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Abstract

Elastomeric, fully degradable and biocompatible biomaterials are rare, with current options 

presenting significant limitations in terms of ease of functionalization and tunable mechanical and 

degradation properties. We report a new method for covalently crosslinking tyrosine residues in 

silk proteins, via horseradish peroxidase and hydrogen peroxide, to generate highly elastic 

hydrogels with tunable properties. The tunable mechanical properties, gelation kinetics and 

swelling properties of these new protein polymers, in addition to their ability to withstand shear 

strains on the order of 100%, compressive strains greater than 70% and display stiffness between 

200 – 10,000 Pa, covering a significant portion of the properties of native soft tissues. Molecular 

weight and solvent composition allowed control of material mechanical properties over several 

orders of magnitude while maintaining high resilience and resistance to fatigue. Encapsulation of 

human bone marrow derived mesenchymal stem cells (hMSC) showed long term survival and 

exhibited cell-matrix interactions reflective of both silk concentration and gelation conditions. 

Further biocompatibility of these materials were demonstrated with in vivo evaluation. These new 

protein-based elastomeric and degradable hydrogels represent an exciting new biomaterials option, 

with a unique combination of properties, for tissue engineering and regenerative medicine.
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1. Introduction

Matching mechanical properties to native tissue extracellular matrix (ECM) is a primary 

consideration during the selection of biomaterials for tissue engineering or regenerative 

medicine.[1] In particular, stiffness has a significant impact on the differentiation of stem 

cells and maintenance of cell phenotype during cell culture.[2] Hydrogels are particularly 

attractive for these applications, as their stiffness can be fine tuned and they can incorporate 

growth factors and other cell signaling factors to optimize cell functions.[3] Due to this 
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versatility, numerous synthetic and natural polymer hydrogels have been studied, including 

those based on polyesters,[4] polyurethanes,[5] polyethers,[6, 7] elastin,[8] resilin[9] and 

collagen.[10] However, limited options remain for biomaterials with tunable mechanical 

properties that can match the resilience and elasticity of native tissues, while also being 

biocompatible, degradable and allow for the incorporation of cells, proteins and signaling 

factors.

Several biocompatible and biodegradable synthetic polymers have been developed that 

exhibit high resilience and recovery from both applied tensile and compressive forces.[11] 

Poly(glycerol sebacate) (PGS)[12] has shown utility as a scaffold for engineering 

vascular,[13] cardiac,[14] and nerve[15] tissues, but has several significant drawbacks 

including rapid degradation limiting its use to short term scaffolding.[16] Moreover, the 

requirement for organic solvents during processing prevents cell or protein 

encapsulation.[17] Synthetic bioelastomers based on polyurethanes modified with degradable 

segments have also been developed[5] and used for soft tissue,[18] bone,[19] and 

myocardial [20] repairs. While these materials have shown promise, concerns remain over 

potential toxicity of degradation products and the ability of these materials to resist long 

term strains in vivo.[21] Additional polymers suitable for use as elastomeric biomaterials 

include variants of poly(ethylene glycol),[6] poly(ε-caprolactone),[7] and poly(vinyl 

alcohol).[22] However, all of these polymers typically require organic solvents for 

processing, limiting incorporation of cells and bioactive molecules and many present issues 

with acidic degradation products.[23]

ECM proteins, purified from native tissues or produced via recombinant DNA 

methodologies have also been used for tissue engineering scaffolds. For example, elastin 

proteins, which provide elastic behavior in many native tissues, have been explored for 

tissue engineering of soft, elastic matrices.[8, 24] Recombinant resilin sequences have shown 

promising mechanical properties.[9, 25] Despite the unique properties and biomimetic nature 

of these protein biomaterials, they are limited in supply and are currently cost prohibitive for 

larger scale applications. In order to gain the benefits of proteins as biomaterial matrices, 

due to their diverse amino acid chemistries for functionalization and biodegradability, recent 

studies have explored blending with synthetic polymers or other readily available proteins or 

ECM components. For example, elastin was alloyed with silk,[26] collagen,[27] and 

poly(lactide-co-glycolide),[28] while resilin was mixed with poly(ethylene glycol)[29] in 

order to extend utility.

With the prior studies above, there remains a persistent need for a versatile, elastomeric, 

degradable, accessible and tunable biomaterial. Silk fibroin, a natural biopolymer that is 

extracted from the cocoons of the Bombyx mori silkworm, has been explored extensively for 

use in tissue engineering and regenerative medicine.[30] Silk is non-immunogenic[31] and is 

FDA approved for some medical devices including sutures and as a support structure during 

reconstructive surgery. Silk can be solubilized and used to form different material formats 

including films, foams, electrospun mats and hydrogels.[32] The versatility of silks and the 

large body of previous work showing the safety and efficacy of silk in tissue engineering, 

combined with its natural resilience, make silk protein a good candidate for elastomeric 

biomaterials.
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Silk hydrogels can be formed by the addition of energy to an aqueous solution of the protein 

to drive chain mobility, or via dehydration of the solution; sonication,[33] vortexing,[34] 

decreased pH,[35] surfactants,[36] or electric fields[37] have been reported. Sonicated and 

vortexed silk hydrogels were useful for cell encapsulation, drug release and neuron growth, 

but did not exhibit elasticity; plastically deforming at strains greater than about 10%.[33, 34] 

Silk electrogels have shown remarkable elasticity and adhesion, withstanding strains of 

1,000%, but require the application of an electric field and low pH.[37] One common factor 

between these hydrogels is that they are formed through physical entanglements and 

hydrogen bonding between hydrophobic domains, often resulting in β-sheet formation. 

These β-sheet crystals are responsible for the structure, strength and long term stability of 

the hydrogels, but also result in brittle behavior, as the crystals prevent long range 

displacements.[38]

In order to overcome the brittle nature of the β-sheet induced silk hydrogels, we report on 

enzyme catalyzed crosslinking of amino acid phenolic groups, which account for more than 

5% of the amino acids in silk,[39] by reactions with horseradish peroxidase (HRP) and 

hydrogen peroxide. This method has been shown to be effective to form hydrogels from 

gelatin,[40] hyaluronic acid – tyramine conjugates,[41] and mixtures of tyramine substituted 

hyaluronic acid and alginate.[42] Since silk has the requisite phenol groups in tyrosine side 

chains, this approach was exploited as a crosslinking mechanism. Andersen (1964) found 

that silk solutions acted on by horse radish peroxidase and hydrogen peroxide formed gels 

that were stable in water and were highly elastic.[43] Aeschbach et al. (1976) also referenced 

enzymatic crosslinking of silks in a fundamental study on the formation of dityrosine 

crosslinks by tyrosine oxidation.[44] More recently similar reactions were used to graft 

chitosan onto silk using tyrosinases in an effort to form novel conjugates of the two 

proteins.[45] However, no systematic study of peroxidase-induced crosslinked silk hydrogels 

have been reported in terms of reaction conditions related to elastomeric mechanical 

properties, or in the context of cell and tissue culture.

The goal of the present study was to characterize the gelation, material properties and 

cytotoxicity of enzymatically crosslinked silk hydrogels. This technique results in highly 

tunable elastomeric silk hydrogels capable of supporting cell encapsulation. These 

enzymatically crosslinked hydrogels have controllable gelation kinetics, mechanical 

properties and are produced using all aqueous processing, offering a broad platform for 

biomaterial functionalization and utility. Furthermore the silk hydrogels are amenable to 

stiffening by induction of β-sheet while maintaining a considerable degree of elasticity. 

These highly tunable protein elastomers offer a new opportunity for degradable, 

biocompatible and useful polymers for biomaterials and regenerative medicine needs.

2. Results

2.1. Mechanism of HRP-mediated silk gelation and structural characterization

The addition of HRP to a silk solution in the presence of H2O2, results in the formation of a 

stable, highly elastic, transparent gel. This is due to the well known reaction whereby HRP 

facilitates crosslinking of the tyrosines in the silk fibroin via the formation of free radical 

species in the presence of hydrogen peroxide. H2O2 forms an oxyferryl center and a 
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porphyrin-based cation radical at the active site of HRP, resulting in an activated enzyme 

which is a powerful reducing agent.[46] HRP then undergoes two single electron oxidation 

reactions in the presence of a phenolic oxidizing agent to return to its ground state. The 

overall reaction results in the formation of two water molecules and two phenolic radicals. 

In this reaction, tyrosine radicals formed through the HRP catalyzed reaction can react with 

one another to form covalent bonds (Figure 1a).[47] The formation of the dityrosine bonds 

and the resultant protein secondary structures were assessed by fluorescence spectroscopy 

and by Circular Dichroism (CD). The CD spectra (Figure 1b) of the silk solution with HRP 

revealed random coil conformations with a minima near 200 nm and no distinct peaks. 

Following gelation, a more ordered conformation was evident with a pronounced minimum 

around 200 nm and a peak near 195 nm, confirming that the gelation reaction was not due to 

typical anti-parallel β-sheet formation, which would have a distinct minimum at 218 nm. 

Dityrosine formation was confirmed by comparison of the fluorescence excitation-emission 

matrix (EEM) for the silk and HRP solutions and the fully formed hydrogel (Figure 1c, d). 

These data show a distinct shift in the fluorescence maxima from the solution with an 

excitation of 290 nm and an emission of 350 nm to the gel with a peak excitation of 300 nm 

with an emission at 425 nm. The shift in the fluorescence indicates the formation of the 

covalent crosslinks[48] and the intensity of the fluorescence may be correlated to crosslink 

density as it increased as a function of silk concentration (Figure S1a). Furthermore, 

enzymatic crosslinking resulted in the formation of optically clear gels with negligible 

absorbance above 350 nm (Figure S1b), and emission of blue fluorescence when irradiated 

under UV, that was not present in the precursor solution (Figure 1e).

2.2. Rheological properties of HRP silk hydrogels

The kinetics of gelation and shear properties of the enzymatically crosslinked silk hydrogels 

were assessed using rheology. Hydrogels of varying molecular weights and protein 

concentrations were formed in situ in a cone and plate geometry maintained at 37°C. By 

controlling the solution concentration as well as the molecular weight of the silk fibroin 

chains the rate at which the gels formed as well as the final mechanical properties were 

tunable. The degumming time of the silk fibers was inversely related to the molecular 

weight with 10mb (10 minutes of boiling to remove the sericin) generating the highest 

molecular weight. The gelation kinetics, frequency and strain responses for solutions of 5% 

w/v protein are shown in Figure 2a, b, and c, respectively. These tests indicated that 

increasing both the molecular weight and the protein concentration resulted in significantly 

stiffer gels. However, it was found that all gels tested, regardless of molecular weight and 

protein concentration were frequency independent and were able to withstand shear strains 

of at least 100%, above which they plastically deformed resulting in a rapid decrease in 

storage modulus. Based on the conditions studied stiffness values between 200 – 10,000 Pa 

were obtained, which covers three orders of magnitude and a significant portion of native 

tissues properties (Figure 3d). In all cases the loss modulus (data not shown) was below the 

lower limit of the rheometer, indicating that these were highly elastic materials with a 

negligible viscous component.
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2.3. Evaluation of stiffness and recovery in unconfined compression

Hydrated unconfined compression studies were carried out to determine the compressive 

properties of the covalently crosslinked hydrogels. Preformed gels (8 mm ∅, 3 mm height, 

5% w/v silk concentration) were equilibrated in either DI water or PBS for 12 hours and the 

final diameter measured. The samples were then placed under a tare load of 3 grams and 

subjected to 5 compressive cycles to 40% strain to eliminate loading artifacts. The sixth 

cycle was recorded and the compressive modulus, quantified as the tangent of the stress-

strain curve at 20 and 40% strains, was calculated. The stiffness of the hydrogels increased 

with the magnitude of the compression and increasing molecular weight and were stiffer 

when immersed in PBS than in DI water (Figure 3a). The solvent effect was a result of 

significant swelling behavior in DI water, and deswelling in PBS, likely due to electrostatic 

shielding, which resulted in different absolute protein concentrations (Figure S2). Despite 

this swelling or contraction, the gels recovered from compressive strains of over 70% with 

minimal hysteresis as indicated by representative cyclic loading curves (Figure 3b) and 

pictorial representations (Figure 3c). While these physiologically extreme strains highlight 

the excellent resilience of the hydrogels, fatigue resistance of the hydrogel to high cycle 

moderate strains was more relevant to their use in biomedical applications. To evaluate the 

fatigue properties of the hydrogels, the dynamic modulus was monitored over 3,600 cycles 

to a strain magnitude of 10% (Figure S3). The samples showed excellent recovery and 

resistance to fatigue, with minimal changes in their dynamic compressive moduli. These 

analyses indicate that molecular weight and swelling solvent of the hydrogels allowed 

control of material properties over several orders of magnitude while maintaining high 

resilience and resistance to fatigue, even after large numbers of cycles at relatively large 

strains.

2.6. Cytotoxicity and cell encapsulation

To verify that the hydrogels were viable substrates for cell growth and encapsulation, 

hMSCs were cultured on the surface of preformed gels as well as encapsulated during the 

gelation process. Cells seeded onto preformed gels showed similar adhesion as the control 

TCP surface (Figure 4a) and supported cell growth and proliferation for greater than 3 

weeks (Figure 4b). Live/dead staining and confocal imaging confirmed that the cells 

proliferated until confluence (Figure 4c). The influence of the gelation reaction and hydrogel 

network on cell-matrix interactions was further explored by encapsulating hMSC's in 3% 

w/v gels formed in sterile water. An Alamar blue assay one day following encapsulation 

indicated that 52.9 ± 2.3% of the cells survived the gelation versus those plated on TCP 

(Figure 5a). Live/dead staining indicated that the surviving cells were well distributed 

throughout the thickness of the hydrogel (Figure 5b). Subsequently, the hydrogels supported 

survival and proliferation for at least 29 days, reaching a plateau of 4.2 ± 0.3-fold increase of 

over day 1 values (Figure 5c). Confocal imaging confirmed viability, but showed that the 

cells exhibited minimal interaction with the matrix and retained a spherical morphology with 

few extensions (Figure 5d). To avoid cell mortality during the encapsulation process cells 

were also tested in 3% w/v silk gels formed in half concentration DMEM solution. This 

method did not significantly impact initial cell survival (Figure 5e), however, the cells began 

proliferating immediately and showed a significantly faster growth rate (p<0.001) when 

compared to those encapsulated in water (Figure 5f). More interestingly, the morphology of 
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the cells encapsulated in DMEM was strikingly different with greater cell spreading and cell 

extensions on the order of several hundred microns (Figure 5g).

2.6. In vivo biocompatibility of enzymatic hydrogels

Preformed hydrogels (5 mm ∅, 3 mm height) of 2% w/v and 6% w/v silk protein were 

implanted subcutaneously in mice and examined histologically at one, two and four weeks 

post-implantation. Explanted gels formed from 2% w/v solution contracted appreciably 

while the 6% w/v hydrogels maintained their initial volume (Figure S4). H&E staining 

showed that the silk gels elicited a typical foreign body response at respective harvest time 

points, without excessive inflammation. Despite the contraction of the 2% gels after 

implantation there were no significant differences in host response to the hydrogels and only 

the 6% w/v gels are shown for clarity. After one week of implantation (Figure 6a) the gels 

had retained their shape, with immune cells at the interface of the gel and tissue, with 

minimal infiltration into the bulk of the gel. Sectioning of explants after two weeks (Figure 

6b) showed a less distinct interface between the gel and adjacent tissues as the silk gel 

became integrated. This trend continued at four weeks (Figure 6c) with further erosion of the 

gel periphery and evidence of gel fragments that had been broken from the bulk and were 

fully surrounded by cells. The degradation of the gel was accompanied by an apparent 

decrease in the number of adjacent immune cells.

3. Discussion

Advancements in tissue engineering and regenerative medicine are dependent on the 

development of easily prepared, inexpensive, biocompatible and biodegradable materials 

that can match the resilience, durability and mechanical properties found in native tissues. 

The covalent dityrosine bonds of the hydrogels presented here result in a robust hydrogel 

network to achieve high stiffness, while the lack of rigid crystalline segments imbues them 

with excellent elasticity and resilience. Furthermore, silk precursor materials have been 

well-studied, can be prepared in bulk and have been shown to be both biocompatible and 

biodegradable. The wide range of properties and high resilience of these hydrogels suggest 

that they may be useful for numerous in vivo and in vitro applications where soft, tunable 

and elastomeric substrates are required.

The bonding of adjacent tyrosine residues has been implicated as a fundamental component 

in several elastic and structural proteins including resilin,[9, 43] elastin,[49] and keratin.[50] 

Dityrosine residues have also been found to occur in wild type Tussah silk fibroin, but were 

not present in the domesticated B. mori fibroin investigated here.[50] The widespread 

existence of dityrosines in structural proteins combined with the well-studied peroxidase-

mediated oxidative coupling of accessible tyrosines in the presence of hydrogen peroxide 

has led to the development of several hydrogel systems based on this reaction, including 

hyaluronic acid,[51] gelatin,[40] and alginate.[42] In addition to providing mild, 

physiologically relevant reaction conditions, the peroxidase reaction allows for significant 

tunability by varying the solution and reagent parameters, including tyrosine concentration 

and accessibility, HRP and H2O2 concentrations and substrate molecular weight. As 

demonstrated in this study, the same mechanism is also applicable to regenerated silk fibroin 
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solutions, where the formation of the tyrosine crosslinked networks results in an optically 

clear, highly elastic protein hydrogel (Figure 1). This suggests that in addition to the 

variables explored here, control over HRP and H2O2 may serve as additional modes to 

further tune the hydrogels.

While many of the hydrogels developed in the biomaterials field to date have shown tunable 

mechanics, cell encapsulation features, biocompatibility, biodegradability or elasticity, none 

of the current options in the field offers the combination of all of these characteristics. The 

enzymatically crosslinked hydrogels presented here meet all of these criteria with shear 

moduli from the hundreds of Pascals to over ten kilopascals and tangent moduli from fifteen 

to four hundred kilopascals. Further, these new gels are not cytotoxic and they support cell 

encapsulation, are biocompatible and biodegradable and are capable of recovering from 

extreme compressive strains. Additionally, the sensitivity of the gels to swelling in low ionic 

strength solvents and contraction in high salt solution (Figure S2) is governed by both the 

initial protein concentration and molecular weight, allowing for selection of both modulus 

and degree of contraction for a given application.

Most importantly these hydrogels represent excellent candidates as biomaterials for 

applications that require the ability to fully recover from large strains or long term cyclic 

compression. It has been shown in numerous cases that scaffold modulus and mechanical 

stimulation are critical for proper development of tissues.[52] Similarly, excessive local 

stress and strain have been implicated in pathological remodeling of tissues.[53] Thus, it is 

imperative that a material for use in engineering or replacing these dynamic tissues support 

long term strains without appreciable changes in mechanical properties. As demonstrated in 

the present study, these enzymatically formed silk hydrogels are capable of withstanding 

3,600 cycles of 10% strain with negligible changes in modulus, suggesting that they are a 

likely platform for use in dynamic tissue engineering such as cardiac and skeletal muscle.

In addition to their superior resilience, these hydrogels also allow for long term hMSC 

survival both on the surface and encapsulated within the matrix. Adhesion of cells onto the 

surface of gels was not significantly different than on TCP and while proliferation was 

slower than on TCP, the fold change was of the same order of magnitude. This suggests that 

the hydrogels are not cytotoxic and warrant further investigation as elastomeric biomaterials. 

While surface seeding of cells is an important screen, numerous synthetic elastomers that 

require toxic crosslinking agents and solvents are also capable of supporting cell growth 

after proper curing and removal or inactivation of the deleterious substances. Therefore, to 

advance the elastomeric biomaterials field, new materials must also allow for the direct 

encapsulation of cells in addition to withstanding repeated strains. Due to retardation of the 

gelling reaction in a solution of physiologic salt concentration, cells were initially 

encapsulated in hydrogels formed in water or cell culture media at reduced concentrations. 

Despite cell losses during the encapsulation process, the cells that survived were robust and 

capable of long term proliferation and survival. These results are promising and show the 

potential of the hydrogels for three dimensional cell culture, either to avoid cell-specific 

morphologies (as in the case of the water), or different morphologies (depending on the 

concentration of DMEM used during crosslinking). With suitable gel functionalization or 

inclusion of ECM components, cell responses should be tunable to specific tissue needs.
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The dramatically different cell morphologies formed in DMEM indicated that network 

strength was weaker than those formed in water. The weaker network formation in media 

was confirmed using rheology, where gels formed in media were less stiff than those 

crosslinked in water (Figure S5). Thus, it seems that the cells were able to exploit weaker 

networks to spread and form extensions that were visible in the confocal images (Figure 5g). 

The hypothesis that network strength was responsible for the differences in cell morphology 

was further supported by experiments at lower protein concentrations (1.5% w/v vs. 3% 

w/v). Cells grown in the lower concentration gels, with weaker mechanics and a higher 

water content, had similar morphologies to those formed in the DMEM-based hydrogels 

with a flattened appearance and distinct extensions (Figure S6). These experiments show 

that in addition to tunable mechanics these hydrogels may allow for control of cell-matrix 

interactions and the ability to influence cell shape. This may serve as an independent means 

of manipulating cell differentiation, as cell shape has been previously implicated as a factor 

in commitment of a stem cell to a given lineage.[54] While similar properties have been 

shown in synthetic hydrogels with highly controlled chemistries,[55] the ability to 

incorporate this functionality into a protein based hydrogel provides a more natural platform 

to study these interactions. Previous work has already shown the utility of silk in controlling 

neuron outgrowth,[56] hMSC differentiation and survival,[33, 57] and development of adipose 

like tissue,[58] the present hydrogels allows for the further expansion of these diverse 

applications and signaling cues.

The success of the hydrogels for cell encapsulation and utility in vivo may also be enhanced 

by recent developments based on silk systems. The molding of channels into scaffolds to 

enhance diffusion was found to be advantageous for cell infiltration and soft tissue 

repair.[59] Additionally, the mild crosslinking reaction, makes the technique amenable to 

incorporation, delivery, and release of bioactive molecules including, growth factors,[60] 

antibodies,[61] and antibiotics.[62] Silk has also enjoyed utility as a platform for electronics, 

optics and related technological applications.[63] The hydrogels described here have 

potential as substrates for these technologies where the elastomeric nature can be exploited 

to create flexible, biocompatible, three dimensional optical and electronic devices. The 

combination of these attributes, in addition to their high resilience, makes this silk gelation 

system promising for numerous applications in regenerative medicine.

4. Conclusions

The present work demonstrates the formation of a new family of natural, biocompatible, 

biodegradable elastomeric hydrogels for use in tissue engineering and regenerative 

medicine. The gels have exceptional resilience, highly tunable properties, support cell 

survival and proliferation and were well tolerated when implanted in vivo. Additionally, the 

all aqueous processing makes the process amenable to incorporation of other ECM proteins 

and growth factors, allowing for the control of cell-matrix interactions and increasing the 

versatility of this new biomaterials platform. This unique combination of characteristics, in a 

protein based hydrogel, eliminates many of the disadvantages inherent in current elastomeric 

biomaterials. The development of an elastomeric biomaterial that can faithfully recapitulate 

numerous properties of native extracellular matrices, while retaining a high level of 

versatility, will allow the engineering of more natural and functional tissues.

Partlow et al. Page 8

Adv Funct Mater. Author manuscript; available in PMC 2015 August 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



5. Experimental

Preparation of Aqueous Silk Solution

Silk solutions were prepared using our previously established procedures.[32] Briefly, 5 

grams of B. mori silkworm cocoons were immersed in 2L of boiling 0.02 M Na2CO3 

solution (Sigma-Aldrich, St. Louis, MO) for 10, 30 or 60 minutes, subsequently referred to 

as 10 mb, 30 mb and 60 mb respectively, to remove the sericin protein coating. Degummed 

fibers were collected and rinsed with distilled water three times, then air-dried. The fibers 

were solubilized in 9.3 M LiBr (Sigma-Aldrich, St. Louis, MO) at 60°C for 4 hours. 15 mL 

of this solution was then dialyzed against 1 L of distilled water (water changes after 1, 3, 6, 

24, 36, and 48 hours) with a regenerated cellulose membrane (3,500 MWCO, Thermo 

Scientific, Rockford, IL). The solubilized silk protein solution was then centrifuged twice 

(9700 RPM, 20 min., 4°C) to remove insoluble particulates. Protein concentration was 

determined by drying a known mass of the silk solution under a hood for 12 hours and 

assessing the mass of the remaining solids.

Preparation of Enzymatically Crosslinked Silk Hydrogels

Horseradish peroxidase (HRP), type VI (Sigma-Aldrich, St. Louis, MO) lyophilized powder 

was mixed with deionized water to form a stock solution with a concentration of 1,000 

U/mL. The HRP solution was added to the silk solution in a ratio of 10 Units of HRP to 1 

mL of silk solution. To initiate gelation, 10µL of 165 mM hydrogen peroxide (Sigma 

Aldrich, St. Louis, MO) solution were added per mL of silk solution, for a final 

concentration of 1.65 mM, and mixed by gentle pipetting prior to setting.

Circular Dichroism (CD)

To perform CD, a 100 µl aliquot of 2% w/v silk solution, 1 µl of HRP and 1 µl of hydrogen 

peroxide was thoroughly mixed and immediately loaded into 0.01 mm path length 

demountable quartz cuvette (Starna Cells, Atascadero, CA). The sample was then loaded 

into the spectrophotometer and allowed to gel at 37°C for 1 hour at which time the spectra 

were obtained from 260 to 190 nm at a resolution of 0.5 nm. CD measurements were 

acquired using an Aviv model 62DS spectrophotometer equipped with a temperature 

controller (AVIV Biomedical, Inc., Lakewood, NJ). CD spectra presented are the average of 

three measurements and were smoothed using 9 point Savitzky-Golay smoothing algorithm 

in OriginPro 9.1 (Origin Lab, Northampton, MA).

Fluorescence Spectroscopy

To assess the intrinsic fluorescence of the solution and hydrogels, 1.5 ml of 1% w/v silk 

solution was pipetted into a 3 mm pathlength quartz cuvette (Starna Cells, Atascadero, CA) 

and excitation-emission was recorded using a Hitachi F4500 Spectrofluorometer (Hitachi, 

Schaumburg, IL) from 250 nm to 500 nm in 10 nm increments at an intensity of 700 V using 

a 2.5 nm slit width to avoid saturation. The silk solution was then rinsed from the cuvette 

and 1.5 mL of new solution, with HRP and H2O2 were mixed and pipetted into the cuvette. 

The solution, with initiator, was allowed to gel for 2 hours at room temperature and another 

excitation-emission spectrum was collected. Spectra were then processed to subtract 
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background fluorescence from the solvent and cuvette and normalized to account for 

differences in the xenon lamp output spectrum.

Rheology

Rheological measurements were conducted on the enzymatically crosslinked hydrogels to 

determine the gelation time and mechanical strength. All rheology was carried out on a TA 

Instruments ARES-LS2 rheometer (TA Instruments, New Castle, DE) using a 25mm 

stainless steel conical plate (angle: 0.0994 rad) and a temperature controlled Peltier plate set 

to 37°C. Briefly, gels were mixed by gentle pipetting and 420 µL of solution was loaded 

under the geometry. Prior to gelation, the geometry was lowered to the specified gap and 

low viscosity oil was placed around the outside edge of the cone to prevent water 

evaporation. A dynamic time sweep was conducted at a frequency of 1 Hz (6.283 rad/sec) 

and 1% strain for 4,000 seconds or until the sample had reached a plateau modulus, 

whichever occurred first. Following gelation, dynamic strain and frequency sweeps were 

carried out on the gels to ensure that measurements occurred within the viscoelastic regime 

and to assess the elasticity and relaxation times of the hydrogels. Silk solutions degummed 

for 10, 30, and 60 minutes were tested at concentrations of 1%, 3% and 5%.

Hydrogel Cyclic Compression Testing

Unconfined compression tests were conducted to assess the mechanical properties of the silk 

hydrogels as well as the recovery following multiple compression cycles. Five percent 

solutions of silk, degummed for 10, 30 and 60 minutes were used for the cyclic compression 

testing. Preformed enzymatically crosslinked hydrogels were biopsy punched into cylinders 

(8 mm ∅, 3 mm height) and allowed to fully swell in DI water or contract in PBS for 

approximately 12 hours. The final diameter of the samples were measured and used for 

calculation of compressive stresses. Samples were loaded in a TA Instruments RSA3 

Dynamic Mechanical Analyzer (TA Instruments, New Castle, DE) between stainless steel 

parallel plates in an immersion bath. The upper plate was lowered until a compression force 

of ~3 g was registered. Samples were subjected to five preloading cycles to 40% strain in 

order to eliminate artifacts. The sixth cycle was recorded and tangent moduli were 

calculated at 20% and 40% strains for comparison. All testing was conducted at a constant 

crosshead speed of 1 mm/min. Sequential strain testing until failure was conducted in 10% 

strain increments from 20% to 80% strain following five preconditioning cycles to 40% 

strain. Fatigue stability of the gels was tested by monitoring the dynamic modulus at a 

frequency of 0.5 Hz and 10% strain over the course of 3,600 cycles.

Cell survival and proliferation

Human mesenchymal stem cells (hMSC's) were isolated from fresh bone marrow aspirate 

(Lonza, Basel, Switzerland) as previously described[64] and cultured in Dulbecco's Modified 

Eagle Medium (supplemented with 10% fetal bovine serum and 1% antibiotic/antimycotic) 

(Life Technologies, Grand Island, NY) and seeded at passage 3–4. For surface seeding, gels 

of roughly 400 µm thickness, of 60mb silk solution at a concentration of 3% wt/v were 

prepared as described above and allowed to cure for 1 hour, at 37 °C in an incubator. Cells 

were seeded at 210 cells per mm2, and allowed to adhere for 150 minutes prior to flooding 

with media. In order to minimize the time the cells were exposed to sub-physiological 
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osmolarity, encapsulation was accomplished by partially gelling the silk solutions. The 

60mb silk solution HRP and H2O2 were gently mixed allowed to gel for approximately 10 

minutes, at which time cells at 500 or 1,000 cells per mm3 were added to the solution and 

100 µl per well was added to 48 well plates or glass bottom petri dishes. The plates were 

placed into an incubator and allowed to gel for an additional 10 minutes at which time the 

wells were flooded with media. All cell culture was performed in an incubator maintained at 

37°C and 5% CO2.

Metabolic Activity

The relative metabolic activity of the cells in each scaffold was determined by AlamarBlue 

assay (Life Technologies, Grand Island, NY) according to the manufacturer's directions. 

Scaffolds were rinsed with Phosphate Buffered Saline (PBS) and incubated in DMEM 

medium with 10% AlamarBlue reagent for 4 hours at 37°C with 5% CO2. Following 

incubation with the reagent, aliquots (100 µl) were placed into black 96 well plates and the 

fluorescence quantified using a plate reader with an excitation wavelength of 550 nm and an 

emission wavelength of 590 nm. Cells plated in tissue culture wells were maintained as 

above and utilized as controls, while acellular hydrogels were used to adjust for background 

fluorescence.

Cell Imaging with Confocal Laser Scanning Microscopy

Imaging of the surface seeded and encapsulated cells was performed by staining with a 

LIVE/DEAD Viability/Cytotoxicity Kit (Life Technologies, Grand Island, NY) according to 

the manufacturer's instructions. Briefly, cells were incubated with calcein AM and ethidium 

homodimer-1 (EthD-1) for 60 minutes to stain live (green) and dead cells (red) respectively. 

After staining the gels were washed three times with PBS and imaged using a Leica 

DMIRE2 confocal laser scanning microscope (CLSM) (Wetzlar, Germany) with excitation 

at 488 nm and emission at 499–537 nm for live cells and excitation at 543 and emission at 

620–650 nm for dead cells.

Subcutaneous Implantation

All in vivo experimentation was conducted under protocols approved by the Tufts 

Institutional Animal Care and Use Committee. Mice used in this study were 4–6 week old 

BALBc female mice (Charles River Laboratories, Wilmington, MA). The mice were 

randomly assigned into three timepoints with three animals per group. Each animal had two 

preformed gels (5 mm ∅, 3 mm height) of 2% w/v and 6% w/v protein concentration, 

subcutaneously implanted in lateral pockets under general anesthesia of oxygen and 

isofluorane. At week 1, 2 or 4 post-implantation, animals were euthanized and the 

specimens along with the adjacent tissues were collected for histological examination.

Histochemistry

Explants were fixed in 10% neutral buffered formalin (NBF) and embedded in paraffin 

following xylene and graded ethanol incubation. Samples were sectioned to 6 µm thickness, 

placed on glass slides and paraffin was removed. Sections were then stained with 

hematoxylin and eosin (H&E) (Sigma-Aldrich, St. Louis, MO) to visualize cell nuclei and 
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cytoplasm. Following staining samples were imaged using a Zeiss Axiovert 40 CFL 

microscope and a 10× objective (Carl Zeiss AG, Germany).

Statistical Analyses

Data are expressed as mean ± standard deviation. One or two-way analysis of variance 

(ANOVA) and Tukey post-hoc analysis were used to determine statistically significant 

differences. Statistical significance was accepted at the p < 0.05 level and indicated in 

figures as *p<0.05, **p<0.01, ***p<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chemistry and structural characterization
a) Schematic representation of the crosslinking of tyrosine residues on silk molecules, these 

covalent bonds allow for chain extension creating highly elastic hydrogels. b) Circular 

Dichroism (CD) spectra of silk solution and enzymatically formed hydrogels, show a change 

to a helical structure and not β-sheet as found in other silk materials. Fluorescence 

excitation-emission spectra of solution (c) and gel (d) confirm the formation of dityrosine 

bonds. e) The resultant hydrogels are optically clear and exhibit a blue fluorescence when 

irradiated with UV that is not present in the precursor solution.
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Figure 2. Rheological properties of hydrogels
Representative gelation kinetics (a), strain sweeps (b) and frequency sweeps (c) of different 

molecular weight gels show controllable kinetics and final mechanical properties in highly 

resilient, frequency independent gels. Curves indicated were performed at a protein 

concentration of 5% w/v in DI water. d) Final storage modulus as a function of molecular 

weight and concentration, demonstrate the wide range of stiffness achievable.
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Figure 3. Compressive properties of hydrogels
a) Tangent moduli of 5% w/v cast gels swelled in water and PBS show strain and molecular 

weight dependence. b) Cyclic compression curves of gels immersed in PBS showing 

excellent recovery below 70% strain, inset highlights complete recovery below 40% strain. 

c) Image of hydrogel undergoing ~50% compression, under 50 g (2) and 100 g (3) brass 

weights and showing complete recovery after removal (4). Scale units are in milimeters.
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Figure 4. Human mesenchymal stem cell interactions on silk gel surfaces
a) Cell attachment on silk and TCP at day 1 post-seeding as determined by Alamar blue. b) 

Cell proliferation on silk gels and TCP over a 24-day period as determined by Alamar blue 

and presented as fold change compared to day 1. c) Live (green) and dead (red) cell staining 

on silk gels over a 14-day period. Scale bars are 300 µm.
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Figure 5. Human mesenchymal stem cells encapsulated in silk gels
Silk gels were formed in water (a–d) or DMEM (e–g). a) Cell survival following 

encapsulation in silk gels compared to cells seeded on TCP as determined by Alamar blue at 

day 1 post-encapsulation. b) Live (green) and dead (red) staining on cells encapsulated in 

silk gels at day 1 post-encapsulation showing a cross-section and an average projection of a 

352 µm thick image stack. c) Cell proliferation on silk gels and TCP over a 29 day period as 

determined by Alamar blue and presented as fold change compared to day 1. d) Live (green) 

and dead (red) staining of cells encapsulated in silk gels at days 9 and 29 post-seeding 
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showing an average projection of 212 µm and 212 µm thick image stacks respectively. Scale 

bars are 300 µm. e) Cell survival following encapsulation in silk gels formed in water and 

DMEM compared to cells seeded on TCP as determined by Alamar blue at day 1 post-

encapsulation. f) Comparison of cell proliferation in silk gels formed in water and DMEM as 

determined by Alamar blue at days 5 and 9 post-encapsulation and presented as fold change 

compared to day 1. g) Live (green) and dead (red) staining on cells encapsulated in a silk gel 

formed in DMEM at day 9 post-encapsulation showing an average projection of a 180 µm 

thick mage stack. Scale bars are 300 µm (top) and 175 µm (bottom).
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Figure 6. In vivo interactions with implanted silk gels
Preformed hydrogels of 6% w/v were implanted subcutaneously in a mouse model. Gels 

were explanted and examined histologically by H&E staining 1 (a), 2 (b) and 4 (c) weeks 

following implantation. The hydrogels showed progressive cell infiltration and degradation 

as the duration was increased. Scale bars are 250 µm.
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