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Abstract

Continuous gradients present at tissue interfaces such as osteochondral systems, reflect complex 

tissue functions and involve changes in extracellular matrix compositions, cell types and 

mechanical properties. New and versatile biomaterial strategies are needed to create suitable 

biomimetic engineered grafts for interfacial tissue engineering. Silk protein-based composites, 

coupled with selective peptides with mineralization domains, were utilized to mimic the soft-to-

hard transition in osteochondral interfaces. The gradient composites supported tunable 

mineralization and mechanical properties corresponding to the spatial concentration gradient of 

the mineralization domains (R5 peptide). The composite system exhibited continuous transitions 

in terms of composition, structure and mechanical properties, as well as cytocompatibility and 

biodegradability. The gradient silicified silk/R5 composites promoted and regulated osteogenic 

differentiation of human mesenchymal stem cells in an osteoinductive environment in vitro. The 

cells differentiated along the composites in a manner consistent with the R5-gradient profile. This 

novel biomimetic gradient biomaterial design offers a useful approach to meet a broad range of 

needs in regenerative medicine.
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Introduction

An attractive feature of natural tissue interfaces is their unique gradient structure [1,2]. 

Osteochondral interfaces, for example, consist of spatial variation in the extracellular matrix 

(ECM) composition and orientation from subchondral bone to cartilage [3–5]. 

Hydroxyapatite (HA) also gradually diminishes from subchondral bone to calcified cartilage 

and completely disappears in hyaline cartilage [6]. These gradients of minerals and ECM 

lead to a continuous change of mechanics along the trend [4,7], and also play an important 

role in connecting mechanically mismatched tissues, facilitating load transmission as well as 

reducing or eliminating delamination at the junctions [2,4,8,9].

To mimic these natural gradient structures, a variety of biphasic [10–14], multiphasic [15–

18], and gradient [4,19–21] composites have been developed. However, unlike natural 

mineralization during which non-collagenous proteins initiate and regulate mineral 

formation on the collagenous matrix [22], most of these materials were prepared through 

mixing inorganic bioactive phase (e.g., chemosynthetic HA crystallites) with additional 

substrate materials (e.g., collagen) [12,15,18,23–25].

These approaches generally result in weakened structural uniformity and mechanical 

performance of the resultant composite materials [26,27]. To address these problems, several 

in vitro biomineralization approaches have been reported [9,28] where the nucleation and 

growth of inorganic mineral phase was regulated directly on well-organized polymer 

templates. For instance, a three-layer scaffold composed of HA nanocrystals nucleating on 

self-assembled collagen fibers was developed to support cartilage and bone formation [28]. 

The gradient mineralization was achieved via changing the ratio of HA/collagen in different 

layers. However, HA crystallization on self-assembled collagen fibers lacks non-collagenous 

proteins as mediators of the mineralization process, thus well-controlled mineral deposition 

on the polymer template is difficult to achieve for the synthesis of advanced materials that 

mimics the complicated hierarchical natural tissues [29]. Moreover, the use of caustic 

chemicals during scaffold preparation limits the incorporation of bioactive molecules during 

material fabrication [9]. Therefore, new strategies are needed to design and synthesize 

continuous gradient materials using biomimetic mineralization [30].

In this paper, inspired by the growth of natural sponge spicules, we designed a novel route to 

fabricate gradient protein/biosilica composites via site-specific in vitro biomineralization. 

The biosilica selective peptide-R5, a bioinspired analog derived from the silaffin peptides 

that are used for silica synthesis in Cylindrotheca fusiformis [31], was introduced into the 

silk fibroin (thereafter referred to silk) hydrogel composites through enzymatic crosslinking. 

A well-controlled gradient distribution of the R5 peptide was achieved by regulating the 

peptide concentration along the longitudinal direction of the composites. The final gradient 

silicified silk/R5 (GSSR5) composites presented a structure with varied pore sizes and a 

gradient distribution of biosilica particles, similar to the structural features of natural 

osteochondral interfaces. More remarkably, these continuous gradient structures endowed 

the composites with gradient mechanical properties and distinct osteogenesis capacity. In 

addition, unlike chemical synthetic methods which use caustic chemicals [32–35], this 

simple and versatile approach allows for surface modification of biosilica particles to 
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encapsulate biomolecules and drugs [36]. This novel gradient biomaterial design offers a 

useful approach to meet a broad range of needs in regenerative medicine involving 

osteochondral tissue engineering.

Materials and Methods

Materials

All chemical reagents used for making the GSSR5 composites were purchased from Sigma-

Aldrich (St. Louis, MO, USA) unless otherwise specified. All materials and reagents used 

for cell culture and analysis were purchased from Thermo Fisher Scientific (Waltham, MA, 

USA) unless otherwise specified.

Preparation of aqueous silk solution

Silk solutions were prepared using our previously established procedures [37]. Briefly, ten 

grams of silk cocoons were cut into pieces and boiled in 4 L of 0.02 M sodium carbonate 

solution for 30 minutes to remove the coating of sericin protein. Degummed fibers were 

rinsed with deionized water three times and dried in air overnight. Five grams of dried fibers 

were dissolved in 20 ml of 9.3 M lithium bromide solution at 60°C for 4 hours. The silk 

fibroin solution was then dialyzed against deionized water using a dialysis cassette (Pierce 

3.5 kDa MWCO; Fisher Scientific, PA) for 2 days. The solubilized silk solution was then 

centrifuged twice at 9,000 RPM, 4°C for 20 min to remove insoluble particulates. Protein 

concentration was determined by drying a known mass of the silk solution at 60°C for 12 

hours and measuring the mass of the remaining solid.

Preparation of the gradient silk/R5 hydrogels

The biosilica selective peptide R5 (H-SSKKSGSYSGSKGSKRRIL-OH) with a purity of 

95% was synthesized by GenScript (Piscataway, NJ, USA). Lyophilized horseradish 

peroxidase (HRP, type VI) powder and the R5 peptide powder were dissolved in deionized 

water to form a stock solution of 1,000 U/mL and 0.7 mg/μL, respectively. To generate the 

gradient silk/R5 hydrogels with high, medium and low loadings of the R5 peptide (thereafter 

referred to high, medium and low regions, respectively), the R5 peptide solution was first 

mixed with the silk solution in a R5/silk molar ratio of 250/1, 125/1 and 62.5/1, respectively. 

The mixture was then loaded sequentially into a cylindrical container layer by layer. First, 

the high region was loaded and gelation were initiated by adding the HRP and hydrogen 

peroxide (H2O2, 165 mM) solution at a ratio of 40 units and 40 μL per 1 mL of silk solution, 

respectively. Before the complete gelation in high region, the medium region was added on 

top of the high region followed by the addition of HRP and H2O2 with the same 

concentration as in the high region. Then the low region was added on top of the previous 

medium region followed by the addition of HRP and H2O2. The mixture was then incubated 

at 37°C overnight to ensure complete gelation. Unsilicified plain silk control hydrogels were 

prepared by crosslinking silk solution using HRP and H2O2 with the same ratio as in the 

gradient silk/R5 hydrogels.
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Silicification

Biosilica deposition was introduced into the gradient silk/R5 hydrogels post gelation. Pre-

hydrolyzed tetraethoxysilane (TEOS) solution was prepared by mixing 2.23 ml of TEOS 

solution with 7.76 ml of 50% ethanol/water solution, 10 μl of 1 M hydrogen chloride (HCl) 

and left at room temperature for 15 min. A 50 μl aliquot of the silk/R5 hydrogel was 

immersed in 200 μl silicifying medium consisting of 40 μl prehydrolyzed TEOS solution and 

160 μl buffer solution (10.4 μl 1M bis-tris propane, 5.6 μl 1M citric acid solution and 144 μl 

deionized water) to allow for silicification at room temperature overnight. The silicifying 

medium was changed twice every 4 hours during the silicification process.

Fluorescence imaging of the FITC-labelled GSSR5 composites

The fluorescein isothiocyanate (FITC)-labelled R5 peptide (FITC-

SSKKSGSYSGSKGSKRRIL-OH, GenScript, NJ, USA) was added into the R5 peptide 

solution in a molar ratio of 1 to 4,000. The resultant peptide mixture was used to create the 

FITC-labelled GSSR5 composites following the same gelation and silicification process as 

described earlier. The FITC-labelled composites were imaged using with the Olympus 

mvx10 macroscope and captured by cellSens Dimension (ver 1.8.1) program (Olympus, 

Tokyo, Japan).

Quantification of encapsulation efficiency

Quantification using FITC-labeled R5 peptide was performed to determine the encapsulation 

efficiencies of the R5 peptide in the GSSR5 composites. The FITC-R5 peptide was added 

into the R5 peptide solution in a molar ratio of 1 to 4,000 following the preparation process 

as described earlier. The silicifying medium was collected after silicification of the silk/R5 

hydrogels. The amount of the FITC-R5 peptide in the supernatants was quantified by 

recording the emission signal using a SpectraMax M2e multimode microplate reader 

(Molecular Devices, CA, USA). All conjugation reactions were repeated in triplicate. The 

reaction efficiency was calculated as follows:

Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray Spectroscopy (EDS)

The gradient silicified silk/R5 hydrogel composites were frozen at −20°C and lyophilized. 

The samples were then quenched in liquid nitrogen, sputter coated with gold and imaged 

with a Carl Zeiss Ultra 55 field emission scanning electron microscope (Carl Zeiss SMT, 

Germany). Measurements of silica particle size were characterized by SEM. Energy 

dispersive X-ray analysis was used to determine the local composition of the samples 

(spectra of Si) over a depth of a few micrometers at different regions of the samples.

Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy of the lyophilized silicified silk/R5 hydrogel composites was 

performed with a Jasco FT/IR-6200 Spectrometer (Jasco, OK, USA), equipped with a 

deuterated triglycine sulfate detector (Pike Technologies, WI, USA). Unsilicified and 
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silicified silk/R5 hydrogels with a silk/R5 molar ratio of 1/62.5 were prepared based on 

process described earlier and then frozen at −20°C and freeze dried for FTIR analysis. Each 

measurement incorporated 32 scans from 600 to 4000 cm−1 to yield spectra with a nominal 

resolution of 4 cm−1. Fourier self-deconvolution (FSD) of the infrared spectra covering the 

Amide I region was performed with Opus 5.0 software (Bruker Optics Corp., MA, USA), as 

described previously [38,39]. The deconvoluted amide I bands were fitted with Gaussian 

peaks, and the ratio of the peak area of each secondary structure component to the total 

amide I band area were used to determine the fraction of each secondary structural element 

in the composites. Absorption bands in the range from 1590 to 1610 cm−1 relate to the side 

chain of amide I; bands from 1610 to 1637 cm−1 and from 1697 to 1703 cm−1 correlate to β-

sheet structure; bands in the range from 1638 to 1652 cm−1 represent random coil, bands 

ranging from 1652 to 1660 cm−1 were ascribed to α-helices, and peaks in the range from 

1660 to 1696 cm−1 were assigned to β-turn structures [38,40].

Mechanical tests

Unconfined compression tests were performed on the gradient silicified silk/R5 hydrogels 

between two impermeable plates using an Instron 3366 machine (Instron, MA, USA). The 

GSSR5 hydrogels were evenly cut to three sections along the longitude direction of the 

composites and tested separately as the low, medium and high regions of the hydrogels. The 

samples were subjected to a compressive ramp up to 15% strain at a strain rate 0.001 strain/s 

to obtain the stress-strain curves [41]. The 15% strain chosen here is within the 

physiological range for articular cartilage [7]. Compressive modulus was calculated as the 

slope of the curve from 5% to 10% strain. Five independent cylindrical samples (5 mm in 

height and 4 mm in diameter) were tested for each condition.

Cell Survival and proliferation

Human mesenchymal stem cells (hMSCs) were isolated from fresh bone marrow aspirate 

(Lonza, NJ, USA) from a healthy, non-smoking, young male as previously described [42]. 

HMSCs were cultured in expansion medium containing Dulbecco's modified eagle medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino acids, 

1% antibiotic/antimycotic (100U mL−1 penicillin, 100 μg mL−1 streptomycin, 0.25μg mL−1 

fungizone) and 1 ng/ml fibroblast growth factor-basic (bFGF). For cell seeding, gradient 

silicified silk/R5 hydrogels were frozen at −20°C, lyophilized and autoclaved for 

sterilization. Cells at passage 2–3 were seeded at 1 million per GSSR5 composite (50 μl 

volume), and allowed to attach for 1 hours prior to flooding the composites with growth 

media. The growth medium contained DMEM supplemented with 10% FBS, 1% non-

essential amino acids and 1% antibiotic/antimycotic. All cell cultures were incubated at 

37°C supplemented with 5% CO2. After 24 hours, the cultures were switched to osteogenic 

differentiation medium consisting of DMEM with 10% FBS, 1% antibiotics-antimycotic, 

1% non-essential amino acids, 10 mM β-glycerol-2-phosphate (Sigma-Aldrich), 100 nM 

dexamethasone (Sigma-Aldrich), and 0.05 mM L-ascorbic acid (Sigma-Aldrich). The 

medium was changed every 2–3 days. Unsilicified plain silk hydrogel scaffolds served as 

controls. Following the manufacturer’s protocol, hMSC proliferation in the composites was 

monitored by Alamar blue dye reduction assay. Viable cells in the composites after 19-day 

culture were observed using a live/dead assay kit. The actin expression of hMSCs in three-
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dimensional (3D) cell culture was visualized by fluorescence F-actin staining following the 

manufacturer’s instructions.

Histology

The samples were harvested after 6 weeks of culture in osteogenic media and fixed in 4% 

phosphate-buffered saline (PBS)-buffered paraformaldehyde at 4°C overnight. The samples 

were then dehydrated through graded ethanol (70%, 90%, 95% and 100%), embedded in 

paraffin and sectioned at 8 μm thickness. Hematoxylin and eosin (H&E) staining was 

performed based on standard histochemical techniques. Calcium deposition was analyzed 

using the von Kossa stain method [43]. Sirius red staining was performed using the Picro-

Sirius red stain kit (Abcam, UK) according to the manufacturer’s instructions for the 

assessment of collagen fibers. Samples were imaged using a BZ-X700 series microscope 

(Keyence, IL, USA).

Osteogenic gene expression

Samples were collected at desired time points, rinsed in PBS and stored in TRIzol reagent at 

−80°C until analysis. Total RNA was isolated using the PureLink® RNA Mini Kit. The RNA 

was reverse-transcribed to synthesize cDNA using the High Capacity cDNA Reverse 

Transcription Kit according to manufacturer’s instructions. Real-time PCR amplification 

was performed on 1 μg cDNA using TaqMan® Universal PCR Master Mix with an ABI 

Prism 7000 Sequence Detection System (Applied Biosystems, USA). Primer sequences 

from TaqMan® Gene Expression Assays included the housekeeping gene glyceraldehyde 3-

phosphate dehydrogenase (GAPDH, Hs99999905_m1), osteogenic genes Runt-related 

transcription factor 2 (Runx2, Hs00231692_m1), collagen type I (Col1, Hs00164004_m1), 

alkaline phosphatase (ALP, Hs01029144_m1), and bone sialoprotein (BSP, 

Hs00173720_m1). Gene expression was normalized to GAPDH using the comparative Ct 

(2−ΔΔCt) method.

Statistical analysis

Paired or unpaired Student t-tests, as appropriate, were used to determine statistical 

differences between groups. One-way ANOVA was used when comparing features between 

groups. In all cases, n > 3 were used for data sets (p < 0.05 or 0.01). GraphPad software 

(GraphPad Prism software, CA) was utilized.

Results

The strategy for design and synthesis of the gradient protein/biosilica composites

Biomimetic mineralization is a process by which natural organisms deposit minerals in an 

organized manner on the organic templates, leading to functional materials with desired 

hierarchical structures [44,45]. During the formation of siliceous spicules in sponges (also 

well-known as in vivo silicification, as sketched in Figure 1A), central protein filaments 

consisting of silicatein and scaffold protein first self-assemble in the extracellular space. 

Silicatein then triggers and mediates the deposition of biosilica particles on a fibrous 

network of collagen, which subsequently form concentric lamellar layers around the 

filament [46]. To mimic this natural biomineralization process, silk protein was chosen to 
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construct the 3D continuous porous structure due to its biocompatibility, degradability and 

tunable mechanical properties [47]. The silk protein was enzymatically crosslinked via HRP 

and H2O2 to form a hydrogel [47], acting as templates to mimic the function of collagen and 

other scaffold protein in nature [22,46]. The R5 peptides were simultaneously crosslinked 

into the silk templates to trigger and mediate the in situ biomineralization in the GSSR5 

composites (Figure 1B). The spatial variation of silicification was achieved by varying the 

molar ratio of the R5/silk along the longitudinal direction of the composites (Figure 1C). 

The mixture of the high, medium and low regions of the GSSR5 composites were loaded 

sequentially into a cylindrical mold layer by layer, followed by the addition of HRP and 

H2O2 to initiate gelation. The gradient distribution of the mineralization domains allows for 

tunable control over the morphology, self-assembly and distribution of biosilica particles and 

ultimately regulation of the mechanical and structural properties and architecture of the 

gradient composites.

The final hydrogels appeared free-standing and uniform without any cracks (Figure 1D). 

Their gradient structures were confirmed by fluorescence imaging of the GSSR5 composites 

containing immobilized FITC-labeled R5 peptides and encapsulation efficiency 

measurements. The GSSR5 composites displayed an increasing fluorescence signal of FITC-

R5 along the longitudinal direction of the composites (Figure 1C), indicating the increasing 

content of the R5 peptide along the trend. The fluorescence intensity along the gradient trend 

of the FITC-R5 in the GSSR5 composites were measured (Figure S1C, Supplementary 

material), indicating the continuous gradient evidence in the composites. Figure 1E shows 

the quantification of the R5 peptide in different regions of the GSSR5 composites. The R5 

peptide were loaded into the low, medium and high regions of the GSSR5 composites with a 

synthesis silk/R5 molar ratio of 1/62.5, 1/125 and 1/250, respectively, whereas the R5 

peptide encapsulated in the low, medium and high regions of the composites after 

silicification had a final silk/R5 molar ratio of 1/60, 1/121, 1/205, respectively. The slight 

difference is because some weakly attached R5 peptides were released into the silicifying 

medium during in vitro silicification. According to the encapsulation efficiency assay, the 

percentage of the released peptides in the low, medium and high regions were 3.8±2.0%, 

3.2±1.4% and 7.9±3.3%, respectively, while the encapsulation efficiencies of the low, 

medium and high regions in the GSSR5 composites were 96.2±2.0%, 96.8±1.4%, and 

92.1±3.3%, respectively (Table 1).

Structural and mechanical properties of the GSSR5 composites

To examine the mesoscopic structures of the GSSR5 composites, SEM measurements were 

performed on the freeze-dried GSSR5 composites (Figure 2A–F). Freeze-drying process was 

performed on the materials to create a favorable heterogeneous matrix of pore structure for 

cell culture. The final GSSR5 composites exhibited uniform porous structure in three 

regions, while with different pore sizes. The pore sizes gradually decreased from the low 

region to the high region in the GSSR5 composites. The pore sizes in the low regions were 

significantly larger than those in the medium regions (p<0.01), which were larger than those 

in the high regions in the gradient composites (Figure S2, Supplementary material, p<0.05). 

In addition, the gradient distribution of biosilica particles was observed (Figure 2D–F). 

Spherical silica particles (760±130 nm in diameter, Figure 2F) were embedded in the silk/R5 
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network giving rise to a rough granular appearance superimposed on the bio-template 

network, indicating the silicification function of the R5 peptide was maintained upon 

grafting to the silk templates. More importantly, the amount of biosilica significantly 

increased by increasing of the loading of the R5 peptide, which was further confirmed by 

EDS tests (the insert images in Figure 2D–F). The silica densities in the low regions were 

significantly lower than those in the medium regions, which were lower than those in the 

high regions in the gradient composites (Figure S3, Supplementary material, p<0.05). The 

molar percentage of silicon increased from low to high R5 peptide loading region, with 

values of 1.1%, 1.5% and 2.3% of low, medium and high regions, respectively, as 

determined by silicon test colorimetric assay (Figure S4, Supplementary material). The Si 

distribution along the gradient composites were generated using EDS mapping (Figure S1D, 

Supplementary material), which further confirmed the continuous gradient silicification in 

the composites.

Compression tests were carried out to assess the mechanical performance of the GSSR5 

composites, as shown in Figure 3, the gradient biosilica content in the protein network 

endowed gradient mechanical behaviors. The GSSR5 composites with low, medium and 

high loadings of the R5 peptide were evenly sectioned into three regions along the longitude 

direction of the composites, whose representative stress-strain curves were shown in Figure 

3A. The calculated compressive Young’s moduli of the low, medium and high regions in the 

GSSR5 composites were 20.7±5.0 kPa, 49.5±10.6 kPa and 128.5±16.4 kPa, respectively 

(Figure 3B). The results showed that a 2-fold increase of biosilica content from low to high 

regions led to an approximately 6-fold increase in the compressive Young’s moduli, 

indicating that the stiffening effect of biosilica was achieved. The compressive modulus of 

the low region was significantly lower than that of the medium region (p<0.05), which was 

again significantly lower than that of the high region in the GSSR5 composites (p<0.01).

FTIR spectroscopy was used to investigate the secondary structure of the protein/biosilica 

composites. Figure 4 shows the amide I bands in the FTIR spectra of the silk/R5 composites 

before (Figure 4A) and after (Figure 4B) silicification. The peaks at 1644 cm−1, 1656 cm−1 

and 1675 cm−1 indicate that the non-crystalline structures, such as random coil (1638–1652 

cm−1), α-helix (1652–1660 cm−1) and β-turns (1660 to 1696 cm−1) [38,40] dominated in the 

unsilicified silk/R5 composites (Figure 4A), which simultaneously diminished in the 

silicified composites (Figure 4B). After silicification, the intensity of β-sheet crystalline 

peak at 1621 cm−1 increased in the composites, indicating an increase of the β-sheet content 

after silicification (Figure 4A, B). The content of β-sheet increased after silicification (from 

36±3% to 48±4%) while the content of non-crystalline structures decreased (α-helix: from 

12±2% to 10±1%; random coil: from 22±2% to 18±2%) (Figure 4C). Recent work has 

characterized the secondary structure of the R5 peptide during silicification. The R5 peptide 

was characterized as a disparate random coil ensemble in solution, which remain unchanged 

in the presence of silicic acid solution [48]. The increase of beta sheet content in the GSSR5 

composites after silicification was due to the formation of crystalline structure in silk protein 

[49].
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Cytocompatibility evaluation of the GSSR5 composites

The lyophilized GSSR5 composites with gradient matrix pore structure were seeded with 

hMSCs to guide cell growth and proliferation and to evaluate the cytocompatibility of the 

composites in comparison with uniform silk/R5 composites and unsilicified plain silk 

controls. After a 19-day culture, hMSCs exhibited favorable metabolic activity, spread out 

their actin filaments and aligned with the pores of the composites with uniform distribution 

(Figure 5A, D). Alamar blue assay showed comparable proliferation of hMSCs in the 

gradient, uniform and control groups during the culture (Figure 5E). There was a significant 

increase of fluorescence intensity from day 3 to day 15 indicating favorable cell proliferation 

in all groups during the culture period (p<0.01). Strong green fluorescence with minimal 

visible red fluorescence (Figure 5B–D) was detected from the live/dead staining of hMSCs 

in the GSSR5 composites during the culture, indicating the cytocompatibility of the 

material.

The GSSR5 composites offered tunable osteogenic differentiation and calcium deposition 
in 3D cell culture

HMSCs were seeded into the lyophilized GSSR5 composites and unsilicified plain silk 

controls and cultured under osteogenic conditions for 6 weeks. H&E staining revealed 

heterogeneous cell morphologies, e.g., enlarged cuboidal cells in the regions with high 

peptide loading, while most cells remained undifferentiated with a more elongated shape in 

the regions with low peptide loading, as well as in the unsilicified plain silk controls (Figure 

6A–D).

Von Kossa staining revealed increased calcification in the GSSR5 composites with high 

loading of peptide, compared to the medium and low loadings and to the controls (Figure 

6E–H). Histological analysis revealed that hMSCs cultured in high regions deposited 

minerals more intensely which clustered in the interstitial spaces of the pores and extended 

to the walls of the pores, while the medium and low regions showed less mineral deposition. 

Unsilicified controls showed minimal staining of calcium. The area ratio of calcium staining 

in the low regions were significantly lower than those in the medium regions, which were 

lower than those in the high regions in the gradient composites (Figure S5, Supplementary 

material, p<0.01). Sirius red staining confirmed the secretion of collagen fibers in the 

GSSR5 composites (Figure 6J, K, L), whereas minimal collagen fibers were present in the 

controls (Figure 6I). The deposition of bone-specific ECM in the gradient composites was 

evidenced by immunofluorescence staining of collagen type I which is the major bone 

matrix component [50,51]. Regions with high loading of the peptides showed stronger 

expression of collagen type I compared to the medium regions, while minimum expression 

of collagen type I was observed in the low regions of the gradient composites as well as in 

the controls (Figure S6, Supplementary material). Bone-like tissue formation was supported 

within the high region of the composites, while most cells remained in undifferentiated state 

in the low region. The cells differentiated along the composites in a manner consistent with 

the R5-gradient profile (Figure 6M).

After six weeks of culture, strong transcript levels of bone markers (Runx2, collagen type I, 

ALP and BSP) were observed in hMSCs cultured in the lyophilized GSSR5 composites and 
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uniform silk/R5 composites compared to the unsilicified silk controls represented by the 

baseline (Figure 7). A significant increase in Runx2 transcript levels in the GSSR5 and 

uniform composites was observed after 6 weeks (p < 0.05) (Figure 7A), supporting the 

commitment of these composites to induce hMSC differentiation toward the osteogenic 

lineage. The expression of collagen type I, the most abundant extracellular matrix protein in 

bone, was comparable between all four groups after 6-week culture (Figure 7B). The 

expression of alkaline phosphatase was up-regulated by 2-fold in regions with high loading 

compared with that in the controls (Figure 7C), indicating advanced osteoblast development 

and matrix maturation to prepare for mineralization in the high region [52]. Moreover, the 

expression of BSP, the late-stage osteogenic differentiation marker, was significantly 

improved in the GSSR5 and uniform composites than that in the controls after 6 weeks (p < 

0.05, Figure 7D), which further supported the upregulation of osteogenesis in these 

composites.

In summary, when seeded with hMSCs and cultured in osteogenic medium, the GSSR5 

composites showed elevated transcript levels of the osteogenic genes, increased collagen 

secretion and calcium deposition when compared with the unsilicified silk controls. 

Increased osteogenic gene expression corroborates the development of advanced osteoblasts, 

the maturation of extracellular matrix and mineral accumulation [53].

Discussion

The GSSR5 composites combined two key structural properties–strength of the protein 

templates and toughness of biosilica. Biosilica can effectively stimulate osteoblast 

differentiation, inhibit osteoclastic activity and enhance mineral deposition in bone tissue 

[54]. However, the degradability of biosilica is limited, and the materials by themselves are 

brittle, which make it difficult to generate useful 3D materials [55,56]. To solve these 

problems, several silk/R5/biosilica composites [57–59] have been developed for 

osteogenesis in the form of two-dimensional (2D) films, due to the excellent 

biocompatibility [60–62], tunable mechanical properties [47], and low inflammatory 

response [63,64] of silk. In these systems, the R5 peptide has been either genetically [57–

59,65] or chemically [65] fused to the silk to control the assembly and deposition of the 

silica particles in the silk films for osteogenesis. The R5 peptide contains lysine residues 

which are crucial in mediating the polycondensation of silica nanospheres during 

silicification [66,67]. Previous work has demonstrated that the R5 peptides promoted the 

intermolecular interactions of biosilica particles and the peptide. The hydrophobic nature of 

the R5 peptide led to entropically favored peptide aggregates, while the positively charged 

residues on the R5 peptide activated silica precipitation through an electron-donor-acceptor 

mechanism [67,68]. The combination of the silk and silica promoted the osteogenic 

differentiation of hMSCs and enhanced nodular mineral deposits on the films. Biosilica also 

accelerated cell proliferation, upregulating osteoprotegerin (OPG) and bone morphogenetic 

protein 2 (BMP2) expression in osteogenic cells on silicatein/biosilica-modified substrates 

[69]. However, several problems still exist, as 2D systems fail to mimic the complex cellular 

environments in vivo [70]. Moreover, constructs with uniform physical and chemical 

properties lack the spatially and structurally defined hierarchical architecture that exists in 

native tissues and fail to recreate the natural graded interface [4].
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In this study, GSSR5 composites obtained continuous variation in compositional, 

physiological and mechanical properties and created 3D biomimetic cellular niches for 

osteogenic differentiation to better mimic the complex cellular environments in vivo with 

more representative response to the external stimuli in the surroundings [70,71]. More 

importantly, these combined gradients not only offered a favorable platform to template 

mineral deposition, but also provided a suitable process that reproduced the role of cells. The 

variation in mineralization, together with the structural and mechanical gradients, triggered 

the cells to promote localized mineralization within the matrix. Cells deposited minerals to 

the protein/biosilica matrix which further strengthened and hardened the material itself. 

Bone-like tissue formation was supported within the subchondral end of the composites 

(high region), while most cells remained in undifferentiated state in the low region. The 

spatial osteogenesis of hMSCs along the gradient composites was confirmed by the 

heterogeneous cell morphologies and varied calcification from the histology results, the 

gradient expression of collagen type I as well as the elevated transcript levels of selective 

bone markers in the GSSR5 composites.

In the protein/biosilica composites, the mineralization domains acted as special loci to 

support the formation and accumulation of HA crystallites with small size and low 

crystallinity, which are important for the biochemistry of biomineralization [72]. Biosilica 

bound to the mineralization domains were immobilized in the silk matrix and induced the 

collagen synthesis [58,69,73,74]. Collagen fibers then further promoted the mineral 

deposition and bound to apatite crystals resulting in intercalating mineral structure 

[72,75,76]. Upon the formation of the apatite nuclei, spontaneous growth of apatite occurred 

by the addition of calcium and phosphate ions from surrounding medium. The features 

above derived from the molecular-level organic-inorganic interfaces were established by the 

presence of the R5 peptide template, combined with the regional control of such chemistries 

within the gradient design.

The GSSR5 composites also transmitted favorable gradient physical stimuli including 

mechanics, mass and architecture to cells towards osteogenic lineage. These GSSR5 

composites exhibited gradient pore microstructures, large pore size and an interconnected 

pore structure which affected the osteogenic differentiation through various aspects, notably 

surface area, matrix deposition and nutrient diffusion [77]. Enhanced osteogenesis was 

observed in the stiffer regions of the GSSR5 composites. This mechanical stimulus, via 

matrix stiffness, could affect cellular distribution, metabolic activity and the ultimate 

mechanics of the tissue itself [78,79]. The stem cells differentiating towards osteogenic 

lineage adhered better to rigid substrates and tended to form mineralized nodules on rough 

surfaces [77]. More information is needed to establish whether differential cell behaviors 

were due to the biomimetic cues (the R5 peptide, biosilica), the mechanical transitions or the 

architectures of the composites.

The soft tissue-bone tissue interface is characterized by an elevated level of heterogeneous 

structural architecture to facilitate joint function [80–82]. This gradient protein/biosilica 

system holds benefits in supporting cell growth and differentiation, mimicking the native 

matrix heterogeneity and exhibiting tunable mechanics, which make it a promising strategy 

design for interfacial tissue repair. However, limitations in soft tissue-bone repair would 
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need to be addressed before the gradient composites can be used in vivo. For example, 

tendon-bone interface repair exhibits significant clinical challenges in promoting the 

biological fixation of the engineered grafts with the implant sites and facilitating the 

functional integration of tendon with bone after injury. Such fixation requires the engineered 

graft to be pre-incorporated into the strategic design of the replacement grafts in order to 

restore the function of the tissue interfaces [82–84].

In summary, such composite materials can be used to study the growth of natural tissues and 

the processes of regeneration, but also to act as tissue engineering constructs in vitro and in 
vivo, such as for osteochondral plugs. Silk-based materials offered beneficial hydrophilicity 

for cell adhesion and survival, while also maintaining appropriate swelling ratios to avoid 

scaffold deformation (Figure S7, S8, Supplementary material), as demonstrated in previous 

work [77,85–87]. The biocompatibility of the silk-based materials has been demonstrated in 
vivo previously. Silk hydrogels enzymatically crosslinked by HRP and H2O2 were implanted 

subcutaneously in a mouse model and showed progressive cell infiltration and degradation 

[47]. Also, the system can be easily scaled up to match the dimension of critical 

osteochondral defects. To this end, further optimization would be useful, such as to: 1) 

extend the range of mechanics through increasing the silk concentration and molecular 

weight within the composites. The highest mechanics obtained in the GSSR5 composites 

may not reach that of the native bone, as the stiffness of fresh cancellous human bone is 

around 700 MPa [88]. However, the scaffold could be supported by the surrounding bone 

and invaded by the formation of new bone during degradation; 2) investigate chondrogenesis 

in this type of system. The formation of the proteoglycan-rich matrix in the gradient 

composites indicated that these composites supported the formation of cartilaginous-like 

tissue (Figure S9, Supplementary material).

More importantly, the incorporation of biosilicification domains into the biocompatible silk 

substrates under mild (peptide-mediated) conditions provides other potential applications. 

Surface modifications of the inert biosilica particles would allow for encapsulation of 

biomolecules, e.g., enzymes, and drugs which are sensitive to heat or caustic chemicals [36]. 

The incorporation of biosilicification domains into the silk substrates also provides 

opportunities to encapsulate various functional peptides and molecules. For example, a 

variety of polycationic peptides e.g. silaffin that are able to precipitate silica nanospheres 

individually can be encapsulated in the silk substrates, leading to advanced functional 

materials with different mineral morphology and organization [31,89]. Depending on the 

peptide used for biomineralization and the external physical/chemical stimuli, different silica 

structures can be generated including sphere-like (with R5), fibrous structures (with p-

(lys)1642) and platelike (with p-(lys)189) in vitro [90]. This novel gradient biomaterial 

design offers a useful approach to meet a broad range of needs in regenerative medicine 

involving interfacial tissue engineering.

Conclusions

3D GSSR5 composites were developed through integration of enzymatically triggered 

protein gelation and R5-induced gradient silicification. This composite system offers 

continuous transitions in terms of composition, structure and mechanical properties as well 
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as cytocompatibility and biodegradability. The GSSR5 composites were competent to 

promote and regulate the osteogenic differentiation of human mesenchymal stem cells in an 

osteoinductive environment. The cells differentiated along the composites in a manner 

consistent with the R5-gradient profile. This novel biomaterial design offers a promising 

strategy to meet a broad range of needs in regenerative medicine involving osteochondral 

tissue engineering, as well as graded tissue interfaces. Furthermore, this strategy offered a 

platform to create clinically relevant tissue engineered composites through encapsulating 

other functional molecules and proteins and to screen for optimal doses and combinations in 

a 3D environment.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Biomimetic design of the GSSR5 composites. Silicatein mediates the formation of biosilica 

particles within the siliceous spicules which is organized by collagen in sponge (A). 

Biomimetic self-assembly of biosilica particles on the silk templates catalyzed by the 

biosilica selective peptide R5 (B). Schematic representation of the biomimetic GSSR5 

composites and fluorescence microscopy image showing the gradient of FITC-labeled R5 

peptide along the longitudinal direction of the composites (C). The high region contains a 

high content of the R5 peptide and biosilica particles in contrast to the transition to the 

medium and low regions where the contents diminish. Gross appearance of the GSSR5 

composites (D). Molar ratio of R5/silk in the GSSR5 composites (E), showing gradually 

increasing concentration of the R5 peptide from the low to the high R5 peptide loading 

regions in the gradient composites. Scale bar, 2 mm.
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Figure 2. 
SEM images of the GSSR5 composites with low (A, D), medium (B, E) and high (C, F) 

loadings of the R5 peptide, respectively. EDS spectra (the inserted images) of the GSSR5 

composites with low (D), medium (E) and high (F) loading of the R5 peptide. Scale bars are 

50 μm (top), 5 μm (bottom). SEM, scanning electron microscopy; EDS, energy-dispersive 

X-ray spectroscopy. The final GSSR5 composites exhibited uniform porous structure in 

three regions, while the pore sizes gradually decreased from the low region to the high 

region in the GSSR5 composites. The increasing distribution of biosilica particles was 

observed from low to high regions in the composites, which was further confirmed by EDS 

tests.
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Figure 3. 
Representative stress-strain curves (A) and compressive moduli (B) of the low, medium and 

high regions in the GSSR5 composites. An approximately 6-fold increase in the compressive 

Young’s modulus from low to high regions were achieved in the GSSR5 composites. (*p < 

0.01, **p<0.05)
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Figure 4. 
Representative Fourier self-deconvolution of amide I spectra for the silk/R5 composite 

before (A) and after (B) silicification. Percentage of the secondary structural elements in the 

composites (C). Key: open circles, measured data; wide solid line, summation of Gaussian 

peaks; thin solid lines, individual amorphous Gaussian peaks. The assignment of amide I 

bands was taken from the literature [38,40]. The content of non-crystalline structures 

including random coil and α-helix simultaneously diminished after silicification (α-helix: 

from 12±2% to 10±1%; random coil: from 22±2% to 18±2%), while the percentage of β-

sheet crystalline structure increased after silicification (from 36±3% to 48±4%).
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Figure 5. 
Fluorescence staining of actin (green) and nuclei (blue) of hMSCs in the GSSR5 composites 

in growth medium at day 19 (A). HMSCs spread out actin filaments, aligned with the pores 

and evenly distributed in the GSSR5 composites after 19-day culture. Live/dead staining of 

hMSCs cultured in the GSSR5 composites in growth medium at day 3 (B), day 11 (C) and 

day 19 (D). Strong green fluorescence with minimal visible red fluorescence demonstrated 

the cytocompatibility of the material. Alamar blue assay (E) showed the proliferation of 

hMSCs in the gradient (square), uniform (circle) and unsilicified plain silk control 

(triangular) composites over a 19-day period (n>3). Uniform silicified silk/R5 composites 

had a silk/R5 molar ratio of 1/125. Unsilicified plain silk composites served as controls. 

Scale bar, 200 μm. (*Significantly different from day 3 (p < 0.01))
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Figure 6. 
Histological sections taken from the unsilicified plain silk controls (A, E, I), and the GSSR5 

composites with low (B, F, J), medium (C, G, K) and high (D, H, L) loadings of the R5 

peptide after 6-week culture of hMSCs in osteogenic medium. H&E staining (A, B, C, D), 

von Kossa staining (E, F, G, H) and Sirius red staining (I, J, K, L). Schematic representation 

of cell differentiation along the GSSR5 composites (M). Scale bar, 50 μm (A–D); 200 μm 

(E–L). Unsilicified plain silk composites served as controls. Arrows indicate calcification; 

asterisks indicate composites. O, osteoblast-like cells; C, collagen-like bundles; F, fibroblast-

like cells.
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Figure 7. 
Transcript levels from hMSCs cultured in the GSSR5 composites under osteogenic 

conditions after 6 weeks. Expression of Runx2 (A), collagen type I (B), alkaline phosphatase 

(ALP, C) and bone sialoprotein (BSP, D). Data are shown relative to the expression of the 

respective genes in hMSCs cultured in unsilicified plain silk controls. Uniform silicified 

silk/R5 composites had a silk to R5 molar ratio of 1 to 125. The solid grey line represents 

the average of control and standard deviation is represented by dashed grey line. 

(*Significantly different from unsilicified silk controls (p < 0.05))
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Table 1

Quantification of the R5 peptide in the GSSR5 composites using FITC labeling technique.

R5 loading Low Medium High

Silk/R5 synthesis ratioa 1/62.5 1/125 1/250

R5 released (%)b 3.8±2.0 3.2±1.4 7.9±3.3

Silk/R5 final ratioc 1/60 1/121 1/205

Encapsulation efficiency (%)d 96.2±2.0 96.8±1.4 92.1±3.3

a
Silk/R5 molar ratio in the GSSR5 composites, determined by the amount of silk and R5 loaded to the composites.

b
The release of the R5 peptide through the process of silicification, determined by

c
quantifying the amount of the FITC-R5 peptide released to the silicifying media. Silk/R5 molar ratio after silicification.

d
Encapsulation efficiencies of the GSSR5 composites
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