in

several washing cycles with piperidine before final TFA

cleavage of the LCPA from the resin. LCPAs 2 and 3 were

obtained with this strategy.

NMR studies
A constant low concentration of orthosilicic acid is expected to

be advantageous for chemoselective silicification studies

instead of a single addition of a large excess of tetramethyl

orthosilicate (TMOS), sometimes exceeding more than

100 equivalents. With the aim of obtaining a constant release of

orthosilicic acid from TMOS we initially intended to slow down

TMOS hydrolysis by organic solvents. Even the intermediates

of TMOS hydrolysis are easily identified by 1H NMR in DMSO

(Figure S1, Supporting Information File 1) but precipitation

studies were not successful because the silica precipitation is

slowed down, too. As consequence the unwanted background

gelation dominates and the amount of residual water strongly

influences the outcome of the experiments. The TMOS hydrol-

ysis is much faster in aqueous environment and all TMOS was

available as orthosilicic acid at the beginning of the NMR

experiments (Figure S2, Supporting Information File 1). All

measurements were conducted in buffered solution of deuter-

ated water to simplify the experimental setting of the NMR

measurement. Instead of a single addition of TMOS, we added

small amounts (less than ten equivalents) stepwise until all

organic molecules were precipitated and the integral in the
1H NMR approached zero. In the precipitation studies of

isolated molecular species it made no difference whether TMOS

was added in a single step or in several portions. Orthosilicic

acid was consumed for silica precipitation as long as a mole-
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Figure 5: 1H NMR spectra (300 MHz, 300 K) of 1 a) without and b) in the presence of orthosilicic acid at pH 6 and the same experimental setting at
pH 11 c) and d). TSP serves as an internal standard and the signal intensity (integral) was set to 1 a.u. (arbitrary units). Histidine is present as a
second internal standard because the splitting of the imidazole CH groups (His-Hδ and His-Hε) depends on the pH value in the region around the pKa
value of the imidazole side chain. Signals of 1 which are not influenced by the resonance of the released methanol from the TMOS hydrolysis are
highlighted by a blue box. Further details are given in the text.

cule that is capable of silica precipitation remains in solution.

Whether TMOS was added in a single step or in portions had no

influence on the overall result. For the precipitation studies of

more than one dissolved component it was possible to measure

the ratio of the dissolved molecules after each stepwise addi-

tion of TMOS as described in the competition experiments

below. The dynamic range of modern NMR spectrometers (16

bit digitizer) is big enough to resolve the signal intensity of the

organic molecule in the presence of a large methanol signal

from the TMOS hydrolysis. Their relative intensities quantify

the excess of orthosilicic acid present in the silicification experi-

ment. Three typical outcomes of the silicification experiments

are shown in Figure 4 in which gelation is directly visible from

the clouding and solidification of the solvent (experiments A

and B). Only precipitation of type “C” yields amorphous silica

from the complete precipitation of orthosilicic acid without

gelation of any remaining dissolved silica.

The increase in macroscopic viscosity, which is directly visible

in the upside-down turned tubes in Figure 4, corresponds to the

microscopic viscosity, which is visible as line broadening of all

signals but quantified as the half width of the trimethylsilyl

propanoic acid (TSP) singlet that serves as an internal standard.

Gelation is accompanied by a significant increase of line broad-

ening. While the initial viscosities of the buffered solutions are

characterized by values which do not surpass 1.5 Hz, a factor of

10 is typical for the gelated NMR tubes. A second internal stan-

dard is histidine which has a pKa value of around 6.5 [17]. The

signal separation of the imidazole singlets of histidine show

significant changes around this pH value although it does not

interfere with the precipitation process. In spite of its three

nitrogen atoms, histidine does not get incorporated into the

silica, which shows the special properties of the other investi-

Figure 4: Precipitation of orthosilicic acid with amine 1 in NMR tubes
at pH 6.5 (A), 7 (B), and 10 (C). Inefficient silicification in A and B is
accompanied by gelation and high viscosity of the reaction mixture.
Complete precipitation under the conditions of C shows a sharp sep-
aration between the clear solution and the precipitate which is sep-
arated by centrifugation to obtain a high-resolution 1H NMR spectrum
again.

gated oligoamines. Precipitation studies were performed with

all compounds shown in Figure 1. Typical NMR spectra under

different pH conditions are shown in Figure 5 for compound 1.

Two well separated methylene groups of 1 at 2 ppm, which are

not influenced by the released methanol from the added TMOS,

are highlighted with a blue box. The increase of the line broad-

ening at pH 6.5 (Figure 5a and Figure 5b) affects all signals but

the signal integrals do not change except for 1, which loses half

of its intensity. Short-chained amines are not qualified to

precipitate silica at this pH and therefore gets incorporated only

by 50% while the remaining orthosilicic acid forms a gel. A
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Table 1: Silica precipitation experiments. The final column is the initial splitting of the imidazole signals which correlates with the observed pH value in
brackets. The lower three rows list the numerical values for the bar diagrams in Figure 6.

entry compound Si/N random errora equivalents TMOS,
% peptide

Δν1/2 [Hz] Δδ Hδ–Hε, (pH)

1 1 33:1 ±0.3 16, 39% (gelation) 1.1, 7 241, (6)
2 1 4:1 ±0.45 16, 0% 1.0, 1.4 223, (11)
3 2 50:1 ±0.25 50, 0% 1.1, 1.1 234, (6.8)
4 3 50:1 ±0.25 50, 0% 1.1, 2.2 249, (5.5)
5 4 142:1 ±0.34 40, 81%; 40, 34%; 40, 0% 0.9, 1.3 235, (6.8)
6 5 98:1 ±0.55 40, 32%; 40, 0% 0.9, 1.2 230, (7)
7 1 + 4 (1:1)b 80:1 ±0.55 40, 30% (1), 96% (4);

40, 0%
0.9 1.6 231, (7)

8 1 + 4 (2:1) 72:1 ±0.35 28, 72% (1), >98% (4);
28, 0% (1), 77% (4)

1.0 1.1 248, (6)

9 1 + 5 (1:1) 24:1 ±0.85 7, 39% (1), 74% (5);
7, 28% (1), 66% (5);
14, 15% (1), 35% (5);
30, 0% (1), 0% (5)

1.0 1.0 224, (7)

aThe random error depends on the signal-to-noise ratio and uncertainties of signal integration in each 1H NMR spectrum. The experimental error
increases parallel with the addition of TMOS because of the decreasing signal-to-noise ratio for the molecules of interest in the spectra. No error is
given when the remaining amine is below the detection limit. Random errors are given only for the first addition of TMOS. bRatio in brackets.

further decrease in pH is detected by the increase of the signal

splitting of the imidazole from 241 Hz (a) to 291 Hz (b). At

significantly higher pH (Figure 5c,d) under typical Stöber

conditions all amines are qualified to precipitate silica while the

buffer keeps the high pH value. Therefore the signal of 1 is

completely absent in d) and the signal splitting of imidazole

does not change significantly. Furthermore, a change in solvent

viscosity is not detectable. 1 becomes completely incorporated

into the silica under strongly basic conditions and a low Si/N

ratio of 4 is calculated under the assumption that the orthosilicic

acid is consumed completely.

These NMR experiments were conducted for all compounds

1–5 (Table 1). With compound 1 silica cannot be precipitated at

pH values below 7 without gelation [18]. All other experiments

in Table 1 were conducted under high resolution conditions

without gelation and polyamine 3 is quantitatively precipitated

even at the lowest investigated value of pH 5.5. An amount of

50 equivalents of TMOS is precipitated by both longer LCPAs

2 and 3, respectively, in phosphate buffer at slightly acidic pH

values. Si/N is the ratio between orthosilicic acid and the

number of basic nitrogens in the investigated compound minus

the remaining peptide. Peptide 4 precipitates orthosilicic acid

effectively but gets much less incorporated with a Si/N ratio

above 100. Three additions of 40 equivalents of TMOS are

necessary to precipitate it completely from solution. Toxin 5,

although completely unrelated to biosilicification, is able to

precipitate silica, too. The dissolved molecules influence the

buffer capacity and small changes in pH can influence the

precipitation behavior of two different molecules. The repro-

ducibility of each experimental setting was excellent but we

consider it difficult to compare precipitation experiments of

different molecules. Therefore, we designed experiments in

which one amine serves as an internal standard for precipitation

and the precipitation capacity of the second component can be

easily judged by measuring a 1H NMR spectrum of the

remaining solution after precipitation. The better precipitator is

incorporated in the solid silica and removed from solution while

the other component remains and yields signal intensity in the

NMR spectrum. The technique can be expanded to more than

two soluble components as long as at least one signal intensity

is separated on the chemical shift scale. In this study, LCPA 3 is

the compound that precipitates silica most efficiently and it is

probably the most promising one to precipitate in the presence

of other dissolved organic molecules. For 1 we observe signifi-

cant chemoselectivity at neutral pH or slightly below. Commer-

cially available spermine (1) was chosen as a reference to make

the experimental setting independent from molecules which are

only available in our group.

Figure 6 shows competition experiments with two amines

competing for the silicic acid. From an equimolar mixture of 1

and 4, two thirds of the amine precipitate without affecting the

peptide concentration. Addition of another 40 equivalents of

TMOS precipitates both molecules. Even from the 2:1 ratio of 1

and 4 with 28 equivalents of TMOS, approximately one third of

the amine precipitates first. The second addition of the same

amount of TMOS eliminates the signals of the amine

completely and reduces the amount of peptide to 77% of the

starting concentration. The chemoselectivity is less pronounced
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Figure 6: Silica precipitation competition experiments. Experimental details are according to the single component precipitations in Table 1. The addi-
tion of TMOS is shown on the x-coordinate and the starting conditions are set to 100% for better comparison. The left diagram shows spermine (1) vs
R5 peptide 4 in a 1:1 ratio (10 μmol/mL each) and the middle diagram shows them in a 2:1 ratio (15 μmol/mL both). In both precipitation experiments,
1 is consumed before a relevant amount of 4 precipitates. Right: 1 vs 5 in a 1:1 ratio (5 μmol/mL each). Again, 1 is the better precipitator although
both organic molecules are consumed during the mineralization process.

Figure 7: Expansions from the 1H NMR spectra (300 MHz, 300 K) of 1 a) and 4 b) and the spectrum of an equimolar mixture of both c) before the ad-
dition of orthosilicic acid at pH 7 together with the spectra of the stepwise addition of TMOS in d) and e). A methylene group that is only present in 1
and another that is only present in 4 are highlighted and document the stepwise precipitation of the two molecules. (Triplet at 1.19 ppm EtOH from
residual tetraethyl orthoslicate (TEOS) in TMOS.) The complete 1H NMR spectra are shown in the Figure S3, Supporting Information File 1).

for the mixture of 1 and 5, which was titrated with the smallest

first addition of only 7 equivalents of TMOS. From these

competition experiments can be deduced that 5 is a better

precipitator than 4. An interesting observation is that 1 is a

better precipitator in the presence of peptide 4 at pH 6 (Figure 6

right) than without (Table 1, entry 1).

Exemplary for the experiments of Table 1, the 1H NMR spectra

of the equimolar competition experiment between amine 1 and

peptide 4 (Table 1, entry 7) are shown in Figure 7. The amine

and the cationic peptide are not expected to interact under the

experimental conditions and the 1H NMR of the mixture repre-

sents the sum of the two single spectra. The chemoselective

silica precipitation is documented in spectrum d) after the first

addition of TMOS. The blue methylene group is incorporated in

the silica precipitate while the yellow methylene group is still

there. Spectrum e) proves that both molecules are competent to

precipitate silica under the experimental conditions while the

internal standards histidine and TSP remain in solution in all

spectra.

Discussion
LCPA phosphate microdrops are competent to precipitate silica

[19] and the silaffin-matrix model attempts to explain silica

precipitation inside of the silica deposition vesicle (SDV) at pH

values as low as 5.5. Under these conditions, the nanostructure

forms a template for the localized silicon dioxide precipitation

in LCPA-rich but silaffin-poor areas [20]. From the numerous

physical and experimental parameters, which differ from the

literature experiments, only the chemical parameter of micro-
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heterogeneity is resolved in our experiments, which consist of

two-component mixtures of defined concentration of each indi-

vidual molecular species. Polyamines and peptides compete for

silicic acid in the NMR tube. Further parameters such as the

excess of silicic acid, the pH value, and phosphate concentra-

tion are selected by us based on former precipitation experi-

ments. In competition experiments of peptide 4 (Table 1, entry

7) and amine 5 (Table 1, entry 9), amine 1 serves as an internal

standard that identifies 5 as the better precipitator than 4,

without the necessity of conducting the competitive precipita-

tion of 4 and 5.

Conclusion
In conclusion, it is not our intension to advertise for NMR as a

substitute for classical silica precipitation experiments but as a

fast, rich in information, and fail-proof additional method for

the identification of in vitro conditions for the development of

synthetic silica nanocomposites. The better organic template is

entrapped in the inorganic precipitate while the others remain in

solution. This straightforward method identifies cooperativity of

bioorganic templates in solution and can be easily transferred to

other mineralization experiments.

Experimental
The NMR spectra were recorded at 300 MHz and the pH values

are not corrected to pD. Synthesis details are given in

Supporting Information File 1.

Supporting Information
Supporting Information File 1
Synthesis details.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-6-10-S1.pdf]
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Abstract
A fabrication method of a multifunctional hybrid material is achieved by using the insoluble organic nacre matrix of the Haliotis

laevigata shell infiltrated with gelatin as a confined reaction environment. Inside this organic scaffold magnetite nanoparticles

(MNPs) are synthesized. The amount of MNPs can be controlled through the synthesis protocol therefore mineral loadings starting

from 15 wt % up to 65 wt % can be realized. The demineralized organic nacre matrix is characterized by small-angle and very-

small-angle neutron scattering (SANS and VSANS) showing an unchanged organic matrix structure after demineralization

compared to the original mineralized nacre reference. Light microscopy and confocal laser scanning microscopy studies of stained

samples show the presence of insoluble proteins at the chitin surface but not between the chitin layers. Successful and homoge-

neous gelatin infiltration in between the chitin layers can be shown. The hybrid material is characterized by TEM and shows a

layered structure filled with MNPs with a size of around 10 nm. Magnetic analysis of the material demonstrates superparamagnetic

behavior as characteristic for the particle size. Simulation studies show the potential of collagen and chitin to act as nucleators,

where there is a slight preference of chitin over collagen as a nucleator for magnetite. Colloidal-probe AFM measurements demon-

strate that introduction of a ferrogel into the chitin matrix leads to a certain increase in the stiffness of the composite material.
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Figure 1: Magnetite formation inside a gelatin gel matrix (grey) that is placed inside the chitin scaffold of demineralized nacre (dark grey lines). Panel
a) symbolizes the stage of mineralization after one reaction cycle, panel b) represents repeated mineralization cycles as demonstrated by the
progress of mineralization shown by the increase of the magnetite nanoparticle number. At zero time, only the gel matrix is present.

Introduction
Biominerals, which are organic–inorganic hybrids and highly

sophisticated materials with optimal assimilated properties,

have evolved in nature. The mechanisms of biomineral forma-

tion are still far from being understood and there is currently

large research activity from groups of different expertise. Most

biominerals are hierarchically structured, which consequently

adds favorable physical properties such as hardness and frac-

ture resistance to the material. An intriguing and much investi-

gated material is nacre which is the inner protecting layer of

some marine sea shells. It is well-known for its beautiful irides-

cence but also for the outstanding mechanical properties. Nacre

has a layered structure of aragonite platelets and an organic

matrix mainly consisting of β-chitin covered with proteins [1].

This hybrid structure makes nacre 3000 times more fracture

resistant as compared to aragonite which makes up ca. 95 wt %

of this structure [2]. The reason for this is that crack propaga-

tion is hindered by the soft chitin layers that get disrupted

before the crack can propagate further. In addition, the platelets

are glued to the organic matrix by elastic proteins that also have

sacrificial physical bonds [3]. Another amazing biomineral are

chiton teeth, which are actually the hardest known biomineral

[4]. Chitons scratch algae from rocks, which requires wear-

resistant teeth. The animal maintains this ability by synthe-

sizing rows of teeth and each time, a tooth is worn out, the next

tooth in the row will be used. A reason for the mechanical wear

resistance of the teeth is the presence of different iron oxide

mineral phases incorporated into a protein–polysaccharide

matrix. Especially, magnetite nanoparticles that are present in

large amounts (ca. 70 wt %) at the tooth cap, covering the

cutting surface, are responsible for the outstanding mechanical

performance [5].

There are many approaches to produce an organic–inorganic

hybrid material inspired by the structure of nacre [6-16]. But the

fundamental knowledge of the underlying mechanisms as well

as theoretical explanations were, so far, only provided for rare

examples. One of the reasons is that many of the biomineraliza-

tion mechanisms are still not fully understood due to their

complexity. Recent work underlines the importance of amor-

phous precursor phases [17] and also nonclassical crystalliza-

tion mechanisms in biomineralization [18,19].

In this manuscript we report a synthesis method to combine the

favorable properties of two biominerals in one and the same

material and, thus, to create a multifunctional hybrid material.

We claim that this bioinspired material could find potential

application in various fields. In general, it could be very

interesting for the field of abrasive and fracture resistant ma-

terials that are found in hard coatings or in the field of construc-

tion. We used the organic nacre matrix of the shell Haliotis

laevigata, which is insoluble in acetic acid, as a confined reac-

tion environment. Within this organic matrix we infiltrated

gelatin to mimic the silk gel precursor inside the chitin nacre

scaffold [3]. Inside this organic gelatin matrix we synthesize

magnetite nanoparticles to form a highly mineralized

organic–inorganic hybrid body. The resulting material should

mimic the fracture resistance of nacre and the hardness and

abrasion resistance of the chiton teeth.

Results and Discussion
Synthetic concept
It is the aim to synthesize a material of larger dimensions by

developing a multifunctional biomimetic composite structure,

which combines properties of two biominerals in one and the

same material, namely nacre and chiton teeth. To reach this goal

we follow the key synthesis principles presented in Figure 1.

The starting material is an original demineralized nacre matrix

that is infiltrated by a thermo reversible gelatin solution mimic-
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king a gel precursor inside the chitin nacre scaffold. Within this

gelatin matrix we synthesize magnetite nanoparticles to form a

highly mineralized organic–inorganic hybrid body. This hybrid

structure resembles the nacre aragonite platelets in size and

shape. We repeated this reaction cycle up to eight times in order

to enhance and thereby control the content of magnetite NPs

inside the hybrid material. Systematic studies showed that after

eight reaction cycles the upper limit of mineral load is reached

and further repetition does not lead to an increase in the mineral

content.

Nacre organic matrix – SANS
Nacre, an inorganic and organic composite natural material, is

typically found as the inner shells of mollusks, and is referred to

as mother-of-pearl. Its structure is a layered arrangement of

pseudo-hexagonally shaped aragonite mesocrystals with a diam-

eter of around 10–15 μm and a thickness of about 500 nm [3]

(every platelet consists of polygonal CaCO3 nanograins with a

size of 10–45 nm [20]). The aragonite mesocrystals are inter-

spaced by an organic matrix which was identified as a β-chitin

[21-23] core surrounded by protein layers that play an impor-

tant role in the formation process of nacre [24-26]. The inor-

ganic mesocrystals are connected by mineral bridges with a

width ranging from 36–54 nm in between the neighboring

lamellae. The mineral bridges represent the continuation of

mineral growth along the vertical direction of the lamellar

mesocrystals from a preceding layer of platelets [27,28]. The

fraction of the organic matrix in nacre is only about 5 wt %, it

plays an important role in the spatial control of mineralization,

hierarchical structure and toughness enhancement [23,29].

Different techniques have been used to resolve the chemical and

structural composition of the organic matrix. Small angle

neutron scattering (SANS) is a non-destructive method to study

the nacreous organic matrix without potential changes to the

matrix, which might derive from the usage of staining media or

dehydration. For comparison studies, the structure of the orig-

inal nacre matrix (Haliotis laevigata) was analyzed as well.

Figure 2 represents very-small (VSANS) and small (SANS)

angle neutron scattering profiles of nacre (top) and its organic

matrix (bottom) measured at two diffractometers for very small

(VSANS) and conventional small angular scattering (SANS) in,

respectively, Q-ranges from 10−3 to 2·10−2 nm–1 and from 10−2

to 3.5 nm−1. The absolute value of the scattering vector Q is

related to the scattering angle θ and neutron wavelength λ

according to Q = (4π/λ)·sin(θ/2). The neutron beam is parallel to

the c-axis of the nacre or the organic matrix of the nacre (i.e.,

perpendicular to the sample surface, see Supporting Informa-

tion File 1). Thus, nearly no information about the thickness of

the lamellar platelets is found in the scattering curves. These

measurements enable the determination of the hierarchical

structures along the vertical direction of the lamellar platelets of

Figure 2: SANS macroscopic cross-section dΣ/dΩ versus scattering
vector Q for a 1 mm thick piece of nacre in air and a demineralized
nacre matrix in D2O (T = 20 °C). The neutron beam is parallel to the
nacre/nacre organic matrix c-axis (perpendicular to the sample
surface). At low Q (<0.02 nm−1) VSANS data are also presented after
rescaling. The solid line represents a fit of the Beaucage equation [30]
and correlation length model (Q > 0.03 nm−1) [31] (see Supporting
Information File 1).

the nacre and its organic matrix over a wide range of length

scales from about 1 nm to 1 μm. The data in Figure 2 show

several distinct Q-regimes that are described well by the solid

line representing the best fit of the data using Beaucage’s

expression [30] and a correlation model [31] (see Supporting

Information File 1). For nacre, scattering from the aragonite

mesocrystals is dominant in the Q-regime less than 0.02 nm−1

and is represented by a Q−2 power law with an amplitude of

P2 = 1.8 cm−1·nm−2. This exponent implies a platelet-like struc-

tural characteristic with a plate diameter larger than 2 μm as

evaluated from the radius of gyration, Rg, assuming the form

factor of a thin plate-like shape [32]. Above Q*  0.063 nm−1

the power law transforms into Q−3 and above 0.4 nm−1 to a Q−4

Porod behavior that yields an average size of the nanograins of

about 10 nm as estimated from D ≡ 2π/Q*. The diameter of the

nanograins is around 11 nm as evaluated from Rg, assuming the

form factor of a spherical shape, which is consistent with data

reported in literature [29]. The scattering, which follows the

Q−2 power law between 3·10−2 and 0.2 nm−1 shows the pres-

ence of a shoulder which might correspond to the mineral

bridges with an average diameter that is estimated to be

D ≈ 80 nm from Rg ≈ 28.9 nm.
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The scattering profile of the nacre organic matrix (Figure 2,

bottom) indicates the same platelet-like structure as for nacre as

it shows the same power laws, however with an amplitude of

P2 = 0.13 cm−1·nm−2, which is one order of magnitude smaller.

This means that the demineralization has no significant influ-

ence on the original structure of the organic matrix. Above

Q = 0.03 nm−1 a radius of gyration Rg of about 24.3 nm is

determined, which might correspond to the mineral bridges. The

diameters of the cross section of the bridges were estimated to

be roughly D ≈ 68 nm from Rg ≈ 24.3 nm. This result is consis-

tent with our TEM results. The size of the mineral bridge is

much larger than the typical size of the gelatin molecule as

determined from the correlation length ξ ≈ 15.9 ± 0.5 nm with

SAXS (see Supporting Information File 1). This indicates that

the molecular diffusion of gelatin into the organic chitin matrix

through holes in the chitin layers, which originates from the

former mineral bridges, is possible. Above Q = 0.5 nm−1 scat-

tering from around 0.8 nm large particles appear, representing

the scattering of the chitin chain. In summary, we can conclude

that nacre is completely demineralized by our experimental

procedure, which was also confirmed by TGA measurements,

and that the structure of the demineralized nacre organic matrix

has not significantly changed compared with the original nacre.

Nacre organic matrix – Light microscopy and
fluorescence microscopy
Original nacre (Haliotis laevigata) used for materials synthesis

was analyzed by light microscopy and confocal fluorescence

laser scanning microscopy (FCLSM) as can be seen in Figure 3.

A freshly broken cross section of original nacre was analyzed

by SEM (see below in Figure 4c) and clearly reveals the layered

structure of aragonite tablets. The insoluble organic matrix can

be seen in Figure 3 and in the transmission electron microscopy

(TEM) image given below in Figure 5d. The embedded cross

section of the demineralized chitin matrix shows that the matrix

remains stable after demineralization and does not stick

together. These results are in agreement with our findings from

SANS and VSANS experiments, therefore we conclude that the

demineralized nacre matrix can be used as a template for the

synthesis of the composite material, which is in agreement with

earlier work on nacre retrosynthesis [13]. The distance between

the layers is around 250–500 nm (see below in Figure 5d),

which is in part lower than that of the natural archetype

(500 nm) due to a partial collapse of the demineralized matrix

during preparation and handling. Figure 5d also illustrates

vertical connections between the layers, these thin walls are the

so-called “intertabular matrix” which has a stabilizing function

[33]. The interruptions in the layers correspond to pores of

around 50–70 nm thickness and act as mineral transport bridges

during the formation of natural nacre, as also confirmed by

SANS and VSANS experiments. In order to determine the

arrangement of gelatin in between the insoluble organic nacre

matrix layers a Coomassie stain is used. The light microscopy

image in Figure 3a shows an embedded and thin cut section of

demineralized nacre stained with Coomassie blue. The investi-

gations clearly display a blue stain of the layered insoluble

nacre structure as a result of a positive interaction of the insol-

uble proteins with Coomassie blue, whereas the space in

between the layers does not show any significant stain. The

same observation can be made by fluorescence confocal laser

scanning microscopy (Figure 3b) for which the thin cuts have

been stained with rhodamine B ITC. Also in these studies no

staining of proteins in between the layers could be observed.

Therefore we conclude that the insoluble matrix proteins are

dominantly located directly at the β-chitin matrix and are not

present in between the layers. Figure 3c and Figure 3d show an

embedded sample of insoluble nacre matrix infiltrated with

gelatin by a vacuum infiltration process. Staining of this sample

illustrates not only blue stained chitin layers and insoluble

matrix proteins but also colored areas in between the layers,

indicating a filling of the matrix with gelatin. The interaction

and positive stain of gelatin and Coomassie blue have been

tested successfully in reference experiments (see Figure S3,

Supporting Information File 1). For a better visualization of the

stained areas in between the layers the light blue stained gelatin

(see Supporting Information File 1) has been processed digi-

tally. This means the green RGB channel of the images was

exchanged by the red one to be able to better distinguish

between the different matrix parts. As a result the stained

gelatin parts appear purple in the image which makes it easier to

differentiate between the blue chitin layers and the filling in

between the layers. The purple area next to the matrix in

Figure 3d represents excess of gelatin on the sample surface.

These studies reveal that the chitin–gelatin composite can be

used as a template for the mineralization of magnetite and there-

fore act as a building block for the formation of a multifunc-

tional composite material. One key step for the formation of

such a multifunctional hybrid material is the homogeneous infil-

tration of gelatin as the organic scaffold for mineralization

inside the insoluble nacre matrix.

General synthesis protocol and TEM/SEM
studies
The synthesis of the multifunctional inorganic hybrid material is

based on an already established three step protocol [34]. In the

first step, the gelatin hydrogel is infiltrated into the demineral-

ized nacre matrix through a vacuum infiltration process [35],

in the second step this chitin–gelatin composite is introduced

into a solution of ferrous (FeCl2 0.1 M) and ferric ions

(FeCl3 0.2 M) in a molar ratio of 1:2. After complete diffusion

of the ions inside the hydrogel template magnetite is precipi-

tated in the third step by introducing the template in a base
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Figure 3: Light microscopy image of thin cuts of embedded and Coomassie stained samples. a) Demineralized nacre matrix, b) confocal laser scan-
ning microscopy of embedded demineralized nacre matrix stained with rhodamine B ITC, c) and d) demineralized nacre matrix (blue) with infiltrated
gelatin (purple).

(NaOH 0.1 M). The magnetite nanoparticles are synthesized

through a so-called co-precipitation method following the reac-

tion:

(1)

This procedure can be repeated several times in order to obtain

the desired degree of mineralization. We already reported a

similar synthesis protocol for gelatin-based magnetic hydrogels

[34] and now transfer these synthesis principles into the insol-

uble organic nacre matrix.

The amount of magnetite nanoparticles formed inside the

synthesized hybrid material was determined by thermogravi-

metric measurements. The initial and final degradation tempera-

tures have been determined from the thermogram curves. The

loading of the composite material with iron oxide nanoparticles

varies from 15–65 wt % depending on the number of reaction

cycles (see Figure S3, Supporting Information File 1). Scan-

ning electron microscopy (SEM) examinations of the dried

hybrid materials indicate a dense layered hierarchical structure

(see Figure 4a), which is similar to natural nacre. The distribu-

tion of magnetite nanoparticles inside the hybrid material was

determined with electron dispersive X-ray spectroscopy (EDX)

(Figure 4d). The mapping of the elements shows that Fe and C

are homogeneously distributed throughout the material surface

whereas there is less C detected at the freshly broken cross

section of the material. It can be clearly seen that the spaces in

between the layers mainly give signals for Fe. With the

performed studies we could not observe a mineral gradient

throughout the matrix arising from the synthesis of the magnetic

nanoparticles produced by a diffusion approach. Therefore we

claim that after full completion of the synthesis the particles are

equally present over the whole matrix.
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Figure 4: SEM micrographs of a) and b) fracture surfaces of artificial nacre and c) fracture surface of original nacre Haliotis laevigata. d) EDX
mapping analysis of artificial nacre fracture surface.

In order to confirm this observation and to obtain information

about the mineral nature in between the chitin sheets, TEM

studies of embedded and microtome cut samples have been

conducted (Figure 5). We note the presence of iron oxide

nanoparticles homogeneously distributed in between the layers

after one (Figure 5a) and four reaction cycles (Figure 5b).

Moreover, it can also be seen that the number of particles after

one reaction cycle is significantly lower than after four reaction

cycles, which is in agreement with TGA studies of the hybrid

materials. The studies show that the particles are in the size

range of 10 ± 5 nm and do exist at the chitin surface as well as

in between the chitin layers due to the presence of the carrying

media gelatin. It is also worth to mention that besides the 10 nm

sized particles also smaller particles in the size range of around

3 nm can be detected. Electron diffraction studies of these small

particles show their amorphous nature, which leads to the

conclusion that under the chosen synthesis conditions amor-

phous material or poorly crystallized ferrihydrite could be

present. In this study we could not recognize a direct formation

of magnetite through an amorphous or ferrihydrite precursor

stage. However, the transformation of amorphous iron oxide

species into magnetite was observed before and is also likely to

happen in this synthesis set-up [36]. Reference experiments of

the composite material without gelatin infiltration (Figure 5c)

and repetition of four reaction cycles only show the presence of

nanoparticles adsorbed on the chitin surface but not in between

the layers. This material seems closer to the demineralized

nacre matrix (Figure 5d) than to a multilayered composite ma-

terial. Furthermore, the distance in between the layers for

samples containing gelatin seems less collapsed than for

samples without gelatin which results in a material closer in

structure to that one of original nacre. Electron diffraction data

taken from different areas in between the layers show the pres-

ence of polycrystalline nanoparticles with no preferred orienta-

tion (see Figure S5, Supporting Information File 1). The iron

oxides magnetite and maghemite show very similar diffraction

patterns and d-spacings, therefore it is not possible to differen-

tiate these mineral phases with the used techniques. In summary
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Figure 5: TEM micrographs of a) artificial nacre after one reaction cycle and b) after four reaction cycles, c) reference chitin–magnetite composite
sample without gelatin, and d) completely demineralized matrix.

these observations demonstrate that it is possible to success-

fully infiltrate a demineralized nacre matrix with gelatin and to

form magnetite nanoparticles inside the gel matrix.

SANS on magnetite formation in the
gelatin–chitin composite
The magnetite–gelatin–chitin structure was characterized by

SANS contrast variation experiments, which is a beneficial

method to obtain information about the inorganic components

as well as the organic part. By using the matching point of

gelatin (28 vol % D2O) only the inorganic particles are visible

whereas the organic structure can be visualized working in pure

D2O. This technique is a standard tool in various fields

such as biomineralization [37,38]. Figure 6 demonstrates two

SANS–VSANS scattering profiles of magnetite in a

chitin–gelatin composite (top) and as a reference in a gel matrix

(bottom). The structure of the ferrogel (the hybrid material

without chitin) was investigated for comparison. The

magnetite–gelatin–chitin sample shows a power law of Q−1 in

the low-Q regime (<0.01 nm–1), which is approximately valid

for linear structures and thereby indicates rod-like particles or

chains of particles of about Rg = 0.58 μm. At larger

Q (>0.1 nm−1) scattering is determined from individual

magnetite nanoparticles of Rg  7.9 nm showing a Q−3 power

law indicating a mass fractal structure (a structure containing

branching and crosslinking to form a 3D network). The diam-

eter D of the magnetite particles can be estimated to be

D ≈ 20 nm (Rg = D/2.58) assuming a spherical shape. The scat-

tering of magnetite in the gelatin matrix (ferrogel) qualitatively

looks the same. Particles (or an assembly of particles) of about
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Figure 7: Magnetic properties of the synthesized hybrid materials. a) Magnetization curves of a representative dried sample at 2 K and 293 K. Inset:
Enlargement of the low-field region showing the different coercive fields for the NPs at 2 and 293 K. Attraction of modified nacre with b) no magnetic
field and c) external magnetic field (ca. 1 Tesla).

Figure 6: SANS and VSANS scattering patterns of magnetite in
gelatin–chitin composite and of ferrogel in a mixed D2O/H2O solvent of
28 vol % D2O and 72 vol % H2O. The solid lines represent the fitting of
the Beaucage expression [30].

Rg = 0.6 μm with Q−2 power law, which is characteristic for

chain-like clusters, are found at small Q. Individual magnetite

particles become visible at larger Q showing a slightly smaller

diameter of about D ≈ 18.5 nm (Rg = 7.2 nm). Thus, in the pres-

ence of nacre organic matrix, the fiber-like chitin structure helps

with the formation of linearly aligned magnetite nanoparticles

(pearl-necklace-like, power law of Q−1), while in the gelatin gel

matrix without chitin, the nanoparticles exhibit a branch-like

arrangement (power law of Q−2).

Magnetization measurements
Magnetic properties of the nanocomposite were measured by

using a superconducting quantum interference device (SQUID)

magnetometer. Figure 7 illustrates the magnetization loops

(magnetization M versus applied field H) of a representative

dried hybrid material with a mineral content of 65 wt % after

eight mineralization cycles at 293 K and 2 K. At T = 293 K the

hysteresis curve shows zero coercivity and zero remanence as it

is characteristic for superparamagnetic material [39] with a

particle size less than 20 nm. Due to magnetic anisotropy the

hysteresis curve at T = 2 K shows ferrimagnetic hysteresis. The

saturation magnetization for all analyzed samples is around

26 emu/g at 298 K and 36 emu/g at 2 K which are similar

values already reported before for the synthesis of gelatin-based

magnetic hydrogels [34]. Similar results can be obtained for the

analysis of magnetite nanoparticles prepared by a co-precipita-

tion method in water [40-42]. In order to determine the effect of

varying mineral content onto the magnetic properties, samples

with a particle load of 15 wt % to 65 wt % have been analyzed.

For all analyzed samples similar results for the magnetic

hysteresis as well as for the saturation magnetization have

been obtained. Therefore, we conclude that the mineral

content as well as the transfer of the synthesis protocol to the
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layered organic matrix does not affect the magnetic nature of

the material.

Swelling studies
In order to probe structural changes of the nanocomposite

during gelatin infiltration as well as during magnetite synthesis,

swelling studies were performed. The swelling capacity of the

insoluble nacre matrix, the gelatin infiltrated chitin matrix and

the magnetic nanocomposite are shown in Figure 8. The

swelling degree, Sd, is defined as:

where Ws stands for the weight of the swollen sample after

swelling equilibrium was reached and Wd stands for the dry

weight before water uptake.

Figure 8: Degree of sample swelling plotted as a function of the
swelling time at 23 °C for different samples with a gelatin concentra-
tion of 10 wt %. The equilibrium swelling degrees Sd (%) for the plotted
samples are 622.97 ± 88.31 (chitin–gelatin), 259.70 ± 38.46 (chitin
demineralized) and 121.94 ± 5.13 (chitin–gelatin–magnetite RC 6).

In the case of nacre matrix infiltrated with gelatin a distinct

increase in swelling can be observed as compared to the insol-

uble matrix alone. This effect is not surprising as gelatin alone

shows a higher swelling capacity as the insoluble organic

matrix. The gravimetric water uptake of the gelatin–chitin

composite is similar to already reported swelling capacities of

gelatin. This observation is an additional proof for the

successful infiltration of gelatin inside the chitin layers. In the

case of the magnetic composite material, the swelling degree is

significantly decreased due to the presence of magnetite

nanoparticles, which act as additional crosslinkers in the gelatin

hydrogel. This effect was discovered before for the studies of

magnetic hydrogels [34] and shows similar values for the

swelling degree. We can conclude that the gelatin hydrogel as

well as the magnetic hydrogel do not change their swelling

capacity inside the insoluble chitin matrix and therefore we

conclude that the structural changes are similar than the one for

already reported magnetic hydrogels.

Simulation studies
To investigate the molecular scale interactions that account for

the formation of the magnetite–protein composite, we

performed molecular simulation studies of FeII(OH)2 and

FeIII(OH)3 motif association to two sets of biomolecular

matrices. To allow direct comparison to our previous study on

collagen-based composites [34,43], the association of an iron

hydroxide ion cluster to collagen (mimicked by a triple helix of

(Gly–Pro–Hyp)n peptides) is contrasted to ion association to

chitin. The latter model was chosen as three poly-(1,4)-D-

glucose chains of about 40 Å length (which corresponds to nine

monomers) stacked in three layers, which are connected by

hydrogen bonds.

As a starting point, the association of FeII(OH)2 and FeIII(OH)3

ion clusters was investigated in vacuum. From a series of

docking runs we found practically equivalent protein–ion

complexes for either collagen or chitin. However, the nature of

these complexes was found to differ significantly upon relax-

ation in aqueous solution. Figure 9 illustrates the association of

the two ion cluster types to collagen and typical configurations

as obtained from relaxation in aqueous solution based on 100 ps

molecular dynamics simulation runs. While the FeIII(OH)3 ion

clusters bind as stable moieties to the biomolecule, the associ-

ation of FeII(OH)2 to collagen was found to be less favored.

Indeed, for 30% of the relaxation runs in aqueous solution the

latter cluster was observed to partially dissociate, which led to

(stable) FeII(OH)−–collagen complexes. In contrast to this, the

association of FeII(OH)2 and FeIII(OH)3 ion clusters to chitin

was found to be stable in both vacuum (Figure 10) and in

aqueous solution (Figure 11). As the FeII(OH)2 cluster reflects

an important motif of the magnetite structure we conclude that

our simulations show, at least from a qualitative point of view, a

slight preference of chitin over collagen as a nucleator for

magnetite [43].

Mechanical characterization
To examine the mechanical properties of the composite ma-

terials we conducted some preliminary experiments. Force spec-

troscopy measurements with the colloidal probe technique

[46,47] were performed on bare and nanoparticle-loaded gelatin

as well as on bare and ferrogel loaded chitin scaffolds. From the

obtained force versus deformation curves we can already see

significant qualitative differences. Figure 12 shows a compari-

son of pure and nanoparticle-filled gelatin. With the addition of



Beilstein J. Nanotechnol. 2015, 6, 134–148.

143

Figure 9: Representative structure of a triple helical (Gly–Hyp–Pro)n peptide [44] of 100 Å length with two associated iron clusters. a) The ferric ion
(light blue) is coordinated by seven oxygen atoms of which the three hydroxides show the strongest interaction and an Fe–O distance of 2.7 Å. The
Fe–O distances to the solvent and to carbonyl/hydroxy groups of collagen were found to be about 3 Å. b) The ferrous ion (green) is also coordinated
by seven oxygen atoms, but does not show a bipyramidal structure. More importantly, one of the hydroxide ions dissociated into the solvent. The
Fe–O distances for iron–collagen and iron–water contacts were found to be about 3 Å, whilst the remaining hydroxide ion exhibits an Fe–O distance
of 3.2 Å. Colors: Fe2+ (green), Fe3+ (light blue), O (red), H (white), N (dark blue), C (grey).

Figure 10: Illustration of a β-chitin model [45] consisting of three poly-(1,4)-D-glucose chains of nine monomers stacked in three layers.

the superparamagnetic particles the slope of the force curves

increases, i.e., the stiffness or mechanical resistance of the gels

is enhanced. This increase can be explained by the strength-

ening of the gelatin network by the rigid nanoparticles. These

have been shown to interact with the amide bonds along the

gelatin backbone [48] and might give rise to additional
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Figure 11: a) Representative structure for the coordination of
FeIII(OH)3 by chitin. The ferric ion (light blue) is coordinated by four
different types of oxygen atoms (red) forming seven coordinative inter-
actions. b) Coordination of FeII(OH)2 by chitin exhibiting a stable coor-
dination by both hydroxide ions of the ion cluster. In summary, seven
oxygen atoms coordinate the ferrous ion (green) building a pentagonal
bipyramid, with the cluster hydroxide oxygens building the tops with a
distance of 2.86 Å. The pentagonal plane consists of two oxygen
atoms from solvent molecules forming weaker bonds of 3.1 Å and
three protein contacts, whereby one carbonyl oxygen atom binds over
2.9 Å and two hydroxy oxygens over 3.1 Å.

crosslinking. As a consequence, the flexibility of the gelatin

chains is reduced resulting in the observed stiffness increase

and the decreased swelling. Regarding the chitin scaffolds we

notice a stiffening effect as well (Figure 13). Introducing the

ferrogel reinforces the framework and gives the composite

superior mechanical performance. Nanoindentation testing with

AFM colloidal probe is a powerful technique as it combines

high lateral and force resolution with well-defined contact

geometry. It has successfully been applied to a range of systems

including capsules [49-52], full particles [53-55] and films [56-

59]. However, due to the morphological and structural inhomo-

geneity of our samples it is currently difficult to make a quanti-

tative evaluation of the data. Continuum mechanics models

typically require homogeneous and isotropic materials. For pure

gelatin we can successfully fit the obtained curves assuming the

Hertz model for a sphere in contact with a plane surface [60]

(see Supporting Information File 1). Thus, an elastic modulus of

2.6 ± 0.3 kPa is calculated which is in good agreement with data

from literature reporting modulus values in the low-kPa range

[58,61]. In contrast, the data from experiments on ferrogel or

composite show large scattering and the curves do not show a

shape that can be described by one of the established mechan-

ical theories. These deviations can be ascribed to the aforemen-

tioned non-ideal boundary conditions. It will be the aim of

future research to investigate the mechanical properties more

thoroughly.

Conclusion
In summary, we have developed a synthetic method to fabri-

cate a multifunctional hybrid material. We can successfully

infiltrate gelatin into the insoluble nacre matrix and synthesize

magnetite nanoparticles inside our template. We can control the

Figure 12: Force vs deformation characteristic of pure gelatin and
gelatin with ferromagnetic particles. Introduction of nanoparticles leads
to a significant increase of the stiffness of the material.

Figure 13: Force vs deformation characteristics of the chitin scaffold
and the final composite. Introduction of ferrogel leads to a detectable
increase of the stiffness of the material.

mineral content of our hybrid material by repetition of reaction

cycles, the mineral content varies form 15 wt % (one reaction

cycle) to 65 wt % (eight reaction cycles). SQUID measure-

ments showed that our composite material shows superpara-

magnetic behavior, which is typical for magnetite nanoparticles

in this size range. Swelling studies indicate a structural change

of the gelatin inside the hybrid material upon introduction of the

magnetite nanoparticles. By incorporation of more and more

inorganic material we can control the degree of swelling and

therefore the mechanical properties of the composite material.

This result is supported by preliminary AFM colloidal probe

measurements. Simulation studies show the binding of iron and

hydroxide ions to both collagen and β-chitin. Direct compari-

son, however, indicates that chitin should be the more favored

nucleator macromolecule species for magnetite thus boosting

composite growth along the chitin fibers.

In summary, we have managed to synthesize a bio-inspired

organic–inorganic hybrid material, which combines the struc-
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tural features of nacre and chiton teeth. Swelling studies and

preliminary mechanical measurements indicate a change in the

mechanical properties as compared to pure gelatin. This is

controllable through the adjustable mineral content. In combina-

tion with the superparamagnetic behavior, we have therefore

generated a material with improved mechanical performance

coupled with magnetic properties. More quantitative future

mechanical measurements will show in how far the fracture

resistance of nacre could be combined with the wear resistance

of chiton teeth.

Experimental
Chemicals
The following commercially available chemicals were

purchased and applied in the syntheses without further purifica-

tion: FeCl2·4H2O (Sigma-Aldrich), FeCl3·6H2O (Sigma-

Aldich), 0.1 M NaOH solution (Merck), gelatin type B (~225

Bloom, Sigma-Aldrich), 4-chloro-m-cresol (Fluka), methanol

(VWR). For the preparation of the reactant solutions double-

distilled and deionized (Milli-Q) water was used. All solutions

were degassed with argon before usage.

Preparation of insoluble organic nacre matrix
Shells of Haleotis laevigata were sand-blasted to remove the

calcite layer. After thorough washing with deionized water, the

shells were dried overnight at room temperature and cut into

pieces with an area of around 1 cm × 1 cm. The nacre pieces

were demineralized with 10 vol % acetic acid and solvent

exchange every day for at least 5 d. The remaining organic

matrix was washed with Milli-Q water until neutral pH was

reached.

Gelatin preparation
The gelatin hydrogels were prepared as described elsewhere

[34]. Here briefly, different amounts of gelatin powder were

mixed with water and the gelatin granules were allowed to swell

for 24 h at 6 °C. In order to obtain a homogeneous gel, the

swollen mixture is heated for at least 2 h at 50 °C. 20 mL of the

gelatin sol are filled into crystallization dishes and left at room

temperature for gelation. In order to avoid bacterial growth, a

5 wt % solution of 4-chloro-m-cresol in methanol was added

(0.15 mL per 1 g of gelatin granules).

Infiltration of gelatin inside the insoluble
nacre matrix
The cut demineralized insoluble organic nacre pieces are put

into crystallization dishes filled with 20 mL liquid gelatin at

55 °C. To maintain uniform contact of the matrix pieces with

the hot gelatin solution a filter paper covered the liquid surface

to prevent floating. The complete set-up was then placed into a

vacuum desiccator and the desiccator was attached to a vacuum

pump. Vacuum was then applied until bubbling of the solution

was observed. The vacuum was then removed to force the

liquid gelatin to be drawn into the tissue. The whole process

was repeated for three times. After gelatin infiltration the nacre

matrix pieces were left inside the gelatin-filled crystallization

dishes and allowed to stand for gelation first 5 h at room

temperature and finally kept at 6 °C for 24 h before further

usage. For further processing the gelatin-filled insoluble

organic nacre parts were cut out of the gelatin hydrogel with a

scalpel.

Coomassie staining
Microtome cuts of embedded samples were incubated with

0.2 wt % Coomassie blue G-250 (Sigma-Aldrich) at room

temperature for 2 h. After washing with acetic acid the cuts

were carefully washed three times with destaining solution

(30% ethanol/60% water/10% acetic acid).

Rhodamine B ITC staining
Microtome cuts of embedded demineralized nacre matrix

were incubated at 60 °C with 0.1 wt % rhodamine B ITC

(Sigma-Aldrich) in water for 3 h. After washing with water the

cuts were accurately washed with acidified ethanol for three

times.

In situ synthesis of magnetite nanoparticles
In situ mineralization of magnetite nanoparticles inside the

gelatin hydrogel chitin composite material was carried out

through co-precipitation of FeCl2 and FeCl3 after an already

established synthesis protocol [34]. Briefly, the gelatin chitin

composite sample was introduced into a solution, containing

FeCl2 (0.1 M) and FeCl3 (0.2 M), where it was left for 96 h at

6 °C. The iron(II)- and iron(III)-loaded matrix was washed with

water and placed in 0.1 M NaOH solution for 150 min.

Sample characterizations
Samples of Coomassie-stained thin cuts were observed under

bright field transmission mode by using a Zeiss optical micro-

scope equipped with a video camera (AxioCam MRc5). Fluo-

rescent labeled samples were analyzed with a confocal fluores-

cence laser scanning microscope (Zeiss LSM 510 Meta) at an

excitation wavelength of 543 nm.

For TEM examination the formed composite material was dehy-

drated with a graded ethanol series and embedded in LR White

Resin (Medium Grade). The sample was cut perpendicular with

a diamond knife in a Leica ultracut UCT and transferred onto a

Formvar-coated copper grid. TEM and electron diffraction were

performed on a Zeiss Libra 120 operating at 120 kV. For SEM

measurements the samples were air-dried at room temperature

and cut perpendicular to the chitin layers with a scalpel. The



Beilstein J. Nanotechnol. 2015, 6, 134–148.

146

sample was placed on a sticky carbon tape and coated with a

thin layer of gold in order to avoid charging effects. The SEM

measurements were performed on Zeiss Neon 40 EsB oper-

ating in high vacuum. An InLens and SE detector was used for

signal collection and an acceleration voltage of 5 kV was

chosen for recording the images.

Small-angle neutron scattering (SANS and VSANS): SANS and

VSANS experiments were carried out at the KWS1 and KWS 3

diffractometers operated by Jülich Center for Neutron Research

(JCNS) at the Forschungs-Neutronenquelle Heinz Maier-Leib-

nitz (FRM II) in Garching, Germany [62]. Some of the SANS

data at large Q range is based on experiments performed at the

SANS II, Swiss spallation neutron source SINQ, Paul Scherrer

Institute, Villigen, Switzerland.

The mineral content of the multifunctional hybrid material was

determined by means of TGA (Netzsch, Selb, Germany).

Measurements were carried out at a heating rate of 5 K/min

under a constant oxygen flow. Samples were scanned from

293 K to 1273 K.

Magnetization measurements were carried out by using a

quantum design superconducting quantum interference device

(SQUID) 5 T magnetic properties measurement system

(MPMS). For measurements, dried samples were introduced

into gelatin capsules and magnetization loop measurements at

2 K and 293 K were performed.

Simulation studies
Molecular Simulation: as described in [34] a series of

FeIII(OH)x(OH2)4−x and FeII(OH)y(OH2)6−y clusters were pre-

modeled from ab-initio calculations in vacuum. For all clusters

high-spin constellation was identified as preferred by several

electron volts. Imposing overall charge neutrality (i.e.,

x + y = 3 + 2) we found the neutral FeIII(OH)3·(H2O) and the

FeII(OH)2·4(H2O) as energetically preferred. Docking to

collagen and chitin was modeled in aqueous solution by using

empirical force fields [44,45,63,64]. Investigation of bio-

logically designed metal-specific chelators for potential metal

recovery and waste remediation applications [65], and the

Kawska–Zahn docking procedure were described previously

[43].

Along this line, ion clusters initially docked to collagen/chitin in

absence of water. Such putative association complexes are then

immersed in aqueous solution (periodic simulation cell

comprising more than 15000 water molecules) and subjected to

relaxation from 100 ps molecular dynamics runs at room

temperature and ambient pressure. To account for the manifold

of possible arrangements intrinsic to the systems complexity a

series of 200 independent docking runs were performed for

each ionic species.

Mechanical characterization
Force spectroscopy experiments were conducted at the atomic

force microscope (AFM) Nanowizard® I (JPK Instruments,

Berlin, Germany) in a custom-built liquid cell (diameter 2 cm,

height 0.5 cm). Thin slices (1–2 mm) of swollen hydrogels were

cut from the bulky samples with a scalpel and immobilized at

the bottom of the cell by using two component epoxy glue

(UHU Endfest 300, UHU GmbH & Co. KG, Bühl, Germany).

All measurements were performed in Milli-Q-water at room

temperature. As a probe a tipless silicon nitride cantilever (NSC

12, no Al coating, MikroMasch, Tallinn, Estonia) was used with

a glass sphere (35 µm in diameter, Polysciences Europe GmbH,

Eppelheim, Germany) attached to its front (colloidal probe).

Before the actual measurements, the cantilevers were calibrated

against the non-deformable glass substrate to determine their

optical lever sensitivity resulting as the slope of the recorded

force–displacement curve. The deformation of the sample was

obtained by subtraction of the bending of the cantilever from

the raw displacement data. The spring constant of the cantilever

(0.56 N/m) was deduced from its thermal noise spectrum prior

to the attachment of the colloidal probe [66].

Supporting Information
Supporting Information File 1
Additional experimental data.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-6-13-S1.pdf]
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Abstract
Tobacco mosaic virus (TMV) has been employed as a robust functional template for the fabrication of a TMV/zinc oxide field

effect transistor (FET). A microwave based approach, under mild conditions was employed to synthesize stable zinc oxide (ZnO)

nanoparticles, employing a molecular precursor. Insightful studies of the decomposition of the precursor were done using NMR

spectroscopy and material characterization of the hybrid material derived from the decomposition was achieved using dynamic light

scattering (DLS), transmission electron microscopy (TEM), grazing incidence X-ray diffractometry (GI-XRD) and atomic force

microscopy (AFM). TEM and DLS data confirm the formation of crystalline ZnO nanoparticles tethered on top of the virus

template. GI-XRD investigations exhibit an orientated nature of the deposited ZnO film along the c-axis. FET devices fabricated

using the zinc oxide mineralized virus template material demonstrates an operational transistor performance which was achieved

without any high-temperature post-processing steps. Moreover, a further improvement in FET performance was observed by

adjusting an optimal layer thickness of the deposited ZnO on top of the TMV. Such a bio-inorganic nanocomposite semiconductor

material accessible using a mild and straightforward microwave processing technique could open up new future avenues within the

field of bio-electronics.

785

Introduction
In recent years, the synthesis and fabrication of bio-inorganic

nanostructures have gained tremendous importance for the

fabrication of nanoscale devices with defined functional prop-

erties [1-3]. Significant interest has been dedicated to the gener-

ation of multifunctional devices by employing a unique combi-

nation of functional biological molecules and inorganic ma-
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terials. The use of biological building blocks at the nanoscale

include DNA, peptides, bacteriophages and viruses which ex-

hibit diverse properties for the controlled formation of devices

with possible application in areas such as sensors, photonics,

energy storage as well as electronic transistors [4-8]. Fabrica-

tion of necessary functional hybrid materials often require well-

defined 1D and 2D biological molecules as structure-directing

agents, enabling a "bottom-up" approach for building these

complex nanoarchitectures. Among the several biological

templates, the tobacco mosaic virus (TMV) has shown great

potential to function as a robust biological template for the

deposition of a variety of inorganic materials under mild fabri-

cation conditions. With its well-defined tube-like structure, the

tobacco mosaic virus is one the most widely studied plant virus

consisting of ≈2130 identical protein units, a length of 300 nm

and an outer and inner diameter of 18 nm and 4 nm, respective-

ly. It is also displays a remarkable stability for temperatures of

up to about 60 °C in a pH range between 2 and 10. Such a rigid

nanostructured template offers an interesting opportunity for the

directed assembly of inorganic, metallic and semiconducting

materials [9,10].

With the aim to generate defined semiconducting nanostruc-

tures in the nanometer range, deposition of ZnO nanoparticles

onto the wild type TMV (wt TMV) presents itself to be an ideal

choice of material combination.

Zinc oxide (ZnO) is one the most widely studied, non-toxic,

n-type semiconducting inorganic oxide with a direct band-gap

of ≈3.37 eV. This enables the fabrication of functional zinc

oxide based transistors [11,12]. The ability to fabricate zinc

oxide based transistors from various precursor solutions, under

mild basic conditions, makes it a suitable candidate to be

deposited upon the TMV template [13]. We have previously

reported on the synthesis of air-stable, Schiff base type, molec-

ular zinc complex diaqua-bis[2-(methoxyimino)pro-

panato]zinc(II) which represents an ideal molecular single

source precursors for the fabrication of functional zinc oxide

transistors at low-temperatures [14]. Employment of such a

class of molecular precursor complexes, with a low decomposi-

tion temperature and volatile and well defined byproducts

ensures the formation of a resultant zinc oxide material with

high purity. Additionally, microwave assisted decomposition of

this class of precursors in solution has shown to yield stable

colloidal nanoparticle dispersions [15,16]. In order to assist the

in situ deposition of nanoparticulate zinc oxide onto the wt

TMV template, mild microwave synthesis conditions for the

zinc oximate precursor were used by us for the first time.

Herein, we report on the fabrication of a functional hybrid semi-

conducting material based on a microwave assisted ZnO miner-

alization of the TMV [17]. The resultant TMV/ZnO nanoscale

hybrid material exhibits functional transistor behaviour with a

reasonable performance without any post-processing at higher

temperature.

Experimental section
All reagents were purchased from Sigma-Aldrich or Carl Roth

and used as received unless otherwise stated. The molecular

precursor, diaqua-bis[2-(methoxyimino)propanato]zinc(II),

referred to as the zinc oximato complex in this work, was

synthesized as previously reported [14]. The deposition solu-

tion was prepared by mixing solutions of the zinc oximato com-

plex and polyvinylpyrrolidone (PVP) (mol. wt ≈ 10k) in

methanol and drop wise addition of a solution of tetraethyl-

ammonium hydroxide (TEAOH) in methanol, so that the final

concentrations were [Zn2+] = 10 mM, [PVP] = 10 mM, and

[TEAOH] = 12.5 mM. The microwave reactions were per-

formed in a Discover (CEM Corporation) microwave oven

using commercially available glassware supplied by the manu-

facturer. A few drops of 0.5 mM aqueous zinc acetate solution

were deposited on the FET substrate for 5 min and excess was

removed and blow-dried under a stream of argon flow. There-

after, a drop TMV (0.5 μL, 0.5 mg/mL) was placed onto the

FET substrate surface and incubated for 10 min. The excess

virus suspension was removed by blow drying the substrate

under a mild argon flow. The positively charged zinc cations

facilitate the efficient immobilization of the negatively charged

TMV particles on to the substrate. The FET substrate with the

immobilized TMV was immersed in the microwave reaction

vessel containing 10 mL of the reaction solution. Reactions

were carried out by heating for 30 min, with a maximum

applied power of 50 W (dynamic power mode), with an average

power of ≈15 W, throughout the experiment. The prefabricated

FET substrates (Fraunhofer IWS, Dresden) were sequentially

cleaned in an ultra-sonic bath with acetone, DI-water and iso-

propanol, respectively for ten minutes each, prior to its immer-

sion in the microwave vessel containing the reaction solution.

Substrates for the FET devices (15 × 15 mm2) consisted of

n-doped silicon with a 90 nm layer of SiO2, on which gold elec-

trodes were attached with an intermediate adhesion layer of

indium tin oxide. The electrodes possessed an inter-digital

structure with a channel width W of 10 mm and a channel

length of 20 µm.

13C nuclear magnetic resonance spectroscopy (NMR) was

undertaken using a DRX500 (Bruker) spectrometer. Experi-

ments to study the decomposition of the precursor in the micro-

wave were performed by preparing the reaction solution (with

and without the TEAOH) in tetra-deuteromethanol (methanol-

d4). The reactions were performed in the absence of the virus to

avoid any influence from the TMV. For the NMR studies the
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decomposed precursor solution after microwave processing was

filtered through a 0.22 µm PTFE syringe filter and was directly

analyzed using NMR. Transmission electron microscopy

(TEM) was performed using Tecnai F20 G20 (FEI) electron

microscope working at 200 kV, using lacey carbon coated

copper grids. Dynamic light scattering (DLS) measurements for

the ZnO suspensions were carried out using a Zetasizer Nano

(Malvern). Atomic force microscopy was performed with CP-II

(Bruker-Veeco) microscope using ultra sharp silicon cantile-

vers. Optical profilometry measurements were performed using

the optical Profilometer-NewView 6200 (Zygo). Grazing inci-

dence XRD (GI-XRD) investigations were performed with a

Seifert PTS 3003 diffractometer using a Cu anode and a

graphite monochromator with an applied current and voltage of

40 mA and 40 kV, respectively. FET characterizations were

measured in the dark, using an HP 4155A semiconductor para-

meter analyzer (Agilent) in a glove box under constant O2 and

H2O (<0.5 ppm). Charge carrier mobility in the saturation

regime µSAT and the threshold voltage Vth were derived from a

linear fitting of the square root of the drain-source current (IDS)

as a function of the gate–source voltage (VGS).

Tobacco mosaic virus strain U1 was propagated in Nicotiana

tabacum ‘Samsun’ nn plants for 25 days and purified according

to the modified protocol of Gooding and Hebert [18].

Results and Discussions
Synthesis and characterization of the
wt TMV/ZnO hybrid material
In order to facilitate the controlled mineralization of zinc oxide

onto the TMV template, the microwave conditions for syn-

thesis of the zinc oxide in due consideration of the stability of

the TMV template had to be optimized. Use of the molecular

precursor diaqua-bis[2-(methoxyimino)propanato]zinc(II)

[14,19] (referred to as – the zinc oximato complex – in the

following) as a source of zinc oxide was employed, herein.

Solutions for the controlled formation and deposition of the

ZnO nanoparticles were obtained by using a methanolic solu-

tion of zinc complex as a zinc source and polyvinylpyrrolidone

(PVP) as a growth inhibiting and stabilizing agent for the zinc

oxide nanoparticles. PVP has been reported to have a higher

efficiency in suppressing the growth of zinc oxide during its

formation, in comparison to other polymeric additives [20]. Ad-

ditionally, a defined amount of tetraethylammonium hydroxide

(TEAOH) was added to the precursor solution to create a mild

basic environment which assists the controlled formation of the

ZnO nanoparticles.

The addition of the optimal amount of the base TEAOH

provides mild but sufficient basic conditions to ensure an effi-

cient decomposition of the zinc complex at a low temperature as

60 °C (±3 °C) enabling the successful formation of crystalline

zinc oxide. An increased reaction rate, although, with a rapid

formation of zinc oxide resulting in unstable aggregates ranging

up to several hundred nanometres in size, was observed in the

presence of higher amounts of the base. In order to gain insight

into the microwave decomposition process of the molecular pre-

cursor, the microwave decomposition process was studied in the

absence and presence of the base TEAOH using 13C NMR

spectroscopy. Without the addition of the base, the precursor

complex did not undergo any decomposition after the comple-

tion of the microwave reaction under typical reaction condi-

tions. However, in the presence of the base, the precursor does

undergo decomposition with appearance of a characteristic 13C

chemical shift corresponding to the formation of acetonitrile

(δ = 117.30 ppm) under post decomposition conditions of the

precursor complex. Additional chemical shifts from still coordi-

nated as well as from residual free ligands were also present as

expected due to the base-catalyzed decomposition of the precur-

sor complex (see Supporting Information File 1, Figure S2).

The products observed in the microwave initiated decomposi-

tion of the oximato complex is in full accordance with a second-

order type Beckmann rearrangement reaction as observed for its

solution based thermal decomposition pathway [13]. Besides

the characteristic signals of the decomposition products, chem-

ical shifts from the undecomposed precursor are still observed

after the completion of the microwave reaction. Attempts to

completely decompose the precursor were not pursued since

long reaction time lead to the formation of undesirable precipi-

tates of zinc oxide aggregates, in a very similar way as addition

of excess base TEAOH does. Thus it can be concluded that the

microwave decomposition reaction has to be fine tuned in order

to obtain pure precipitates of the desired nanoscale ZnO prod-

uct. A comprehensive reaction and decomposition pathway of

the precursor can thus be proposed on the basis of the observed

decomposition products from the described NMR experiments

(Figure 1).

Systematic experiments have shown that a maximum micro-

wave power of 50 W, temperature of 60 °C (±2 °C) and a syn-

thesis time of 30 min display the optimum conditions leading to

the formation of nanocrystalline ZnO. Dynamic light scattering

measurements indicate the formation of stable ≈5 nm particles,

after a synthesis period of 30 min (see Supporting Information

File 1, Figure S1). The indicated particle size is in good agree-

ment with HRTEM investigations of the as-synthesized parti-

cles formed from the precursor solution, which yield stable zinc

oxide nanoparticles (Figure 2a). TEM also indicates the

successful formation of ZnO nanocrystals in solution after the

completion of the microwave irradiation process. Grazing inci-

dence X-ray diffractometry (GI-XRD) analysis was employed

to gain a deeper insight into the crystallinity of the as deposited
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Figure 1: Schematic representation of the microwave decomposition pathway of the zinc oximato precursor in the presence of TEAOH as a base
based on NMR spectroscopy. Note that the water ligands are omitted in the starting compound.

Figure 2: a) HRTEM image of the ZnO nanoparticle obtained from solution and b) GI-XRD spectra of the ZnO thin film after 6 deposition cycles
(* = peak intensity arising from the Si/SiO2 substrate).

ZnO thin film. The ZnO films display a polycrystalline nature

of the ZnO being essential for the formation of an active semi-

conducting layer. Reflection peaks corresponding to the (100),

(002) and (101) planes are characteristic of the zincite structure

(Figure 2b). A greater intensity in the direction of the c-axis

(i.e., perpendicular to the (002) plane) was observed. ZnO nano-

particles undergo an oriented attachment during thin film for-

mation in the presence of PVP which hints at texturing of the

ZnO nanoparticles within the deposited ZnO film [21,22].

In order to perform an in situ microwave-based mineralization

of the TMV, it is essential to ensure that the virus particle

adheres to the substrate during the microwave irradiation.

Intense microwave irradiations are known to have a strong ten-

dency to denature proteins and cause potentials damage to its

structural integrity [23]. Additionally, prolonged high-power

microwave irradiation could lead to unexpected heating of the

substrate onto which the TMV are immobilized. The substrates

with the docked virus were thus immersed in a control

methanolic solution containing the predetermined amounts of

the TEAOH and PVP in the absence of the zinc precursor.

These substrates were then subjected to the desired microwave

irradiation time of 30 min. This ensures that the virus particles

do not detach from the substrate. AFM investigations for a

control experiment reveal an intact TMV template on the

Si/SiO2 substrate, even after 30 min of mild microwave irradi-

ation showing no visible deformation of its rod-like structure

and its original dimensions and morphology (Figure 3a). Irradi-

ation of the reference solution containing the virus-coated sub-

strate with higher microwave power led to uncontrolled, rapid

increase of the solution temperature and boiling of the solvent

methanol (bp ≈ 65 °C). This led to a detachment of the viruses

as no visible virus structures afterwards could be detected on

the substrate surface by AFM analysis after this procedure.

Once the reliable microwave conditions of the virus attachment

and the retention of its structural integrity were confirmed, the

virus-coated substrates were immersed in the reaction solution

which then leads to the mineralization of the zinc oxide nano-

particles onto the virus template. Such successful mineraliza-

tion of the zinc oxide onto the TMV template is obtained under

low power microwave assisted decomposition of the precursor

solution (Figure 3b). Hence, reliable docking of the TMV onto

the silicon/silicondioxide (Si/SiO2) and simultaneous formation

of zinc oxide nanoparticles could be achieved. AFM analysis

for the bare TMV layer as well as the ZnO mineralized TMV

layer after one deposition cycle reveal an average layer thick-
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Figure 3: AFM micrographs of (a) the bare wt TMV template immobilized on a Si/SiO2 substrate as well as (b) the wt TMV template after 1 cycle of
ZnO mineralization.

ness of 15.5 nm and 25.8 nm respectively (see Supporting Infor-

mation File 1, Figure S3).

In order to ensure an optimum thickness and to promote a good

transistor performance ZnO layers with increasing number of

deposition cycles were analyzed. The increasing thickness of

the ZnO films after various cycles was measured using optical

profilometry (Figure 4).

Figure 4: Overall thickness of the wt TMV/ZnO hybrid material as a
function of the number of deposition cycles as determined by optical
profilometry. ZnO was deposited onto the wt TMV template with an
increasing number of deposition cycles from the precursor solution.

The thickness and uniformity of the deposited semiconductor

layer bear a crucial importance for FET device performance

[12]. Variation in the layer thickness severely affects the tran-

sistor performance. For example, a thicker layer increases the

resistance across the active material, while thinner layers could

possibly lead to non-uniform layer deposition [24]. Therefore

the layer thickness should be optimized according to these

parameters.

Field effect transistor (FET) properties
In order to assess its FET properties, the wt TMV/ZnO hybrid

material template was realised in a bottom gate, bottom contact

FET geometry, by employing pre-fabricated FET substrates

with external gold electrodes. All fabricated devices exhibit

functional transistor properties without any post-processing

treatment. As a reference we had measured the electrical char-

acteristics of microwave processed bare nanoscale ZnO without

TMV, obtained again from the molecular zinc oximato precur-

sor complex under similar conditions. These results showed

only noisy and almost indiscernible signals (measurements not

shown). This fact substantiates the point that the FET

properties are indeed intrinsic for the microwave processed wt

TMV/ZnO hybrid material. Similar results have been reported

for thermally processed bare nanoscale ZnO material using the

zinc oximato complex as precursor [13].

The transistor behaviour of the wt TMV/ZnO hybrid material

was then optimized based on the crucial characteristic FET

values, current on/off ratio (Ion/off), threshold voltage (Vth) and

charge carrier mobility (µ) which are considered to be essential

parameters for the FET performance. Based on these perfor-

mance parameters, the electrical characteristics of the devices

display a stark contrast due to the difference in the number of

ZnO deposition cycles which led to the formation of thicker

layers. FET characteristics of the ZnO films with increased

layer thickness are displayed below (Figure 5 and Table 1).

Fewer deposition cycles (3 cycles) for the ZnO exhibited very

weak transfer characteristics with significantly low On and well

as Off currents, high Vth and poor mobility values. On the other

hand, increased number of deposition cycles (12 cycles) of the

ZnO led to a slight increase in the mobility values. Also, a posi-

tive increase in the On currents accompanied by a drastic
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Figure 5: Schematic representation of the wt TMV/ZnO based FET device (a). Performance of the FET device fabricated by increasing the number of
ZnO deposition cycles on the wt TMV template; (b) Transfer characteristics for constant drain–source voltage at 30 V; (c) output characteristics of
TMV/ZnO hybrid after 6 deposition cycles, obtained at drain–source voltage of 30 V, for gate–source voltage varied from 0–30 V in 10 V steps.

Table 1: Characteristic values for field-effect mobility μ, threshold
voltage (Vth), and on/off current ratio (Ion/off) of wt TMV/ZnO hybrid ma-
terial based transistor devices.

ZnO deposition
cycles

µ (mobility in
cm2/Vs)

Vth (V) Ion/off

3 8.0 × 10−6 17.79 10.2 × 102

6 6.7 × 10−4 4.76 9.0 × 105

12 8.4 × 10−4 6.80 2.1 × 103

15 1.6 × 10−3 12.02 1.0 × 102

increase in the Off currents led to a deteriorated Ion/off ratio.

Moreover, an undesirable higher Vth value was observed.

Further increase in the number of deposition cycles (15 cycles)

deteriorated the overall transistor performance giving no signifi-

cant semiconducting properties. For an optimum number

(6 cycles) of ZnO deposition, the best overall FET performance

values were obtained with a field-effect mobility (µ) of

6.7 × 10−4 cm2/Vs, Vth of +4.7 V and an Ion/off of 9.0 × 105. A

higher Ion/off in comparison to previously reported values could

possibly be attributed to a greater degree of ZnO nanoparticle

orientation on the wt TMV template resulting from the use of

the molecular precursor complex employed [25].

Conclusion
The ability of the virus template to maintain its structural

integrity under mild microwave radiations, while facilitating the

deposition of zinc oxide nanoparticles has been implemented

for virus-based templating of inorganic nanomaterials, towards

functional devices with diverse applications. We have success-

fully employed a molecular precursor to synthesize zinc oxide

nanoparticles, for an in situ deposition on to a virus template. A

facile, microwave-assisted approach for generating a TMV/ZnO

hybrid bio-inorganic material has been implemented. We

confirmed the clean in situ decomposition of the molecular pre-

cursor under mild conditions as well as the desired zinc oxide

phase formation by resonance, diffractometry and microscopic

methods. Moreover, the as-synthesized hybrid material has been

successfully employed in a FET device. The best FET perfor-

mance has been achieved by systematically controlling the

thickness of the deposited zinc oxide films. The fabricated FET

shows a reasonable performance for the as-prepared device,

without any post processing of the bio-inorganic hybrid nano-

material. Such an approach towards generation of a bio-inor-

ganic material encourages the use of nanoscale virus templates

to obtain hybrid materials with functional properties that can be

implemented into future device applications.
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Abstract
In this study we present a three-step process for the low-temperature chemical bath deposition of crystalline ZnO films on glass

substrates. The process consists of a seeding step followed by two chemical bath deposition steps. In the second step (the first of the

two bath deposition steps), a natural polysaccharide, namely hyaluronic acid, is used to manipulate the morphology of the films.

Previous experiments revealed a strong influence of this polysaccharide on the formation of zinc oxide crystallites. The present

work aims to transfer this gained knowledge to the formation of zinc oxide films. The influence of hyaluronic acid and the time of

its addition on the morphology of the resulting ZnO film were investigated. By meticulous adjustment of the parameters in this step,

the film morphology can be tailored to provide an optimal growth platform for the third step (a subsequent chemical bath deposi-

tion step). In this step, the film is covered by a dense layer of ZnO. This optimized procedure leads to ZnO films with a very high

electrical conductivity, opening up interesting possibilities for applications of such films. The films were characterized by means of

electron microscopy, X-ray diffraction and measurements of the electrical conductivity.

799

Introduction
Zinc oxide is a unique material with a number of interesting

properties such as piezo- and pyro-electricity [1,2], high optical

transparency [3], catalytic activity [4,5], and chemical sensing

[6-8]. It is also one of the most promising candidates for the

replacement of indium tin oxide (ITO) in transparent conduc-

tive oxide (TCO) applications [9,10]. Hence, ZnO films are a

key research area in industry as well as in academia with more

than 2100 publications in 2013 (Thomson Reuters, Web of

Knowledge). Several methods have been used to deposit ZnO

on different substrates, for example, pulsed laser deposition

(PLD) [11], chemical vapor deposition (CVD) [12,13], as well

as wet chemical approaches such as sol–gel synthesis [14] and

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:peter.behrens@acb.uni-hannover.de
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chemical bath deposition (CBD) [15-18]. Among these, CBD

methods have gained increasing interest since they allow the

deposition of ZnO films in large-scale applications at low

temperature, on a number of different substrates and with

minimal effort.

ZnO is a semiconducting, ceramic material with a direct band

gap of 3.37 eV and an exciton binding energy of 60 meV [19].

Although ZnO is reported to be an n-type semiconductor (most

likely due to the hydrogen impurities which act as shallow

donors), it is a challenging task to control its conductivity [20].

In general, in applications where highly conductive materials

are required (e.g., solar cells and light emitting diodes (LEDs)),

ZnO must be doped.

Several groups have reported the successful doping of ZnO

films with dopants such as magnesium [21], iodine [22], boron

[23,24], titanium [25], manganese [26], and aluminium [27-29].

These films were grown via CBD or related techniques (e.g.,

double dipping or hot water dipping). In CBD processes, hexa-

methylenetetramine (HMTA) is usually dissolved in a solution

containing Zn(II) ions. At a certain temperature, HMTA decom-

poses and consequently delivers hydroxide ions, forcing the for-

mation of crystalline ZnO [30]. Doping is carried out by the

simple addition of the corresponding dopant salt to the deposi-

tion solution. In addition to doping, the microstructure of the

resulting film, which involves the crystallite size as well as the

morphology of the crystallites and the degree of their inter-

growth, has a decisive influence on many applications, for

example, in sensors and catalysts [8,31].

As the wurtzite structure of ZnO is polar, crystals of the

substance feature two differently charged surfaces: the oxygen

terminated (00−1) and the zinc terminated (001) faces, on both

of which charged molecules can be chemisorbed by electro-

static interactions. In addition, the uncharged {100} faces of

ZnO can support the physisorption of molecules. Such adsorp-

tion phenomena can influence the growth rates of the corres-

ponding faces, leading to different crystal habits.

Solvent-based chemical deposition processes are particularly

suited for the addition of molecules that may affect the

morphology of ZnO crystals and their aggregates as well as of

ZnO films. Molecules such as citrate [31,32], histidine [33],

1-butan-2-ylpyrrolidin-2-one (PVP) [34,35], 2-hydroxybutane-

dioate (malate) [36], ascorbate [37], diaminopropane [38], hexa-

decyl(trimethyl)azanium bromide (CTAB) [39], and block

copolymers [40] have been used for this purpose, in addition to

naturally occurring amino acids and peptides [41], which have

already been successfully applied in this respect. We recently

investigated the influence of two polysaccharides, hyaluronic

acid (HYA) and chondroitin-6 sulfate (C6S), on the

morphology of primary ZnO crystallites and on their aggre-

gates, as they are formed in precipitation experiments [42].

Whereas C6S leads to a pronounced platelet-like morphoplogy

of the primary crystallites, HYA leads to the growth of small

wedge-like particles and the aggregation of these particles into

bundles. We surmised that this influence of HYA might be

beneficial to the quality of deposited, thin, ZnO films by

increasing the number of primary crystallites. This should lead

to finer structured films with more strongly intergrown crystals,

thus enhancing the electrical conductivity and optical trans-

parency. Therefore, we have undertaken the study presented

here, where ZnO films were prepared in a three-step process: a

seeding step, followed by two CBD steps (Figure 1). In the first

of the two CBD steps, HYA was added at different time inter-

vals in order to optimize the quality of the resulting films. The

properties of the films were studied by means of field emitting

scanning electron microscopy (FE-SEM), X-ray diffraction

(XRD), UV–vis spectroscopy and electrical conductivity

measurements.

Figure 1: Scheme of the three-step, ZnO film deposition process.
Seeds were deposited on glass slides by immersion in a Zn(II) solu-
tion, followed by annealing. In the first CBD step, different ZnO
morphologies can be grown depending on the time of the HYA addi-
tion. In the second CBD step, a dense film can be formed.

Results and Discussion
ZnO films were prepared according to the three-step process

described in the Experimental section and depicted in Figure 1.

Step 1: Seeding
The solution-based growth of zincite in general requires prior

application of crystalline seeds on the support. In our work, the

solution deposition procedure according to Greene et al. repro-

ducibly led to high film quality in the final product [43]. The

seeding did not result in clouding of the glass slides, which

would have been observable with the naked eye. The XRD

patterns of glass slides seeded in this way displayed only a

broad signal originating from the amorphous glass (data not

shown). FE-SEM also failed to visualize the seeds on the glass

slides, probably due to their small size and the strong electric

charging of the substrate.
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However, indirect evidence of a successful seeding was

possible. Contact angle measurements showed that the slides

are slightly more hydrophobic after the seeding process. The

contact angle of a seeded glass slide was about 58° in compari-

son to 46° for a clean glass slide. Furthermore, the UV–vis

spectra of seeded glass slides showed an absorption band in the

UV range at approximately the energy of the ZnO band gap

(3.37 eV) (data not shown). However, the final evidence is

presented by the efficient growth of ZnO on the seeded slides;

in contrast, unseeded slides did not properly support the growth

of ZnO.

Step 2: First CBD
In the absence of hyaluronic acid (HYA), highly vertically

aligned ZnO nanorods grow on priorly seeded glass slides,

when the procedure described in the Experimental section is

applied. The growth of aligned ZnO nanorods arrays on

different substrates has been previously reported [15,17,43,44].

The scanning electron micrographs in Figure 2 show a nanorod

array that was grown for 1 h. In X-ray diffraction experiments,

arrays of this kind display only the (002) reflection of zincite

due to the strong texture of the crystals with their c axis perpen-

dicular to the support (Figure 3).

Figure 2: SEM micrographs of a ZnO nanorod array grown on a
seeded glass slide for 1 h without the addition of HYA; the inset shows
a higher magnification image.

As previously demonstrated, the addition of natural polysaccha-

rides affects the morphology of the ZnO crystallites precipi-

tated from solution [42,46,47]. This occurs largely due to the

blocking of specific crystal faces during growth. In precipita-

tion experiments, performed under conditions that are very

similar in concentration and temperature to typical ZnO CBD

processes, the addition of HYA led to the formation of well-

defined and highly symmetric ZnO mesocrystals. Using this

procedure, the size of the individual ZnO particles was dramati-

Figure 3: X-ray diffraction patterns of ZnO films after the first CBD.
Growth was performed for 1 h in total with and without the addition of
HYA. HYA was added after different time intervals as indicated in the
figure. The red bars mark the XRD reflection peaks from a zincite
reference [45].

cally decreased from the micrometer down to the nanometer

scale [42].

In order to investigate the influence of HYA on the morphology

of the resulting zinc oxide, HYA was dissolved in water during

the first CBD at different time intervals (0, 15, 30 and 45 min).

The growth of the ZnO nanorods (Figure 2) is assumed to

proceed continuously on the seeded glass slides until HYA is

added to the reaction mixture, which at this point may affect the

further deposition and growth of ZnO.

The XRD patterns of films obtained after the first CBD

(Figure 3) display only the (002) reflection of zincite, irrespec-

tive of whether HYA was supplied or not. This finding

evidences the perpendicular alignment of the c axis of the ZnO

crystallites with respect to the glass surface, which is unaf-

fected by the addition of HYA. However, the intensity of the

(002) reflection is very weak for the film grown when HYA

was immediately added, indicating a strong decrease in the

deposited amount of ZnO for this case. When HYA was added

to the solution at a later point in time (15, 30 or 45 min), the

(002) signal was more intense, indicating that more ZnO was

grown on the substrate. These findings agree with the assump-

tion that the presence of HYA decreases the ZnO deposition

rate, for example by blocking the growth of certain crystal

faces. Curiously, the sample prepared without the addition of

HYA displays a weaker signal than samples with HYA added

after 15, 30 and 45 min. This finding will be further discussed

with regard to SEM investigations.

Whereas the crystallographic orientation of the ZnO crystallites

on the support is not affected by the addition of HYA, the ZnO
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film morphology changes dramatically when the CBD is

performed in the presence of HYA. This is exhibited in SEM

micrographs, which provide views of the plane of the deposited

films (Figure 4). In general, the diameter of the individual ZnO

nanorods decreased strongly when the HYA was added within

the first 30 min of reaction, specifically, much finer structures

were obtained. However, the individual nanocrystallites aligned

themselves to larger aggregates, and the deposits can better be

described as bundles of needles rather than as individual

nanorods. This is comparable to precipitation experiments in

which HYA adsorbs onto ZnO crystallites during their growth

and thereby influences their size and aspect ratio. Furthermore,

those ZnO subunits aggregate under the influence of HYA into

highly ordered mesocrystals, which was evidenced by SEM

investigations and selected area electron diffraction [42]. In the

film deposition experiments described here, these aggregates

even display a common hexagonal morphology, which can for

example be seen in Figure 4 on the product prepared with HYA

addition after 30 min. When HYA is added only after 45 min of

reaction time, it has no significant influence on the morphology

of the film. In fact, the SEM image of this sample is similar to

that of the sample prepared without HYA addition. We assume

that the zinc ions have already been almost completely

consumed after this reaction time and that growth had

completed before HYA addition.

With regard to the increasing intensity of the (002) reflections

in the XRD patterns of the films after 15, 30 and 45 minutes of

reaction, the SEM micrographs indicate that this increase is due

to an increased lateral growth of the ZnO crystallites, which

confirms that more ZnO was deposited when HYA was added

at a later point in time. On the contrary, the sample in which

HYA was immediately added shows also a very dense lateral

growth, whereas the XRD reflection intensity is very weak.

Therefore, we assume that the axial growth perpendicular to the

support is inhibited by the immediate addition of HYA, leading

to a lower mass of ZnO and consequently to a less intense

signal in the XRD pattern. This assumption will be further

discussed by support of cross-section SEM investigations

presented in the next section.

During the first CBD, the morphology of ZnO grown on the

seeded glass slides can be tailored by the addition of HYA:

When no HYA is added or when it is added only after 45 min,

arrays of individual nanorods are formed. When HYA is imme-

diately added or up to a reaction time of 30 min, finely struc-

tured bundles of needle-shaped ZnO crystals are observed.

Since the crystalline domains of these small crystallites do not

overlap very well after the first CBD growth step, the electrical

conductivity is only moderate. The sheet resistance of the films

after the first CBD is typically in the range of MΩ/sq. There-

Figure 4: SEM micrographs of ZnO films after the first CBD. Growth
was performed for 1 h in total with and without the addition of HYA.
HYA was supplied after specific time intervals during the growth
process as indicated.

fore, an additional step is necessary to grow a dense, ZnO film

in order to yield low electrical resistance for the final sample.

Step 3: Second CBD
The reaction conditions for the final growth step were adopted

from Baxter and Schmuttenmaer, who obtained intergrown ZnO

films after a reaction time of 3 h [48]. In our experiments, the

reaction time could be reduced to 1 h due to the excellent

growth conditions provided by the substrate during the first

CBD step. The XRD patterns recorded after this third step show

only (002) reflections (Figure 5), irrespective of the details of



Beilstein J. Nanotechnol. 2015, 6, 799–808.

803

Figure 5: X-ray diffraction patterns of ZnO films after the second CBD.
The films differ in the addition time of the HYA in the first CBD step
(from 0 min up to 45 min). The red lines represent the XRD reflection
peaks from a zincite reference [45].

the first CBD step, proving that the growth of ZnO continues to

proceed with the c axis perpendicular to the support.

In general, the intensity of the (002) signal strongly increased

after the third step as compared with the signals obtained on

samples after the first CBD. This further indicates the

successful deposition of ZnO. However, the intensity of this

peak differs between the samples after the third step:

• The film which was grown in the first CBD step with

immediate HYA addition shows the weakest signal,

suggesting that this film supports further ZnO growth the

least.

• The samples prepared in the first CBD step with HYA

addition over the time intervals between 15 to 45 min

showed a slight increase in the intensity of the (002)

signal after the third step. The increase was stronger

when HYA was added later.

• The film which was prepared with no HYA addition

showed a 3× higher signal than films grown with HYA

in the first CBD, indicating that a higher amount of ZnO

was deposited.

Obviously, not only the growth of the films in the first CBD

step is affected by the HYA addition, but also the growth rate in

the second CBD step is strongly influenced. The film

morphology after the second CBD step determines the final

properties of the films. Figure 6 displays SEM micrographs of

these films taken in plan view and as cross sections. All films

show hexagonal poles oriented perpendicular to the support

with lateral sizes in the range of 200 nm. However, they differ

strongly in the degree of intergrowth, depending upon the addi-

tion time of HYA during the first CBD. Whereas the films

prepared with HYA exhibit highly intergrown crystallites

Figure 6: SEM micrographs in plan view (left) and corresponding
cross sections (right) of ZnO films after the second CBD step. The
films were prepared both without HYA and with different addition times
of HYA during the first CBD step (scale bars: 200 nm). The dotted lines
indicate the interface between the ZnO grown in the first and the
second CBD steps. The values in nm correspond to the film thick-
nesses of the ZnO grown within the first (to the left of the dotted line)
and the second CBD (to the right of the dotted line) steps, respectively.
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(among these, the effect is weakest for the film prepared with an

addition time of 30 min), the crystallites on the film prepared

without HYA display a much weaker crystallite intergrowth.

The corresponding cross section SEM micrographs of the ZnO

films confirm the results of the XRD analysis. The addition of

HYA during the first CBD step affects the amount of ZnO

deposited during the second CBD step. The maximum overall

film thickness was achieved without addition of HYA, where

the film grew to a thickness of approximately 750 nm. The

earlier the HYA was added during the first CBD, the more the

perpendicular growth was inhibited in the second CBD step.

Thus, the thinnest films (approximately 320 nm) are obtained

by immediate addition of HYA. The film thickness consecu-

tively increased in a nonlinear manner from 435 nm, 460 nm to

590 nm for addition times of 15, 30 and 45 min, respectively.

The closer inspection of the cross section SEM images of the

films (micrographs on the right of Figure 6) reveals further

details of their morphology. A rod-like morphology can be

assigned to zincite crystallites deposited during the first CBD

step, whereas a more branched growth has obviously occurred

during the second CBD (these two regions are separated by

dotted lines in the micrographs in Figure 6). The individual film

thicknesses taken from the cross section SEM micrographs are

compiled in Table 1.

Table 1: Individual film thicknesses of ZnO films. The films were grown
with different addition times of HYA during the first CBD or without
HYA. The individual film thicknesses of the films grown in the first and
in the subsequent CBD steps were deduced from cross section SEM
micrographs.

Film thickness in nm (±10 nm)
Time of HYA addition

(first CBD)
After first CBD After second CBD

0 min <10 320
15 min 60 375
30 min 80 365
45 min 120 460

no addition 120 630

Obviously, the thickness of the films grown during the first

CBD step varies strongly with the addition time of HYA: The

later the HYA is added, the thicker the film grows during this

step. The thickness increased from <10 nm for films prepared

with immediate HYA addition to 120 nm when HYA was added

after 45 min. Notably, the film grown without HYA also

displays a thickness of 120 nm, corroborating the finding that

the growth of the ZnO film has already ceased at this point in

time. We conclude that the addition of HYA during the first

Figure 7: Scheme of the proposed mechanism for the three-step ZnO
film deposition process described in this work.

growth step strongly suppresses the growth of ZnO perpendic-

ular to the support.

The thickness of the films grown during the second CBD step

on the layers formed in the first CBD also follow a particular

trend, that is, the films deposited during the first CBD step

influence the thickness of the films grown during the second

CBD step. The earlier the HYA is added during the first CBD

step, the thinner the films obtained after the second CBD grow.

The ZnO film thicknesses increased from 320 nm (for films

which were prepared with immediate addition of HYA during

the first CBD) to 460 nm (when the addition took place only

after 45 min). The film grown on the substrate prepared during

the first CBD without HYA displays the largest thickness of

about 630 nm. This also demonstrates that the films obtained in

the first CBD strongly influence the further ZnO deposition.

The transmittance of the films is not influenced by the addition

of HYA. For films prepared with and without HYA addition,

average transmittances of approximately 80% were observed in

the visible range.

Combining the results from XRD and FE-SEM investigations to

form a cohesive theory, we propose the following mechanism

for the film formation, as illustrated in Figure 7. First, the

seeds deposited during the first step support the growth of

ZnO. On such seeds, an array of highly vertically aligned ZnO

nanorods grows under CBD conditions as previously reported

[15,17,43,44]. Notably, these nanorods do not overlap. Thus,

although the thickness of such a nanorod array is quite large

(120 nm), the actual mass deposited (as inferred from the inten-

sity of the XRD signal) is rather small. During the subsequent

CBD process following the protocol of Baxter and Schmutten-
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maer [48], the Zn2+ ion concentration is drastically increased. In

addition to ongoing axial growth, lateral growth of the ZnO

nanorods is also supported. Thus, they grow together and form a

dense layer on top of the deposited film. Compared to the films

reported by Baxter and Schmuttenmaer, our films prepared in

the presence of HYA appear more dense and regular at the

surface. When HYA is added during the first CBD step, vertical

growth is hindered. This effect is more noticeable when HYA is

immediately added and such a film has a thickness of less than

10 nm. When HYA was added at 15 or 30 min after the start of

the CBD step, the film thickness increased to 60 or 80 nm, res-

pectively. However, according to the XRD intensity, much

more ZnO is deposited in these cases. This can be explained by

an enhanced lateral growth of the nanorod bundles onto the

support during the first CBD step, as revealed by the SEM

images in Figure 4. The earlier the HYA is added during this

step, the more the individual nanorods overlap. These differ-

ences in the films then lead to different growth characteristics in

the subsequent CBD process. In general, the films become

thinner and are more strongly intergrown after the final CBD

when HYA was present in the first CBD. We surmise that due

to the enhanced lateral deposition of ZnO in the first CBD step,

more supporting surface area for further ZnO growth during the

final CDB is available. This surface area is finely structured as

it is based on bundles of thin zincite crystallites; each of the

latter could possibly serve as nucleation centers for crystal

deposition during the subsequent CBD steps. Thus, the bundled

ZnO rods, which have preferably grown laterally during the first

CBD step, allow the formation of a more dense ZnO layer

during the final CBD. Consequently, as the total material supply

is limited, axial growth is diminished, that is, the films become

thinner.

Electrical properties of the films
ZnO is a semiconductor with a direct bandgap of 3.37 eV [19].

At room temperature and without light illumination, ZnO

provides only very few charge carriers in the conduction band

leading to a moderate electrical conductivity [49]. The conduc-

tivity of ZnO dramatically increases when it is exposed to a

light source.

Improved conductivity can also be achieved via doping of ZnO

[50-52], which is not a topic covered in this work. Here, we use

electrical conductivity data as an additional means to judge the

quality of the films. In order to obtain reproducible and mean-

ingful results, and to be able to compare the quality of our films,

the electrical properties were determined under UV irradiation

corresponding to the bandgap energy (370 nm). The values of

the sheet resistance as well as the specific resistance of

completely processed ZnO films after the second CBD are

listed in Table 2. The sheet resistance of our films was above

Table 2: Electrical properties of ZnO films: comparison of the specific
resistance and sheet resistance of ZnO films after the second CBD
step. The films were grown with different addition times of HYA during
the first CBD step and without HYA. The films were exposed to UV ir-
radiation during the measurement.

Time of HYA
addition [min]

Specific resistance
[Ω∙cm]

Sheet resistance
[kΩ/sq]

0 0.09 3.1 ± 0.7
15 0.08 1.9 ± 0.5
30 0.29 6.4 ± 0.7
45 0.17 2.7 ± 0.4

no addition 0.86 11.5 ± 0.7

1 kΩ/sq and the sheet resistance of the samples which were only

seeded was larger than 100 MΩ/sq.

The film prepared without addition of HYA yielded a sheet

resistance of 11.5 kΩ/sq, or normalized to its thickness of

≈750 nm, a specific resistance of 0.86 Ω∙cm results. All films

prepared with HYA showed lower sheet resistances than the

unmodified film, regardless of the time when HYA was added.

The lowest sheet resistances with values of 1.9 and 2.7 kΩ/sq

were obtained for fully processed films when HYA was added

after 15 or 45 min during the first CBD step. The films prepared

with an early addition of HYA are much thinner, as was previ-

ously explained in detail. Consequently, the films grown with

immediate HYA addition or with HYA addition after 15 min

displayed small specific resistances of 0.09 and 0.08 Ω∙cm. For

comparable films (e.g, undoped ZnO films prepared via

CBD methods), specific resistances of 0.25 Ω∙cm [48] and

0.648 Ω∙cm [53] have been reported for as-grown and annealed

films, respectively. We therefore claim that the use of the bio-

logical additive hyaluronic acid can improve the electrical

conductivity and the general quality of zinc oxide films grown

with CBD processes.

Conclusion
This study describes a three-step deposition process of ZnO

films from solution at low temperature. The process consists of

a seeding step and two subsequent CBD steps. During the first

CBD step, hyaluronic acid (a natural polysaccharide) is added.

The time of the addition strongly influences the morphology of

the deposited ZnO. The ZnO structure can be tailored from indi-

vidual rods to finer structures consisting of bundles of rods [42].

The HYA suppresses the ZnO growth perpendicular to the

support but enhances the lateral deposition of ZnO. In general,

the earlier the HYA is added during the first CBD step, the finer

the crystallites appear and the denser and thinner the films

grow. The films grown under the influence of HYA during the

first CBD step were used as supports for the third step – an ad-
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ditional CBD process where the films were “sealed”. The film

thickness and the degree of intergrowth after this CBD step

strongly depend on the morphology of the support obtained

after the first CBD step. In general, films which are denser and

more finely structured after the first CBD lead to thinner and

more strongly intergrown layers in the final CBD. Both find-

ings can be linked to the availability of more nucleation sites on

the finer-structured and denser support.

The fully processed ZnO films deposited under the influence of

HYA show significantly lower film sheet resistance and specific

resistance as compared with ZnO films prepared without addi-

tives. These lower specific resistances are most probably a

result of enhanced crystal domain intergrowth caused by media-

tion of the deposition by hyaluronic acid. The introduction of

this naturally occurring polysaccharide thus enhances the

quality of chemical bath-deposited zinc oxide films. This opens

up further possibilities for the use of natural polymers such as

polysaccharides for the preparation of technologically relevant

materials and devices. In bio-inspired synthetic approaches,

such polymers can act in a similar way as in biomineralization

processes, influencing the growth and controlling the

morphology and arrangement of the resulting crystallites.

Experimental
Synthesis
All experiments were performed with micropore-filtered water

(Clear UV, SG Wasseraufbereitung und Regenerierungsstation

GmbH, Hamburg; maximum conductivity of 0.055 µS/cm). The

films were prepared on glass slides in three steps according to

Figure 1.

First step: seeding. The crystal precursors were deposited on

glass slides using a protocol according to Greene and

co-workers [43]. For this purpose, the glass slides were

immersed in a 5 mM zinc diacetate dihydrate (reagent grade,

Aldrich) ethanolic solution for 10 sec, then cleaned with

ethanol. This procedure was repeated five times. Afterwards the

films were annealed at 350 °C for 20 min. The whole proce-

dure was repeated once [43].

Second step: first CBD. The deposition of ZnO on the seeded

glass slides was performed in 100 mL screw cap bottles

containing 0.75 g zinc dinitrate hexahydrate (purum, Aldrich)

and 0.35 g hexamethylentetramine (HMTA, puriss, Aldrich)

dissolved in 75 mL water. The mixture was vigorously stirred

until a nearly clear solution was obtained. The seeded glass

slides were immersed into this solution and fixed in a vertical

position by using a holding device machined from Teflon. This

corresponds to the start of the time measurement. The reaction

was initiated by rapid heating to 90 °C while gently stirring.

83 mg of hyaluronic acid (HYA, sodium salt from Strepto-

coccus equi, MW ≈1600 kDa, Aldrich) was dissolved in 25 mL

of water under vigorous stirring and added to the solution

described above after a certain time (0, 15, 30 or 45 min). The

amount of HYA added corresponds to a molar ratio of (1/12):1

with regard to the repeating unit of HYA (M = 0.4013 kg/mol)

and the Zn(II) ion concentration. The combined solutions were

kept at 90 °C for one hour in total. Afterwards, the glass slides

were taken out of the screw cap bottle, rinsed with water, care-

fully washed with ethanol in an ultrasonic bath, and dried at

60 °C.

Third step: second CBD. The second CBD step was performed

according to the reaction conditions reported by Baxter and

Schmuttenmaer [48]. 2.97 g of zinc dinitrate hexahydrate

(purum, Aldrich) and 1.405 g hexamethylentetramine (HMTA,

puriss, Aldrich) were dissolved in 100 mL of water under

vigorous stirring in a screw cap bottle until an almost clear solu-

tion was obtained. The glass slides treated according to step 1

and 2 were dipped into this solution and vertically arranged by a

Teflon holder. The reaction was initiated by heating the screw

cap bottle rapidly to 85 °C under gentle stirring. After one hour,

the glass slides were removed from the screw cap bottle, rinsed

with water, carefully washed with ethanol in an ultrasonic bath,

and dried at 60 °C.

Characterization
X-ray diffraction patterns were recorded on a STOE (Darm-

stadt, Germany) Theta-Theta diffractometer in reflection geom-

etry using monochromatic, Cu Kα radiation. SEM micrographs

were taken on a JEOL (Tokyo, Japan) 6700F FE-SEM oper-

ating at an acceleration voltage of 2 kV and a working distance

of 3 mm. For electron microscopy analysis, the glass slides with

ZnO were properly cut and fixed with silver paste (Plano

GmbH, Wetzlar, Germany) onto a copper block. The average

film thicknesses were determined with ImageJ 1.43 software

based on cross section FE-SEM micrographs by measurement

of at least four different locations. UV–vis transmission

measurements were performed on a Cary 5E spectrometer

(Varian Inc., Palo Alto, USA) in order to determine the optical

transparency of the ZnO films. To ensure that only the transmit-

tance of the ZnO films was measured, the spectrum of a cleaned

glass slide was used for a background correction. The contact

angle measurement of the ZnO films was carried out using a

Surftens apparatus (OEG GmbH, Frankfurt, Germany). The

electrical conductivity measurements were performed with a

2100 Multimeter (Keithley Instruments Inc., Cleveland, USA).

For the conductivity measurement, the films were contacted by

2 parallel lines of silver paste (Plano GmbH, Wetzlar,

Germany) of 1 cm in length and with 1 cm distance between

them. The sheet resistance of the fully processed films was
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recorded under UV irradiation (370 nm, 8 W power). The

specific resistance values were calculated as a product of the

sheet resistance with the thickness of the corresponding film.
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Abstract
The coating of regular-shaped, readily available nanorod biotemplates with inorganic compounds has attracted increasing interest

during recent years. The goal is an effective, bioinspired fabrication of fiber-reinforced composites and robust, miniaturized tech-

nical devices. Major challenges in the synthesis of applicable mineralized nanorods lie in selectivity and adjustability of the inor-

ganic material deposited on the biological, rod-shaped backbones, with respect to thickness and surface profile of the resulting

coating, as well as the avoidance of aggregation into extended superstructures. Nanotubular tobacco mosaic virus (TMV) templates

have proved particularly suitable towards this goal: Their multivalent protein coating can be modified by high-surface-density

conjugation of peptides, inducing and governing silica deposition from precursor solutions in vitro. In this study, TMV has been

equipped with mineralization-directing peptides designed to yield silica coatings in a reliable and predictable manner via precipita-

tion from tetraethoxysilane (TEOS) precursors. Three peptide groups were compared regarding their influence on silica polymeriza-

tion: (i) two peptide variants with alternating basic and acidic residues, i.e. lysine–aspartic acid (KD)x motifs expected to act as

charge-relay systems promoting TEOS hydrolysis and silica polymerization; (ii) a tetrahistidine-exposing polypeptide (CA4H4)

known to induce silicification due to the positive charge of its clustered imidazole side chains; and (iii) two peptides with high ZnO

binding affinity. Differential effects on the mineralization of the TMV surface were demonstrated, where a (KD)x charge-relay

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:christina.wege@bio.uni-stuttgart.de
http://dx.doi.org/10.3762%2Fbjnano.6.145
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peptide (designed in this study) led to the most reproducible and selective silica deposition. A homogenous coating of the biotem-

plate and tight control of shell thickness were achieved.
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Introduction
Amorphous silica (SiO2) precipitated from silicate precursor

sols comprises a wide range of versatile materials applied in

various technological approaches, for example, as a structural

modifier or filler in rubber [1], food [2,3] or healthcare prod-

ucts [4], bioceramics for medical purposes [5], mesoporous

nanoparticulate or tubular drug delivery systems as reviewed in

[6], sensor surfaces [7], or biocatalytic formulations as reviewed

in [8]. An important focus of research and industry lies on the

development of nanoscale materials, enabling the further minia-

turization of devices and effector units, in addition to a reduced

consumption of resources. In the field of functional mineral

synthesis, significant progress has been made in using nanodi-

mensional biological templates, allowing specific coating with

inorganic materials to yield hybrid particles of predetermined

structure and composition [9-11]. The surfaces of optimal

templates nucleate and direct the formation of inorganic ma-

terials from suitable precursors, resembling a natural matrix-

mediated mineral deposition in living organisms known also as

“biologically controlled mineralization” [12,13]. Such bio-

inspired mineralization approaches can accomplish precise

coating processes and offer several benefits such as environ-

mentally friendly fabrication routes and reaction parameters

compatible with biological structures, namely low synthesis

temperature and aqueous deposition media. In this context,

tube- or rod-like templates of high aspect ratio are of particular

interest, since they enable the fabrication of elongated nano-

structures, which are otherwise difficult to obtain. This is

because chemical synthesis or technical approaches applied at

mild conditions commonly generate spherical structures [14].

Mineral nanofibers of predetermined size are of major impor-

tance for the preparation of functional films and extended 3D

materials. Hence, anisotropic scaffolds such as high molecular

weight polymers [15], carbon nanotubes [16], peptide nano-

tubes [17], certain plant viruses [18-21], filamentous bacterio-

phages [22,23], and bacterial flagellae [24] have been evalu-

ated for their applicability on a technical scale. To achieve

control over mineral precipitation, the modification of the

template by chemical conjugation of peptides [16], poly-

(ethylene glycol) (PEG) [22], aniline [25,26], or succinamate

[27] has been reported.

Virus-based templates have gained especially important roles in

the synthesis of organic–inorganic hybrid nanostructures. They

combine several advantages, namely high availability, robust-

ness and an exact replication of the particle shape and dimen-

sion, which are genetically determined and result in a narrow

size distribution. Different species such as the fibrous bacterio-

phage M13, icosahedral cowpea mosaic virus (CPMV), or

tubular tobacco mosaic virus (TMV) were used as templates for

coating with inorganic materials including Pt, Au [28], Ag

[29,30], Pd [31,32], TiO2 [33], SiO2 [34], NiO [35], CdS [21],

CoPt, FePt, ZnS [27,36] and ZnO [37-39]. Among the virus-

based templates, plant viruses are especially suitable nanostruc-

tured scaffolds because of their biological safety for humans,

animals, and their commensal bacteria. TMV is a widespread

plant-infecting pathogen, which can be isolated in large

amounts from susceptible plants [40]. TMV particles are highly

ordered, supramolecular complexes, consisting of a single-

stranded helical RNA and ≈2130 identical coat protein (CP)

subunits arranged around the RNA molecule, which is

completely buried inside the protein shell [41-46]. The viral

particle has an average length of 300 nm and an outer and inner

(channel) diameter of 18 nm and 4 nm, respectively. TMV has

become a powerful building block in bionanotechnology due to

its tube-like structure, high stability under a wide range of

different conditions (e.g., pH, temperature, solvent), low

production costs and multivalent CP surface [18,47,48].

The CP subunits of TMV can be genetically or chemically

modified for the presentation of effector molecules [35,49-52].

Modified TMV templates maintain their 3D structure along

with preserved particle stability, which is a prerequisite for the

subsequent mineralization of inorganic materials. Furthermore,

the length and also the overall shape of TMV-derived particles

can be altered by means of engineered, non-natural RNA mole-

cules, supporting the assembly of artificial, non-infectious,

TMV-like nucleoprotein tube systems. This technology was

even refined to allow the production of kinked boomerang,

branched tetrapod and multiarmed nanostar structures [53,54],

or into particles fashioned evenly with mixtures of two or more

functional groups at predefined ratios [51].

To vary and control the deposition of inorganic minerals on

TMV templates, extensive modifications of the surface amino

acids are desirable. They enable defined alterations of the outer

TMV–CP surface charge and the introduction of specific amino

acid motifs, guiding the nucleation and growth of mineral coat-

ings around the TMV core. This is in analogy to natural biomin-

eralization-directing protein domains identified for various

organisms [55-59]. Direct genetic modification of the TMV–CP

sequence is, however, limited in view of the extent of alteration

tolerated by virus particles upon their multiplication in plants,
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Figure 1: Schematic representation of the chemical modification and mineralization of tobacco mosaic virus (TMV) nucleoprotein nanotubes.
(a) Genetically engineered virus particles with thousands of surface-exposed amino groups of lysine residues (TMVLys) served as biotemplates for
chemical conjugation reactions. (b) Hetero-bifunctional linker molecules (succinimidyl-(N-maleimidopropionamido) ester, SM(PEG)4) were coupled to
TMVLys via N-hydroxysuccinimide (NHS) ester-mediated crosslinking with lysine primary amines, yielding amide bonds. (c) Mineralization-affecting
peptides were conjugated to the maleimide-activated SM(PEG)4 linker portion via the sulfhydryl groups of their terminal cysteine residues, yielding
stable thioether linkages. The resulting functionalized TMV templates fashioned with a dense peptide coating were (d) subjected to silica mineraliza-
tion via hydrolysis and condensation of a tetraethoxysilane (TEOS) precursor in solution (mechanism indicated).

regarding number and composition of exchanged or inserted

amino acids. In addition, high-throughput screening of different

surface-expressed peptides is restricted upon TMV “farming”

due to the required 10–14 days for TMV mutant accumulation.

Bacterially expressed CP can be engineered to a much higher

extent and integrated into TMV-like particles reconstituted in

vitro in substantial amounts [51]. However, purification of such

protein types from the bacteria cultures is much less efficient

compared to CP isolation from intact TMV particles from leaf

tissues.

Therefore, we have followed a third strategy and made use of

plant-enriched, moderately engineered TMV templates,

exposing selectively addressable reactive surface groups. These

were subjected to chemical conjugation of synthetic peptides

meant to regulate subsequent coating with silica (workflow

indicated in Figure 1). This procedure is insensitive to both size

and sequence of the peptide of choice, and the generation of

various types of decorated TMV rods is fast. The amino acid

sequences employed had been previously delimited by phage

display to affect mineralization in our work [60] or by other

researchers [17], or were predicted to influence silica deposi-

tion based on the literature [61]. Control experiments were

carried out in parallel with bare TMV equally treated, in order

to assess its capacity for silica nucleation in the absence of addi-

tional peptide domains.

Generally, it still remains a challenge to predictably, selectively

and uniformly coat individual nanotemplate particles with

silica. For this purpose, sol–gel condensation from precursors in

alcoholic solutions seems most viable according to the condi-

tions established by Stöber et al. [62] for the fabrication of plain

silica spheres. Reaction parameters such as time, temperature,

pH, solvent composition and precursor, as well as catalyst

concentration, affect the thickness of the mineral coating, in

interdependence with the chemistry and charge distribution of

the surface of the core [22,26,27,63,64]. During the mineraliza-

tion process, great effort is needed to avoid non-templated

byproducts, as well as aggregation, re-organization and precipi-

tation of the templates into extended superstructures of amor-

phous silica-template composites.

Several earlier studies have demonstrated that native TMV

capsids are effective biological nucleation cores for the deposi-

tion of mineral layers from silicate sols on their surfaces. This is

typically carried out via hydrolysis and condensation of

tetraethoxysilane (also known as tetraethylorthosilicate, TEOS)

in alcohol-containing media (see Figure 1 for the mechanistic

scheme). Obviously, the viral coating (which exhibits patches of

both positively and negatively charged amino acids in nano-

metric vicinity to each other) is prone to silica deposition by

itself. Concomitant with silicification reactions, however, TMV

particles presented extensive rearrangement into head-to-tail
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Table 1: Mineralization-affecting peptides installed on TMV templates to compare their influence on silica deposition from TEOS. Amino acid
sequence and total number (aa) are indicated for each peptide. Molecular weight (Mw), isoelectric point (pI), and net charge at pH 8.0 and 5.5 were
calculated with Protein Calculator v3.4 [77].

Name Abbreviation Sequence aa Mw (g/mol) pI Net charge at pH
8.0 5.5

(KD)5C KD5 KDKDKDKDKDC 11 1337.5 6.25 −0.8 0.4
(KD)10C KD10 (KDKDKDKDKD)2C 21 2553.8 6.62 −0.8 0.7
CA4H4 AH CAAAAHHHH 9 945.0 7.52 −0.6 3.6
44C 44C HSSHHQPKGTNPC 13 1429.5 8.31 0.3 3.7
31C 31C HHGHSPTSPQVRC 13 1442.6 8.31 0.4 3.7

structures [34,65]. These were laterally aligned or even star-

shaped [64] 3D arrays in many of the studies, reflecting and

expanding the well-known capacities of these bio-nanorods to

form various aggregates up to liquid–crystalline phases. In

contrast, protocols resulting in nanoparticulate TMV–silica

composites devoid of inorganic background granules and, more-

over, with closed shells of well-adjustable thickness, are a

matter of intense investigation. Such methods would enable the

manufacture of novel TMV derivatives, further expanding their

application potential to miniaturized arrays and devices [66-68]

and “smart” functional materials [31,69] for numerous

purposes. TMV–inorganic hybrids will likely yield rigid and

durable [70] technical components, which are also compatible

with biological molecules and activities [71].

To fabricate thick, continuous silica coatings (e.g., on immobi-

lized TMV rods), polyaniline interlayers were employed to

shield both charges and hydrophobic patches of the viral protein

coating before subjecting it to TEOS-mediated mineralization

[26]. A more refined and tighter control of the silica mineraliza-

tion can be achieved by ordered, repetitive arrangements of

differently charged protein domains and specific functional

groups therein. This was demonstrated in vitro by help of

various mineralization-inducing peptides [55,56,61,72].

Positively charged amino acid residues (Lys, Arg) in such

peptides electrostatically interact with siloxane groups,

while Ser, His and Asp may undergo hydrogen bonding or

polar interactions with solute or nanosized colloidal mineral

precursors [7,60,63,72-74]. Additionally, negatively charged

amino acids that are present are supposed to have an

enhancing effect on TEOS hydrolysis. This is especially true if

they are closely adjacent to positive charges, where such combi-

nations may act as charge-relay systems [61,75]. Effective

peptides may resemble motifs found in natural silica biominer-

alization-directing proteins (in both their amino acid compos-

ition and sequence [58]), but may also comprise randomly

assembled sequences resulting from mere in vitro library

screening.

Since a growing body of experience with relatively diverse sili-

cification-guiding peptides is available, we decided to install a

number of distinct amino acid sequence types on structure-

directing TMV nanorods. This allows for the systematic investi-

gation of their influence on silica coating reactions via ethanol-

containing TEOS on this viral backbone for the first time.

Genetically modified TMV particles (TMVLys) with an acces-

sible amino group on every CP subunit [76] were chemically

equipped with a dense peptide coating via succinimidyl ester-

activated, bifunctional, PEG-based linkers, and their

subsequent maleimide-mediated conjugation to thiol groups

of terminal cysteine residues present in every peptide. Five

different peptide sequences were selected (see Table 1):

(i) (KD)5C and (KD)10C with alternating amino and carboxyl

functionalities (sequences KDKDKDKDKDC and KDKDKD-

KDKDKDKDKDKDKDC, respectively) on the basis of Kuno

et al. [61]; (ii) CA4H4 (sequence CAAAAHHHH) according to

Yuwono and Hartgerink [17], with two stretches of different

amino acid residues arranged blockwise to expose a cluster of

imidazole side chains; and (iii) 44C (HSSHHQPKGTNPC) and

31C (HHGHSPTSPQVRC), two ZnO-binding peptides isolated

by phage display [60]. The distinct peptide-fashioned TMVLys

templates were incubated in TEOS precursor solution in parallel

with linker-coated and plain TMVLys controls (and in

some tests wildtype TMVwt) under equal conditions. The prod-

ucts were analyzed and compared to determine favorable

TMV template–peptide combinations for specific silica

mineralization.

Results and Discussion
Surface functionalization of TMVLys
templates by conjugation of mineralization-
promoting peptides
To nucleate and govern the deposition of silica shells, function-

alized plant viral nanorod templates were generated by linker-

assisted chemical conjugation of mineralization-active peptides
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Table 2: Composition of TMV derivatives used in this study. Calculated and measured molecular weight (Mw) of modified CP species were in good
agreement.

TMV derivative Abbreviation
(TMV–)

Composition of TMV derivative Calculated Mw of CP
conjugate (kDa)

Measured Mw of CP
conjugatea (kDa)TMVLys SM(PEG)4 Peptide

TMVLys–PEG–(KD)5C KD5 + + (KD)5C 19.5 19.9
TMVLys–PEG–(KD)10C KD10 + + (KD)10C 20.7 21.9
TMVLys–PEG–CA4H4 AH + + CA4H4 19.1 20.2
TMVLys–PEG–44C 44C + + 44C 19.6 20.4
TMVLys–PEG–31C 31C + + 31C 19.6 20.9
TMVLys–PEG PEG + + – 18.1 18.2
TMVLys Lys + − – 17.6 17.4

aMeasured Mw values are derived from SDS-PAGE band analyses via retardation factor values determined by ImageJ software [78] and calibration
curves obtained from Mw standards separated on the same gel.

Figure 2: Gel electrophoretic analysis of chemically modified TMV–Lys particles. (a) SDS-PAGE shows retarded bands of CPs modified with the
linker SM(PEG)4 (diamond, PEG), or after coupling SM(PEG)4 and different peptides (stars, peptides as indicated above), compared to unmodified
CPLys (triangle, Lys). (b) Peptide-equipped TMV–Lys particles exhibiting different separation patterns during native agarose gel electrophoresis, indi-
cating various states of head-to-tail aggregation in combination with distinct negative overall charges. Moieties exposed on the TMV templates are
indicated (abbreviations as in Table 2). Numbers on the right: approximate numbers of TMV particles in head-to-tail aggregates (in relation to lane
“TMV–PEG”).

to the outer surface of genetically modified TMVLys particles

from plants. Every CPLys subunit provided a primary amine

group of a lysine residue at the protein's C terminus. This

resulted in ≈2130 sites selectively accessible to NHS ester-

mediated coupling reactions per rod [76]. These were equipped

with hetero-bifunctional crosslinker molecules (succinimidyl-

(N-maleimidopropionamido)-tetraethylene glycol ester,

SM(PEG)4) serving as spacers and adapters for mineralization-

affecting peptides. These were installed via maleimide-

mediated conjugation of the cysteine sulfhydryl groups

of the peptides. The resulting five distinct types of

TMVLys–PEG–peptide particles with their different CP deriva-

tives are listed in Table 2, as well as the linker-fashioned and

plain TMVLys templates used as references. The abbreviation

scheme used was the following: abbreviations underscore the

relevant functionalities or amino acids exposed; therefore,

TMVLys is named TMV–Lys from now on. Covalent conjuga-

tion of peptides was confirmed for both single CPs and intact

TMV particles by denaturing and native gel electrophoresis,

respectively. Peptide modification of CPs resulted in a band

shift with respect to increasing molecular weight, as compared

to nonmodified CP in denaturing sodium dodecyl sulphate poly-

acrylamide gel electrophoresis (SDS-PAGE) (Figure 2a). The

efficiency of peptide conjugation was determined by the ratio of

the band intensities of modified and nonmodified CPs after

Coomassie Blue staining. The binding efficiencies to individual

CP subunits were ≈60% for all investigated peptides, corres-

ponding to about 1250 peptides exposed on every 300 nm rod.

The molecular weights of the differently modified CPs were in

good agreement with the values calculated for the distinct

conjugates (Table 2).

The intact TMV particles were analyzed by native gel elec-

trophoresis (0.9% agarose in TBE buffer, pH 8.0; Figure 2b).
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Figure 3: Zeta potential of bare and chemically modified TMV–Lys
particles in ddH2O or 30 mM Tris-HCl pH 8.0, respectively (modifica-
tions of TMV rods indicated above).

The linker coating of the control derivative TMVLys–PEG

(TMV–PEG) exhibited an increase in negative net charge in

comparison to TMV–Lys, resulting in a higher electrophoretic

mobility. This effect was reduced by the conjugation of miner-

a l izat ion-affect ing pept ides:  TMVL y s–PEG–CA4H4

(TMV–AH) ,  TMV L y s –PEG–44C (TMV–44C)  and

TMVLys–PEG–31C (TMV–31C) exhibited retarded bands,

which indicated the linkage of the peptides to the TMV–PEG

template .  TMV der ivat ives  TMVL y s–PEG–(KD)5C

(TMV–KD5) and TMVLys–PEG–(KD)10C (TMV–KD10) could

not be separated under the conditions applied: both samples did

not migrate into the gel phase to a sufficient extent.

Zeta potential measurement
The zeta potentials (ZPs) of TMV–Lys nanorods and their

derivatives were determined using a Malvern NanoSizer at a

virus particle concentration of 0.5 mg/mL in ultrapure water

(ddH2O) and in 30 mM Tris-HCl buffer, pH 8.0, respectively

(Figure 3). The ZPs measured in ddH2O were in general more

negative (−28 mV to −78 mV) compared to those determined in

buffer (−10 mV to −25 mV), owing to the lower pH of ≈5.5 of

ultrapure water with CO2 dissolved in equilibrium with that in

the air [79]. In addition, the increased electrolyte concentra-

tions in the buffer lead to an enrichment of counter ions in the

proximity of the TMV nanorods and thus a steeper decrease of

the potential within a shorter distance from their surface

(decrease of the Debye length). Therefore, ZP values measured

in ddH2O are closer to the electric surface (Stern) potential of

the particles [80].

The ZPs of the TMV derivatives (Figure 3) were correlated with

the calculated isoelectric point (pI) of the conjugated peptides

(see Table 1), and in most cases with the effective particle

charges affecting their relative mobility in native agarose gel

electrophoresis (see Figure 2b). Peptides 44C and 31C both are

predicted to exhibit moderate positive charges (of about 0.3 or

0.4, respectively) at pH 8.0, while peptides AH (−0.6), KD5 and

KD10 (both −0.8) are supposed to be negative. As coating of

the TMV particles with maleimide-reactive SM(PEG)4 linker

molecules devoid of peptides (TMV–PEG) introduced the most

negative net charge (Figure 2b), all peptide-fashioned TMV

derivatives had less negative ZPs compared to the linker-modi-

fied control (with about −80 mV in water and about −25 mV in

buffer). While the ZP values of four products were largely in

line with the calculated charges of the peptides (with TMV–44C

and TMV–31C shifted to significantly less negative ZP values

compared to those of TMV–KD5 and –KD10), the absolute ZP

determined for TMV–AH was shifted most extensively to more

positive values, due to the contribution of the uncharged

alanines (Figure 3). This reflects the sheath of tetrahistidine

clusters exposed by the C-termini of peptide AH. Bare

TMV–Lys templates with their plain protein coating exhibited

ZP values close to those of TMV–KD5.

At high concentrations, TMV–AH aggregated into bundle-like

structures in water but not in buffer. Such agglomerates could

be separated by ultrasound; however, re-aggregation occurred

after short time. 44C- or 31C-functionalized TMV formed raft-

like aggregates in both water and buffer (as detected also after

their mineralization, see SEM analysis below).

For inorganic particles, the physical stability of dispersions

increases with the magnitude of the ZP. That is, highly nega-

tive or highly positive ZPs typically both result in stable suspen-

sions [81,82] due to Coulomb repulsion. The organic TMV

template structures thus behaved analogously, with the agglom-

erating species TMV–AH, –44C, and –31C exhibiting the

lowest ZP magnitudes in water. TMV–Lys with an absolute ZP

value above 55 did not show aggregation at all.

Mineralization of functionalized TMV
templates
The different TMV templates were subjected to silica deposi-

tion by dispersion in a buffer-free deposition solution of

≈11% (v/v) TEOS precursor solution in ≈45% (v/v) ethanol in

ultrapure water (resulting in a pH of ≈5.5) under agitation

(500 rpm) at 25 °C for up to twelve days in parallel experi-

ments (see Experimental section). These conditions were

adapted with respect to the ethanol concentration from an

earlier comparative study on the mineralization capacities of

distinct kinds of peptides [61]. The method was established in

initial tests to achieve improved control over mineralization

kinetics and product characteristics with peptide-equipped TMV

templates. This is in comparison to protocols used for the

TEOS-mediated silicification of bare [21,34,64,65,83] or

aniline-coated [26] TMV. Those protocols all employed reac-
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tion mixes of either alkaline or significantly lower pH (in most

cases in buffer-free solutions) in variable ethanol concentra-

tions and in one study supplemented by (3-aminopropyl)tri-

ethoxysilane (APTES) [64].

All TMV templates with absolute ZP magnitudes above 50 mV

showed a good dispersion in the mineralization solution, while

TMV–AH, –44C and –31C did not form stable suspensions. At

different reaction times, products were collected by centrifuga-

tion. After seven days of incubation, inorganic material sedi-

mented from all reaction mixes, regardless of the presence or

absence of TMV templates (Figure 4a). The precipitates were

transparent in the presence of TMV–KD5, –PEG, and –Lys, as

well as for the reference sample without template, whereas the

sediments of TMV–KD10, –AH, –44C and –31C appeared

milky white. In the absence of TMV, the reaction solution

completely solidified, while all suspensions containing TMV

templates remained liquid during the course of silica conden-

sation (Figure 4a).

The morphology of TMV hybrid products subjected to mineral-

ization for ten days was analyzed by transmission electron

microscopy (TEM; see below, data not shown), and high resolu-

tion scanning electron microscopy (HRSEM; Figure 4b). A

clear difference in the mineralization of functionalized and non-

functionalized TMV templates was observed: Only nanorods

presenting the silica-binding peptides KD5 or KD10 showed

continuous inorganic surface coatings on every single particle,

with no significant agglomeration of the virus hybrids. Further-

more, deposition on these templates was highly specific; only a

low amount of non-bound silica particles had formed

(Figure 4b). The templates TMV–AH, –31C, and –44C induced

silica deposition as well, but in contrast to TMV–KD5 and

–KD10, the resulting composites did not contain separate rods

anymore, but rather formed extended aggregates and bundles up

to the µm size regime, especially pronounced for –31C and

–44C. TMV templates lacking specific effector peptides (i.e.,

TMV–PEG, TMV–Lys, TMVwt) did not show any substantial

inorganic coating at all, instead, some unspecific silica precipi-

tation was observed (Figure 4b). It is known for in vitro systems

that an alternating arrangement of lysine and aspartic acid

residues (as in peptides KD5 and KD10) enhances dehydration

of the TEOS precursor in the mineralization solution, in direct

comparison to blockwise arrangements of the same amino

acids. This results from an increased number of active sites for

charge-relay effects [61]. The results of our comparative tests

showing superior capacities of KD5 and KD10 to induce local

silicification are in line with these earlier observations. This

illustrates the beneficial effect of amino acid-based charge relay

on a spatially directed TEOS conversion. Silica precipitation by

sol–gel reaction from precursor solutions is likely to involve a

gradual growth of individual silica nucleation cores rather than

single or few specific phase transformations [74]. Hence, high

surface densities of cooperating starter sites (such as repetitive

KD pairs) may provide the best chance for an even growth of

mineral shells, which are induced simultaneously at numerous

closely adjacent sites.

The other peptides explored in this study, AH, 31C and 44C, all

contain histidine residues as potential mineralization effectors.

Their imidazole rings can catalyze hydrolysis of the TEOS

precursor, resulting in deprotonated, negatively charged silicic

acid, which then accumulates in the vicinity of the positively

charged amino acids to facilitate silica mineralization [17]. The

good efficiency of AH in promoting silica sheath formation

from TEOS in the context of amphiphilic peptide fibers has

been demonstrated [17]. 31C and 44C had not been tested with

TEOS before, as they were originally identified due to their

ZnO binding properties (data not shown) [60]. The agglomera-

tion and bundle formation we found for all three respective

mineralized TMV templates might be due to their aggregation

before the mineralization process, as it is known for histidine-

presenting TMV particles [51,84,85]. This is also indicated by

their absolute ZP values of <50 mV measured in this study.

Most of the silicification-active peptides that convey the dehy-

dration of precursor molecules such as TEOS [55,56,73,86,87]

contain disproportionate amounts of positively charged amino

acid residues (lysine, arginine or histidine). This reflects the

design of silaffin, a natural silica-mineralizing protein rich in

lysine and arginine residues [58,88]. Therefore, we speculated

that bare TMV–Lys templates could also support the formation

of silica shells in TEOS solution. The effect could be greater

since the viral CPs are known to be N-terminally acetylated [89]

and thereby might act as repetitive charge-relay systems on the

viral surface. However, we could not detect any silica coating

on TMV–Lys templates under the conditions applied. This may

be due to the surrounding amino acids in the CP environment,

which might slow down or even inhibit putative mineralization-

supporting activity of the lysine moiety of the CP.

TMVwt was also not mineralized in this experimental setup to

an electron-optically detectable extent. This is in contrast to the

strong and much faster mineralization of TMVwt particles from

TEOS solution in alkaline or more acidic pH regimes, as

performed in other labs and described above.

TEM analyses of the mineralized products confirmed the find-

ings for the distinct TMV templates (not shown), with

TMV–KD10–silica composites showing the strongest and most

homogeneous contrast of otherwise non-stained samples. This

template was therefore selected for a twelve day time course
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Figure 4: SiO2 deposition reactions using functionalized and non-modified TMV templates, as indicated. (a) Images of sedimented products, and
(b) corresponding SEM analysis. TMV–Lys-template (or water control) solutions were mixed with absolute EtOH (99.9%) and TEOS in a 4:4:1 volume
ratio. Reaction products were sedimented by centrifugation (after 7 days of incubation in (a) or 10 days in (b)), resuspended in ddH2O and prepared
for SEM (for details, refer to text).
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Figure 5: Time-resolved monitoring of silica shell growth on TMV–KD10 templates: TEM analysis of non-stained specimens, after the reaction times
indicated above. Total average diameters (Ø ± standard deviations) of mineralized TMV–KD10-hybrids were determined from 11–15 randomly
selected nanorod products collected between one and twelve days of incubation.

experiment to investigate the growth kinetics of its mineral

shells, and if the thickness of the silica coating might be

controlled via the TEOS incubation time. Total widths of

randomly selected, low-contrast TMV–KD10 cores surrounded

by electron-dense sheaths were measured in digital TEM

images by help of image processing software from the fifth day

onwards. This revealed an increase of layer thickness with

progressing time (Figure 5). After ten days of reaction time, the

TMV–silica hybrids exhibited average diameters of about

29 ± 2 nm, which did not further increase upon extended incu-

bation. At the same time, granular SiO2 deposits began to

differentiate on the nanotube surfaces, rendering them less

smooth than during earlier stages. The overall diameter, that is,

the height of TMV–KD10-templated hybrid rods, after ten days

of mineralization was additionally measured by AFM (data not

shown). For this purpose, mineralized viruses were deposited on

a silicon substrate. The average of the resulting mean values of

the virus height was in good agreement with the TEM data and

revealed a typical particle diameter of 30 nm, corresponding to

a ≈6 nm linker–peptide–silica coating of the 18 nm TMV core.

Different from non-modified viral rods immobilized on a silicon

substrate, where reduction of the virus height due to attraction

to the substrate surface is observed [32], the adhesion of miner-

alized viruses from suspensions to the wafer substrates did not

reduce the objects' height. This indicated the formation of a

rigid composite not radially compressed upon its surface

adsorption.

ToF-SIMS analysis of the deposited material
An analysis of the deposited materials with time-of-flight sec-

ondary ion mass spectrometry (ToF-SIMS) [90] was performed

on air-dried, drop cast suspensions of TMVwt or TMV–KD10

Figure 6: ToF-SIMS analysis for determination of silica deposition.
TMV–KD10 with TEOS (blue) and without TEOS (green), TMVwt with
TEOS (red) and without TEOS (purple) after ten days of incubation.
The peak at m/z 27.97 indicates Si, the peak at m/z 28.02 CH2N+, and
the peak at m/z 28.03 C2H4

+. For TMV–KD10 with TEOS and TMVwt
with TEOS, the decrease of the CH2N+ peak, indicating peptide/protein
components, is an indirect effect of the mineralization, shielding the
soft-matter surface of biotemplate particles.

particles (both with and without 10 days of exposure to TEOS).

Positive and negative secondary ion spectra were recorded from

random positions of the TMV deposits. The peak assignment is

based on high mass resolution data and isotope patterns for Si.

As shown in Figure 6, the intensity of the Si+ signal decreases

substantially from TMV–KD10 particles incubated with TEOS

(blue) to the TMVwt control with TEOS (red) to both negative

controls not incubated in TEOS solutions (green and purple).

Analyzing SiOH+ and several fragments characteristic of silica

in negative polarity spectra (SiO2
−, SiO3

−, SiO3H−) indicated
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the same trend. Since the sample preparation method did not

yield fully TMV-covered samples, the recorded mass spectra

averaged over a field of view of 500 × 500 µm2 show indi-

vidual levels of Au− stemming from the underlying substrate. In

order to correct for this dispersion or area effect, the raw inten-

sities of Si+ and SiOH+ were normalized according to the gold

signals of each analyzed spot. Semi-quantitative silicification

levels obtained thereof are presented in Table 3.

Table 3: Relative silicification levels determined from normalized Si+
and SiOH+ intensities in SIMS. TEOS exposure 10 days, when
applicable.

Construct
Normalized
Si+

Normalized
SiOH+

TMV–KD10 with TEOS 100% 100%
TMVwt with TEOS 18% 17%
TMV–KD10 without TEOS 1% 1%
TMVwt without TEOS <1% <1%

As shown in Table 3, the normalized intensities of two silica-

derived fragments obtained with SIMS allow for a rough but

reasonable quantification of the conversion of TEOS to silica

induced by bare and KD10-functionalized TMV particles.

While all negative controls not exposed to TEOS show negli-

gible levels of Si+ and SiOH+, both TMV–KD10 and TMVwt

exposed to TEOS did form insoluble silica to considerably

different extents. This resulted in about five times higher

amounts of mineral on the peptide-modified virus. This finding

is in agreement with our microscopic observations, which were

not sufficient to resolve the deposition of silica on the wild type

viral template. The ToF-SIMS analysis therefore revealed either

a spontaneous hydrolysis of TEOS (also occurring in the

absence of effector peptides) or a low but specific mineraliza-

tion-promoting activity of the bare viral CP surface (not

detectable by electron-optical imaging). The low SIMS Si+ and

SiOH+ signal intensities, and the necessary high mass resolu-

tion for unambiguous fragment assignments, precluded SIMS

imaging with high lateral resolution. Hence, the obtained SIMS

data cannot visualize mineralized individual TMV particles or

distinguish between silica bound to virus particles and silica

deposited by self-hydrolysis.

Conclusion
A systematic comparison of TMV-based nanobiotemplates

chemically functionalized with different types of mineraliza-

tion-affecting peptides revealed superior capacities of repetitive,

alternating KD sequences in guiding the deposition of silica

sheaths from TEOS precursor solutions around the viral soft-

matter cores. The peptide KD10 designed in this study on the

basis of earlier tests [61] allowed for the most selective and

controllable silicification by sol–gel condensation. This was

likely due to its charge-relay activity, in comparison to different

histidine-containing effector peptides and the bare or linker-

coated viral scaffold surface. To our knowledge, this is the first

evaluation of peptide-equipped TMV templates with regard to

the generation of silica nanostructures of adjustable diameter.

The previous studies of other researchers, all of which

employed natural or aniline-modified TMV to nucleate silica

deposition (as specified above), yielded either nanometric coat-

ings of individual particles, or differently organized bio-inor-

ganic mesostructures, but did not focus on fine-tuning the

growth of the silica shells on the one-to-ten nm range. This was

intended here and best achieved by the KD10-exposing TMV

variant, for which a convincing correlation between silicifica-

tion time and mineral layer thickness could be demonstrated.

The KD10-fashioned plant viruses thus enable the one-pot

manufacture of freely suspended silica nanorods with a soft-

matter core, devoid of significant amounts of byproducts. It

would be interesting to characterize the mechanical properties

of these composites in comparison to synthetically synthesized

silica nanorods. This could potentially lead to fundamentally

novel types of fiber-reinforced biohybrid materials. Further-

more, the method may also give rise to an efficient fabrication

of rigid, ultrasmall components of unusual shapes, on the basis

of different nonlinear kinked and branched TMV-based archi-

tectures generated recently in our lab [54].

Finally, peptides spatially immobilized in a selective manner on

certain target sites of biotemplates might also be a clue to the

use of silica deposition as a “bionic glue”. On appropriate TMV

variants, specific coupling groups of amino acids are confined

to outer, inner or end surfaces of the nucleoprotein tubes, res-

pectively. Serial in vitro assembly of different genetically engi-

neered CP types on RNA scaffolds can even generate nanorod

subdomains, offering unique coupling functionality [76].

Addressing such sites for a selective conjugation of mineraliza-

tion-guiding peptides such as KD10 might pave future routes

towards a firm and controlled integration of TMV-based nano-

structures into miniaturized devices. Here they might act, for

example, as adaptor templates, enabling an ultradense presenta-

tion of functional molecules on the non-mineralized regions of

their multivalent protein surfaces.

Taken together, extended composite bio-hybrid materials and

complex miniaturized systems both might profit from the

precise shapes, high availabilities and immense in vitro tuning

potential of plant viral templates, and their peptide-controlled

transformation into mineralized nanostructured composites

adapted to specific future applications.
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Experimental
Materials
The peptides, (KD)5C, (KD)10C, and CA4H4, of 90% purity

were provided by GeneCust (Dudelange, Luxembourg).

Peptides 31C and 44C were purchased from EMC Microcollec-

tions (Tübingen, Germany).

TMV functionalization with bifunctional linker
molecules and peptides
Wild type TMVwt and genetically modified TMVLys [76] (also

named TMV–Lys here to underscore the functional amino

groups exposed by its lysine side chains) were purified

according to Gooding and Hebert [91]. Peptide conjugation

onto the virus surface followed a protocol established on the

basis of literature data [92,93] and instruction kindly provided

by Sourabh Shukla and Nicole Steinmetz, Case Western

Reserve University, Cleveland, Ohio, U.S.A. For this proce-

dure, 1200 µL of TMV–Lys particles (5 mg/mL) in 10 mM

sodium potassium phosphate (SPP) pH 7.2 were mixed with

9 µL of 1 M hetero-bifunctional crosslinker, succinimidyl-(N-

maleimidopropionamido)- tetraethylene glycol  ester

(SM(PEG)4, Thermo Scientific, Karlsruhe, Germany) dissolved

in dimethyl sulfoxide and incubated at 37 °C for 2 h under

agitation (horizontal shaking at 500 rpm). The TMV particles

were sedimented for 1.5 h at 90,500 g and 4 °C in an Optima

L-90K ultracentrifuge (Beckman Coulter, Krefeld, Germany).

The resulting pellet of linker-equipped TMV (named

TMV–PEG) was resuspended in 600 µL of 10 mM SPP pH 7.2.

A volume of 100 µL of TMV–PEG solution was mixed with

800 µL of 10 mM SPP pH 7.2 and 40 µL of peptides (3.3 mg/

mL) dissolved in dimethylformamide and incubated at 30 °C for

2 h and subsequently at 4 °C overnight under agitation as above.

The TMV particles with conjugated peptides were sedimented

by ultracentrifugation as above. The pellets were washed with

1 mL of ultrapure water (ddH2O, 18.3 MΩ cm, purified by a

membraPure system, Aquintus, Bodenheim, Germany) and

resuspended in 100 µL of ddH2O. The TMVwt and TMV–Lys

concentrations were determined by UV spectroscopy with a

NanoDrop ND-1000 spectrophotometer (PeqLab, Erlangen,

Germany) at a wavelength of 260 nm, using the extinction coef-

ficient of TMV particles (3 mL mg−1 cm−1 [94]) . For esti-

mating concentrations of the different biotemplate rods, the

band intensities of modified CPs and unmodified CPLys after

SDS-PAGE separation and Comassie Blue staining were

compared (see below).

Electrophoretic analysis
The modified CPs were analyzed by denaturing SDS-PAGE

[95]. Samples containing 0.2 µg of protein were heated for

5 min at 95 °C in sample buffer (50 mM Tris-HCl (tris-

(hydroxymethyl)aminomethan hydrochloride) pH 6.8,

2% (w/v) SDS, 0.1% (w/v) bromophenol blue, 10% glycerol,

100 mM dithiothreitol) and separated on 15% PA gels. Fixed

gels were stained with Coomassie Brilliant Blue R250 (Serva

Electrophoresis, Heidelberg, Germany) according to standard

procedures [96].

Modified and unmodified TMV–Lys templates were separated

as intact particles in native 0.9% agarose gels in 98 mM Tris

pH 8.0, 89 mM boric acid, 2 mM EDTA. 12 µg of total protein

in sample buffer (10 mM SPP pH 7.2, 0.1% (w/v) bromophenol

blue, 10% glycerol) were applied per lane. TMV bands were

stained with Coomassie Brilliant Blue R250.

Zeta potential determination and charge
calculation
The zeta potential was measured with a Malvern Zetasizer Nano

ZS (Malvern Instruments, Worcestershire, UK) using dispos-

able folded cuvettes. The Smoluchowski approximation was

used according to instrument settings to convert the elec-

trophoretic mobility to a zeta potential. The experiments con-

sisted of 30 runs per measurement. All experiments were con-

ducted in triplicate. The zeta potential was measured for each

sample with a concentration of 0.5 mg/mL TMV particles solu-

tion in ddH2O (pH 5.5) as well as in 30 mM Tris-HCl at pH 8.0.

TMV particle mineralization
Peptide-functionalized TMV templates resuspended in water

(see above) were kept for one to two days at 4 °C to allow their

complete dispersion after ultracentrifugation. For the mineral-

ization of particles with and without linkers and conjugated

peptides, a 40 µL TMV template solution (10 mg/mL)

was mixed with 50 µL 20% (v/v) TEOS (Sigma-Aldrich,

München, Germany) in ethanol (99.8% p.a.), resulting in final

concentrations in the mineralization reaction mixture of

4.4 mg/mL TMV, 11.1% (v/v) TEOS, and 44.4% (v/v) ethanol

in an aqueous solution of pH 5.5–5.6. It was crucial to mix

TEOS and ethanol before combining it with TMV particles in

order to preserve their structural integrity. Mineralization reac-

tions were incubated for 1, 2, 5, 7, 10 or 12 days under agita-

tion (horizontal shaking at 500 rpm) at 25 °C. The reaction mix-

ture was precipitated in a table centrifuge for 15 min at 20,000g

and 18 °C. The supernatant was discarded and the pellet washed

twice with 200 µL of 50% (v/v) ethanol to remove residual

unconverted TEOS. The pellet was resuspended in 50 µL of

ddH2O and centrifuged for 30 min at 10,000g. The resulting

pellet was dissolved in 50 µL of ultrapure water.

Characterization of mineralized TMV particles
The surface of mineralized TMV particles was characterized by

SEM analysis. 20 µL of 1:250 diluted, mineralized TMV solu-

tions in ultrapure water (for the mineralized TMV particle solu-
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tion preparation see the previous section) were pipetted on n-Si

wafer substrates and air dried. The samples were analyzed in an

ultrahigh resolution field emission SEM (FE-SEM; S-5200,

Hitachi Ltd., Tokyo, Japan) at 30 kV.

The TEM analysis was carried out to determine the silica shell

thickness of TMV–KD10 particles after different reaction times.

3 µL of mineralized TMV particles in solution were incubated

on a 400-mesh formvar, carbon-covered copper grid for 5 min.

The droplet was removed with five droplets of ultrapure water

and air dried. The samples were analyzed under a Zeiss

EM-10A TEM (Carl Zeiss, Oberkochen, Germany) at 60 kV.

For ToF-SIMS analysis, Si chips (5 × 10 mm) were cut from

n-Si wafers (CrysTec, Berlin, Germany) and used as supporting

substrates. These were coated with a 4 nm thick chromium layer

for adhesion and a 30 nm thick gold layer by physical vapor

deposition (PVD; Varian NRC 836, Palo Alto, California,

U.S.A.). All samples used for mineralization analysis were

found to be free of Si and silicon oil contamination, which

could potentially interfere with the analysis.

10 µL of a 1:250 diluted solution of mineralized TMV or

control preparations in ultrapure water (see TMV particle

mineralization) were pipetted on a gold-covered n-Si wafer and

air dried. ToF-SIMS was performed on a TOF.SIMS5 instru-

ment (ION-TOF GmbH, Münster, Germany). The spectrometer

was equipped with a Bi cluster primary ion source and a reflec-

tion-type time-of-flight analyzer. The UHV base pressure was

<5 × 10−9 mbar. For high mass resolution, the Bi source was

operated in the “high current bunched” mode, providing short

Bi1
+ primary ion pulses at 25 keV energy and a lateral

resolution of approximately 4 μm. The short pulse length of

0.6 to 1.0 ns allowed for high mass resolution. The primary ion

beam was rastered across a 500 × 500 µm2 field of view on the

sample, and 128 × 128 data points were recorded. Primary ion

doses were kept below 1011 ions/cm2 (static SIMS limit). The

spectra were calibrated against C−, CH−, CH2
−, and Au-, or on

the C+, CH+, CH2
+, and CH3

+ peaks, respectively. Based on

these datasets, the chemical assignments for characteristic frag-

ments were determined.
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Abstract
We present a promising first example towards controlling the properties of a self-assembling mineral film by means of the function-

ality and polarity of a substrate template. In the presented case, a zinc oxide film is deposited by chemical bath deposition on a

nearly topography-free template structure composed of a pattern of two self-assembled monolayers with different chemical func-

tionality. We demonstrate the template-modulated morphological properties of the growing film, as the surface functionality

dictates the granularity of the growing film. This, in turn, is a key property influencing other film properties such as conductivity,

piezoelectric activity and the mechanical properties. A very pronounced contrast is observed between areas with an underlying fluo-

rinated, low energy template surface, showing a much more (almost two orders of magnitude) coarse-grained film with a typical

agglomerate size of around 75 nm. In contrast, amino-functionalized surface areas induce the growth of a very smooth, fine-grained

surface with a roughness of around 1 nm. The observed influence of the template on the resulting clear contrast in morphology of

the growing film could be explained by a contrast in surface adhesion energies and surface diffusion rates of the nanoparticles,

which nucleate in solution and subsequently deposit on the functionalized substrate.
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Introduction
Self-organization plays an important role in nature – and more

and more in technology [1,2]. Increasingly complex structures

can evolve from using principles of self-organization in a

bottom-up approach rather than from lithography-based top-

down approaches. The key issue for intelligent self-assembly of

complex structures is the design of local geometrically selec-

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
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tive and site-selective interactions on the nanometer scale [3-6].

The more selective the interaction between the individual

assembled components, the higher the complexity of the

resulting structures that can be achieved.

One type of self-assembly is template-guided self-assembly,

which plays an important role in biological processes relevant

for biomineralization [7-12]. There are numerous approaches to

harness and use this principle for artificial processes, which

may be of great technological significance [13-15]. Recently,

we reported the site-selective mineralization of a semicon-

ductor material, zinc oxide (ZnO), on a chemically patterned

surface [3]. ZnO thin films are of special interest since they can

be used for different applications such as solar cells [16],

biosensing devices [17] and others [18]. By using a nearly topo-

graphically flat (<1 nm roughness), but chemically patterned

surface as a template, it was possible to guide the deposition –

mainly by means of surface polarity. While deposition took

place at sites with amino functionalization, no deposition was

observed at locations with a fluorinated surface functionality. In

this way, it was possible to guide the deposition using only

chemical surface functionality with a topography-free, flat

template.

In a next step towards template-controlled deposition, it would

be desirable not only to predetermine the deposition sites by

means of a chemical pattern template, but also the type of ma-

terial deposited. In this way the properties of the deposited ma-

terial are controlled depending on the surface functionality of

the template. The properties that can be controlled by template

functionality can be structural, topographical, electrical,

mechanical, piezoelectrical, adhesive, tribological, catalytic

activity [19] or properties connected with the granularity of the

film [20-23]. Additionally, the reflectivity or light scattering

properties may be controlled – the latter of which are highly

relevant for the fields of optical data storage [24,25] and litho-

graphy (where increasingly smaller structures are sought, e.g.,

in the field of semiconductor nanolithography). Here, the

copying of a given structure by self-templating may provide an

alternative to conventional replication.

In this study, ZnO-containing films were prepared using chem-

ical bath deposition. Two self-assembled monolayers (SAMs)

with amino or fluorinated functionality were used to control the

structure, and therefore, the roughness of the deposited film. A

possible mechanism is presented that explains the influence of

the template on the film formation.

Results and Discussion
Structured templates with polar 3-(aminopropyltriethoxy)-silane

(APTES) and nonpolar 1H,1H,2H,2H-perfluorodecyl trichloro-

silane (FDTS) areas were used for the deposition of nanostruc-

tured ZnO-containing films. Figure 1 shows atomic force

microscopy (AFM) and scanning electron microscopy (SEM)

images of the original templates and the resulting films together

with schematic representations of the deposition mechanism

(Figure 1a,d,i,n). The height difference between the two SAMs

is 0.6 nm (Figure 1c). Analysis of the topographic images

shows no significant difference in roughness between the

different templates, as both surfaces exhibit an rms-roughness

value of 0.1 nm. After mineralization, the APTES islands are

covered by a homogenous, smooth film with an rms-roughness

of 1 nm. AFM images show a granular structure that is not

clearly visible in the corresponding SEM image. This might be

due to the lower sensitivity to topographic features of the SEM.

Temperature has a significant influence on the deposition

behavior. For higher temperatures, there is bulk precipitation

and an inhomogenous film is formed. At lower temperatures,

the growth rate is drastically reduced so that film formation is

very slow. The reaction temperature of 70 °C is optimum for

controlled deposition of the NPs.

In contrast to the situation on the APTES islands, on the FDTS

matrix, large agglomerates with a diameter of 75 nm were

deposited. Finally, this leads to a continuous and unperforated

film with a roughness of 2.5 nm.

These ZnO-containing structures consist of particles formed in

the deposition solution. These NPs grow in solution under the

presence of histidine. Gerstel et al. [26,27] found that histidine

controls NP growth and is incorporated in the resulting films.

XRD measurements show that the deposited ZnO is X-ray-

amorphous (data not shown). The investigation of the suspen-

sions from the reaction solution by zeta potential measurements

revealed that the particles possess a potential of +22.0 mV at pH

6.7 [26]. Since the pH of the reaction solution is around 5.3, the

formed NPs are positively charged (Figure 2).

The zeta potential of the amino-functionalized SAM is charged

slightly positive during the reaction [28,29] due to protonation

of the amino groups (–NH3
+) at this pH. Additionally, a Stern

layer is present, which is formed by negatively charged counter

ions [29,30]. The particles in solution can interact with these

anions and Coulomb forces lead to a strong binding to the

surface (Figure 2). Furthermore, entropic forces, including

counterion release forces, may contribute to an enhanced inter-

action. This leads to closer contact between the NPs and the

template, providing a means to activate van der Waals short-

range forces. Together these mechanisms lead to a homogenous

film with a smooth surface in the APTES-functionalized holes

(Figure 1).
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Figure 1: Self-assembly of ZnO-containing material on prepatterned substrates. (a) Schematic representation of the deposition mechanism.
(b–d) The nonmineralized substrate shows the APTES islands (dark red) in the FDTS matrix (yellow). (e–i) SEM and AFM images show the deposited
material on the templates. On the APTES, a smooth and compact film is formed, whereas on the FDTS agglomerates are deposited. With an
increasing amount of deposited material, those agglomerates grow together (j–n) resulting in a rough surface for the final morphology.

The FDTS on the other hand is highly hydrophobic [31]. Elec-

trostatic interactions with the particles are minimal compared to

the deposition on APTES, where a homogenous and dense

distribution of the surface charges leads to a high probability of

interaction with particles. In the FDTS areas, small defects with

low density can explain the presence of particles on the

hydrophobic surface. During the template preparation process,

APTES molecules may be deposited in these sites. The ZnO

particles are attracted to these polar areas. Other particles are

highly mobile due to the decreased interaction with the

template. They can diffuse to the immobilized ones and

decrease the interfacial energy by agglomeration. The result is a

coarse granular structure that can be observed in SEM and AFM

(Figure 1) on the FDTS regions of the substrate. When more

and more material is deposited, those agglomerates can form a

closed film, but with a significantly higher roughness compared

to the films formed on the polar APTES-monolayer as shown in

Figure 1j–n.

Forthcoming investigations will reveal if other properties such

as piezoelectric activity, conductivity, optical or mechanical

properties can also be controlled by the patterned surface chem-

istry of the substrate.

Conclusion
Here we demonstrate the control of the structure and granu-

larity of a growing film by means of a chemical functionality

pattern of the substrate, where the chemical pattern acts as a
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Figure 2: Deposition mechanism of mineralized ZnO nanoparticles on
amino SAMs. The negative charges represent counterions attached to
the positive surface charge (Stern layer) provided by protonated amino
groups (–NH3

+).

template. A site-dependent granularity in mineralized ZnO-

containing films is observed by self-assembly of nanoparticles

during chemical bath deposition on patterned self-assembled

monolayers. The influence of template regions of different

polarities and surface energies on the deposition of thin ZnO-

containing films was investigated. The positively charged

amino-functionalized surface areas lead to a homogenous film

with low roughness. The use of an uncharged hydrophobic

SAM molecule (FDTS) supports the formation of coarse

agglomerates with a higher roughness and irregular surface

structure.

These findings open intriguing perspectives to control further

properties that depend on film granularity such as optical,

mechanical, piezoelectrical or tribological properties, by means

of the chemical functionality pattern of a templating substrate –

properties which, in turn, are key properties for nanodevices.

Experimental
Template preparation by polymer-blend lithography
Polymer solution: Polystyrene (PS, Mw = 96 kg/mol, PDI 1.04)

and poly(methyl methacrylate) (PMMA, Mw = 9.59 kg/mol,

PDI 1.05) were purchased from Polymer Standards Service

GmbH and dissolved directly in methyl ethyl ketone

(MEK, Aldrich). The mass ratio between PS and PMMA was

3:7 and the total concentration of the two polymers was

15 mg/mL.

Thin polymer-blend films were spin-coated at 1500 revolutions

per minute (rpm) onto silicon substrates that were previously

cleaned by CO2 snow-jet treatment (at least 20 s for a 2 × 2 cm

substrate). The relative humidity, measured by a Testo 635

Hygrometer, was adjusted to 40–45% during the spin-coating

process. For the adjustment of the humidity, a mixture of water-

saturated and pure nitrogen were led into the spin-coating

chamber (approximately 1 L volume) at a flow rate of approxi-

mately 40 standard cubic centimeters per minute (40 sccm).

Fabrication of SAM templates
After spin coating, the polymer films were treated with acetic

acid where PMMA was selectively dissolved. The silicon

samples were rinsed with the acid for 30 s and gently dried in a

nitrogen flow. This procedure was repeated two times with

fresh solvent. The fluorinated SAM was deposited from the gas

phase: The samples were positioned face down at the lid of a

desiccator containing two droplets of 1H,1H,2H,2H-perfluo-

rodecyl trichlorosilane (Sigma-Aldrich) and evacuated to a

pressure of 50 mbar. After 10–12 h in the desiccator, the

samples were treated by CO2 snow-jet in order to remove the

PS islands and to expose islands of bare SiOx-surface within the

FDTS background. These islands were then back-filled by

exposure to the vapor of 3-(aminopropyltriethoxy)-silane

(Sigma-Aldrich). Further details and important parameters of

the polymer-blend lithography process are described in [32].

The resulting pattern, consisting of amino-functionalized

islands in a Teflon-like matrix (Figure 1b–d), was used as a

template for the mineralization.

Mineralization experiment
All deposition solutions were freshly prepared prior to use to

ensure clear  s tart ing solut ions.  Stock solut ions of

Zn(NO3)2∙6H2O (Sigma-Aldrich, ≥99.0%), hexamethylene

tetramine (HMTA, Sigma-Aldrich, ≥99.5%) and L-histidine

(Sigma-Aldrich, ≥99%) in Milli-Q water each at a concentra-

tion of 45 mM, and were prepared according to Gerstel et al.

[26]. For the preparation of the mineralization solution, equal

amounts of HMTA and histidine stock solutions were mixed.

Afterwards, the zinc nitrate solution was added dropwise to

obtain a ratio of [Zn2+]/[HMTA]/[His] of 1:1:1. The prestruc-

tured wafer was placed in 2 mL of the mineralization solution in

a closed vessel and heated to 70 °C for 4 h. Several deposition

experiments were performed and most yielded similar results;

however, for some samples, no deposition was observed even

after 4 h.

Characterization
Atomic force microscopy images were obtained with a commer-

cial Dimension Icon system (Bruker) in tapping mode under

ambient conditions. SAM templates were scanned under water
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in order to exclude the effect of meniscus forces of possible

surface adsorbed water films on the topographic measurements.

Scanning electron micrographs were taken using a DSM 982

Gemini (Zeiss) at 3 kV and a working distance of 1–3 mm. To

ensure conductivity, 0.2 nm of Pt/Pd (80:20) was sputtered onto

the samples.
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