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Abstract

Understanding the properties and behavior of biomineralized protein-based materials at the
organic-inorganic interface is critical to optimize the performance of such materials for biomedical
applications. To that end, this work investigates biomineralized protein-based films with
applications for bone regeneration. These films were generated using a chimeric protein fusing the
consensus repeat derived from the spider Nephila clavipes major ampullate dragline silk with the
silica-promoting peptide R5 derived from the Cylindrotheca fusiformis silaffin gene. The effect of
pH on the size of silica nanoparticles during their biomineralization on silk films was investigated,
as well as the potential impact of nanoparticle size on the differentiation of human mesenchymal
stem cells (hMSCs) into osteoblasts. To that end, induction of the integrin aV subunit and the
osteogenic markers Runx2 transcription factor and Bone Sialoprotein (BSP) was followed. The
results indicated that pH values of 7-8 during biomineralization maximized the coverage of the
film surface by silica nanoparticles yielding nanoparticles ranging 200-500 nm and showing
enhanced osteoinduction in gene expression analysis. Lower (3-5) or high (10) pH values led to
lower biomineralization and poor coverage of the protein surfaces, showing reduced
osteoinduction. Molecular dynamics simulations confirmed the activation of the integrin aVB3 in
contact with silica nanoparticles, correlating with the experimental data on the induction of
osteogenic markers. This work sheds light on the optimal conditions for the development of fit-for-
purpose biomaterial designs for bone regeneration, while the agreement between experimental and
computational results shows the potential of computational methods to predict the expression of
osteogenic markers for biomaterials.
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1. Introduction

Biomaterials for bone regeneration aim at promoting the regeneration of damaged bone.
Their performance depends on various factors, such as porosity, surface properties or
mechanical properties [1]. These parameters affect the speed of differentiation of stem cells
into osteoblasts, which ultimately should lead to the growth of new bone tissue [2]. There
are several types of biomaterials that can be grafted in damaged areas of the body to trigger
bone regeneration. Among them, protein-based biopolymers have shown good
biocompatibility, as well as high mechanical strength, while being extremely lightweight [3—
5], which are sought-after properties for bone regeneration biomaterials.

Protein-based biopolymers are typically harvested from natural sources (e.g., silkworm
cocoons, animal tissue) [6,7], but technological advances in bioprocess engineering,
metabolic engineering and molecular and synthetic biology are making it increasingly
possible to also produce them in fermentative processes using recombinant DNA technology
[8]. Biosynthesized protein-based biopolymers present several advantages over chemically
synthesized polymers [8-10]: (i) biosynthesis leads to significantly higher yields and
molecular weights than solid-phase peptide synthesis; (ii) they present monodisperse,
complex and well-defined chain sequences and interactions; (iii) cells can confer protein
polymers with post-translational modifications difficult to realize via chemical synthesis;
and (iv) the physicochemical and biological properties of biosynthesized proteins can be
fine-tuned through molecular design and sequence modification, incorporating diverse
functional domains to create de novo chimeric proteins.

One of such protein-based biopolymers is spider silk, which is actively researched for the
synthesis of biomaterials in the form of nanoparticles, fibers, thin films or hydrogels,
showing promising results for various biomedical applications (e.g., drug delivery,
biosensing, tissue regeneration) [11-14]. Furthermore, silk biomaterials can be
biomineralized with osteoinductive inorganic materials (e.g., silica, hydroxyapatite,
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bioactive glass, tricalcium phosphate) [1] to produce composite materials that promote the
differentiation of stem cells into osteoblasts [15-20]. These biomineralization processes can
be facilitated by the use of the R5 peptide, which promotes the precipitation of silica
[21,22]. To that end, silk proteins provide structural support, controlling the mechanical
properties of the biomaterial, whereas the R5 peptide biomineralizes the solvent exposed
surface of the biomaterial with silica to enhance osteoinductivity.

In previous studies, it was shown that fusing the silk-like consensus repeat derived from the
spider Nephila clavipes’ major ampullate dragline silk with the silica-promoting peptide R5
peptide derived from the silaffin gene of the diatom Cy/indrotheca fusiformis [23] did not
inhibit the biomineralizing ability of the R5 peptide [24]. The cytocompatibility of these
types of fusion proteins was also demonstrated, as well as their ability to trigger
differentiation of human mesenchymal stem cells (hMSCs) into osteoblasts [19,20,22]. By
combining experimental work with computational simulations, folded structures for silk-
silica fusion proteins were predicted [25], identifying also intracellular pathways activated
after the adhesion of hMSCs to silk-silica scaffolds due to the activation of the a3
integrin [20]. This integrin is a cell adhesion receptor, and its extracellular domains interact
with the extracellular matrix to trigger the intracellular mitogen-activated protein kinase
(MAPK) pathways, which was shown to be involved in important cellular processes, such as
embryogenesis, tissue development, angiogenesis, or immune systems [26-33].

In the present work, the structure-property relationships of silk-silica composite biomaterials
were studied. Silk-silica films produced using chimeric silk proteins with the R5 peptide
were biosilicified at different pHs to generate coatings with silica nanoparticles of different
sizes, following the Stober process [24,34-36]. The aim was to elucidate the effect of the pH
on silica nanoparticle size during the biosilicification process, and the subsequent impact of
the resulting silk-silica composite biomaterials on the osteoinduction in hMSCs. The
expression profile of several relevant genes identified in previous work [20] was analyzed,
and compared with molecular dynamics (MD) simulations, to study the structure-function
relationships for silk-silica biomaterials at the silica-organic interface [37]. This
experimental-computational approach identified silica nanoparticles of 200 nm (formed at
pH 7) as more effective in triggering differentiation of hMSC into osteoblasts. Beyond
providing a detailed study of these biomaterials for bone regeneration, this work also
demonstrated the ability of MD simulations to predict biological outcomes of a biomaterial,
in this case expression of gene markers related to osteoinduction in hMSCs.

2. Materials and methods

2.1. Recombinant production of silk-silica fusion protein

The spider silk fusion protein used in this study was constructed using a 15-unit consensus
repeat from the major ampullate spidroin 1 (MaSp1) protein of N. clavipes spider silk
[(SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGT)15, molecular weight of
approximately 40 kDa]. Previous publications by the authors determined that the N-terminal
region was the optimal location for the R5 silica-inducing domain to maximize the
biomineralization of this composite biomaterial [18]. Thus, the R5 silica-promoting peptide
(SSKKSGSYSGSKGSKRRIL) was appended at the N-terminal of the silk repeat. A
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histidine tag (ch) was located at the C-terminal, yielding a fusion protein with the sequence
R5-15mer-ch. The construct was cloned into commercially available pET30a(+) vector
(Novagen, San Diego, CA, USA), as described previously [38]. The recombinant construct
was expressed in Escherichia coli strain BL21 Star (DE3) (Invitrogen, Grand Island, N,
USA) and purified as described previously [39]. Briefly, the recombinant strain was grown
overnight at 37°C in Lysogeny Broth (LB) medium. Afterwards, a seeding culture was
transferred to yeast extract medium and cultured at 37°C and pH 6.8 using a New Brunswick
BioFlo 3000 fermentor (New Brunswick Scientific, Edison, NJ, USA). When the optical
density ODgqg reached approximately 0.8, expression was induced with 1 mM isopropyl-p-
D-thiogalactopyranoside (IPTG) (Sigma-Aldrich, St. Louis, MO, USA). Purification was
performed using immobilized metal affinity chromatography. The protein was dialyzed
against water using a Slide-A-Lyzer cassettes (Pierce, Rockford, IL, USA) with a molecular
weight cut-off of 10 kDa and the protein solution was then lyophilized. The purity of the
expressed protein was verified by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) followed by Colloidal Blue staining.

2.2. Preparation of silk-chimera films

Lyophilized recombinant R5-15mer-ch silk-silica fusion protein, containing the R5 silica-
promoting peptide at the N-terminal, followed by the 15 silk-unit repetition and a histidine
tag at the C-terminal, was dissolved at a final concentration of 2% (w/v) in ultrapure water
overnight at 4°C. For their characterization via Scanning Electronic Microscopy (SEM),
circle cover glasses (Fisher Scientific, Waltham, MA) (R=12 mm) were used as substrate, on
which 30 pL aliquots of the protein solution were deposited. For cell culture, 400 pL of
dissolved protein was deposited onto each well in a 6-well plate. The resulting films were
air-dried overnight in a fume hood. Then, the films were subjected to water vapor annealing
using an isotemp vacuum oven for 24 h at room temperature [22,39] to induce the formation
of B-sheets. Finally, the films were air-dried overnight in a fume hood at room temperature.

2.3. Biosilicification reaction on fusion protein films

To induce silica precipitation, R5-15mer-ch protein films were treated with pre-hydrolyzed
tetraethyl orthosilicate (TEOS) in 100 mM bis-tris propane/citric acid buffer at pHs ranging
from 3 to 10, according to protocols previously described [22,25,39]. For the SEM material
characterization, a total of 1 mL of 30 mM TEOS at different pHs was added into each well
containing a cover glass of a 12-well plate to cover the film formed in the cover glass for 1,
2 or 5 h at room temperature. For cell culture, 4 mL of 30 mM TEOS at different pHs were
added into each well of a 6-well plate to cover the film formed in the well for 1h at room
temperature. The films were then washed twice with distilled water and air-dried overnight
inside a fume hood.

2.4, Scanning electron microscopy (SEM)

The silica deposition, nanoparticle size and particle size distribution of silica on the films
was analyzed by SEM. Imaging was performed on a Zeiss EVO-10MA microscope (Zeiss,
Oberkochen, Germany) at 5 kV accelerating voltage. Prior to imaging, samples were
thoroughly air-dried in a fume hood for 24 h and coated with ~10 nm gold using a SC7620
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sputter coater (Quorum Technologies, UK). Three images at each pH were analyzed using
ImageJ software (NIH, Bethesda, USA) to obtain the particle size distribution.

2.5. Cell culture and film seeding

Films for cell culture were sterilized using ethylene oxide for 16 h at 4°C [40] and stored
aseptically until seeding. hMSCs were obtained and cultured as described previously [41].
hMSCs were isolated from fresh bone marrow aspirates (Lonza, Basel, Switzerland),
cultured in Dulbecco’s Modified Eagle Medium (supplemented with 10% fetal bovine
serum, 0.1 mM non-essential amino acids, 1 ng/mL bFGF, 1% antibiotic/antimycotic) and
seeded at passage 2 [41]. Cells were seeded at a density of 5,000 cells per cm? in hMSC
medium for 3 h, allowing the cells to adhere to the surface. Then, the medium was changed
to osteogenic medium StemPro Osteogenesis Differentiation Kit (Gibco, Life Technologies,
Grand Island, NY, USA). All cell cultures were performed in an incubator maintained at
37°C and 5% CO,. Cell growth and shape were monitored using a phase-contrast light
microscope (Carl Zeiss, Jena, Germany).

2.6. RNA isolation and quantitative reverse transcriptase real-time polymerase chain
reaction (QRT-PCR)

Total RNA, DNA and proteins were extracted after 24 h cultures as previously described
[20]. The SurePrep RNA/DNA/Protein Purification kit (Thermo Scientific, Carlsbad, CA,
USA) was used to extract total RNA, DNA and proteins. After RNA isolation, RNA samples
were DNase I-treated according to the manufacturer’s instructions (Ambion, Carlsbad, CA,
USA). The concentration and purity of the RNA samples were assessed using a Nanodrop™
2000 (Thermo Scientific, Carlsbad, CA, USA). The Transcriptor First Strand cDNA
Synthesis kit (Roche, Indianapolis, IN, USA) was used to synthesize total cDNA in 20-pL
reactions containing 100 ng of total RNA, 1 uM concentration of each dNTP, 10 units of
reverse transcriptase, 20 units of Protector RNase Inhibitor, and 60 uM random hexamers;
samples were then incubated at 25°C for 10 min and then at 55°C for 30 min following the
manufacturer’s protocol. Reactions were terminated by incubation at 85°C for 5 min. The
cDNA samples were analyzed for gene expression relative to the GAPDH housekeeping
gene using LightCycler® 480 SYBR Green | Master (Roche, Indianapolis, IN, USA) in a
Stratagene Mx3000 gPCR system (Agilent, Santa Clara, CA, USA). PCR amplifications
were carried out with one denaturation cycle (95°C for 10 min), followed by 50 cycles of
amplification (95°C for 10 s, 60°C for 10 s, and 72°C for 10 s). After amplification, melting
curves were generated to confirm amplification of a single product. To amplify transcripts
from GAPDH the primers F 5'-ACCCAGAAGACTGTGGATGG -3" and R 5-
CAGTGAGCTTCCCGTTCAG-3"were used; to amplify integrin aV subunit primers F 5
AATCTTCCAATTGAGGATATCAC 3" and R 5'-AAAACAGCCAGTAGCAACAAT-3’
were used; to amplify Runx2 transcripts primers F 5"-ATGCTTCATTCGCCTCAC-3"and R
5"-ACTGCTTGCAGCCTTAAAT-3" were used; to amplify collagen type I (Col) transcripts
primers F 5 -GTGCGATGACGTGATCTGTGA-3" and R 5'-
CGGTGGTTTCTTGGTCGGT-3" were used; to amplify BSP transcripts primers F 5’-
ATGGCCTGTGCTTTCTCAATG-3"and R 5’-GGATAAAAGTAGGCATGCTTG-3" were
used. Expression of these genes was compared to control samples cultured on tissue culture
plastic (TCP). For each sample, the Ct value was defined as the cycle number at which the
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amplification of each target gene was in the linear range of the reaction. Relative expression
levels for each gene were calculated by normalizing to the Ct value of GAPDH
housekeeping gene and to the normalized level of the control sample (2722Ct) [42]. The
analysis was performed in three technical replicates from three biological samples.

2.7. Statistical analysis

Statistical analyses were performed by analysis of variance (ANOVA) to determine
significant differences between means. The Student—-Newman—Keuls (SNK) test was used to
assess significant differences between pH values. All data was analyzed using SigmaPlot
software. Statistical significance was evaluated at P<0.001 (***), P<0.01 (**) and P<0.05

().

2.8. Computational methods

Q2/Q3 ionized silica surfaces with 13.4x13.7x2.7 nm in size and 6.9 silanol groups per nm?2
were used as models for Stdber-type silica nanoparticles with diameters of 200 nm or more
[43]. Nanoparticles with 200 nm in diameter were simulated using Q2/Q3 surfaces with 18%
ionization of their silanol groups, corresponding to ca. 1.2 siloxide groups per nm2. This
surface model was available as part of the documentation of the Interface Force Field from
the Heinz group [37]. Nanoparticles with 500 nm in diameter were simulated using Q2/Q3
surfaces with 30% ionization (corresponding to ca. 2.0 siloxide groups per nm?2) [43], by
modifying surfaces with 18% ionization using the software Materials Studio, rearranging the
atomic charges accordingly. The procedure to modify surface charges and atomic
composition on silica surfaces to attain a 30% ionization of silanol groups is shown in Fig.
S1. This procedure involved the modification of the charges in the silicon atom and the
oxygen atom that was deprotonated. Moreover, the hydrogen atom was replaced by a sodium
atom.

The crystal structure of the extracellular subunit of the integrin a VB3 was obtained from the
RCSB protein data bank (PDB) with PDB ID 1L5G [44]. Only the B propeller domain from
the a leg, and the hybrid and BA domains from the p leg were simulated. The A domain
contained divalent metal cations, and the metal ion dependent adhesion site (MIDAS) was
coordinated with Mg2*. The other two cation binding sites were coordinated with CaZ* [20].
The protein structure at physiological pH was placed 5 A above the silica surface, and the
system was fully solvated in TIP3P water molecules. To mimic physiological conditions and
neutralize the system charge, a NaCl concentration of 0.15 M was applied. The system
dimensions were only allowed to change in the vertical direction with respect to the silica
surface, keeping the xy plane dimensions fixed. The ShakeH algorithm was applied to all the
bonds in which hydrogen atoms were involved. The solvation box was made sufficiently
large in the vertical direction with respect to the silica surface to avoid spurious effects of
self-interactions in periodic images for the silica-integrin system.

Fully atomistic molecular dynamic simulations were performed using the software NAMD
2.12 [45], using the Chemistry at HARvard Macromolecular Mechanics (CHARMM) [46]
force field for the solvated protein system and the Interface Force Field [37] for the silica
surfaces. 3D periodic boundary conditions were applied. For each system, the enhanced
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sampling method termed temperature intervals with global exchange of replicas with hybrid
potential energy approximation and solvent shell algorithm (TIGER2hs) was used [47]. This
method comprised of several replicas undergoing repeating heating-sampling-quenching
cycles in explicit solvent at different temperatures. This was followed by the evaluation of
the potential energies of the replicas after quenching to the baseline temperature (300 K), in
order to select structures for the ensemble of accepted states for the system. The energy
evaluations were performed using a hybrid system composed of implicit solvent and an
explicit solvation water layer around the protein. This represented a major difference with
conventional replica exchange molecular dynamics (REMD), where water fluctuations can
severely influence the determination of energies, thus impacting the exchange between
replicas.

Each cycle consisted of 2000 timesteps (4 ps) of heating, 38,000 timesteps of sampling (76
ps), and 15000 timesteps of quenching (30 ps) to allow the adjustment of the potential
energies to the baseline temperature (300 K). The equations of motions were integrated
using a time step of 2 fs. 7 replicas were run in explicit solvent, covering a temperature
range from 300 to 500 K. An additional replica was run beside the explicit solvent replica
for exchange decisions after each quenching step, using a hybrid solvent that comprised of a
combination of explicit TIP3P water molecules and Generalized Born (GB) implicit solvent.
The calculations in hybrid solvent used two explicit solvation shells around the integrin,
comprised of 1500 water molecules. A cutoff distance of 12 A was applied for electrostatic
and van der Waals interactions of the explicit solvent replicas, with a switch distance of 9 A
to avoid hard cuts. The electrostatic Coulombic interactions were calculated using particle
mesh Ewald method with a grid spacing of 1 A. Langevin thermostat and barostat were used
to control temperature and pressure (1 bar) in the system. For the calculations with a hybrid
solvent system, a cutoff of 18 A was applied, with a switch distance of 16 A. Each replica
was run for 45 ns, including sampling and quenching. Thus, the total simulation time was
315ns.

The output of the simulations was analyzed using in-house TCL and bash scripts. The
Seaborn library from Python was used for data visualization. The atomic structures were
visualized using visual molecular dynamics (VMD) graphics software [48]. The root mean
square deviation (RMSD) for the ensemble of selected states during the simulation was
analyzed for the integrin backbone using the RMSD Trajectory Tool from VMD. The
headpiece opening of the a VB3 integrin was calculated as the separation between the
centers of mass of the p propeller domain from the a leg of the integrin (residues a1-438)
and the hybrid domain in the B leg of the integrin (residues p55-108 and p353-432) [49,50]
(Fig. S3). This headpiece opening distance was obtained from the ensemble of accepted
states in the last 2.5 ns of simulation per replica. The electrostatic and van der Waals
interaction energies between the integrin and the silica surface were obtained using the
NAMD Energy plugin from VMD. The electrostatic potential map of the integrin was
calculated with the Adaptive Poisson-Boltzmann Solver (APBS) [51] as implemented in the
software Chimera. Atomic charges were assigned according to the CHARMM forcefield
with PDB2PQR [52,53].
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3. Results

3.1. pH effect on biosilicification, silica nanoparticle size and particle size distribution

Successful expression of the R5—15mer-ch fusion protein (Fig. 1a) is shown in Fig. 1b, and
this chimeric protein was used to produce silk-silica film biomaterials. The effect of pH on
the resulting silica nanoparticle was examined; the size was successfully tuned during the
biosilicification process by varying the pH (Fig. 1c), agreeing with previous reports
[22,24,36]. The SEM images showed that using a buffer at pH 3 during biosilicification
resulted in a low surface coverage (around 10%) of aggregates and nanoparticles of silica
(Fig. 2a), with nanoparticle sizes ranging widely (between 50 and 950 nm). The average
nanoparticle size was 80 nm (Fig. 2b and c), which represented more than 65% of the
nanoparticles present. At pH 5, the surface coverage increased up to approximately 50%
(Fig. 2a), and the nanoparticle sizes ranged between 50 and 1200 nm. The mean centered at
50 nm (Fig. 2b and c) represented more than 55% of the nanoparticles deposited on the
surface, while the mean at 950 nm represented 5% of the nanoparticles. Increasing the pH to
7 increased the surface coverage up to ca. 90% (Fig. 2a), with nanoparticle sizes ranging
between 50 and 1,000 nm and a peak centered at 200 nm (Fig. 2b and c) that represented
more than 63% of the nanoparticles on the film. At pH 8, the surface coverage decreased to
approximately 70% (Fig. 2a). In this case, the nanoparticle sizes ranged between 250 and
1,200 nm with a peak at 500 nm and a second peak at 1,000 nm (Fig. 2b and c), representing
more than 50 and 25% respectively of the nanoparticles identified on the surface. Finally, at
pH 10 a major reduction in surface coverage was observed, leading to just ca. 5% coverage
with aggregates of silica deposited on the films. The nanoparticle size ranged between <1
and 25 nm, with a peak at 25 nm (Fig. 2b and c) representing more than 50% of the
nanoparticles on the film. The results at pH 10 were similar to those at pH 3, and thus from
this point onwards only the data at pH 3 was considered. Extending the biosilicification at
pH 5 for 2 and 5 h did not result in an increase in surface coverage (Fig. S3). Thus, only
short biosilicification times (1 h) were further considered in this study.

3.2. Silica nanoparticle size effect on osteogenic induction in vitro.

Gene expression of selected key markers, identified in previous work by the authors [20],
was analyzed to study the effect of different silica nanoparticle sizes on osteoinduction.
These components included the integrin aV subunit and the osteogenic markers Runx2
transcription factor and Bone Sialoprotein (BSP), as well as an earlier osteogenic marker,
collagen type 1 (Coll). The level of gene expression of the markers 24 h and 7 days after
seeding was monitored by quantitative PCR (qPCR) and compared to control cells seeded on
tissue culture plastic (TCP). After 24 h, cells seeded on biosilicified films at pH 3 or 5 had
no detectable (n.d.) levels of expression of markers or the integrin subunit, similarly to TCP
(Fig. 3a—d). Conversely, the cells seeded on the biosilicified films at pH 7 or 8 showed
increased induction of gene expression of the aV integrin subunit, Runx2 transcription
factor and Coll marker (Fig. 3a—c). The expression of BSP also displayed increased
induction in the samples biosilicified at pH 7, but not at pH 8 (Fig. 3d). Notably, the
induction observed was always higher for the samples biosilicified at pH 7 than at pH 8 (Fig.
3a—d). After 7 days, as observed after 24 h, cells seeded on biosilicified films at pH 3 or 5
had no detectable (n.d.) levels of expression of markers or the integrin subunit (Fig. 3e-h).
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Cells seeded on the biosilicified films at pH 7 or 8 showed increased induction of gene
expression for all the markers analyzed; this expression was always higher for samples
biosilicified at pH 7 (Fig. 3e-h).

3.3. Computational simulations

The number of accepted states per cycle for the baseline ensemble was 1.5-1.6 for the
different simulations herewith reported. The root mean square deviation (RMSD) of the
backbone of the integrin was calculated for each accepted state produced during the
simulation (Fig. 4a), showing a decreasing rate of change as the simulation progressed. The
integrin displayed a larger RMSD when in contact with silica nanoparticles. The root mean-
square fluctuations (RMSF) for each residue revealed that the hybrid domain exhibited the
highest flexibility (Fig. 4b—c), which also agreed with the RMSD for each domain revealed a
higher mobility for the hybrid domain (Fig. S4).

The ensemble of accepted states for the integrin, collected over the last 2.5 ns of sampling
time, was used to average the headpiece opening distance of the integrin subunit.
Simulations of the integrin in contact with silica nanoparticles yielded structures in the
ensemble of accepted states with a headpiece opening higher than in solution (Fig. 4d). For
silica nanoparticles of 500 nm, one cluster of structures was identified. These structures had
a headpiece distance that was on average ca. 2.5 A larger than for the integrin in solution. In
the case of silica nanoparticles of 200 nm, two structural subpopulations were identified.
One of them had a headpiece opening with a similar value to that of the integrin in solution,
while the other resembled the integrin in contact with silica nanoparticles of 500 nm.

The subunits of the a VB3 integrin used in these simulations had a net negative electric
charge number of —27. This was confirmed by its molecular electrostatic maps (Fig. 4e),
where regions of lower electrostatic potential (red) were predominant and only a small
region of higher electrostatic potential (blue) was found in the bottom part of the integrin. To
assess the impact of the charges of the integrin and the silica surfaces, the non-bonded
energies between the integrin and the silica surface were calculated for the ensemble of
accepted states (Fig. 4f). The dominant non-bonded interaction was electrostatic in nature,
being around one order of magnitude higher than the van de Waals interactions (Fig. S5).
The electrostatic interactions in the accepted states for the simulation with nanoparticles of
200 nm displayed more negative values than with nanoparticles of 500 nm, indicating more
favorable electrostatic interactions for nanoparticles of 200 nm.

4. Discussion

The design and use of chimeric fusion proteins containing silk and silica-forming domains in
the synthesis of silk—silica nanocomposites has been extensively studied
[19,20,22,24,25,39,54], as well as the effect of the pH on silica nanoparticle size during
silicification via Stober process [24,35,36]. Nevertheless, there has been no extensive study
of the effect of pH on the biosilicification of protein-based films or the osteoinductive
potential of the resulting films. To shed light on these questions, an experimental-
computational approach was applied in this work.
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R5-15mer-ch chimera proteins were used to generate films that were biosilicified at pH
values from 3 to 10. A pH 3 led to a low surface coverage (around 10%) of dispersed
amorphous structures containing nanoparticles with an average size of 80 nm. This agreed
with previous work at the same pH that showed the presence of silica aggregates on silk
structures with poor control of size and shape and low yield, with a predominant deposition
of silica in the form of small nanoparticles [24]. At pH 5, two different subpopulations of
nanoparticles of 50 and 950 nm were observed. Similar data was reported in a previous work
with the same chimeric proteins, where two subpopulations of nanoparticles of 100 and
1,400 nm were generated at pH 5 [22]. When increasing the pH to 7, an distribution of silica
nanoparticle sizes centered at 200 nm was obtained, being this size half the value of the
average nanoparticle size of 400 nm previously reported for the same conditions [22,25]. At
pH 8, again two subpopulations were detected, consisting of particles of 500 and 1,000 nm
in diameter. Similar values were reported in previous work for silica particles in solution,
leading to particles of 800 to 2,000 nm at this pH [24]. Finally, at pH 10, dispersed
aggregates with nanoparticles of 25 nm were observed in the present study, which agreed
with data from solution assays, where significantly reduced yields and dispersed structures
containing few spheres were observed at pH >9 [24]. The discrepancy in particle size values
between the present study and previous work may be due to the differences in experimental
sampling: while measurements in this work were derived from measurements directly on
silk films, earlier studies were obtained from measurements of particles in a protein solution.
Nonetheless, the changes in sizes in the present study followed the same trends as previous
work.

Induction of osteogenenic markers was evaluated via qPCR. For films biosilicified at pH 3
and 5, no detectable levels were found. This could be most likely linked to the poor surface
coverage obtained after biosilicification. Due to this poor coverage, integrins in the hMSCs
were sensing silk protein instead of silica. To that end, it was previously demonstrated that
chimeric films without silica were not inductive or even repressive of the expression of
integrin aV subunit, Runx2 transcription factor and osteogenic markers [20]. Conversely,
films biosilicified at pH 7, with an average silica nanoparticle size of 200 nm and the highest
surface silica coverage achieved in this work (approximately 90%), showed induction of all
markers both after 24 h or 7 days of growth, agreeing with previous findings at the same pH
[20]. The films biosilicified at pH 8, with an average silica nanoparticle size of 500 nm and
lower coverage than films biosilicified at pH 7, showed upregulated gene expression of aV
integrin subunits and Runx2 transcription factor and Coll markers (albeit lower than at pH 7)
but not BSP after 24 h of cell growth, whereas all the markers were induced after 7 days of
cell growth. Data reported elsewhere showed comparable results for films biosilicified using
different concentrations of protein and leading to the precipitation of nanoparticles between
<200 nm and 500 nm [19]. In that study, films with average nanoparticle sizes of 500 nm
showed induction of just Alkaline Phosphatase (ALP), whereas films with silica
nanoparticles <200 nm and a better surface coverage showed induction of ALP, BSP and
Coll markers. It should be noted that the reduced surface coverage at pH 8 in the present
study (average nanoparticle size of 500 nm) could also have a negative impact on the
osteogenic induction because less cells will be in contact with silica, similarly to surfaces
generated at pH 3 and 5. Moreover, after a short period of time only early osteogenic
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markers are induced (like Runx2 or Coll), whereas BSP -a later marker- would require more
time for induction.

Fully atomistic MD simulations were used to study the onset of the extracellular domain of
the a VB3 integrin activation in contact with silica. Silica nanoparticles with diameters of
200 and 500 nm were simulated, corresponding to the main peaks in the particle size
distributions obtained during biosilicification at pH values of 7 and 8, respectively. Previous
REMD simulations revealed that a V3 integrin became activated in contact with silk-silica
biomaterials due to the presence of silica, while silk did not affect the integrin folded state
[20]. A similar simulation set-up was applied in the present work, albeit using the TIGER2hs
method, which is expected to improve the efficiency of the sampling of the integrin
conformation.

The larger values for the integrin RMSD obtained in the simulations with silica indicate that
the presence of silica notably affects the integrin conformation. This was caused by changes
in the relative position of the three domains simulated, which maintained a compact
conformation. Their secondary structure remained stable throughout the simulation (Fig.
S6), agreeing with earlier conformational data for intact, full-length human allbp3 integrin
obtained using cryo-EM [55]. The hybrid domain exhibited the highest mobility during the
simulations, as shown by its RMFS, which matched previous data suggesting that the hybrid
domain swings out during the onset of integrin activation [50].

Several studies proposed that increased headpiece openings can be interpreted as a sign of
integrin activation [49,56,57]. Thus, the headpiece opening was monitored during MD
simulations in this work. The results for the headpiece opening agreed with the experimental
data about the expression of genes related to the differentiation of hMSCs into osteoblasts in
biomineralized films with silica nanoparticles at pH 7 and 8. The ensemble of accepted
states for the structure of the integrin during the last 2.5 ns of simulation exhibited structures
with a higher headpiece opening than for simulations in solution, both for silica
nanoparticles of 200 and 500 nm.

As mentioned in Section 2.8, nanoparticles with 200 nm in diameter had 18% of their
surface silanol groups ionized (ca. 1.2 siloxide groups per nm?). This ionization increased
for nanoparticles with 500 nm in diameter (30% ionization, ca. 2.0 siloxide groups per nm2).
Thus, the surface representing nanoparticles of 500 nm was richer in fixed negative charges
due to a ca. 50% higher content of O~ atoms in siloxide groups. The enhanced
osteoinduction observed experimentally with nanoparticles of 200 nm (pH 7) could be thus
linked to the more energetically favorable electrostatic interactions between the negatively
charged integrin and the less negatively-charged surface of silica nanoparticles of 200 nm

(Fig. 49).

This work combined experimental data (including nanoparticle measurements and /n vitro
osteoinduction) with MD simulations to shed light on the control of the silica nanoparticle
size during biomineralization, as well as on the effect of silica nanoparticle size on the
osteoinductive potential of silk-silica composite biomaterials. Taken together, the results
suggest that the osteogenic induction ability of biosilicified films depends on both silica
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nanoparticle size (governing the cell-silica interactions) and film coverage (controlling the
number of cells in contact with the inducing material, silica in this case). These results
deepened the understanding of the structure-property relationships of such biomaterials,
while highlighting the potential of MD simulations to predict and explain the biological
outcomes (in this case, expression of gene markers related to osteoinduction in hMSCs) of
biosilicified silk biomaterials.

5. Conclusions

Biomineralized silk-silica films were produced at different pH values, using a chimeric
protein consisting of the consensus domain of spider Nephila clavipes major ampullate
dragline silk and the silica-promoting R5 peptide. Using pH values of 7-8 during
biomineralization maximized the coverage of the film surface by silica nanoparticles, as well
as the size of those nanoparticles. The gene expression profile of cells growing on the
resulting biomineralized silk-silica films revealed an enhanced osteoinduction for films
biomineralized at pH 7, predominantly covered with silica nanoparticles of 200 nm. Lower
(3-5) or high (10) pH values led to lower biomineralization and poor coverage of the protein
surfaces. At pH 8 large silica nanoparticles (>500 nm) were formed, showing a reduced
osteoinduction. MD simulations demonstrated that the presence of silica nanoparticles of
200 and 500 nm led to a larger headpiece opening of the a VB3 integrin extracellular
subunit. Moreover, the slightly enhanced activation observed experimentally for
nanoparticles of 200 nm could be caused by the reduced electrostatic repulsion between the
negatively charged integrin and the surface of silica nanoparticles of 200 nm, as shown by
the more favorable electrostatic interaction observed during MD simulations. Overall, these
results provide guidelines for the optimization of the synthesis of biomineralized silk-silica
biomaterials, while revealing MD as a valuable tool to predict their biological outcome (i.e.,
expression of gene markers of osteoinduction).
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Statement of significance

The ability of biomineralized materials to induce hMSCs differentiation for bone tissue
regeneration applications was analyzed. Biomaterials were created using a recombinant
protein formed by the consensus repeat derived from the spider Nephila clavipes major
ampullate dragline silk and the silica-promoting peptide R5 derived from the
Cylindrotheca fusiformis silaffin gene. A combination of computational and experimental
techniques revealed the optimal conditions for the synthesis of biomineralized silk-silica
films with enhanced expression of markers related to bone regeneration.
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a) Schematic representation of the design of silk-silica chimeric proteins; R5 domain (blue
block) was added to a spider silk 15mer (green block) at the N-terminal end, and a His-tag
(H-tag, red block) was added C-terminal end. b) SDS-PAGE of purified silk-silica chimeric
R5-15mer-ch (~43 kDa) proteins, run on the 4%-12% Bis-Tris acrylamide gel stained with
Simple Blue dye. Marker (M) sizes are indicated on the left. ) Schematic of material
preparation: the protein was dissolved in water, casted in cover glass or plastic well plate,
water annealed and dried; then biosilicification was induced using silica precursor in buffer.
Different pH values are tested to create films covered with silica nanoparticles of different

sizes.
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Figure 2 —.

Ar?alysis of silica nanoparticle deposition and distribution at different pH values. a)
Representative SEM images showing the surface coverage of silica nanoparticles deposited
after biosilicification at different pH, and b) representative magnifications used for
nanoparticle size quantification. ¢) Quantification of silica particle size distribution after
biosilicification at different pHs. The graph shows the quantification of three different
images.
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Gene expression of aV integrin subunit (a,e), Runx2 (b,f), collagen 1 (c,g), and BSP (d,h)
markers of hMSCs seeded for 24 h (a-d) or 7 days (e-h) on tissue culture plastic (TPC), and
R5-15mer-ch films silicified at different pHs. “nd” stands for not detected. Data represents
mean = SE (n=3) *: p<0.05; **: p <0.01; ***: p <0.001.
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Figure 4 —.

M%) simulation results of the a VB3 integrin subunit in aqueous solution (0.15 M NaCl) and
in contact with silica surfaces of 200 and 500 nm. (a) Root mean square deviation of the
backbone of the a VB3 integrin for the accepted states during the simulation. (b) Root mean
square fluctuations (RMSF) of the backbone of the a chain for the accepted states during the
simulation. (c) Root mean square fluctuations (RMSF) of the backbone of the B chain for the
accepted states during the simulation. (d) Histograms representing the headpiece distance for
the accepted states collected during the last 2.5 ns of simulation. (e) Side and bottom views
of the a VB3 integrin’s molecular electrostatic potential map, with cartoon representation
shown next to it for reference (lime color=a subunit, purple color= subunit). (f) Histograms
of the electrostatic and van der Waals energies for the interaction of the a VB3 integrin with
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the silica surfaces representing nanoparticles of 200 and 500 nm. The continuous probability
density curve is plotted the KDE method in the Seaborn library from Python.
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