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Abstract

In the present study, an artificial spider silk gene, 6mer, derived from the consensus sequence of 

Nephila clavipes dragline silk gene, was fused with different silica-binding peptides (SiBPs), A1, 

A3 and R5, to study the impact of the fusion protein sequence chemistry on silica formation and 

the ability to generate a silk–silica composite in two different bioinspired silicification systems: 

solution–solution and solution– solid. Condensed silica nanoscale particles (600–800 nm) were 

formed in the presence of the recombinant silk and chimeras, which were smaller than those 

formed by 15mer-SiBP chimeras [1], revealing that the molecular weight of the silk domain 

correlated to the sizes of the condensed silica particles in the solution system. In addition, the 

chimeras (6mer-A1/A3/R5) produced smaller condensed silica particles than the control (6mer), 

revealing that the silica particle size formed in the solution system is controlled by the size of 

protein assemblies in solution. In the solution–solid interface system, silicification reactions were 

performed on the surface of films fabricated from the recombinant silk proteins and chimeras and 

then treated to induce β-sheet formation. A higher density of condensed silica formed on the films 

containing the lowest β-sheet content while the films with the highest β-sheet content precipitated 

the lowest density of silica, revealing an inverse correlation between the β-sheet secondary 

structure and the silica content formed on the films. Intriguingly, the 6mer-A3 showed the highest 

rate of silica condensation but the lowest density of silica deposition on the films, compared with 
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6mer-A1 and -R5, revealing antagonistic crosstalk between the silk and the SiBP domains in terms 

of protein assembly. These findings offer a path forward in the tailoring of biopolymer–silica 

composites for biomaterial related needs.
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1. Introduction

Biomaterials have been designed and implemented for replacing damaged or diseased 

tissues or organs. Silk proteins from spider or silkworm silk have been fabricated into 

various material formats to address this need [2–6]. Key features for these types of protein-

based biomaterials include the chemistry, structure and morphology of the materials which 

can provide good compatibilities to cells and tissues. Versatile and designer features are 

useful in these types of biomaterials as they are genetically encoded proteins from which 

selective and targeted changes in sequence chemistry can be incorporated with tight control. 

Recombinant spider silk proteins are usually produced by bacterial expression as native 

sources of spider silk are low in yield and suffer from purification challenges. Recombinant 

spider silk protein has the advantage of the option to be fused with new functional protein 

domains to generate novel functional polymers [7–11].

Biosilica is found in a wide array of organisms, ranging from single-celled diatoms to plants 

and sponges, forming various material morphologies that confer protection or mechanical 

support [12]. Biosilicification has provided important inspiration for the design of novel 

biomaterials for tissue engineering [2,11] and biosensors [13]. Silaffin, a peptide implicated 

in the biogenesis and deposition of silica in diatoms and sea snails, is of interest for the 

synthesis of materials with specific properties because of its ability to promote silica 

formation in vitro [14,15]. A short silica-binding peptide (SiBP), R5, which is derived from 

the silaffin protein of the diatom, Cylindrotheca fusiformis [14], was fused with glucose 

oxidase [13] and protein polymers [11,16] to precipitate silica in vitro, forming novel 

materials with different properties. Our previous work described a chimera, consisting of the 

spider dragline silk polymer and R5, resulting in the precipitation of nanoscale silica 

particles [11]. Further, the silk–silica composite morphology and structure were regulated by 

controlling processing conditions to produce films which promoted osteogenic 

differentiation of mesenchymal stem cells (hMSCs), indicating utility for osteogenic tissue 

engineering [2,11]. Other than R5, fragments of the R5 sequence revealed an 11 amino acid 

long fragment, A1, that had a similar effect as R5 in the precipitation of silica in vitro [17]. 

Aside from these native sequences above, in vitro screening by phage displays isolated 

peptides showing binding activity to silica surfaces, where the peptide A3 (or Si4-1), had the 

highest activity for binding silica compared with other peptide sequences [18].

Recently, an artificial silk polymer, 15mer 

((SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGT)15, 39 kDa), derived from the 

consensus repeat of Nephila clavipes dragline silk protein [19,20] was fused with the SiBPs 
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(A1, A3 and R5) and silicification was performed at a series of pHs [1], demonstrating that 

silica condensation rates and silk–silica composite morphology correlated with colloidal 

instability of the chimeric proteins which was controlled by pH. In addition, another SiBP 

Pep1 (KSLSRHDHIHHH), also isolated from phage display, was chemically fused to spider 

silk polymers, 6mer and 15mer [21], and these polymers showed increased silica 

condensation compared with the control, silk protein alone. These studies illustrate the 

potential for utilizing silica precipitating domains in combination with a bulk biomaterial, 

silk protein, to generate new and interesting biomaterials.

The previously listed studies were conducted primarily in solution, and a few studies have 

reported diversity of morphology or capacity of bio-silicification on solid-state materials, 

such as would be potentially valuable for hard tissue regeneration. In the present study, the 

artificial spider silk polymer, 6mer 

((SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGT)6, 16 kDa) [10], was utilized to 

produce three different chimeras by fusing SiBPs A1, A3 and R5, respectively, to the C-

terminus, to investigate the effect of molecular weight (MW) of silk domain in the fusion 

protein on the formation of silk–silica composite particles at the solution–solution interface. 

In addition, recombinant silk protein and chimeras were fabricated into solid-state materials 

to investigate capacity and morphology of silica condensation on their surfaces.

2. Materials and methods

2.1. Constructs of recombinant silk protein or chimeras

The vector pET30L carrying the artificial silk protein 6mer 

(SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGT)6 (pET30L-6mer) derived from 

N. clavipes dragline silk protein was constructed previously [10,22]. To prepare the 

chimeras with SiBPs fused at the C-terminus of the 6mer, pET30L-6mer was digested by 

SpeI and then treated by antarctic phosphatase (NEB; MA) to prevent self-ligation. The 

nucleotide sequences of SiBPs, A1 (SGSKGSKRRIL), A3 (MSPHPHPRHHHT) and R5 

(SSKKSGSYSGSKGSKRRIL) were designed with restriction endonuclease sites NheI and 

SpeI flanked at 5′ and 3′ terminals, respectively. Codons were optimized for expression in 

Escherichia coli strain Bl21(DE3) by using the on-line tool OPTIMIZER [23] and were 

synthesized commercially (Invitrogen, New York) (Table S.1). The synthesized nucleotides 

were annealed to generate double strands and then ligated to generate the constructs 

pET30L-6mer-A1/A3/R5.

2.2. Expression and purification

The silk protein and the chimeras were expressed in E. coli strain Bl21 Star (DE3) 

(Invitrogen, New York). Cells were cultivated at 37 °C in lysogeny broth (LB) medium with 

50 μg ml–1 Kanamycin until an optical density of between 0.6 and 0.8 at 600 nm was 

reached. Then isopropyl β-D-1-thiogalactopyranoside (Sigma-Aldrich, MO) was added to 

give a final concentration of 1 mM to induce protein expression. Cells were harvested by 

centrifugation for 20 min at 8000 rpm after 5 h of expression. For large-scale expression a 

Bioflo 3000 (New Brunswick Scientific, NJ) fermentor was used. The pellet was 

resuspended in denaturing buffer (100 mM NaH2PO4, 10 mM Tris–HCl, 8 M urea) and 
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stirred overnight at 4 °C. Recombinant silk protein and chimeras were purified by Ni-NTA 

affinity chromatography. The recombinant silk protein and chimeras eluted from the Ni-

NTA resin were dialyzed against 100 mM phosphate buffer (pH 5.5) for 1 day followed by 

distilled water for 3 days using cellulose ester snake skin tubing with MWCO 10,000 Da 

(Thermo Scientific, MA). The precipitates were removed by filtration using 5.0 μm sterile 

syringe filters (Millipore, Billerica, MA). Finally, the dialyzed proteins were lyophilized. 

Protein identity and purity were confirmed by SDS-PAGE (Invitrogen, New York) and 

matrix-assisted laser desorption/ionization–time of flight (MALDI-TOF) mass spectrometry 

(Tufts core facility, Boston, MA).

2.3. Dynamic light scattering and zeta potential measurements

Dynamic light scattering and zeta potential measurements were used to measure the average 

particle diameter and charge on the proteins over the pH range 3–9. Solutions of the 

chimeric proteins were made in aqueous 0.1 M citric acid solutions to a concentration of 1 

mg ml–1 and then filtered through a 450 nm membrane to remove any undispersed 

aggregates. Measurements were made using a Malvern nanoS Zetasizer where dispersed 

phase properties of latex and a dispersion phase of 0.1 M tris buffer were chosen for a 

compatible refractive index, viscosity and dielectric constant. Five separate measurements 

were made at each pH for particle size and charge analysis and the results were averaged 

(any outliers were removed where necessary but not more than one allowed per data set). 

The pH was adjusted between analyses for subsequent measurement by the addition of 

measured amounts of 1.0 M bis-tris propane, and the measurements were repeated to give 

size and zeta potential data over a pH range 3–9.

2.4. Bioinspired silicification in solution

The silicification reactions were performed according to our prior methods [1,21]. The 

lyophilized 6mer and chimera proteins were dissolved in double distilled water and then 

filtered with 5.0 μm syringe filters (Millipore, MA) to remove insoluble precipitates. The 

protein concentration was measured by bicinchoninic acid assay (Thermo Scientific, MA). 

174 μl of 0.5 mg ml–1 protein solutions was buffered to pH 7.0 by adding 13 μl of 1 M bis-

tris propane and 7 μl of 1 M citric acid buffers. 6 μl of prehydrolyzed tetraethoxysilane 

(TEOS) solution (prepared by mixing 2.23 ml of TEOS (Sigma-Aldrich, MO) with 7.76 ml 

of 50% ethanol/water solution, 100 μl of 1 M HCl and standing at room temperature for 15 

min) was added and mixed thoroughly. The condensed and aggregated silk–silica 

precipitates were collected after 1 h by centrifugation at 13,000 rpm for 5 min and washed 

twice with water and finally freeze-dried.

2.5. Turbidity assay

The process of silica precipitation in solution at pH 7.0 was monitored by turbidity at 595 

nm [1] with a plate reader Spectra-Max M2 (Molecular Device, CA) from three independent 

experiments.
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2.6. Preparation of silk protein and chimera films

The lyophilized recombinant proteins were dissolved in hexafluoroisopropanol (HFIP) 

(Sigma-Aldrich, MO) at a concentration of 2.5% (w/v). 30 μl of the protein–HFIP solution 

was pipetted onto polydimethylsiloxane (PDMS) substrates (6 mm in diameter) and air-dried 

in a fume hood. To induce β-sheet formation, the films were then treated by water vapor 

annealing, using an Isotemp vacuum oven (Fisher Scientific, NH) and 70% methanol, 

respectively. For water vapor annealing, the films were treated at 50 °C and 70 °C, 

respectively, and at 25 inches of mercury (inHg) for 2 h [24]. For methanol treatment, the 

films were immersed in 70% methanol overnight and then air-dried [11].

2.7. Silicification reaction on films

A total of 1 ml of 30 mM prehydrolyzed TEOS in 100 mM bis-tris propane/citric acid buffer 

at pH 7.0 was added into each well of a 24-well plate to cover the film formed on the PDMS 

substrate for one hour at room temperature. The films were then washed two times with 

distilled water and left to dry overnight in the fume hood.

2.8. Infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was carried out using a FT/IR-6200 

(JASCO, OK) to investigate protein conformation. Absorbance spectra were collected from 

4000 to 600 cm −1 by averaging 32 scans at a resolution of 4.0 cm −1 and the background of 

PDMS was subtracted. Fourier self-deconvolution was performed with OPUS software 

(Bruker, MA) with Lorentzian peak profile (half-bandwidth of 25 cm −1 and a noise 

reduction factor of 0.3). Ten peaks were selected with a Gaussian algorithm across the 

amide I absorption band (1720–1580 cm −1) corresponding to β-turns (1668–1696 cm −1), α-

helix (1658–1667 cm −1), random coil (1630–1657 cm −1) and β sheet (1618–1629 cm −1 

and 1697–1703 cm −1) [25,26].

2.9. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)

Samples were coated with gold and then observed using a Carl Zeiss (Carl Zeiss SMT, 

Germany) Ultra 55 field emission scanning electron microscope (FESEM) at an accelerated 

voltage of 5 kV. Particle size and the diameter standard deviation were calculated by 

averaging the diameter of at least 100 particles. EDX was performed using Zeiss EVO 55 

Environmental SEM coupled with an EDAX EDX system (Harvard University Center for 

Nanoscale Systems).

2.10. Statistical analysis

All quantitative analyses were performed at least in three repeats and average size of 

particles was determined by measurement of more than 100 particles. Results are presented 

based on averages and standard deviations as error bars. The significant difference between 

two samples was determined by p-value calculated using Student's t-test.
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3. Results

3.1. Biosynthesis of silk protein and chimeras

The strategy for biosynthesis of silk protein and the chimeras was adopted as described 

previously [10,22]. The constructs of the 6mer or the chimeras (6mer-A1, A3 or R5) are 

illustrated in Fig. 1A. NheI-SpeI digestion and DNA sequencing confirmed the inserts. SDS-

PAGE indicated both expression and purification of the 6mer and the chimeras were 

successful, and no obvious impurities were detected on the gels (Fig. 1B). The MW of each 

protein identified by mass spectroscopy matched the target calculation (Fig. 1C), indicating 

the expressed and the purified proteins were correctly generated. In the case of the 6mer, the 

molecular weight was above 28 kDa on the gels, but was identified at 21–23 kDa by mass 

spectroscopy. This discrepancy has been reported previously for repetitive silk-based 

copolymers and likely reflects the hydro-phobic nature and repetitive features in the proteins 

[10,27,28].

3.2. Bioinspired silicification catalyzed by silk protein and chimeras in solution

Silicification reactions were performed in solution in order to observe the morphology of the 

silk–silica composite structures formed. The colloidal instability of silk protein and chimeras 

in solution, controlled by pH, accelerates the condensation of silica and promotes the 

formation of spherical particles [1]. The silicification reaction was performed at pH 7.0 in 

the present study as the 6mer and the chimeras showed the greatest colloidal instability at 

near neutral pH (Fig. 2A). In addition, population diameter measurements of the silk protein 

and the chimeras by DLS showed increasing particle sizes with increasing pH from 3 to 5.5, 

with the 6mer aggregating into the largest particles with a diameter of ~600 nm (Fig. 2B). At 

pH 7 only the 6mer-A1 chimera produced a stable particle population. The other chimeras 

and the 6mer showed aggregation and precipitation with apparent high diameters and high 

polydispersity at this pH and above.

The morphology of the silk–silica composite structures formed is depicted in Fig. 3. 

Spherical particles were observed for the 6mer and each of chimeras and these particles 

formed interconnected dense networks. However, the spherical particles formed in the 

presence of either the 6mer or each of the chimeras were heterogenous in size (Fig. 3a–e). 

The 6mer produced particles of 790 ± 120 nm in diameter, while the chimera protein 6mer-

A1, -A3 and -R5 produced particles of 710 ± 110, 690 ± 150 and 670 ± 120 nm in diameter, 

respectively, which were all a little bit smaller than those of silk protein alone, the 6mer.

3.3. Rate of silica condensation accelerated by silk and chimeras in solution

The rate of silica condensation accelerated by silk protein and chimeras in solution was 

investigated by change in turbidity (Fig. 4). The silk protein- and chimeras-accelerated silica 

condensation reached equilibrium after ~30 min (Fig. 4A). Silica condensation was 

accelerated by the 6mer due to the charged amino acid residues in the sequences (arginine 

and His-tag). However, the rate of reaction accelerated by the 6mer control, as expected, 

was lower than each of the chimeras. A delay at 2 min (latent stage) for the reaction with the 

6mer was observed before the reaction proceeded rapidly (linear stage), while no latent stage 

was observed for the chimeras, indicating the SiBPs fused at the C-terminus of the 6mer 
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increased activity of silica condensation. The 6mer-A3 showed the greatest acceleration of 

silica condensation, and there was no significant difference between the 6mer-A1 and 6mer-

R5 (Fig. 4B). The chimera carrying the SiBP A3 showed the highest acceleration of silica 

condensation, consistent with a previous report describing silica formation using 15mer 

chimeras [1].

3.4. Bioinspired silicification on films

In order to study silica condensation on surfaces, the recombinant spider silk protein and the 

chimeras were fabricated into films using methods described previously [11]. In the films, 

shifts from random coil to β-sheet were induced to prevent dissolution of films by treating 

with water vapor at 50 °C and 70 °C, as well as 70% methanol. Secondary structure 

conformation of the protein in the films was investigated by FTIR. The 6mer or each of the 

chimeras showed strong peaks in the amide I (1690–1600 cm −1) and the amide II (1575–

1480 cm −1) regions (Fig. S.1). For the untreated films, the 6mer and the chimeras only 

showed peaks at 1649 cm −1 in the amide I region, indicating the presence of random coils. 

After self-assembly, a shift in the main peak from 1649 cm −1 to 1624 cm −1 was observed 

for the silk protein and each of the chimeras indicating the formation of β-sheets.

The FTIR spectra were deconvoluted and fitted with peaks assigned to β-sheet, β-turn, α-

helix and random coils (Fig. 5 and Table S.2). Overall, more than 30% β-sheet was induced 

in the films for the 6mer or each of the chimeras by annealing. The lowest β-sheet content in 

the films was induced by water vapor annealing at 50 °C, and a medium content of β-sheet 

content at 70 °C, respectively. As expected, the highest β-sheet content was from treatment 

with 70% methanol. A pattern for each treatment was observed such that the chimeras 6mer-

A1 and 6mer-R5 showed a lower content of β-sheet and a correspondingly higher content of 

random coils as opposed to the 6mer and 6mer-A3 chimeras (Fig. 5A and D). Lower α-helix 

content was induced in the chimera films than in the 6mer film by water vapor annealing 

(Fig. 5C).

Silicification reactions were performed on the films after β-sheet induction by the various 

treatments (Figs. 6 and 7). A high density of condensed silica particles interconnected into 

three-dimensional networks was observed on the surface of 6mer-R5 films which were 

treated by water vapor annealing methods, while a low density of silica particles was formed 

on the film treated by 70% methanol. Although a lower density of silica particles were 

formed on the 6mer-A1 films than on the 6mer-R5 films, condensed silica particles were 

fused together on the 6mer-A1 films when the films were treated by water vapor annealing 

or methanol annealing. A low density of silica particles was observed on the 6mer-A3 films 

treated by water vapor annealing, but no condensed silica particles were observed on the 

6mer-A3 films treated by 70% methanol. The sizes of condensed silica particles formed on 

the films are shown in Fig. 7. The size of particles formed on the 6mer films was less than 1 

μm average diameter and comparatively smaller than that on the chimera films when treated 

by water vapor annealing at 70 °C and by 70% methanol. For silk chimera films, 6mer-A3 

produced the largest particles which were maximally 1.4 μm in diameter on the film treated 

by water vapor annealing at 70 °C, while 6mer-A1 and 6mer-R5 generated particles with the 

size ~1.0 lm on the films treated by water vapor annealing as well as 70% methanol.
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Besides those obviously observed particles on the films, many nanoscale features (50–100 

nm in diameter) were observed especially on the 6mer and 6mer-A3 films treated by water 

vapor annealing at 70 °C (Fig. 6). To confirm these nanoscale features were formed from 

silica condensation, elemental mapping of samples was performed by EDX (Fig. 8). On the 

6mer and the 6mer-A3 films, silicon was detected anywhere on the films besides the 

position of silica particles, suggesting silica bonding to the films, although no obvious silica 

particles formed. It indicated those nanoscale features were made of condensed silica and 

likely nas-cent silica particles. In addition, the ratio of carbon (C) to silicon (Si) was 0.28 on 

both the 6mer-A1 and -R5 films, 1.2 on the 6mer and 1.6 on the 6mer-A3 films, indicating a 

higher density of condensed silica on 6mer-A1 and -R5 films than on 6mer (control) or 

6mer-A3 films, consistent with the SEM observations (Fig. 6).

4. Discussion

Control of silica condensation was investigated by performing silicification reactions with a 

series of genetically engineered 6mer and 6mer-SiBP fusion proteins at two different 

interfaces: solution–solution and solution–solid. In the solution–solution studies, silk protein 

and silk–SiBP fusion proteins interacted with prehydrolyzed TEOS to accelerate silica 

condensation. The correlation between protein colloidal instability and silica condensation 

has been discussed previously [1]. Particles were produced with mean diameters ranging 

from 600 to 800 nm by either the 6mer or each of the fusion proteins (Fig. 3e), which was 

consistent with the previously reported finding that particles formed from the fusion protein 

6mer-pep1 were 690 ± 130 nm in diameter [21]. However, particles produced in the 

presence of the 15mer or 15mer-SiBP fusion proteins at neutral pH conditions ranged from 

1.0 to 2.0 lm in diameter [1,11,21,29,30]. Furthermore, the particles generated from the 

6mer-SiBP chimeras were smaller than those generated from the 6mer alone (Fig. 3e). The 

same phenomenon was observed for particles formed in the presence of the chimera 6mer-

pep1, which were smaller than those prepared in the presence of the 6mer alone [21]. One 

mechanism to explain in part the above phenomenon is that silk protein or silk–SiBP 

chimeras formed colloidal species in solution and acted as templates to precipitate silica 

[1,31] . This is likely to be due to subtle differences in charge state at pH 7. The chimeras all 

have additional side chain chargeable groups likely to impose a more positively charged 

surface. The increased charge density is then offset by a reduction in particle size to increase 

surface area and hence reduce the charge density, resulting in a lower particle size at 

equilibrium. Overall, there is an interplay between the hydrophobic effect driving complete 

phase separation and the surface charge favoring dissolution.

In addition, silica condensation is also influenced by a charge relay effect which controls the 

catalytic activity of the SiBPs to accelerate silica condensation [31,32]. Charged groups in 

the SiBPs may interact differently so that the SiBPs present different capacities to accelerate 

silica condensation, allowing the silk–SiBP chimeras to generate a diversity of size of 

condensed silica particles. Thus, a potential mechanism to control the size of silk–silica 

particles at the nano- and micro-scale can be pursued by the sizes of the silk domains as well 

as the charges of silica-binding domains generated by sequence chemistry.
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In the solution–solid interface system, silica condensation was carried out on the surface of 

the films of the recombinant 6mer and 6mer-SiBP fusion proteins. Before conducting the 

silica condensation reaction, the films were treated by water vapor annealing at 50 °C and 70 

°C as well as by 70% methanol. As expected, the lowest β-sheet content formed in the films 

treated at 50 °C and highest β-sheet content in the films treated by 70% methanol (Fig. 5A) 

[24]. Intriguingly, the films treated by water vapor annealing at 50 °C generated highest 

while those treated 70% methanol generated lowest density of condensed silica particles on 

the either the 6mer or each of the chimeras (Fig. 6). This phenomenon may be correlated to 

β-sheet content in the films, which form due to the hydrophobic polyalanine domains [33], 

perhaps shielding the silica-binding domains from the condensation reactions.

The 6mer-A1/-R5 films produced a higher density of condensed silica particles than the 

6mer or the 6mer-A3 films which were treated with the same conditions (Fig. 6). However, 

the 6mer-A3 showed the greater rate of inducing silica precipitation than 6mer-A1 and -R5 

in the solution–solution interface system (Fig. 4). This phenomenon may be related to 

crosstalk between the silk domain and the SiBP domains. In the process of annealing the 

films, the silk protein self-assembled into energy-stable conformations, β-sheet crystals 

[24,25]. The silica binding peptides A1 and R5 are able to precipitate silica efficiently 

because of the presence of the motif “RRIL”, which confers active silica precipitating 

assemblies [17]. It appeared that the introduction of A1 and R5, rather than A3, to the C-

terminus of silk domain affected β-sheet formation in the chimera proteins (Fig. 5A). In the 

solution, random coil was the major structure and no β-sheet formed from the silk domains 

[9]. Therefore, assembly of A1 and R5, rather than A3, may antagonize β-sheet formation 

driven by the silk domain in the films, accounting for the fact that that 6mer-A3 showed the 

highest rate of silica precipitation at the solution–solution interface with the lowest density 

of silica deposition at the solution–solid interface.

These observations suggest that morphology of condensed silica structures and the rate of 

silica condensation on the surface of solid silk–SiBP materials can be tuned by fusing SiBPs 

with different capacities of self-assembly as well as by controlling the post-fabrication 

processing of the materials.

5. Conclusions

Bioinspired silicification was performed with genetically engineered silk protein and silk–

SiBP fusion proteins using both solution–solution and solution–solid interfaces. 

Nanoparticles were produced in the solution studies and particles formed by fusion proteins 

were smaller than when the molecular weight of the silk domain was smaller, suggesting 

that molecular weight plays a role in controlling the size of silk–silica particles. This feature 

impacts silica degradation and may influence cell growth and differentiation in bone 

regeneration [29,30]. In solution–solid interface systems, silica particles were formed on the 

films and 6mer-A1/-R5 films supported a higher silica precipitation activity. This feature 

was at least in part related to the β-sheet content of the films, further offering control of 

silica condensation rate and precipitation activity. Different morphologies of condensed 

silica structures were observed on the 6mer-A1 films because the silica particles appeared to 

be incorporated into the films, suggesting that there was a crosstalk between silk domain and 

Zhou et al. Page 9

Acta Biomater. Author manuscript; available in PMC 2016 March 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



SiBPs that led to control of the morphology of the condensed silica structures which may 

influence interfacial bonding between materials and cells or tissues in bone regeneration. 

Thus, tuning bioinspired silicification with artificial macromolecular-SiBP chimeras by 

controlling the molecular weight of the silk domain and the nature of the SiBP sequences, 

along with post treatment processes to impact secondary structure of the proteins, can play 

roles in generating tuned biopolymer–silica composites for use in biomedical engineering.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Biosynthesis of 6mer and chimeras: (A) scheme of constructs of 6mer and 6mer-SiBP 

chimeras; (B) SDS-PAGE of purified recombinant proteins; (C) molecular weight identified 

by MALDI-TOF mass spectrometry.

Zhou et al. Page 12

Acta Biomater. Author manuscript; available in PMC 2016 March 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2. 
Relationship between pH and surface charge (A) and average particle size (B) of 6mer and 

6mer-SiBP chimeras.
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Fig. 3. 
Morphology (a–d) and diameter (e) of condensed silk–silica composites generated by 6mer 

and 6mer-SiBP chimeras in solution-solution system: (a) 6mer, (b) 6mer-A1, (c) 6mer-A3, 

(d) 6mer-R5. Scale bar = 2 μm. **p < 0.01.
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Fig. 4. 
Rate of silica condensation induced by 6mer and 6mer-SiBP chimeras in solution–solution 

system: (A) time-dependent turbidity in silicification reaction; (B) turbidity at 2 min.
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Fig. 5. 
Conformation and content of secondary structures of proteins in films after various 

treatments. Films fabricated from 6mer or each of chimeras were treated by water vapor 

annealing at 50 °C (WA@50 °C) and at 70 °C (WA@70 °C) as well as by 70% methanol 

treatment (70%MeOH). *0.01 < p < 0.05; **p < 0.01.
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Fig. 6. 
Morphology of condensed silica structures on films after various treatments. Films 

fabricated from 6mer or each of chimeras were treated by water vapor annealing at 50 °C 

(WA@50 °C) and at 70 °C (WA@70 °C) as well as by 70% methanol treatment 

(70%MeOH). Scale bar = 2 μm.
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Fig. 7. 
Size of condensed silica particles formed on films which were treated by water vapor 

annealing at 50 °C (WA@50 °C) and at 70 °C (WA@70 °C) as well as by 70% methanol 

treatment (70%MeOH). *0.001 < p < 0.01; **pxs < 0.001.
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Fig. 8. 
Elemental analysis of structures on the films treated by water vapor annealing at 70 °C. 

Elemental maps are shown for carbon (C), oxygen (O) and silicon (Si). Insets are EDX 

spectra for samples. White arrows indicate the position of particles identified by the 

elemental mapping for 6mer and 6mer-A3.
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