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Abstract

In this study, silk fibroin and hyaluronic acid (HA) were enzymatically crosslinked to form 

biocompatible composite hydrogels with tunable mechanical properties similar to that of native 

tissues. The formation of di-tyrosine crosslinks between silk fibroin proteins via horseradish 

peroxidase has resulted in a highly elastic hydrogel but exhibits time-dependent stiffening related 

to silk self-assembly and crystallization. Utilizing the same method of crosslinking, tyramine-

substituted HA forms hydrophilic and bioactive hydrogels that tend to have limited mechanics and 

degrade rapidly. To address the limitations of these singular component scaffolds, HA was 

covalently crosslinked with silk, forming a composite hydrogel that exhibited both mechanical 

integrity and hydrophilicity. The composite hydrogels were assessed using unconfined 

compression and infrared spectroscopy to reveal of the physical properties over time in relation to 

polymer concentration. In addition, the hydrogels were characterized by enzymatic degradation 

and for cytotoxicity. Results showed that increasing HA concentration, decreased gelation time, 

increased degradation rate, and reduced changes that were observed over time in mechanics, water 

retention, and crystallization. These hydrogel composites provide a biologically relevant system 

with controllable temporal stiffening and elasticity, thus offering enhanced tunable scaffolds for 

short or long term applications in tissue engineering.
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II. Introduction

Hydrogels are crosslinked hydrophilic polymer networks with high water content that are 

often utilized as scaffolds for a variety of biomedical applications including regenerative 

medicine, drug delivery, and tissue engineering [1, 2]. Due to their hydrophilic nature, 

hydrogels are permeable to oxygen and nutrients and possess mechanics similar to that of 

native extracellular matrix, creating a receptive environment for cell proliferation [3]. Silk 

fibroin, a fibrous protein derived from Bombyx mori cocoons, can form natural hydrogels 
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with good biocompatibility, mechanical strength, and relatively slow degradation over a few 

months [4–7]. Silk-based hydrogels can be prepared through many methods including 

enzymatic crosslinking, sonicating, altering pH, vortexing, applying electric fields, and 

adding polyols or surfactants [5, 8–11]. Covalently crosslinking the phenolic groups of 

tyrosine residues, ~5% of amino acids in silk fibroin using horseradish peroxidase (HRP) 

and hydrogen peroxide (H2O2) results in a cytocompatible, mechanically tunable, 

elastomeric protein hydrogel [5]. Due to the resilience, lack of harsh crosslinking conditions, 

and mechanical properties similar to native tissues, enzymatically crosslinked silk hydrogels 

provided a useful system for tissue engineering applications [5]. However, these silk 

hydrogels lack cell specific epitopes and depending on the degree of crosslinking and 

environmental conditions, can undergo significant changes in mechanics over time due to 

gradual crystallization [5, 12, 13]. Modulating silk hydrogels through crosslinking of other 

polymers, peptides, and proteins can provide a route to address these limitations. For 

instance, the crosslinking of silk and cardiac extracellular matrix showed enhanced cell 

growth in vitro and cellular infiltration in vivo, but it did not significantly impact hydrogel 

stiffening over time compared to control silk hydrogels [13]. Therefore, there is a need to 

further understand and control temporal silk hydrogel stiffening, which can be accomplished 

through the incorporation of additional polymers, such as hyaluronic acid.

Hyaluronic acid (HA) is a naturally occurring, non-sulfated glucosaminoglycan, that 

consists of repeating disaccharide units of D-glucuronic acid and N-acetyl-D-glucosamine, 

linked by ß-1-3 and ß-1-4 glycosidic bonds [14]. HA is ubiquitous throughout the body, but 

is highly localized in the extracellular matrix of connective tissue, synovial joint fluid, 

vitreous humor, and brain tissue [14, 15]. HA is hydrophilic and has a net negative charge, 

providing tissues with hydration and structural support [16]. In addition, HA plays an 

important role in many biological functions such as embryonic development, inflammation, 

angiogenesis, cell-matrix interactions, and wound healing [15]. Due to its biological and 

structural importance, as well as its ease of modification, HA is an attractive polymer for 

biomedical applications [17]. Since the turnover of HA is rapid, about one-third of the total 

HA body content is degraded and reformed daily, covalent crosslinking is necessary to 

increase mechanical stability for tissue engineering purposes [14, 18, 19]. This can be 

accomplished either directly or by first modifying the hydroxyl or carboxyl groups of HA 

with functional moieties, which can then be crosslinked [15]. Tyramine-substituted HA has 

been previously synthesized to provide a biocompatible hydrogel that can be enzymatically 

crosslinked with HRP and H2O2, under physiological conditions [20–23]. But these 

hydrogels still have limited mechanical properties with moduli ranging under 10 kPa [24] 

and degrade by more than half of their initial weight by 1 month in vivo [25]. Thus, HA 

hydrogels can benefit from a composite system that can offer enhanced mechanical 

properties and resistance to degradation.

A composite scaffold consisting of silk and HA will retain the favorable properties of each 

polymer, while eliminating the limitations as seen in the singular component scaffolds. Silk 

fibroin can provide mechanical integrity and prolonged degradation for long-term 

applications, whereas HA can enhance hydrogel water retention and based on previous 

literature, can provide biological cues [15, 17]. Silk and HA have previously been combined 

in the form of hydrogels, films, microparticles, patches, and sponges to provide biologically 
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active scaffolds for cartilage, neuronal, and cardiac tissue engineering [26–31]. One method 

of combining these two polymers into a bulk hydrogel was entrapping hyaluronic acid in a 

crystalline silk network through the application of ultrasonic frequencies [32]. This 

physically crosslinked hydrogel facilitated the attachment and growth of human 

mesenchymal stem cells (hMSCs) while providing mechanical integrity [32]. However, the 

reliance on physically crosslinked, β-sheet networks, which increased upon the 

incorporation of HA, resulted in brittle behavior, limiting applications and presenting 

challenges in material handling [32–34]. Covalently crosslinking silk and hyaluronic acid 

using 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) chemistry with 

hexamethylene diamine (HDMA) has been proposed to form hydrogels for skin and soft 

tissue treatments but the effect of HA on hydrogel properties has not be documented [35]. 

Although this method can be carried out under physiological conditions, the hydrogels are 

often washed prior to injection to extract the not reacted crosslinking agents [36] which are 

cytotoxic [37, 38] and can lead to loss of cell and tissue functions [21]. On the other hand, 

the enzymatic crosslinking method, using HRP and H2O2, has shown minimal cytotoxicity 

with the in situ gelation of HA hydrogels [24, 25]. Therefore, enzymatically crosslinking 

silk and HA can provide an alternative, cytocompatible method of forming composite 

hydrogels, while providing a format to understand how polymer concentration affects 

hydrogel properties.

In the present study we sought to combine the virtues of silk and HA into a composite 

hydrogel system, through enzymatic crosslinking, to provide a biologically friendly process 

and to overcome limitations that are associated with either polymer alone in hydrogel form. 

The effects of incorporating a hydrophilic bioactive polymer were explored through altering 

HA concentration and characterizing gelation, mechanical, and viscoelastic properties over 

time as well as determining in vitro degradation and cytotoxicity. These composite 

hydrogels offer a biocompatible, stable, tunable system that can be useful for biomaterials 

and tissue engineering applications.

III. Materials and Methods

Preparation of Silk-HA Hydrogels

Aqueous silk solutions were prepared using previously established methods [39]. Briefly, 

sericin protein was removed from B. mori silkworm cocoons by placing 5 g of cut cocoons 

in 2 L of a boiling 0.02 M sodium carbonate solution (Sigma-Aldrich, St. Louis, MO) for 60 

minutes. After rinsing in deionized (DI) water three times, the degummed fibers were dried 

overnight and solubilized in 9.3 M lithium bromide (Sigma-Aldrich, St. Louis, MO) for 4 

hours at 60°C. The resulting silk solution was then dialyzed against DI water using standard 

grade regenerated cellulose dialysis tubing (3.5 kD MWCO, Spectrum Labs Inc, Rancho 

Dominguez, CA). After 6 changes over 3 days, insoluble silk particulates were removed by 

centrifugation (two times at 9000 RPM, 5°C, 20 minutes). Silk concentration was 

determined by weighing a dried sample of a known volume.

Lyophilized tyramine-substituted HA (Corgel® powder 2.8%, MW 0.9–1 MDa, Lifecore 

Biomedical, Chaska, MN) was dissolved in Ultrapure™ distilled water (ThermoFisher 

Scientific, Waltham, MA) overnight at 4°C. Aqueous silk and HA were combined through 
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gentle pipetting to yield a final silk concentration of 20 mg/mL and final HA concentrations 

of 0, 0.2, 1.05, 2.22, and 5 mg/mL. Samples are referred to as the weight percentage of HA 

(Table 1). HA only hydrogels consisted of 5 mg/mL of HA. Crosslinking was initiated by 

adding of 10 U/mL of horseradish peroxidase (HRP, type VI, Sigma-Aldrich, St. Louis, MO) 

followed by 0.01% H2O2 (final molarity of 3.27 mM, Sigma-Aldrich, St. Louis, MO), 

similar to previous reports [5, 13, 40]. Composite hydrogels with HA concentrations above 5 

mg/mL were excluded from experiments due to an increase in viscosity and phase separation 

resulting in difficulties with handing and reproducibility. After mixing, the solutions were 

allowed to gel for 3–4 hours at 37°C prior to analysis, unless otherwise noted.

Gelation Kinetics

Gelation time was evaluated by a vial inversion test, where gelation time was designated as 

the time at which the solution no longer flowed after tilting the vials. Briefly, H2O2 was 

added into a silk-HA solution containing HRP in a 7 mL scintillation vial and mixed with a 

pipette for 10 seconds, yielding a total of 750 μL of hydrogel solution. Samples were kept at 

37°C where gelation was monitored (n=4). Crosslinking kinetics were assessed through 

fluorescence spectroscopy using a SpectraMax M2 multi-mode microplate reader 

(Molecular Devices, Sunnyvale, CA). A 200 L aliquot of silk-HA solution was mixed in a 

black 96-well plate for 10 seconds with a pipette. Crosslinking was monitored at 37°C by 

measuring the intensity of intrinsic fluorescence emission at 415 nm after excitation at 315 

nm of the crosslinked phenolic groups until plateau. Results are reported as a fraction of the 

maximum intensity after subtracting a blank measurement taken prior to adding H2O2 (n=7).

Rheology

Rheological measurements were performed at 37°C on a TA Instruments ARES-LS2 

rheometer (TA Instruments, New Castle, DE) using a 25 mm stainless steel upper cone and 

peltier bottom plate. Samples were mixed as previously mentioned, without the addition of 

H2O2. 415.8 μL of silk-HA solution with HRP was loaded onto the plate and the cone was 

lowered to 46.8 m. During a 10 second precycle at a steady shear rate of 100/sec, 4.2 μL of 

1% H2O2 was added into the gap. To prevent evaporation during analysis, mineral oil was 

placed around the system. A dynamic time sweep was performed at 1 Hz with a 1% applied 

strain until samples attained a steady modulus. Parameters were chosen in the linear 

viscoelastic region as determined in preliminary experiments (Supplement Figure 1). 

Following gelation, dynamic frequency sweeps (0.1 to 100 rad/s at 1% strain) and strain 

sweeps (0.1% to 500% or to failure, whichever came first, at 1 Hz) were conducted (n=3).

Unconfined Compression

Unconfined compression was performed on a TA Instruments RSA3 Dynamic Mechanical 

Analyzer (TA Instruments, New Castle, DE) between stainless steel parallel plates. 

Preformed hydrogels (4 mm diameter, ~2-3 mm height) were placed under a preload of ~0.5 

g to ensure full contact. Two load-unload cycles to 30% strain at a rate of 0.667% per second 

were performed to eliminate artifacts. Stress response and elastic recovery were monitored 

during the third load-unload cycle at the same strain rate. Hydrogels were tested after 

incubation in 1× PBS at 37°C for 1 day and 1, 2, 3, and 4 weeks. Tangent modulus was 

calculated for each sample between 5 and 10% strain (n=5).
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Swelling

Percentages of water in the hydrogels were calculated using Equation 1. Briefly, wet mass 

was determined by blotting preformed hydrogels with a WypAll paper towel (Kimberly-

Clark Co., Neenah, WI) to remove residual surface water and weighing. After drying in a 

60°C oven overnight, samples were weighed again to obtain their dry mass. The water 

content was determined initially and after incubation in 1× PBS at 37°C for 1 day, and 1, 2, 

3, and 4 weeks (n=5).

Fourier Transform Infrared Spectroscopy (FTIR)

Secondary structure was analyzed by a JASCO FTIR 6200 spectrometer (JASCO, Tokyo, 

Japan) with a MIRacle™ attenuated total reflection with germanium crystal. Preformed 

hydrogels (4 mm diameter, ~2-3 mm height) were washed in deuterated water (Sigma-

Aldrich, St. Louis, MO) three times for 30 minutes each prior to analysis to remove the 

interference of water in the amide I region. Data was obtained by averaging 32 scans with a 

resolution of 4 cm−1 within the wavenumber range of 600 and 4000 cm−1. Samples were 

allowed to incubate in 1× PBS at 37°C for 1 day prior to initial analysis and then at weeks 1, 

2, 3, and 4 (n=5). Data was quantified by dividing the average peak absorbance at 1620–

1625 and 1640–1650 cm−1 representing the ratio of ß-sheet to random coil secondary 

structures [41].

In Vitro Degradation

Preformed hydrogels (~ 22 mm diameter, 2 mm height) were first incubated at 37°C in 1× 

PBS for 3–4 hours. The gels were then placed in 2 mL of an enzyme cocktail consisting of 

lyophilized hyaluronidase (type I-S from bovine testes, Sigma-Aldrich, St. Louis, MO), and 

protease (type XIV from Streptomyces griseus, Sigma-Aldrich, St. Louis, MO) dissolved at 

1 U/mL and 0.001 U/mL in 1× PBS, respectively. The enzyme solution was changed every 2 

days. At days 0, 1, 2, 4, 6, and 8 a subset of gels were removed from the enzyme solution 

and washed in Ultrapure™ water over night at room temperature, lyophilized and weighed. 

Results are shown as the mass fraction of the initial weight (n=4).

In Vitro Cell Response

Human mesenchymal stem cells (hMSCs) were isolated from human bone marrow aspirates 

(Lonza, Gaithersburg, MD), as previously reported [42]. Cells were cultured in growth 

media consisting of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% 

fetal bovine serum, 1% Penicillin-Streptomycin (Life Technologies, Carlsbad, CA), and 1 

ng/mL of basic fibroblast growth factor (bFGF) (Invitrogen, Carlsbad, CA). At passage 3, 

cells were plated onto preformed hydrogels (15 mm diameter, 1.5 mm height) containing 

silk only, silk-HA (10% HA), and HA only as well as tissue culture plastic (TCP) controls at 

a density of 10,000 cells/cm2. Media was changed 3–4 hours after initial plating and then 

every 2–3 days. Brightfield images were collected initially after seeding and at day 7 with a 

BZ-X700 Fluorescence Microscope (Keyence Corp., Itasca, IL). Cell proliferation was 

quantified using Quant-iT PicoGreen dsDNA Assay Kit as per manufacturer’s instructions 

(Invitrogen, Carlsbad, CA). In brief, cells were first lysed with 500 μL of 1× TE buffer 

solution (ThermoFisher Scientific, Waltham, MA). DNA content was determined in 
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duplicates by measuring fluorescence intensity (ex/em: 480/520 nm) using a microplate 

reader after samples were diluted 5× with TE buffer and combined with PicoGreen reagent. 

Cell proliferation is shown as the fold change in DNA concentration at day 3, 5, and 7 

compared to the initial DNA concentration (n=6).

Statistics

Data are expressed as means ± standard deviations. One- or Two-way ANOVA (analysis of 

variance) with Tukey’s post hoc multiple comparison tests were performed using GraphPad 

Prism (GraphPad Software, La Jolla, CA) to determine statistical significance (*p≤0.05, 
**p≤0.01, ***p≤0.001).

IV. Results

Hydrogel Gelation

Polymerization of the precursor hydrogel solutions with HRP and H2O2 generated phenolic 

radicals that could covalently bond with one another (Supplement Figure 2). In the silk-HA 

system, this reaction covalently linked the two polymers (Figure 1a), forming a hybrid, 

composite hydrogel with polymer crosslinking efficiency above 94% (Supplement Figure 3). 

The types of crosslinks that are possible within the composite system include dityrosine 

(silk-silk bonds), dityramine (HA-HA bonds), and tyramine-tyrosine (silk-HA bonds) 

(Supplement Figure 4a). All three crosslinks were identified in all composite hydrogels 

except that of 1% HA, indicating that the hydrogels contained both inter and intra-polymer 

bonds (Supplement Figure 4b). In the 1% HA samples, where the concentration of tyramine 

was relatively low initially, dityramine and tyramine-tyrosine peaks had similar areas to that 

of negative controls, and therefore they could not be reliably analyzed.

The sol-gel transition of silk-HA hybrid hydrogels ranged from a few to approximately 20 

minutes, as determined by a vial inversion test. When increasing the HA concentration 

greater than 1% gelation time decreased significantly, compared to silk only hydrogels 

(Figure 1c). As expected, HA only hydrogels gelled within seconds after crosslinking was 

induced [22]. To further assess gelation properties, crosslinking kinetics were explored by 

quantifying the rate of formation of phenolic crosslinking, which intrinsically emit 

fluorescence at 415 nm after excitation at 315 nm (Supplement Figure 5a) [5]. Both the 

shape of the curve and the time to plateau were dependent on HA content (Figure 1d). Silk 

only hydrogels experienced a delay in crosslinking, showing a sigmoidal shaped curve, 

whereas composite and HA only hydrogels showed hyperbolic shaped curves with no delay. 

HA only and silk only hydrogels completed crosslinking in approximately 15 and 110 

minutes, respectively. Composite hydrogels completed crosslinking between these two 

extremes in which increasing HA concentration, lead to decreased crosslinking times 

(Supplement Figure 5b).

Rheology

Shear mechanical properties and the dependence on polymer concentration were determined 

through rheology. For pure silk and silk-HA hydrogels, mechanical stability occurred 

between 132 and 174 minutes, with no significant dependence on HA concentration (Figure 
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2a). However, HA only hydrogels reached their maximum storage modulus at ~15 minutes, 

much faster than that of silk only and silk-HA hybrids, revealing that silk component in the 

hybrid hydrogels is the limiting factor in mechanical stability during gelation. The silk and 

silk-HA hydrogels withstood approximately 100% strain before failing, whereas the pure 

HA hydrogels starting fracturing at ~30% strain (Figure 2b). Pure silk and pure HA 

hydrogels had storage moduli of 2.27 ± 0.09 and 0.55 ± 0.03 kPa, respectively. All 

composite hydrogels exhibited higher final storage moduli than that of the pure hydrogels, 

but those containing 20% HA showed the highest at 3.85 ± 0.08 kPa (Figure 2c).

Unconfined Compression

Mechanical analysis was executed to determine the unconfined compressive properties of the 

hydrogels over a period of 1 month (Figure 3). Preformed hydrogels were soaked in PBS at 

37°C and a subset of the samples were analyzed for compressive properties at weeks 0, 1, 2, 

3, and 4. Initially, all hydrogels had moduli ranging between ~3 and 8 kPa and fully 

recovered as seen in the hysteresis curves (Figure 3). The times at which the elastic moduli 

of the hydrogels increased were significantly delayed with the addition of higher HA 

content. For instance, hydrogels containing 0 and 1% HA experienced a small increase in 

modulus at week 2 with a much larger increase at week 3. On the other hand, hydrogels with 

5, 10, and 20% HA did not begin to stiffen until week 3 and HA only hydrogels remained 

consistent at ~3 kPa (Figure 3a). At week 4, all hybrid hydrogels except that of 1% HA were 

less stiff than silk only hydrogels. Particularly, increasing the amount of HA reduced the 

magnitude of stiffening. For instance, at week 4, hydrogels with 0, 1, 5, 10, and 20% HA 

stiffened approximately 240, 200, 100, 40, and 5 times their initial modulus (Supplement 

Table 1). A higher degree of resilience was also retained with higher HA concentrations, as 

seen through less hysteresis during a single load-unload cycle at week 4 (Figure 3b). 

Additionally, hydrogels containing 10% HA or less did not fully recover (Figure 3b).

Fourier Transform Infrared Spectroscopy (FTIR)

Secondary structure was assessed through FTIR to determine the conformational changes 

over time. Over 1 month, there was a peak shift in the FTIR spectra from ~1640 cm-1 to 

~1620 cm−1 in silk only and low HA concentration hydrogels, suggesting a change in silk 

secondary structure from random coil to crystalline β-sheet (Figure 4a) [41]. This shift was 

quantified by calculating the ratio of the average peak absorbance at 1620–1625 and 1640–

1650 cm−1 (Figure 4b). At week 3, the ratio of 0% and 1% HA hydrogels increased to over 

1, signifying there was a larger contribution from ß-sheet than random coil secondary 

structures. The 5% hydrogels followed this trend at week 4. Additionally, at week 4, the 5%, 

10% and 20% hydrogels had significantly lower ratios as compared to silk only hydrogels.

Swelling

The water retention capabilities of the hydrogels were determined by calculating percentage 

of water in the hydrogels over 1 month (Equation 1). Figure 5 shows that initially, all 

composite hydrogels contained ~97% water, similar to that of silk only hydrogels. Starting at 

week 1, the composite hydrogels contained higher percentages of water as compared to silk 

only hydrogels. HA concentration was directly correlated to water retention, where after 1 

month the 0, 10, and 20% HA hydrogels contained 83%, 88%, and 94% percent water, 
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respectively. This shows that increased HA concentrations help maintain water content over 

time.

In Vitro Degradation

The degradation profiles of hydrogels were determined in vitro after soaking hydrogels in an 

enzyme solution consisting of protease and hyaluronidase (Figure 6). The composite 

hydrogels exhibited degradation rates ranging between that of their singular component 

counterparts. HA only hydrogels completely degraded at day 6 whereas silk only hydrogels 

were 70% their original weight at day 8. In the composite hydrogels, HA concentration was 

correlated to degradation rate as increasing HA concentration above 5% increased 

degradation at day 8. More specifically, hydrogels with 10 and 20% HA were approximately 

50% and 15% their initial weight, respectively.

hMSC Responses

hMSCs from bone marrow aspirates were plated onto preformed hydrogels containing silk 

only, silk-HA, HA only, or TCP to determine in vitro cell response. Brightfield images 

showed cell attachment and morphology at day 0 and 7, where cells on TCP, silk, and silk-

HA (10% HA) hydrogels became confluent (Figure 7a). Cellular proliferation at day 3, 5, 

and 7 are shown as the fold change of initial DNA content, quantified with PicoGreen 

(Figure 7b). Both silk and silk-HA hydrogels supported cellular growth with spread 

morphologies and proliferation, similar to that of TCP controls, revealing the 

cytocompatibility of the hydrogels. On the other hand, HA only hydrogels inhibited hMSC 

growth with cell morphology remaining spherical over 1 week.

V. Discussion

In the present study, enzymatically crosslinked silk-based hydrogels were further explored 

by investigating the effects of covalently binding HA to the silk. The oxidative crosslinking 

of tyrosine groups found in silk using HRP and H2O2 leads to highly elastic, cytocompatible 

hydrogels with tunable mechanical properties [5]. Although these hydrogels provide limited 

biological cues attributed to the absence of cell-specific signaling epitopes in the silk fibroin 

primary sequence, they are nonetheless advantageous due to the reaction simplicity, 

mechanical integrity, relatively slow degradation, and control of properties, when considered 

in the context of other natural polymeric systems such as HA [21], alginate [43, 44], dextran 

[45], and gelatin [46]. These other degradable polymers often require the addition of 

functional groups to facilitate crosslinking, have mechanical properties limited to a few kPa 

and rapidly degrade in vivo. As observed in silk-based enzymatically crosslinked hydrogels, 

depending on the degree of crosslinking and external environmental stimuli, the tendency of 

silk to self-assemble into ß-sheet secondary structures results in stiffening of the initial 

crosslinked gels over time [13, 47, 48]. Therefore, silk-HA composite hydrogels were 

formed in hopes to develop a hybrid scaffold with unique properties that cannot be achieved 

with single polymer materials. The hybrid hydrogel can thus possess the positive attributes 

from each polymer where silk can provide mechanical integrity and resistance to 

degradation while HA can offer enhanced hydration and potentially provide biofunctionality 

such as facilitating cell differentiation [49] and angiogenesis [50]. In this study, we sought to 
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explore the physical material properties of silk-HA composite hydrogels, with the hypothesis 

that HA would maintain hydration and provide physical control of silk self-assembly.

The most notable effect of HA concentration in the composite hydrogels was the control of 

mechanical changes over time. Initially, all hydrogels were highly elastic and had 

compressive moduli between 3 and 8 kPa, similar to that of soft tissues [51]. After 1 month, 

silk only hydrogels became inelastic and stiffened to approximately 1 MPa, driven by a 

thermodynamically favorable shift in secondary structure from random coil to ß-sheet as 

determined by a peak shift in the FTIR spectra from ~1640 cm−1 to ~1620 cm−1. In addition, 

the increase in crystallinity is associated with concentrated hydrophobic regions [52] and 

decreased hydrogel water retention, as determined through swelling studies. With the 

composite hydrogels, the increasing of HA concentration delayed and reduced this shift in 

conformation, leading to more stable mechanics, elasticity, and water retention over time. 

For instance, HA concentrations of at least 5% did not show significant stiffening until week 

3, whereas silk only and hydrogels with lower HA concentrations started to stiffen at week 2 

with larger increases seen at week 3 This is reflective on the ratio of ß-sheet to random coil 

where silk only and lower HA hydrogels exhibited a ratio over 1 by week 3. By 1 month, 

there was an inverse relationship between HA concentration and compressive modulus 

where 1, 5 and 10% HA hydrogels had moduli of approximately 960, 460, and 290 kPa, with 

ß-sheet to random coil ratios of 1.12, 1.06, and 0.86, and water percentages of 85%, 86%, 

and 88%, respectively. Hydrogels containing 20% HA exhibited a comparatively small 

amount of stiffening to approximately 40 kPa with 94% water, revealing that high HA 

concentration impedes the extensive changes in mechanical properties, crystallinity, and 

water retention as seen in neat silk hydrogels.

The interaction between silk and HA was previously explored with physically crosslinked 

matrices, where increasing HA increased silk ß-sheet content, resulting in stiffer scaffolds 

[32, 34]. Unlike in our system, HA was physically blended with silk, which fostered phase 

separation and silk self-assembly, resulting in the encapsulation of HA within the matrix 

with increased crystallinity. However, an intermixed hydrogel is formed when HA is 

covalently crosslinked within the silk matrix. The large hydrophilic polymer thus helps to 

retain water molecules within the network and forces the separation of the polymer 

backbones, retarding changes in secondary structure and stabilizing mechanical properties 

over time.

Overall, the results show that by changing HA concentration we can select and predict the 

rate and extent of matrix stiffening, without further external stimuli, which can negatively 

impact cell function or damage tissue in vivo. Temporal hydrogel stiffening has been 

exploited with a number of hydrogel systems to study tissue development [13, 53], stem cell 

differentiation [54, 55], disease models [56], and tumor growth suppression [47]. In 

particular, methacrylated HA hydrogels initially crosslinked through Michael type reactions 

could be stiffened to ~30 kPa, about a 10-fold increase from the initial modulus, upon 

stimulation from UV [54] or visible light [56] after addition of a photoinitiator. Thiolated 

HA hydrogels exhibited a 3-fold increase in stiffness after about 3 days, through 

crosslinking of poly(ethylene glycol) diacrylate [53]. In comparison, the silk-HA hydrogels 

studied here exhibited stiffening that covers a larger range of increased moduli from an order 
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of 10 kPa to just under 1 MPa, by varying initial HA concentration. This range of 

mechanics, which is generally unattainable by natural polymers, covers most intermediate 

stiffness ranges of biological tissues [57], thus extending the potential for these composite 

hydrogels to serve as biomimetic scaffolds to study tissue fibrosis [13] or the stiffer of soft 

tissues such as muscle and cartilage [57, 58].

Due to the simplicity of the reaction, it may be possible to achieve similar results by 

crosslinking silk to other high molecular weight, unbranched, hydrophilic polymers such as 

polyethylene glycol, extending the utility of the system. Additionally, other silk-based 

hydrogels using a similar method of preparation, showed mechanical properties and extent 

of stiffening controllable by altering silk molecular weight and concentration [13, 59], as 

well as the ratios of the cross-linking components [48], which if applied to the silk-HA 

hybrid system, can further the versatility and tunability of the hydrogels.

HA concentration not only affected the mechanical properties but also altered gelation 

kinetics, where increasing HA concentration above 1% steadily decreased the sol-gel 

transition time from 20 minutes to just over 1 minute. A similar trend was seen with 

crosslinking kinetics where HA concentration was inversely correlated to the completion of 

crosslinking. These results may be in part due to an increase in potential crosslinks from an 

increase in HA concentration. The ability to tune the sol-gel transition within this time frame 

shows the potential for in situ gelation. Since there are no known human peroxidases that 

facilitate phenolic crosslinking, in order to let HRP crosslinked hydrogels form in situ, 

sufficient time prior to gelation after mixing is required [60].

Although HA concentration affected the gelation kinetics, in terms of sol-gel transition and 

crosslinking kinetics, it had no significant effect in mechanical stability as determined 

through rheological time sweeps. Additionally, HA only hydrogels became mechanically 

stable after crosslinking was induced at ~15 minutes, a similar time as to when crosslinking 

was completed. However, the silk only hydrogel completed crosslinking at ~110 minutes but 

did not reach the final modulus until 170 minutes. This variation in time may be due to the 

intramolecular interactions between silk protein domains, driving the shear mechanical 

properties after covalent crosslinking is completed. As previously reported, the time to reach 

stable shear mechanics can be decreased by increasing silk concentration and decreasing 

molecular weight, thus potentially increasing the rate of intramolecular silk interactions [5]. 

Therefore, in the present study, since silk concentration and molecular weight were held 

constant, it was not surprising that HA concentration had no effect on the time to reach 

stable shear mechanics, confirming that the silk component in the composite system drove 

initial mechanical stability. However, the addition of HA, led to increased moduli as 

compared to silk only hydrogels, due to the increase in overall polymer concentration and 

potential crosslinking sites.

To test the potential and viability of the hydrogels for in situ applications, hydrogels were 

evaluated for cytotoxicity by culturing hMSCs directly on the gels without preconditioning 

or extracting crosslinking agents. HA only hydrogels evaluated did not support hMSC 

growth, as expected, due to its low mechanical strength and anti-adhesive properties [61–

63]. HA-based hydrogels are often combined with small peptides or other polymers to 
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enhance cell adhesion and proliferation through bioactive or mechanical cues [54, 61, 64]. In 

the present study, the combination of silk and HA led to composite hydrogels that supported 

hMSC growth, similar to that of silk hydrogels and TCP controls. Additional experiments 

show that composite hydrogels can also successfully encapsulate hMSCs with good cell 

survival and increased metabolic activity (Supplement Figure 7). These results show that the 

composite hydrogels developed are cytocompatible and support cell growth, which 

demonstrate the potential use of these hydrogels as a biomaterial.

HA hydrogels, like many naturally-based polymers, often degrade quickly due to the 

presence of hyaluronidases in the body [50, 63]. To overcome this rapid degradation, HA 

modifications and cross-linking have been attempted with varying degrees of success. For 

instance, thiolated HA hydrogels degraded completely in vivo in 2 weeks [65] whereas 

tyramine-HA hydrogels degraded about half their initial weight after 1 month [25]. On the 

other hand, silk-based hydrogels have exhibited slow degradation, maintaining their original 

size and shape up to 15 weeks [6]. Due to these differences, by covalently crosslinking silk 

and HA, the degradation rates of the composite hydrogels can be tuned for either long or 

short-term applications. Through in vitro studies,we showed that the composite silk-HA 

hydrogels degraded more slowly than HA only hydrogels upon exposure to protease XIV 

and hyaluronidase. As anticipated, increasing the HA concentration in the composite 

hydrogels led to faster degradation rates due to the rapid degradation of HA, disrupting the 

overall polymer network. These data show we have formed a highly interconnected hybrid 

hydrogel that has tunable degradation rates dependent on the concentration of HA. With the 

control of biodegradation, there needs to be a balance between scaffold degradation and 

mechanical integrity. This balance is often application specific and depends on the function 

of the scaffold. Particularly, in tissue regeneration applications, scaffold degradation should 

occur at the same rate as new ECM deposition to avoid scaffold failure [66]. This balance is 

often facilitated by cell-mediated degradation and can be accomplished through enzyme-

sensitive scaffolds. In addition, for drug delivery applications, the rate of degradation will 

depend on the rate of therapeutic delivery [3]. The balance between biodegradation and 

scaffold integrity can be further controlled by adding less-degradable hydrophilic polymers, 

such as polyethylene glycol [67], or increasing the crosslink density by substituting 

additional phenolic groups on the side chains of the polymers.

VI. Conclusions

Silk-HA hybrid hydrogels with controllable gelation and degradation rates and predictive 

temporal stiffening were successfully developed. These binary hydrogels are advantageous 

over other natural polymer-based systems that tend to rapidly degrade and possess narrow 

mechanical ranges limited to softer tissue types. By changing the concentration of a single 

polymer in the binary system, we were able to show a wide range of tunable properties 

resulting in a versatile scaffold that can be specifically designed for many tissue engineering 

applications.
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Figure 1. Hydrogel Gelation
(a) A schematic representing the single step covalent crosslinking between tyrosine residues 

on silk and tyramine side chains on HA creating a composite hydrogel. (b) Images showing 

gelation of silk-HA hydrogels during a vial inversion test. (c) Gelation times, as determined 

by the vial inversion test, show hydrogels consisting of more than 1% HA decreased gelation 

time (n=4, ***p≤0.001). (d) In addition, the increasing of HA concentration affected 

crosslinking kinetics by reducing the lag period seen most prominently in 0% hydrogels and 

decreasing time at which crosslinking was complete (n=7).
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Figure 2. Rheological Properties
(a) Representative time sweeps, (b) strain sweeps, and (c) final shear storage moduli are 

shown. HA only hydrogels reached a final modulus much quicker (a), had a lower maximum 

strain (b), and had a much lower final storage modulus (c) as compared to composite and 

silk only hydrogels. (n=3, *p≤0.05, ***p≤0.001).
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Figure 3. Unconfined Compression
(a) The compressive moduli of the hydrogels over time, expressed on a log scale, are 

dependent on HA concentration where increasing concentration reduces the amount the 

modulus increases after 1 month. (b) Average stress-strain curves show that stress and 

hysteresis increase for all samples after 4 weeks, except for HA only hydrogels, with the 

extent of hysteresis reduced by increasing HA concentration. (n=5, +p≤0.05 compared to 
0%, *p≤0.05, ***p≤0.001. Statistical analysis was performed after log transformation).
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Figure 4. FTIR Absorbance Spectra
(a) The average FTIR absorbance spectrum in the amide I region is shown for hydrogels 

over time. Hydrogels with lower HA concentration exhibit a peak shift from ~1640cm−1 to 

~1620cm−1 at 3 weeks. Additionally, the peak at ~1620 cm−1, which is representative of ß-

sheet formation, becomes larger and wider as HA concentration decreases. (b) The ratio of 

ß-sheet to random coil conformation was calculated by dividing the average of peak 

absorbance at 1620–1625 and 1640–1650cm−1 showing that increasing HA concentration 

reduced the ratio over time. (n=5, *p≤0.05 and ***p≤0.001 compared to week 0).
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Figure 5. Percent Water
The percent water, based on mass, was calculated for hydrogels over time. Initially, all 

hydrogels, with the exception of HA only hydrogels, contained ~97% water. At weeks1, 2, 

3, and 4, all composite hydrogels had higher percentages of water as compared to 0% 

hydrogels, showing that the addition of HA reduces the amount of water loss over time. 

(n=5, **p≤0.01, ***p≤0.001 compared to 0% HA).
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Figure 6. In vitro Degradation
Degradation was determined by calculating the fraction of initial mass after soaking in an 

enzymatic cocktail consisting of 1 U/mL and 0.001 U/mL of hyalruonidase and protease. A 

direct relation between degradation rate and HA concentration was seen when increasing 

HA concentration above 5% significantly increased the degradation rate at day 8 (n=4, 
**p≤0.01, ***p≤0.001).
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Figure 7. 2D hMSC Response
(a) Bright-field images of 2D hMSCs are shown at day 0 and 7. Hydrogels containing silk 

fibroin enhanced cell spreading whereas HA only hydrogels inhibited spreading (scale 
bar=100 μm). (b) The fold change of hMSC DNA content as compared to day 0 was 

calculated for days 3, 5, and 7. Silk only and silk-HA (10% HA) hydrogels promoted 

cellular growth similar to that of TCP whereas HA only hydrogels showed inhibited growth 

(n=6, * p≤0.05, **p≤0.01, ***p≤0.001).
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Table 1
Sample Conditions

Samples are denoted by the mass percent of tyramine-substituted HA as compared to the total polymer 

concentration. Each condition was crosslinked with 10 U/mL of HRP and 0.01% H2O2 (final molarity of 3.27 

mM).

Sample Silk Concentration (mg/mL) HA Concentration (mg/mL)

0% 20 0.0

1% 20 0.2

5% 20 1.05

10% 20 2.22

20% 20 5.0

HA only 0 5.0
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