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A B S T R A C T   

Biochemical and mechanical interactions between cells and the surrounding extracellular matrix influence cell 
behavior and fate. Mimicking these features in vitro has prompted the design and development of biomaterials, 
with continuing efforts to improve tailorable systems that also incorporate dynamic chemical functionalities. The 
majority of these chemistries have been incorporated into synthetic biomaterials, here we focus on modifications 
of silk protein with dynamic features achieved via enzymatic, “click”, and photo-chemistries. The one-pot syn
thesis of vinyl sulfone modified silk (SilkVS) can be tuned to manipulate the degree of functionalization. The 
resultant modified protein-based material undergoes three different gelation mechanisms, enzymatic, “click”, 
and light-induced, to generate hydrogels for in vitro cell culture. Further, the versatility of this chemical func
tionality is exploited to mimic cell-ECM interactions via the incorporation of bioactive peptides and proteins or 
by altering the mechanical properties of the material to guide cell behavior. SilkVS is well-suited for use in in vitro 
culture, providing a natural protein with both tunable biochemistry and mechanics.   

1. Introduction 

The extracellular matrix (ECM) regulates and guides cell and tissue 
fate in vivo. [1] The ECM plays an essential role in tissue development 
and disease progression by providing physical and chemical cues that 
often change over time (e.g., development, disease, regeneration) to 
direct cell behavior [2–5]. This signaling is present during tissue repair, 
where injury-induced perturbations in homeostatic processes initiate a 
cascade of dynamic cell-ECM interactions to restore the tissue to the 
native state over time [6]. In fibrosis, this restorative process goes awry, 
where cell-ECM interactions perpetuate the disease toward a chronic 
state through dynamic feedback loops [4,7]. Namely, fibroblasts un
dergo a matrix-driven activation to myofibroblasts, a highly contractile 
and proliferative phenotype marked by α-smooth muscle actin (αSMA) 
expression, which has become a pathognomonic for fibrosis [8]. The 
path leading to either healthy or diseased tissue outcomes depends on 
the dynamic interplay involving matrix composition, biochemistry and 
mechanical cues, all of which influence cell behavior [9–13]. Thus, 
control of these dynamic tissue features is key when studying the un
derlying biology or developing in vitro tissue models of a disease. 

Numerous biomaterial systems have been developed in an attempt to 
better capture the ECM microenvironment and to parse out the role of 

specific biochemical or physical cues in cell fate [9,14,15]. The 
biochemical composition [16], mechanical stiffness [17], and matrix 
architecture [10] of these materials were tuned to represent healthy and 
diseased tissue states in order to study biological principles that underly 
disease progression and tissue development in vitro. [15,18] While these 
materials highlighted the interplay between cells and their local extra
cellular environment, they often focus on one aspect of these tissue 
variables, and therefore do not account for the complexity and dynamic 
changes that occur during disease progression or tissue development 
[19]. Biomaterials that can more fully represent dynamic cell-ECM in
teractions should offer improved and more reliable in vitro systems for 
the study of tissue development and disease [20]. 

Polymeric materials capable of undergoing nanoscale changes and 
responses that emulate native tissue processes have been designed and 
engineered for use as biomaterials [9,14]. Early advancements focused 
on manipulating network formation and biochemical composition with 
stimuli such as temperature [21], pH [22], light [23,24], magnetic fields 
[25–27] or others [28]. However, modeling tissue in vitro requires 
increased spatiotemporal precision than these previous methods pro
vide. Through interdisciplinary advancement, several chemistries have 
advanced the capabilities of in vitro models [29]. Generally, these 
chemistries are based on mechanisms such as click chemistry [12, 
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30–36], photochemistry [10,31,32,37–39], supramolecular principles 
[40–45], and biomolecular interactions [46–54]. 

As biomaterials diverge from static cultures toward complex, dy
namic systems, diverse chemical functionality and mechanical 
tunability within a singular system are essential [9,40]. While the 
aforementioned chemistries have largely been limited to synthetic 
polymers, some natural materials have been chemically modified to 
contain advanced functionality, such as photocrosslinking [57], click 
chemistry [10], or supramolecular crosslinking [58]. However, these 
natural polymers usually are limited in mechanical integrity and 
versatility, often requiring the use of multicomponent systems. 

Silk fibroin (termed silk hereafter) is a natural protein that forms 
mechanically robust, biocompatible, and versatile biomaterials [59]. 
Silk protein is an amphiphilic, high molecular weight polymer with 
highly repetitive glycine and alanine (GAGA) hydrophobic regions that 
are flanked by serine or tyrosines [60,61]. This structure controls the 
unique material properties by guiding self-assembly into β-sheet sec
ondary structures which increase the mechanical strength of the mate
rial [62]. Past research has exploited this feature to generate hydrogels 
by inducing β-sheet crystallization to form robust, physically crosslinked 
networks or by employing enzymes to introduce free radicals on tyrosine 
side chains, which subsequently form dityrosine crosslinks [63–66]. 
While these features are useful, the structure of silk also limits the ca
pacity to incorporate advanced chemical strategies to aid in the devel
opment of dynamic biomaterials for in vitro cell culture systems. There 
are a few examples of click [67–72] or photochemistry [73,74] trans
lated to silk, however, these systems target reactive motifs in low 
abundance such as lysine side chains requiring the addition of a second 
polymer to increase available reactive sites or high polymer concen
trations. Thus far, silk chemistry has been limited to the tyrosine motifs 
(~5.3 mol% of amino acids) or lysine and acidic side chains (~2 mol% 
combined) along the backbone [75–79]. While useful for representing 
some physiological ECM features, these chemistries alter the protein 
structure and the material properties, often rendering silk insoluble with 
low degrees of functionalization [78,80,81]. Alternatively, the serine 
groups, which account for ~12 mol% of the amino acids, have not been 
as actively pursued in terms of chemical modifications of silk [82,83]. 

Here, we aimed to introduce advanced chemical functionality to silk 
by exploiting serine moieties. The synthesis and characterization of silk 
modified with vinyl sulfone (SilkVS) was investigated. SilkVS can un
dergo both photocrosslinking and Michael-type “click” chemistry with 
thiol containing molecules at free vinyl sulfone groups while main
taining the previously established enzymatic reactivity at the tyrosine 
side chains. The various chemical functionalities provide several bio
orthogonal methodologies for modifying the mechanical and biochem
ical features of the hydrogels formed from the modified silk. These 
properties are cell compatible and can be exploited to guide cell 
behavior by incorporating characteristic biochemical features of the 
ECM. Furthermore, the matrices formed can undergo secondary network 
formation which results in on-demand mechanical stiffening of the 
initial network. Examining cell behavior on these SilkVS matrices as a 
function of matrix stiffening, fibroblasts underwent phenotypic changes 
corresponding with native cell-ECM interactions. 

2. Materials and methods 

2.1. Synthesis vinyl sulfone-modified silk (SilkVS) 

Aqueous silk solutions were prepared as previously described [84]. 
In short, Bombyx mori cocoons (Tajima Shoji Co., Ltd., Yokohama, 
Japan) were degummed to remove sericin protein by boiling 5 g of cut 
cocoons in 2 L of 0.02 M NaCO3 (Sigma-Aldrich, St. Louis, MO, USA) for 
60 min followed by thorough rinsing in deionized (DI) water. The 
degummed fibers were allowed to dry overnight before solubilizing in a 
9.3 M LiBr solution at a concentration of 25%(w/v) for 4 h at 60 ◦C. The 
solution was then dialyzed against DI water using regenerated cellulose 

dialysis tubing (MWCO: 3500 Da, Spectra/Por®3 Standard RC Tubing, 
Spectrum Laboratories Inc., Rancho Dominguez, CA, USA). Over the 
course of 3 days, the dialysis water was changed 6 times. This solution 
was then centrifuged to remove any insoluble particulates and the 
concentration was calculated by measuring the mass of the silk that 
remained after drying a known volume of aqueous solution. 

SilkVS was synthesized by first diluting the aqueous silk solution to 
2%(w/v) in 0.1 M NaOH (Sigma-Aldrich, St. Louis, MO, USA). With 
constant vigorous stirring by a magnetic stir bar and a pH probe 
equipped, divinyl sulfone (DVS) (Sigma-Aldrich, St. Louis, MO, USA) 
was then added to the solution and a 5 min timer was started. The 
volume of DVS was calculated by determining the theoretical serine 
molar content on the silk which was then multiplied by R = 1.25, 2.5, or 
5.0 to achieve the moles of DVS and then converted to a volume with the 
molar mass and density of DVS (Equation (S1)) [85]. During the reac
tion, the solution would start as a clear, slightly yellow solution and 
develop into a clear, slightly brown solution (depending on the degree of 
functionalization). After 5 min, the solution was neutralized to pH = 7.4 
carefully with 10 and 1 M HCl dropwise. Caution was taken to add acid 
slowly and to ensure pH equilibrium before removing the sample from 
stirring as pH < 7 will induce β-sheet crystallization in silk. To remove 
any excess DVS, the SilkVS solution was then dialyzed against DI water 
using regenerated cellulose dialysis tubing (MWCO: 3500 Da, Spec
tra/Por®3 Standard RC Tubing, Spectrum Laboratories Inc., Rancho 
Dominguez, CA, USA) over 3 days with 6 water changes. This purifica
tion technique has been established to remove vinyl sulfone and purify 
chemically modified silk solutions [78,86–89]. The purified SilkVS so
lution was then concentrated to >10%(w/v) by hanging the tubing in a 
fume hood and allowing water to evaporate. Functionalization of SilkVS 
was confirmed by H1 nuclear magnetic resonance (NMR) spectroscopy 
in deuterium oxide (D2O) (Sigma-Aldrich, St. Louis, MO, USA) by 
observing a signal at δ = 6.18 corresponding to the vinyl hydrogen 
(Fig. S1) [88]. 

2.2. Characterization of SilkVS 

Protein secondary structure and the degree of functionalization was 
analyzed by a JASCO FTIR 6200 spectrometer (JASCO, Tokyo, Japan) 
with a miracle attenuated total reflection germanium crystal. To prepare 
samples for FTIR, silk solutions were flash frozen at 1%(w/v) and then 
lyophilized for two days to produce a solid silk sponge. DVS solutions 
were prepared in a range of concentrations (0, 0.01,0.025, 0.05, 0.075, 
0.1, 0.25, 0.5, 0.75, 1.0 mM) in DI water. A background of DI water was 
performed to isolate the signal from the DVS, respectively, in the solu
tion. Spectra of the DVS solutions and solid sponge were obtained by 
averaging 32 scans with a resolution of 4 cm− 1 within the wave number 
range of 600–4000 cm− 1 (Fig. S3). The secondary structure was 
observed by comparing the amide I region (1600-1700 cm− 1) of un
modified silk (NSF) with SilkVS. The degree of functionalization was 
quantified using a custom MATLAB (MathWorks, Natick, MA, USA) 
script that normalized the sulfonyl peak signal, determined by taking the 
integral under the curve (1050-1200 cm− 1), to the amide I signal (1600- 
1700 cm− 1). A calibration curve was also created by associating FTIR 
absorbance at the sulfonyl peak with DVS concentration. This curve was 
then used to calculate the molar degree of functionalization of vinyl 
sulfone in a 3%(w/v) silk solution prepared from reconstituting the 
lyophilized sponges in DI water (Fig. S2). 

To determine the molecular weight of the silk, gel electrophoresis 
was performed according to previous published work [90]. Here, 25 μL 
of 1%(w/v) unmodified silk (NSF) or SilkVS was mixed with 65 μL of 
LDS Sample Buffer (Invitrogen, NuPAGE, Waltham, MA, USA) and 10 μL 
of reducing agent. The solutions were vortexed and then heated at 70 ◦C 
in a dry heat bath for 10 min. After, 10 μL of each sample was loaded into 
a Bis-Tris-acetate gel along with two reference ladders Invitrogen, Novex 
Sharp-pre-stained Protein Standard, Waltham, MA, USA). Gels were 
then run at 200 V for 30 h in 1x MES-SDS running buffer (Thermo 
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Scientific, Waltham, MA, USA). The gel was then removed and fixed 
with a solution of 100 mL methanol, 20 mL acetic acid, and 80 mL DI 
water for 10 min. Colloidal blue stain (55 mL DI water, 20 mL methanol 
and 20 mL stain A (Invitrogen, Novex, Colloidal Blue Stain Kit, Waltham, 
MA, USA)) was then added for 15 min with gentle shaking. Then 5 mL of 
stain B (Invitrogen, Novex, Colloidal Blue Stain Kit, Waltham, MA, USA) 
was added and stained for 3 h with gentle shaking. The gel was then 
washed 3 times for 1 h and then overnight with DI water. The gel was 
then imaged. The molecular weight distributions were determined using 
ImageJ (1.48v, NIH, USA) software to calculate the pixel intensity as a 
function of pixel distance across the gel for each well. The standard 
ladder was used to create a standard curve of molecular weight vs pixel 
distance. The standard curve was then used to plot the molecular weight 
distribution for each sample as a function of pixel intensity. The distri
bution was then fit with a gaussian distribution, and the average mo
lecular weight was determined (n = 3). 

To quantify the concentration of primary amine and thiol motifs, two 
colorimetric assays were used. 2,4,6-Trinitrobenzene Sulfonic Acid 
(TNBSA) (Sigma-Aldrich, St. Louis, MO, USA) was used to quantify free 
primary amines. TNBSA was diluted 100x to 0.05% (w/v) in 0.2 M 
Na2CO3 (pH = 8.5). SilkVS and NSF was diluted to 0.5 mg/mL. The two 
solutions were then added at a 1:1 ratio and incubated at 37 ◦C for 2 h. 
150 μL of the solution were then added to a clear 96 well plate and the 
absorbance at λ = 420 nm was measured on a plate reader. Solutions of 
known lysine concentrations were prepared and analyzed in the same 
way to create a standard curve correlating absorbance value and lysine 
content. To quantify thiols, the Ellman’s reagent (ThermoFisher Scien
tific, Waltham, MA, USA) was performed according to manufacturers’ 
protocol. Briefly, standards of L-cysteine were prepared in reaction 
buffer (0.1 M NaH2PO4, 1 mM EDTA, pH = 8.0) from a range of 1.5–0 
mM. Meanwhile, 4 mg of Ellman’s reagent was dissolved in 1 mL of 
reaction buffer. Then 250 μL of each standard was mixed with 2.5 mL of 
reaction buffer and 50 μL of the Ellman’s reagent solution and incubated 
at room temperature for 15 min. The absorbance at λ = 420 nm was used 
to generate a standard curve of absorbance as a function of concentra
tion. To determine the reaction kinetics of the thiol-ene chemistry, 
SilkVS solution was prepared at 7.5%(w/v) (pH = 7.8). 1 mM of L- 
cysteine (Sigma-Aldrich, St. Louis, MO, USA) was added to the SilkVS 
solution. Over 30 min, 250 μL of each sample were periodically removed 
and added to 50 μL of the Ellman’s reagent solution and 2.5 mL of the 
reaction buffer. The absorbance at λ = 420 nm of each time point was 
then correlated with a thiol concentration and plotted as a function of 
time. The reaction kinetics were modeled based on a first-order decay to 
determine the reaction constants, k. 

2.3. Hydrogel formation 

Enzymatic crosslinking of silk and SilkVS hydrogels followed the 
protocol described elsewhere. Briefly, silk solutions were diluted in a 40 
mM 2-[4-(2-hydroxyethyl) piperazin-1-yl] ethanesulfonic acid (HEPES) 
(Sigma-Aldrich, St. Louis, MO, USA), 5%(w/v) dextrose (Sigma-Aldrich, 
St. Louis, MO, USA) buffer with horseradish peroxidase (HRP) (Sigma- 
Aldrich, St. Louis, MO). The final concentrations of silk and HRP were 
3%(w/v) and 10 U/mL, respectively. Then 10 μL of 1%(v/v) H2O2 
(Sigma-Aldrich, St. Louis, MO) was added per 1 mL of the silk precursor 
solution to achieve a concentration of 0.01% (v/v) H2O2 and initiate 
gelation. The gel solution was then quickly pipetted into 96 well plates 
and incubated at 37 ◦C for 3 h to allow gelation to go to completion. 

Michael-type “click” induced crosslinking was facilitated by initially 
creating a solution of silk at 7.5%(w/v) in 40 mM HEPES and 5%(w/v) 
dextrose (pH = 7.8). Meanwhile, a second solution of 100 mM dithio
threitrol (DTT) (Sigma-Aldrich, St. Louis, MO, USA) was prepared in DI 
H2O. Then, the DTT solution was added to the silk solution at a 1:10 
dilution and quickly mixed and aliquoted into molds. The solution was 
then incubated for 1 h at 37 ◦C to allow gelation to go to completion. 

Photocrosslinked hydrogels were prepared by diluting silk solutions 

to 7.5%(w/v) in a solution of 0.02%(w/v) lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate (LAP) (Sigma-Aldrich, St. Louis, MO, 
USA), 40 mM HEPES, and 5%(w/v) dextrose shielding the solution from 
light with aluminum foil. The solution was then pipetted into molds to 
and then exposed to 400 nm blue light for 2.5 min. The resultant gels 
were then rinsed 3 times for 30 min with Dulbecco’s Phosphate Buffered 
Saline (DPBS) (ThermoFisher Scientific, Waltham, MA, USA). 

To prepare the dual crosslinked hydrogels, enzymatic crosslinking 
was initially performed according to the aforementioned protocol with 
only SilkVS R = 2.5. Here, 40 μL of the precursor solution was pipetted 
into clear 96 well plates before incubating at 37 ◦C for 3 h. After incu
bation, 150 μL of a 0.025%(w/v) LAP in DI water solution was pipetted 
onto each gel and incubated at 37 ◦C for 1 h to facilitate diffusion of the 
photoinitiator into the hydrogel. Then, the solution was aspirated off the 
top of the hydrogel and the hydrogels were treated with 400 nm blue 
light for 2.5 min. The stiffened hydrogels were removed and treated with 
1 mM RGD-SH for 1 h at 37 ◦C, rinsed 3 times for 30 min with DPBS, 
followed by 2 additional rinses with media facilitate cell adhesion and 
remove any remaining photoinitiator. 

To prepare the Latent TGF-β1 (LTGF) decorated hydrogels, hydrogels 
were initially formed via enzymatic crosslinking according to the 
aforementioned protocol. The hydrogels were removed and treated with 
1, 2, 5, 10, 20, 40 ng of LTGF dissolved in HD50 at pH 7.6 for 1 h at 
37 ◦C, rinsed 3 times for 30 min with DPBS, followed by 2 additional 
rinses with serum containing media to facilitate cell adhesion and 
remove any remaining reagents. 

2.4. Mechanical testing 

Rheological properties were measured at 37 ◦C using an ARES HR10/ 
20 rheometer (TA Instruments, New Castle, DE, USA). For the enzymatic 
and “click” crosslinking, the rheometer was equipped with a 40 mm 
stainless steel upper cone and the base was equipped with a 
temperature-controlled Peltier plate for the enzymatic and “click” 
crosslinking. A 420 μL aliquot of the hydrogel precursor solution was 
loaded onto the plate and the cone was lowered 47 μm, respectively. To 
initiate gelation, 4.2 μL of 1% H2O2 or 42 μL of 100 mM DTT, respec
tively, was added to the precursor solution during a10 s, 100 rad/s 
precycle. A dynamic time sweep was performed at 1 Hz with a 1% 
applied strain for 4000 s to determine gelation kinetics and storage 
moduli followed by dynamic frequency sweeps (0.1–100 rad/s at 1% 
strain) and strain sweeps (0.1% to failure at 1 Hz) to analyze the elastic 
properties of the hydrogels. For the photocrosslinking, the rheometer 
was equipped with a 20 mm stainless steel plate and the base was 
equipped with the UV plate and connected OmniCure UV lamp calibrate 
to 37.5 mW/cm2. A 420 μL aliquot of the hydrogel precursor solution 
was loaded onto the plate and the cone or plate was lowered 1000 μm. 
To initiate the light source was turned on for 2.5 min. During light 
exposure, a dynamic time sweep was performed at 1 Hz with a 1% 
applied strain for 600s to determine gelation kinetics and storage moduli 
followed by dynamic frequency sweeps (0.1–100 rad/s at 1% strain) and 
strain sweeps (0.1% to failure at 1 Hz) to analyze the elastic properties of 
the hydrogels. Rheological properties were measured in the linear 
elastic region, where the storage modulus follow Newtonian behavior 
and was independent of applied strain. 

Unconfined compression on all samples was performed on a TA In
struments RSA3 Dynamic Mechanical Analyzer (TA Instruments, New 
Castle, DE, USA) between 10 mm stainless steel parallel plates. Hydro
gels were placed under a preload of ~0.5 g to ensure full surface contact. 
One load-unload cycles to 30% strain at a rate of 1% s− 1 were performed 
to eliminate artifacts. Stress response and elastic recovery were moni
tored during a second load-unload cycle at the same strain rate. All 
moduli were calculated by taking the tangent modulus of the loading 
phase from 0 to 10% strain. Hydrogel precursor were cast into 12 mm 
diameter molds before adding H2O2 and allowing gelation to occur for 3 
h at 37 ◦C. For the photo-stiffened hydrogels, the hydrogels were treated 
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with 0.025% (w/v) LAP in DI water for 1 h and then exposed to 400 nm 
blue light for 2.5 min. After, all gels were removed and shaped to 8 mm 
diameter samples (~2 mm height) using a biopsy punch (n = 5). 

2.5. Cell culture 

Human Normal Lung fibroblasts (ATCC, Manassas, VA, USA) were 
cultured in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) 
(ThermoFisher Scientific, Waltham, MA, USA) supplemented with 1% 
antibiotic-antimycotic (ThermoFisher Scientific, Waltham, MA, USA), 
and, unless otherwise specified, 10% fetal bovine serum (FBS) (Ther
moFisher Scientific, Waltham, MA, USA). Transforming growth factor- 
β1 (TGF-β1) was supplemented into the media, where specified, at 5 ng/ 
mL. Culture media was replaced every three days before passaging. 
Hydrogels were prepared according to the methods described above; 
however, the precursor solutions were sterilized with a 0.22 μm sterile 
filter. Additionally, hydrogels treated with CGRGDS peptide (RGD-SH) 
(Genscript Biotech, Piscataway, NJ, USA) were incubated in a 1 mM 
solution in HEPES (pH = 7.8) for 1 h at 37 ◦C followed by 3 rinses with 
DPBS. All hydrogels from the stiffening experiment were treated with 
RGD-SH. Cells were dissociated before 5 passages and seeded onto the 
hydrogels 5000 cells cm− 1. To measure the metabolic activity of the cells 
on days 1, 3, 5, and 7 the gels were washed with DPBS and the cells were 
then treated with culture media containing 10% (v/v) AlamarBlue Re
agent (ThermoFisher Scientific, Waltham, MA, USA) and incubated for 
3 h at 37 ◦C. Following incubation, 150 μL aliquots of the supernatant 
media were transferred into opaque 96 well plates, and the fluorescence 
signal (ex: 560 nm, em: 590 nm) was measured using a microplate 
reader. Results were reported as the fold change in signal from day 1 (n 
= 5). 

2.6. Fluorescent staining, microscopy, and analysis 

To monitor the viability of the human lung fibroblasts cultured on 
the hydrogels, cells were stained with the Live/dead viability kit ac
cording to the manufacturers protocol and imaged with a BZ-X700 
Fluorescence Microscope (Keyence Corp., Itasca, IL, USA). After incu
bating the cells with Ethidium homodimer-1 (EthD-1) and calcein-AM 
(ThermoFisher Scientific, Waltham, MA, USA) for 30 min, cells were 
rinsed with DPBS and imaged at day 7. 

Studies investigating the cellular responses to treatment with RGD- 
SH were terminated at day 5. Studies investigating the cellular re
sponses to treatment with mechanical stimuli and LTGF were terminated 
at day 6. At termination, cultures were fixed with 4% paraformaldehyde 
(ThermoFisher Scientific, Waltham, MA, USA) for 15 min at room 
temperature. To stain the actin cytoskeleton and nuclei, samples were 
permeabilized in PBS solution containing Triton X-100 (ThermoFisher 
Scientific, Waltham, MA, USA) (1% w/v) for 15 min; blocked in 1% 
bovine serum albumin (BSA) (ThermoFisher Scientific, Waltham, MA, 
USA) overnight; and stained simultaneously with phalloidin and 2’-(4- 
Ethoxyphenyl)-5-(4-methyl-1-piperazinyl)-2,5′-bi-1H-benzimidazole 
trihydrochloride (Hoechst 33342) (ThermoFisher Scientific, Waltham, 
MA, USA). For immunostaining, samples were permeabilized and 
blocked as mentioned then incubated with mouse monoclonal anti- 
αSMA (1:1000; Abcam ab7817, Waltham, MA, USA) for 3 h followed by 
donkey anti-mouse AlexaFluor 657 (1:2000; ThermoScientific Waltham, 
MA, USA) for 3 h with 3x PBS washes in between. Images were captured 
using a Leica SPX8 laser scanning confocal microscope with excitation 
wavelengths 405, 488, and 638 nm. Single cell protein analysis were 
performed using CellProfiler. Myofibroblasts were denoted as nucleated, 
F-actin+, αSMA+ cells. αSMA signal quantified as total fluorescence 
under each mask and thresholded according to the NSF, TGF-β1- con
trols. A similar method was used to quantify αSMA+ fibroblasts [10]. For 
cell density calculations, Hoechst-stained cell nuclei were thresholded 
and counted. 

2.7. Reverse transcription quantitative polymerase chain reaction (RT- 
qPCR) 

For all experiments, cells were seeded on to 35 mm diameter 
hydrogels at 5000 cells/cm2. Cells were lysed and RNA isolated using 
TRIzol (ThermoFisher Scientific, Waltham, MA, USA) reagent according 
to the manufacturers protocol. Complementary DNA (cDNA) was 
generated from deoxyribonuclease (DNase)-free RNA and amplified. 
Gene expression was normalized to the housekeeping gene 
hypoxanthine-guanine phosphoribosyltransferase (HPRT1). Experi
ments were run with three technical replicates. For a complete list of 
primers, see Fig. S11 (Azenta Life Sciences, Cambridge, MA, USA). 

2.8. Statistical analysis 

All data were expressed as means ± standard deviations. Sample size 
was indicated in the respective subsections. One- or two-way ANOVA 
(analysis of variance) with Tukey’s post hos multiple comparison tests 
were performed using GraphPad Prism (GraphPad San Diego, CA, USA) 
unless specified otherwise. (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). 

3. Results 

3.1. Silk vinyl sulfone (SilkVS) synthesis 

SilkVS was synthesized according to the schematic in Fig. 1A. The 
serine and lysine groups were targeted by a one-pot synthesis under 
alkaline aqueous conditions. Divinyl sulfone (DVS) was added at 1.25, 
2.5 and 5.0 M excess of the serines [85] (R = 1.25, 2.5 and 5.0, 
respectively) to control the degree of functionalization. H1-NMR 
confirmed the addition of the vinyl group on the protein backbone with 
the δ = 6.28 ppm88 (Fig. S1). Further, the reaction between serine motifs 
and the divinyl sulfone molecules is corroborated by the peak at δ = 3.5 
ppm which corresponds to the ether formed during the reaction of the 
primary alcohol on serine and the vinyl sulfone group of DVS (Fig. 1A, 
S1). This was further corroborated with Fourier-transform infrared 
(FTIR) spectroscopy analysis, which showed distinct absorbance peak at 
1131 cm− 1 corresponding to the vinyl sulfone sulfoxide (S––O) bonds 
[91] (Fig. 1Bi). The FTIR spectra also shows absorbance peaks at 
1600-1700 cm− 1 which indicates the presence of the silk protein [92]. 
This region, known as the amide 1 region, appears on the spectra due to 
the secondary structure of the protein (i.e. random coils, α-helices, 
β-sheets, etc.). This region of the FTIR spectra confirms that the reaction 
conditions did not alter the secondary structure of silk (Fig. 1Bii, S3). In 
addition, FTIR spectra showed an increase in the abundance of the vinyl 
sulfone groups relative to the amide I signal (1600-1700 cm− 1) with 
increasing R-value (Fig. 1B, S2, S3). Further, analysis with a 2,4,6-Trini
trobenzene Sulfonic Acid (TNBSA) assay confirmed that primary amines 
of lysine moieties were consumed during the reaction, and there was a 
decrease in primary amine content with increasing R-value (Fig. 1D). 
Molecular weight distributions of the native, unmodified silk were 
compared to the vinyl sulfone modified silk (Fig. 1C, S4) to understand 
the impact of reaction conditions on the molecular weight. There was a 
slight increase in overall mean molecular weight as a function of R due 
to the addition of the vinyl sulfone groups (Fig. 1Cii). 

3.2. Gelation of SilkVS 

SilkVS polymer underwent enzymatic crosslinking based on in situ 
rheological (Fig. 2A and B) and fluorescence (Fig. S5) analyses where 
gelation was induced by the addition of horseradish peroxidase (HRP) 
and hydrogen peroxide (H2O2). There was an impedance of dityrosine 
crosslink formation compared to the native silk control and the forma
tion of dityrosine bonds occurred at a reduced rate with increasing R- 
value (Fig. S5). In addition to enzymatic crosslinking, the material was 
also amenable to “click” chemistry as the available vinyl sulfone groups 

T. Falcucci et al.                                                                                                                                                                                                                                



Biomaterials 300 (2023) 122201

5

along the silk backbone are susceptible to Michael-type additions with 
free thiol groups (Fig. 2A). A thiol flanked molecule, 1,4-dithiothreitol 
(DTT), was used as a crosslinker to induce network formation. At pH 
7.6, the thiols were activated, and gelation occurred in ~15 min after 
addition of the crosslinker (Fig. 2B). With increasing R-value, there was 
a reduction in gelation time. Furthermore, the kinetics of the thiol-ene 
Michael type addition, using L-cysteine as a model monothiol mole
cule, exhibited a similar increase in reaction rate with increasing R-value 
(Fig. S7). 

Functionalization of silk with vinyl sulfone also enabled photo
crosslinking by exploiting available vinyl groups to undergo free-radical 
crosslinking in the presence of a photoinitiator and blue light (400 nm) 
(Fig. 2A). Using lithium phenyl-2,4,6-trimethylbenzoylphosphinate 
(LAP) as the photoinitiator, there was an increase in shear modulus 
upon exposure to light, which correlated to network formation (Fig. 2B). 
The degree of functionalization guided the rate at which the modulus 
increased, with larger R-values forming networks at a faster rate. 

3.3. Mechanical properties 

The enzymatically crosslinked hydrogels had compressive moduli of 
1.65 ± 0.06, 1.59 ± 0.08, 1.20 ± 0.17, and 1.08 ± 0.05 kPa for native 
silk and the R = 1.25, 2.5, and 5.0 hydrogels, respectively (Fig. 2C). The 
increased functionalization of SilkVS impeded dityrosine network for
mation and therefore reduced the compressive moduli. The opposite 
trend was found for both thiol-ene crosslinking and photocrosslinking. 
The hydrogels crosslinked with 0.2 mg/mL LAP and 1 min of blue light 

(λ = 400 nm) exposure had compressive moduli of 1.39 ± 0.068, 1.47 ±
0.11, and 1.78 ± 0.046 kPa for the R = 1.25, 2.5, and 5.0 hydrogels, 
respectively (Fig. 2C). SilkVS was crosslinked via thiol-ene click chem
istry upon the addition of 10 mM DTT, the resultant compressive moduli 
were 0.82 ± 0.11, 1.57 ± 0.18, and 1.95 ± 0.13 kPa for the R = 1.25, 
2.5, and 5.0 hydrogels, respectively (Fig. 2C). All gels demonstrated 
elastic behavior as indicated by the rheological frequency sweep and 
amplitude sweeps (Fig. S6). 

3.4. Cytocompatibility 

After validating the utility of SilkVS for generating hydrogels, cyto
compatibility was assessed via Live/Dead staining and monitoring 
metabolic activity with AlamarBlue (Fig. 3B). All SilkVS material com
positions supported increased metabolic activity over 7 days compara
ble to the unmodified native silk control. Live/dead image analysis 
showed minimal cell death in all conditions as represented by a low, red 
ethidium homodimer signal and high, green calcein signal (Fig. 3C). 

3.5. Bioconjugation of SilkVS via thiol-ene “click” chemistry 

The materials were engineered to display cell instructive ECM fea
tures (bioactive peptides and proteins) (Fig. 4A, C). Ellman’s assay was 
used to characterize the “click” chemistry between the free vinyl groups 
of SilkVS and available thiol motifs by quantifying the concentration of 
thiols over time (Fig. 4Bi). When mixed with L-cysteine, the SilkVS 
rapidly consumed the thiol motifs, with the rate dependent on the 

Fig. 1. Synthesis and Characterization of Vinyl Sulfone Modified Silk. (A) Native, unmodified silk (NSF) was reacted under basic conditions with various molar 
ratios (R) of divinyl sulfone (DVS) to generate SilkVS. (B) FTIR was used to quantify the degree of functionalization by normalizing the sulfonyl peak (i) to the amide I 
peak (ii) for each R-value (iii), n = 3. (C) SDS-PAGE analysis (i, representative image) of SilkVS and NSF were used to determine the mean molecular weights (ii), n =
3. (D) Primary amine content determined using TNBSA assay, n = 5. All data presented are means ± SDs.; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005, ****p < 0.0001. 
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degree of functionalization of the SilkVS. The profile of thiols in solution 
was first order with increasing reaction constant, k, with increasing R 
value (Fig. S7). A cell binding peptide flanked by a cysteine group, 
CGRGDS (denoted RGD-SH), was then covalently bound to the network 
via the thiol-ene Michael type addition [10]. The same thiol quantifi
cation was run with RGD-SH to capture reaction kinetics of the peptide 
with SilkVS (R = 2.5) and the kinetic profile was comparable to the 
L-cysteine profile (Fig. S7). When translated to hydrogel culture, the 
absence of RGD-SH resulted in poor cell binding to the surface of native 
silk and SilkVS hydrogels. When RGD-SH was added, cell binding 
improved significantly for both systems. The former showed some cell 
adhesion at day 5 in culture, while the RGD–SH–SilkVS hydrogels had a 
comparatively higher cell density at day 5 (Fig. 4Bii, S8). 

The use of RGD-SH peptide provided a proof-of concept for cell 
control related to cell binding, however more complex biochemical 
systems were pursued to further mimic features of the ECM. 

Latent Transforming Growth Factor (LTGF)-β1, a protein complex 
that stores and releases TGF-β1 in vivo and is implicated in fibrotic dis
ease progression, was employed [2]. The protein complex was bound to 
the SilkVS matrix via available thiol groups on the protein and the 
response of fibroblasts seeded on the hydrogel matrices was observed 
(Fig. 4C). Cellular responses to hydrogels treated with a range of LTGF 
concentrations (0.1 ng–40 ng) were observed. With increasing LTGF 
concentration, there was an increase in fibroblast myofibrotic activa
tion, quantified by observing increased expression of α-smooth muscle 
actin (αSMA) (Fig. 4Di, ii). This myofibrotic activation is a biomarker for 
fibrosis. The extent of cell activation plateaued after exceeding 10 ng of 
LTGF (Fig. 4Dii). 

3.6. Mechanical activation 

Stiff hydrogels were formed by generating photoinduced secondary 

Fig. 2. Multiple Gelation Mechanisms of SilkVS. (A) SilkVS has the potential to crosslink via three distinct mechanisms: thiol-ene Michael-type addition (green) 
occurred in the presence of a dithiol molecule (DTT), enzymatically induced dityrosine formation (orange) in the presence of horseradish peroxidase (HRP) and H2O2, 
and photocrosslinking (blue) in the presence of a photoinitiator (LAP) and 400 nm blue light. (B) The gelation kinetics for each mechanism were tracked via in situ 
rheometry to monitor shear modulus (n = 3). (C) Compressive moduli of the hydrogels were measured (n = 5). All data presented are means ± SDs.; *p ≤ 0.05, **p 
≤ 0.01, ***p ≤ 0.005, ****p < 0.0001. No significance unless otherwise indicated. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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networks. Hydrogels were initially prepared by exploiting the enzymatic 
crosslinking, followed by the formation of a secondary photocrosslinked 
network at the vinyl groups with 400 nm light and the photoinitiator 
LAP (Fig. 5A). This secondary network increased the compressive 
moduli of the hydrogels to 5.32 ± 0.69, 6.29 ± 0.728, and 8.04 ± 0.71 
kPa for the R = 1.25, 2.5, and 5.0 hydrogels, respectively (Fig. 5B). Fi
broblasts seeded on the soft untreated SilkVS matrix (R = 2.5) showed 
minimal myofibrotic activation as determined by quantifying the 
expression of αSMA. In contrast, fibroblasts seeded on the photo- 
stiffened hydrogels, representative of the mechanics of fibrotic tissue 
[93], supported increased cell spreading and more αSMA expression 
(Fig. 5Ci). Image analysis demonstrated that cells seeded on the stiffer 
matrices underwent increased myofibrotic activation (~70% of cells 
were αSMA+) compared to the cells seeded on the softer matrix (~15% 
αSMA+) (Fig. S9). This conclusion was corroborated by RT-qPCR anal
ysis, which showed a significant increase in ACTA2 and COL1A genes 
associated with fibrosis, in cells exposed to the stiffer hydrogels 
(Fig. 5Cii). 

To assess the interplay of mechanics and biochemical composition on 
disease progression, similar photostiffening treatments were performed 
with TGF-β1 supplemented into the growth media. The presence of TGF- 
β1 resulted in a significant increase in myofibrotic activation in all 
conditions (Fig. 5Ci). When combined with stiffened SilkVS matrices, 
there was an amplification of this activation; the fold change in gene 
expression was significantly upregulated for both ACTA2 and COL1A 
(Figure Cii). 

4. Discussion 

The pivotal role of the ECM in tissue development and disease pro
gression continues to be investigated and new tools have been developed 
to better represent the physiological features of the processes involved 
[9,55,56]. Three-dimensional (3D) biomaterial systems have been 

integral to capturing cell-ECM interactions in vitro. Recent material 
systems aim to capture the dynamic properties of tissue development 
and disease pathology by employing unique chemical strategies that 
mimic these time-dependent changes during disease progression and 
provide control over the material properties during these dynamic 
conditions. Much of these chemistries harness “click”, photo-, or su
pramolecular chemistries to enable bioorthogonal and dynamic control 
over the polymer network [19,40,54,56]. Here we explored the poten
tial of silk protein-based biomaterial designs to represent biochemical 
and mechanical features of native ECM in vitro. We selected silk due to its 
unique chemistry, amphiphilicity, self-assembly features, and formation 
into materials with robust mechanical properties. 

The chemical synthesis of SilkVS followed the schematic in Fig. 1A. 
Under basic conditions, the serine hydroxyl and lysine primary amine 
side chains were deprotonated forming reactive nucleophiles. In the 
presence of the electrophile divinyl sulfone (DVS), the nucleophilic 
alkoxides and primary amines reacted to form vinyl sulfone modified 
silk (SilkVS). This chemical mechanism has previously been used as a 
crosslinker in polysaccharide material networks such as hyaluronic acid 
(HA) or dextran [88,94]. However, by tuning the stoichiometry, the 
reaction can be saturated or terminated before crosslinking occurs, 
leaving unreacted vinyl sulfone groups for use in subsequent reactions. 
Moreover, it has been shown that the degree of functionalization can be 
controlled with three different parameters: time, DVS concentration, 
and pH [88]. An initial validation of the synthesis with several analytical 
techniques (H1-NMR, FTIR, and TNBSA assay) confirmed that this 
chemistry can be translated to silk (Fig. 1B, D, S1, S2). Then, to avoid 
prolonged exposure and the risk of protein degradation in alkaline re
action conditions, DVS concentration was varied to tune the final degree 
of functionalization. Specifically, the value of R, which corresponds to 
the molar ratio of DVS to serine moieties in the silk backbone, was 
altered and characterization of the polymer product confirmed that the 
chemistry was tunable. This is useful as the degree of functionalization 

Fig. 3. SilkVS Hydrogel Cytocompatibility. (A) Cytocompatibility was assessed by seeding fibroblasts on enzymatically crosslinking SilkVS and native silk hydrogels 
and observing metabolic activity and viability. (B) Cell metabolism was assessed using AlamarBlue over 7 days (n = 5). (C) Cell viability was measured with 
fluorescence imaging where live cells were indicated by a green signal and cell death by red signal (C). Images are representative (n = 5) All data presented are means 
± SDs.; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005, ****p < 0.0001. No significance unless otherwise indicated. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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can be altered to tune polymer structure which can then be exploited to 
manipulate the properties of the biomaterials formed (i.e., reactivity, 
mechanical, bioactivity). 

While it was confirmed that vinyl sulfone was successfully conju
gated onto the silk backbone, we next set out to confirm the function
ality of the newly added motifs. It has been established that the tyrosine 
motifs that comprise the silk amino acid backbone form crosslinks in the 
presence of horseradish peroxidase (HRP) and hydrogen peroxide 
(H2O2) forming a hydrogel network [95]. With the conjugation of vinyl 
sulfone onto the silk backbone, this enzymatic functionality is expanded, 

incorporating a reactive motif that has been previously shown to un
dergo photo- and click chemistries (Fig. 2) [89]. Thiol-ene click cross
linking is useful for in vitro culture systems as it occurs rapidly within the 
range of physiological pH to ensure cell viability and homogeneity 
throughout the matrix [56]. Alternatively, the light-induced cross
linking allows for rapid crosslinking of the network within seconds of 
exposure to light. This is useful for in vitro culture systems, as well as for 
bioprinting ink because light allows for precise spatial control of 
crosslinking, however it is limited to small-scale material fabrication 
since absorption will increase with increasing penetration depth [96]. 

Fig. 4. Bioactive Molecules Decorate SilkVS Network to Guide Cell Behavior. (A) Thiol flanked cell adhesion peptide RGD-SH was displayed in the hydrogel 
network to guide cell adhesion on the SilkVS hydrogel. (Bi) Thiol-ene reaction kinetics between thiol containing molecules and SilkVS monitored using Elman’s 
reagent. This chemistry was then used to “click” on RGD motifs to increase cell adhesion as indicated by images of cells on the hydrogel surfaces (ii) (n = 5). (C) A 
more complex and physiologically relevant biomolecule, latent TGF- β1 (LTGF), displayed on the surface at different concentrations. (D) Immunofluorescence 
imaging used to characterize fibroblast activation on the hydrogels in comparison to untreated and TGF-β1 treated controls (i) (n = 5). Images were analyzed to 
determine the number of activated cells as determined by αSMA+ expression (n = 5). Scale bars are 200 μm. All data presented are means ± SDs. Statistics are 
compared within the same condition group; no significance unless otherwise indicated; § indicates significant from all treatments other than those containing §, p ≤
0.05; ¶ indicates significant from all conditions, p < 0.0001. 
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When confirming the enzyme-mediated reactivity of SilkVS, it was 
shown that the tyrosine motifs are still available and functional. Inter
estingly, with increasing R-value, there was an observed inhibition of 
the gelation and reduction in the compressive moduli of the hydrogels 
(Fig. 2B, C, S5). This suggests that, while tyrosine moieties are not 
involved in the chemical synthesis, their functionality is altered in the 
resultant SilkVS molecules. This could be attributed to steric hin
derances or quenching of the free radicals by the added vinyl sulfone 
motifs. Additionally, this slowed crosslinking allows for greater polymer 
chain rearrangement which would not only impact the final hydrogel 
mechanical properties, but also potentially alter the availability of the 
vinyl sulfone groups in the hydrogel network as they are not homoge
nously distributed across the silk backbone. Nonetheless, SilkVS formed 
a hydrogel in all conditions in the presence of HRP and H2O2, with 
minimal impact on hydrogel mechanics (Fig. 1C) confirming the modi
fied protein maintains the previously established reactivity. The inhi
bition of enzymatic gelation contrasts with the click and photo-induced 
gelation of SilkVS both of which show accelerated gelation kinetics and 
increased mechanical properties with increasing R-value (Fig. 2). The 
resultant hydrogels had similar mechanics across SilkVS degrees of 
modification and showed elastic behavior (Fig. S6). Together, these data 
confirm that the conjugated vinyl sulfone groups are functional and 
demonstrate that the hydrogel properties can be tuned by controlling the 
degree of functionalization. 

After validating the chemical synthesis and functionality of the ma
terials, the feasibility of this material for in vitro cell culture was deter
mined. Metabolic assessments and Live/Dead imaging of cells seeded on 
the hydrogel matrices confirmed that SilkVS was cytocompatible, 
regardless of the degree of functionalization, and provided a viable 

material for in vitro cell culture (Fig. 3). To ensure high vinyl sulfone 
functionality with practical enzymatic crosslinking times, R = 2.5 was 
selected for all cell culture experiments. 

Next, to understand the potential of SilkVS for modeling biochemical 
features of the ECM in vitro, the functional polymer was exploited to 
bioorthogonally conjugate bioactive molecules onto the protein 
network. By exploiting the available vinyl sulfone motifs post-enzymatic 
crosslinking, the hydrogel network was decorated with RGD-SH pep
tides to control cell adhesion (Fig. 4A). RGD is an amino acid sequence 
found in several biomolecules like fibronectin, where it is was first 
discovered, and it is recognized by integrins on the surface of cells 
promoting cell adhesion [97]. When cultured without serum, cells 
minimally adhered to the surfaces as silk contains no native cell binding 
sites along its backbone [59]. Upon the addition of the RGD-SH peptide, 
there was increased cell adhesion to both the SilkVS and native silk 
matrices (Fig. 4Bi). While the latter is guided by peptide adsorption to 
the protein matrix, as shown by the reduced cell density, the former is a 
result of covalent binding to the SilkVS network at the vinyl sulfone 
motifs resulting in higher cell density (Fig. 4Bii, S8). This provided a 
demonstration of the ability to manipulate cell behavior by exploiting 
SilkVS chemistry to guide cell adhesion by displaying cell binding mo
tifs, RGD-SH, along the polymer backbone. 

To further elaborate on the potential of this system to mimic 
biochemical dynamics of disease, we exploited the thiol-ene chemistry 
to covalently bind latent transforming growth factor-β1 complex (LTGF) 
to the extracellular network (Fig. 4C). LTGF is a bioactive protein 
complex found in the ECM where a latency-associated peptide binds 
TGF-β1 sequestering the growth factor and releasing it upon injury 
[98–100]. While TGF-β1 is essential for homeostatic wound healing, it is 

Fig. 5. Dual Crosslinked SilkVS Network Alters Mechanical Properties and Activates Fibroblasts. (A) SilkVS hydrogels undergo secondary network formation upon 
exposure to light (λ = 400 nm) and photoinitiator, LAP, resulting in stiffening of the matrix. (B) The extent of stiffening was characterized with compression testing 
for all SilkVS R-values (n = 5). (C) Fibroblasts seeded on R = 2.5 hydrogels and treated with light or TGF-β1 were imaged after 6 days to assess cellular activation by 
staining for αSMA and counter-staining the nuclei and F-actin (i). Images are representative (n = 5). RT-qPCR was performed on cells exposed to the various 
treatment conditions to characterize gene expression of ACTA2 and COL1A, two genes associated with fibrotic activation normalized to the housekeeping gene 
HPRT1 (ii) (n = 3). Scale bars are 200 μm. All data presented are means ± SDs.; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005, ****p < 0.0001. No significance unless 
otherwise indicated. 
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also a key biochemical factor in fibrotic diseases where it induces 
myofibrotic activation [101]. This growth factor is canonically supple
mented in its active form into growth medium to study fibrotic activa
tion in vitro; however, this supplementation is limited in representing the 
native cell-ECM interactions that guide growth factor release and acti
vation [101,102]. Further, the presence of excess active TGF-β1 is 
implicated in diseases suggesting supplementation in vitro may cause 
undesirable study outcomes [103,104]. By incorporating LTGF into the 
matrix we aimed to better capture disease dynamics and cell-ECM in
teractions, highlighting the potential of this material network for use for 
in vitro disease models. When seeded onto the SilkVS matrix decorated 
with LTGF, fibroblasts underwent a myofibrotic activation, indicated by 
the increased production of αSMA (Fig. 4D). This response was not 
observed in the silk controls treated with the complex. This suggested 
that the growth factor binds to the network allowing cells to then 
interact with the ECM bound LTGF, resulting in the release of the TGF-β1 
which then induces myofibrotic activation. This activation was 
dose-dependent, as αSMA expression increased with increasing LTGF. 
Interestingly, at LTGF concentrations above 10 ng per well, the cellular 
behavior appears to be independent of LTGF concentration (Figure Dii), 
suggesting that the cellular response was saturated. These results high
light the chemical functionality of the material which can be exploited to 
engineer in vitro systems that recapitulate native cell-ECM interactions. 

We next set out to demonstrate the potential of the material for 
parsing out mechanical contributions of the ECM on physiological pro
cesses. Utilizing fibrosis as a model physiological process, we set out to 
capture the dynamic mechanical environment of the diseased tissue. A 
hallmark of fibrotic tissue is the formation of stiff scar tissue which 
stimulates stromal fibroblasts to undergo a phenotypic transition to the 
more contractile and active myofibroblasts marked by αSMA contractile 
fibers [14,105]. By exploiting the various crosslinking modalities 
available to SilkVS networks, we demonstrated that the material system 
captured the mechanical dynamics of diseases (Fig. 5B). Employing 
enzymatic crosslinking to generate a soft hydrogel reminiscent of 
healthy lung tissue mechanics and a secondary photocrosslinking to 
generate a stiff hydrogel that captures fibrotic tissue mechanics, changes 
in the matrix mechanics were utilized to replicate the mechanical acti
vation of fibroblasts [10,14,17]. It is worth noting that both RGD-SH 
bioconjugation and photostiffening exploit the same reactive sites 
potentially impacting one another, so all photostiffening was performed 
prior to bioconjugation to preserve the material properties of the pho
tosstiffened hydrogels. Nonetheless, fibroblasts underwent increased 
myofibrotic differentiation when cultured on the stiff light-treated 
substrates, whereas fibroblasts cultured on the soft untreated SilkVS 
and native silk hydrogels remained largely quiescent and inactivated 
(Fig. 5Ci, S10). This was corroborated by assessing the expression of 
fibrotic genes ACTA2 and COL1A, which showed that cells cultured on 
the dual crosslinked matrix underwent myofibrotic activation. Inter
estingly, when the biochemical contribution of the ECM was also 
considered by supplementing TGF-β1 into the mechanically dynamic 
system, we noted increased expression of both fibrotic genes (Fig. 5Cii). 
This suggested that the ECM biochemical composition works synergis
tically with the mechanical stimuli to exacerbate this diseased state. This 
conclusion highlights the importance of considering both the ECM 
biochemical composition and mechanical stimuli when designing an in 
vitro tissue model. Furthermore, the results suggest the potential of 
SilkVS for in vitro studies by providing a material system to control both 
the biochemical and mechanical extracellular environment. 

This work outlines a “one-pot” chemical synthesis that exploits the 
relatively abundant serine motifs in silk to decorate the protein with 
vinyl sulfone groups enabling both photocrosslinking and thiol-ene 
“click” chemistry without inhibiting the enzymatic crosslinking poten
tial of the protein. While there have been a few examples of click 
[67–72] or photochemistry [73,74] translated to silk, these systems 
target low abundant reactive motifs requiring the addition of a second 
polymer to increase available reactive sites or high polymer 

concentrations that are not feasible for in vitro cell encapsulation or 
bioprinting. This work provides the first example of a purely silk-based 
hydrogel system that employs click chemistry to form a hydrogel 
network. The resultant material exploits several crosslinking modalities 
to engineer the mechanical and biochemical composition of hydrogel 
scaffolds, with implication towards future three-dimensional studies and 
bioprinting fabrication techniques. When utilized as an in vitro culture 
system, the functionality lends itself to guiding cell behavior and parsing 
out the influence of different features of the extracellular environment, 
such as biochemistry and mechanics, on physiological processes with a 
single material system. 

The versatility of silk-based materials and the results above 
contribute to the advancement of in vitro tissue modeling and tissue 
engineering, particularly toward developing tissue models of diseases 
where dynamic and complex cell-ECM interactions significantly impact 
outcomes, as in fibrosis. Analogous systems like poly(ethylene glycol) 
(PEG) or HA have established similar chemical modalities, however they 
require multistep syntheses involving harsh processing and result in 
material systems that are limited by their biocompatibility or mechan
ical integrity [43,106]. Herein, we strengthen silk as a viable biomate
rial scaffold by developing a novel, facile chemical synthesis that 
imparts a range of functionality to the protein, suggesting a role in next 
generation biomaterials, engineered tissues and in vitro tissue models. 

5. Conclusions 

Silk was modified at serine and lysine side chains to incorporate vinyl 
sulfone functional groups. The vinyl sulfone modified silk (SilkVS) un
derwent hydrogel network formation via enzymatic, thiol-ene “click”, 
and photochemistries. The multifunctional network was amendable to 
selective decoration with thiol containing molecules and dual network 
formation was observed upon exposure to blue light and a photo
initiator. During cell culture, the material supported cell growth and also 
allowed for control of cell behavior by altering the biochemical and 
mechanical environment. The results point to the novel utility of SilkVS 
for in vitro cell culture as the introduced functionality allows for bio
orthogonal chemistry that can be used to mimic biochemical and me
chanical environments of tissues during disease progression and 
development. Future use of this material can exploit this versatility to 
represent several tissues features in a single system allowing researchers 
to parse out the synergistic biological implications of the ECM with high 
fidelity. Additionally, SilkVS has the potential for use in bioprinting of 
soft tissue where the photocrosslinking capabilities can be exploited. 
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