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ARTICLE INFO ABSTRACT

Keywords: The rapid ionic crosslinking of alginate has been actively studied for biomedical applications including hydrogel
Silk fibroin scaffolds for tissue engineering, injectable gels, and 3D bioprinting. However, the poor structural stability of
poly(guluronate)

ionic crosslinks under physiological conditions limits the widespread applications of these hydrogels. Moreover,
the lack of cell adhesion to the material combined with the inability of proteases to degrade alginate further
restrict utility as hydrogel scaffolds. Blends of alginate with silk fibroin have been proposed for improved
structural and mechanical properties, but potential phase separation between the hydrophobic protein and the
hydrophilic polysaccharide remains an issue. In this study, we demonstrated the synthesis of a hybrid biopolymer
composed of a silk backbone with side chains of poly(guluronate) isolated from alginate to introduce rapid ionic
crosslinking on enzymatically crosslinked silk-based hydrogels for on-demand and reversible stiffening and
softening properties. Dual crosslinked macro- and microgels of silk fibroin-poly(guluronate) (SF-PG) hybrid
polymers displayed dynamic morphology with reversible shrinking and swelling behavior. SF-PG hydrogel discs
demonstrated dynamic mechanics with compressive moduli ranging from less than 5 kPa to over 80 kPa and
underwent proteolytic degradation unlike covalently crosslinked alginate controls. SF-PG gels supplemented
with gelatin substituted with tyramine or both tyramine and PG also supported the attachment and survival of
murine fibroblasts, suggesting potential uses of these new hydrogels in mammalian cell culture to investigate
cellular responses to dynamic mechanics or modeling of diseases defined by matrix mechanics, such as fibrosis
and cancer.

Biopolymer hydrogels
Dual crosslinking
Dynamic mechanics

1. Introduction hydrogels composed of collagen, gelatin, keratin, elastin, fibrin, silk

fibroin or recombinant peptides [20]; the field of biomolecular hydro-

Hydrogels, which are defined as three dimensional networks of
polymers with high water retention, tunable chemical composition and
mechanical properties mimicking those of native tissues [1], have
attracted attention in tissue engineering and regenerative medicine
applications including for the 2D or 3D culture of cells [2], microen-
capsulation of multiple [3] or single cells [4,5], and injection-based
delivery of drugs [6], growth factors [7], and cells [8,9]. Mechanically
dynamic hydrogels with stimulus-responsive, on-demand stiffe-
ning/softening or degradation [10] have been of particular interest for a
broad range of applications including for the study of cell mechanobi-
ology [11,12] and stem cell differentiation [13], implantable gels for
tissue regeneration [14], and modeling of fibrosis [15,16] or cancer [17,
18]. Biomolecular hydrogels have several advantages over synthetic
polymeric hydrogels, including lower toxicity and improved biocom-
patibility, and biodegradability [19]. In addition to protein-based
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gels is largely dominated by polysaccharides derived from microor-
ganisms, plants or animal origins, including cellulose, dextran, chitosan,
hyaluronic acid, and particularly alginate [21] extracted from brown
algae with high availability, low cost, and approval by the United States
Food and Drug Administration (FDA) for applications in human [22]..
Alginate is a linear polysaccharide composed of 1,4-linked segments
of (-D-mannuronic acid) (M) and (-L-guluronic acid) (G). Unlike the
linear and flexible conformation of the M block segments, (1 — 4)
linkages cause a steric hindrance around the carboxyl groups of G
blocks, which results in a folded and rigid structural conformation and
allows for rapid ionic crosslinking in the presence of divalent cations
such as calcium or barium through a proposed mechanism called egg-
box model [23]. Ionically crosslinked alginate hydrogels have been
utilized in a wide range of regenerative medicine applications including
injectable drug or cell delivery systems, cell encapsulating
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microspheres, and bioinks for 3D bioprinting [24]. Despite the rapid
crosslinking and high gelling capacity, ionically crosslinked alginate
hydrogels exhibit poor cell-matrix interactions due to the lack of cell
recognition motifs [23], and limited structural stability because of the
loss of ionic bridges by ion-exchange under physiological conditions
[25]. Several strategies have been proposed to overcome these limita-
tions, such as the covalent conjugation of cell adhesive
arginine-glycine-aspartic acid (RGD) tripeptide on the alginate back-
bone to enhance cell adhesion [26], and the introduction of new
crosslinking chemistries such as enzymatic [27] or photocrosslinking
[28] via chemical modification of alginate to improve structural sta-
bility. Although these crosslinking strategies allowed for the fabrication
of dual crosslinked hydrogels with dynamic mechanics through the
on-demand formation of ionic bridges [27,29], the lack of enzymatic
degradation by mammalian cells [30] required for remodeling of tissue
scaffolds [31] remained an issue. Therefore, new strategies are needed
to utilize the rapid ionic crosslinking of alginate without sacrificing
bioactivity, structural stability, and to promote enzymatic degradation
for biomedical applications.

Composites of alginate hydrogels with other biopolymers is a po-
tential strategy to utilize ionic crosslinking for the fabrication of me-
chanically dynamic hydrogels. Blends of alginate with gelatin, for
example, have been studied to take advantage of the thermal gelation
and bioactivity through the intrinsic RGD peptides of gelatin for cell
culture and 3D bioprinting applications [32]. The sol-gel transition of
gelatin at physiological temperatures [33], however, renders these
hydrogels structurally unstable. Another example of alginate composite
hydrogels includes blends with silk fibroin (SF) [34], a biocompatible
structural protein from the cocoons of Bombyx mori with extraordinary
mechanical properties through self-assembly into crystalline p-sheets
[35]. Mechanical properties and structural stability of ionically cross-
linked silk/alginate blend hydrogels were further improved by physical
crosslinking of the silk chains [36]. In addition to physical crosslinking,
aqueous SF solutions can also be crosslinked covalently via dityrosine
bond formation through horseradish peroxidase (HRP)/H302 [37] or
tyrosinase activity [38], Fenton reaction [39], or photocrosslinking
[40]. A potential limitation of SF/alginate blends, however, is the phase
separation between the viscous, highly hydrophilic alginate and rela-
tively hydrophobic silk, resulting in conformational changes in silk
structure and inhomogeneity of the gels [34,41].

In this study, we propose the chemical modification of the SF back-
bone with poly(guluronic acid) (PG) blocks extracted from alginate to
introduce ionic crosslinking and obtain dual crosslinked, mechanically
dynamic gels, avoiding the phase separation between protein and
polysaccharide phases that may impair the covalent crosslinking ca-
pacity of SF backbone. Extraction and ionic crosslinking of PG chains
have been reported previously by others [42,43], but its conjugation on
proteins to introduce ionic crosslinking has not been demonstrated
before to our knowledge. Our results showed that PG chains were suc-
cessfully conjugated on SF, significantly improving the solubility of
lyophilized powders, and allowed for ionic crosslinking by Ca®" ions
without impairing dityrosine crosslinking of the SF backbone. Enzy-
matically crosslinked SF-PG gels displayed multiple cycles of stiffening
by CaCl, and softening by sodium citrate treatments and underwent
proteolytic degradation in vitro unlike alginate controls. Supplementing
SF-PG gels with gelatin resulted in improved bioactivity without sacri-
ficing the mechanically dynamic nature of the gels, implying potential
applications in studying the influence of hydrogel stiffness on cell
response such as fibrosis and stem cell fate.

2. Experimental

Extraction of PG from sodium alginate. Abbreviations for the side
groups and the unmodified and modified polymers are listed in Table 1.
PG chains were extracted from alginate (W201502, Sigma-Aldrich, St.
Louis, MO) by partial acid hydrolysis (Fig. 1A) as described before [42].
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Table 1
Descriptions of the frequently used abbreviations in the rest of the study.
Abbreviation Description
PG Poly(guluronate)
TA Tyramine
G Gelatin
G-TA Tyramine-substituted gelatin
Alg Alginate
Alg-TA Tyramine-substituted alginate
SF Silk fibroin
EDA Ethylenediamine
SF-EDA Ethylenediamine-substituted (aminated) silk fibroin
SF-PG Poly(guluronate)-conjugated silk fibroin

Briefly, sodium alginate was dissolved in distilled water (dH20) at a
concentration of 2% w/v under vigorous stirring overnight. Then 12 mL
of 3 M HClI solution was added into 100 mL of alginate solution followed
by refluxing for 5 h. After cooling to RT (24 °C) overnight, the solution
was centrifuged at 9,000 rpm for 20 min and the supernatant was dis-
carded. The pellet was resuspended in 130 mL dH,0 and stirred vigor-
ously after adding 780 mg NaCl and ~770 pL of 10 M NaOH until a clear
solution is obtained. The solution pH was adjusted to 2.25 with 12 M HCL
and the solution was kept at RT for 2 h. The white precipitate was
collected by centrifugation at 9,000 rpm for 20 min and resuspended in
25 mL dH,0 water. Next 80 mg of NaCl was mixed in and the solution
pH was brought to 7.5 with 10 M NaOH, followed by the addition of 530
mg of activated carbon, and the solution was stirred for 2 h at RT. The
activated carbon was removed by vacuum filtration and the PG chains
were precipitated by addition of EtOH to a final concentration of 22%
v/v. The product was precipitated overnight, collected by centrifugation
at 9,000 rpm for 20 min, freeze dried, and stored at —20 °C until further
use.

Gel Permeation Chromatography (GPC) analysis. GPC analysis
was performed using a Waters Alliance 2695 GPC (Waters Corporation,
MA) with a Waters Ultrahydrogel column. PEG and PEO standards were
used for comparison. 0.1 M sodium nitrate was used as the mobile phase.
The chromatograms were analyzed using the Empower 3.0 GPC software
(Waters Corporation, MA).

Synthesis of tyramine-conjugated gelatin (G-TA) and alginate
(Alg-TA). Tyramine-substituted gelatin (G-TA) (Fig. 1B) and alginate
(Alg-TA) (Fig. 1C) were synthesized through carbodiimide coupling re-
action. Briefly, 2% w/v solutions of gelatin type A from porcine skin
(G2625, gel strength ~175 g Bloom, Sigma-Aldrich, St. Louis, MO) or
sodium alginate were prepared in 0.05 M MES buffer (pH 6.0) and
reacted with tyramine hydrochloride (Sigma-Aldrich, St. Louis, MO)
(500 mg per 1 g protein) in the presence of EDC (184 mg per 1 g protein)
and NHS (57 mg per 1 g protein) under stirring at room temperature
(24 °C) for 18 h. The solution was dialyzed against distilled water using
3.5 MWCO tubing at 37 °C with 6 changes over 3 days. The dialyzed
solution was frozen overnight at —80 °C overnight, lyophilized and
stored at —20 °C until further use.

Extraction and amination of SF. Five g of cut cocoons were boiled
in 2 L of 0.02 M sodium carbonate solution for 30, 60 or 120 min to
remove sericin. Degummed fibers were rinsed 3 times with dH;O and
dried overnight. Dry fibers were solubilized in 9.3 M LiBr solution at a
concentration of 20% w/v for 3 h at 60 °C and cooled down to RT.
Amination was performed by carbodiimide coupling of ethylenediamine
(EDA) (Fig. 1D-i). SF in LiBr solution was diluted to 2% w/v in 0.05 M
(2-(N-morpholino)ethanesulfonic acid) MES buffer (pH 6.0). 0.5 g of
EDA dihydrochloride, 180 mg of 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and 60 mg of N-hydrox-
ysuccinimide (NHS) (Sigma-Aldrich, St. Louis, MO) were added per 1 g
of SF, and the solution was stirred for 18 h at RT under gentle stirring.
The reaction mixture was dialyzed against dH,0 in 3.5 kDa cutoff tubing
for 5 days with 10 water changes and concentrated to ~4% w/v by
water evaporation in a fume hood. Insoluble particles were removed by
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Fig. 1. Schematic representation of the chemical modification of gelatin, alginate, and silk fibroin (SF). (A) Extraction of poly(guluronate) (PG) chains from the G-
blocks of sodium alginate by partial acid hydrolysis. Carbodiimide coupling of tyramine (TA) on (B) gelatin (G) and (C) alginate (Alg) for the synthesis of tyramine-
substituted gelatin (G-TA) and alginate (Alg-TA), respectively. (D) Synthesis of silk fibroin-poly(guluronate) (SF-PG) through (i) carbodiimide coupling of ethyl-
enediamine (EDA) residues on the carboxylic acid moieties of aspartic and glutamic acids on silk fibroin (SF) followed by (ii) carbodiimide coupling of PG chains on
primary amine residues of SF-EDA.
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centrifugation at 9,000 rpm for 20 min at 4 °C, and the SF-EDA solution
was stored at 4 °C.

Synthesis and characterization of SF-PG. SF-PG was synthesized
by carbodiimide coupling of PG chains on aminated SF (SF-EDA)
(Fig. 1D~ii). 2% w/v of SF-EDA solution was prepared in 0.05 M MES
buffer (pH 6.0) and mixed with 1 g of PG powder per 1 g protein. 180 mg
of EDC and 60 mg of NHS were added per 1 g of protein, and the reaction
mixture was stirred for 18 h at RT and dialyzed against dH50 in 20 kDa
cutoff tubing for 5 days with 10 water changes. The dialyzed solutions
were centrifuged at 9,000 rpm for 20 min at 4 °C to remove insoluble
particles, freeze dried, and stored at —20 °C. Using the same approach,
gelatin type A (G) with or without tyramine (TA) modification was
conjugated with PG chains to obtain G-PG and G-TA-PG constructs. For
'H NMR, lyophilized PG, SF and SF-PG powder was dissolved in
deuterated water (D20) at a concentration of 10 mg/mL and analyzed
using a 500 MHz Bruker Avance III NMR spectrometer. SF-PG synthe-
sized using 30-, 60- or 120 min-degummed SF, G-PG and G-TA-PG were
dissolved in dH,O at a concentration of 1 mg/mL, and UV absorbance at
280 nm was measured using a SpectraMax M2 multi-mode microplate
reader (Molecular Devices, Sunnyvale, CA). The weight% of protein
backbone was quantified using the calibration curves plotted using
0OD280 values of SF-EDA, gelatin, or G-TA solutions with a concentration
in the range of 0.1-1 mg/mL.

Fabrication of dual crosslinked hydrogels. SF-PG powders syn-
thesized using 60- or 120-min degummed SF were dissolved in dH50O at
7.5% w/v and supplemented with 100 U/mL HRP. Gelation was induced
by adding H20- to a final concentration of 0.03% v/v, and hydrogel
discs were fabricated by incubation of 200 pL solution at 37 °C for 1 h in
cylindrical polydimethylsiloxane (PDMS) molds with a diameter of 8
mm. After the completion of gelation, ionic crosslinking of PG side
chains was induced by incubation of hydrogel samples in 20 mM CaCly
for 24 h. On-demand cleavage of the ionic bridges was achieved by
incubating the dual crosslinked hydrogels in 20 mM solution of sodium
citrate as the calcium chelator for 24 h. Alternatively, 3.5% w/v SF-PG/
G-TA (6:1 w/w), 5% w/v G-TA-PG, or 5% w/v G-TA-PG/SF-PG (1:1 w/
w) were supplemented with 10 U/mL of HRP and the gelation was
induced in PDMS molds by adding H20 to a final concentration of
0.01% v/v. Formation and cleavage of ionic bridges was performed by
incubation with 20 mM CaCl; or sodium citrate, respectively.

Fabrication of Alg-TA/SF-PG hydrogel microbeads. A blend of 2%
w/v Alg-TA and 6% w/v SF-PG in 40 mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES) with 5% w/v dextrose (HD) solution
(pH 7.4) was used as the pre-hydrogel solution for the fabrication of
hydrogel microbeads by centrifugation-based droplet formation as
described before [44]. Briefly, 20 pL of pre-hydrogel solution supple-
mented with 100 U/mL of HRP was loaded into a 34G needle (inner
diameter of 51 pm) and extruded into the crosslinking buffer (40 mM
HEPES, 5% w/v dextrose, 20 mM CaCl, and 0.5 mM H;03) by centri-
fugation at 2,250 g for 1 min using an Eppendorf 5804 R centrifuge with
a T-60-11 horizontal rotor. Hydrogel microbeads collected in the bottom
of the tube were resuspended by pipetting, incubated at 37 °C for 30
min, collected by centrifugation at 2,250 g for 1 min, and resuspended in
fresh HD buffer with or without 20 mM sodium citrate. Microbeads
treated with sodium citrate were washed three times with HD buffer and
resuspended in HD buffer supplemented with 20 mM CaClj to reform the
ionic bridges. The morphology of the microbeads was monitored by
phase contrast imaging of using a BZ-X700 Fluorescence Microscope
(Keyence Corp., Itasca, IL). Diameters of the microbeads were quantified
on the phase contrast micrographs using the image analysis software
ImageJ (1.48v, NIH, USA).

Unconfined compression test of hydrogels. Compression test was
performed (n = 5) using a RSA3 Dynamic Mechanical Analyzer (TA
Instruments, New Castle, DE, USA) between 10 mm stainless steel par-
allel plates. Hydrogel discs were exposed to a preload of ~0.5 g to ensure
full surface contact. An initial cycle of loading and unloading was per-
formed at 30% strain at a rate of 1% s~ ! to eliminate artifacts, and the

Polymer 281 (2023) 126129

stress-strain response and elastic recovery were monitored during the
second cycle at the same strain rate. Compressive moduli were calcu-
lated by the tangent modulus of the loading phase from 0 to 5% strain.

Water content and in vitro enzymatic degradation. Hydrogel
discs prepared from 200 pL solutions in PDMS molds were incubated in
phosphate buffered saline (PBS) at room temperature for 4 h. One set of
hydrogels were weighed and then lyophilized to determine water con-
tent. Another set of hydrogels were transferred into 300 pL of 0.001 U/
mL of a-chymotrypsin from bovine pancreas (Sigma-Aldrich, St. Louis,
MO) dissolved in PBS and incubated for 1, 3, or 8 days. The enzyme
solution was changed every 2 days. After removal of enzyme solution,
hydrogels were washed in Ultrapure™ distilled water (ThermoFisher
Scientific, Waltham, MA) over night at RT, lyophilized and weighed.
Results are reported as the mass fraction of the initial weight at day 0 (n
=5).

Cell Culture. 1929 fibroblasts from mouse subcutaneous connective
tissues (ATCC, Manassas, VA, USA) were cultured in high-glucose Dul-
becco’s Modified Eagle’s Medium (DMEM) supplemented with 1%
antibiotic-antimycotic, and 10% fetal bovine serum (FBS) (Thermo-
Fisher Scientific, Waltham, MA, USA). Cells seeded in 48-well plates at a
density of 8000 cells/cm? were cultured for 24 h at 37 °C with 5% COo,
and the growth medium was replaced with medium supplemented with
5-30 mM CaCl,. After 1 and 8 days of culture, cell viability was assessed
by Live/Dead staining kit (Invitrogen, Carlsbad, CA) according to
manufacturer instructions and imaging using the fluorescence micro-
scope to determine the impact of CaCl, concentration on cell viability
and growth.

Pre-hydrogel solutions were sterile filtered using 0.22 pm syringe
filters and 200 pL solution was enzymatically crosslinked in autoclaved
PDMS molds. Hydrogel discs were transferred into 24-well plates and
1929 fibroblasts suspended in 50 pL of culture medium were seeded on
hydrogel surface at a density of 8,000 cells/cm?. After 2 h for cell
attachment, culture medium was added to each well. After incubation
for 24 h, culture medium was replaced with fresh medium supplemented
with 20 mM CaCl; and the samples were cultured for 24 h to achieve
ionic crosslinking. Samples were rinsed with PBS three times and incu-
bated in fresh culture medium supplemented with 20 mM sodium citrate
for 24 h to cleave ionic bridges. Cell viability was assessed by with Live/
Dead staining.

Statistical analysis. All data are expressed as mean + standard
deviation for n > 3. GraphPad Prism (GraphPad Software, La Jolla, CA)
was used to perform One- or Two-way analysis of variance (ANOVA)
with Tukey’s post hoc multiple comparison test to determine statistical
significance (*p < 0.05, **p < 0.01, ***p < 0.001).

3. Results and discussion

Hydrogels of biopolymers with dynamic and reversible mechanical
properties hold great promise as scaffold materials to model ex vivo
tissues for understanding the mechanisms of cell response and fate,
tissue organization and remodeling, and disease progression including
cancer and fibrosis as well as development of therapeutic approaches.
Physical and enzymatic crosslinking of silk combined with reversible
ionic crosslinking of alginate is an excellent candidate for the fabrication
of composite hydrogels with robust and dynamic mechanics. Problems
emerging from the phase separations and conformational changes in silk
structure within aqueous blends of hydrophobic silk and highly viscous
and hydrophilic alginate, however, significantly limit potential appli-
cations of silk/alginate composite gels. The aims of this study included:
(a) developing a novel hydrogel formulation combining robust me-
chanics, structural stability, enzymatic crosslinking, and proteolytic
degradability of silk backbone with, (b) the high solubility and rapid
ionic crosslinking of alginate as an alternative to ionically crosslinked
alginate gels with poor stability under physiological conditions [25],
covalently crosslinked alginate gels lacking proteolytic degradation
[30], or potential phase separations with hydrophobic polymers such as
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silk [41]. To achieve these goals, here we developed a novel hybrid
polymer composed of a silk fibroin (SF) backbone with covalently con-
jugated branches of poly(guluronate) (PG) oligosaccharide chains
extracted from alginate, combining enzymatic crosslinking of silk and
ionic crosslinking of PG for the fabrication of dual crosslinked,
on-demand stiffening and softening hydrogels. The advantages of our
SF-PG polymer over traditional silk/alginate blends include improved
water solubility of silk backbone through high hydrophilicity of PG
branches which allows for dry storage and significantly longer shelf life,
no phase separations between the protein and polysaccharide compo-
nents in aqueous solutions, and most importantly, preservation of the
enzymatic crosslinking of silk backbone allowing for the fabrication of
dual crosslinked gels with reversible, dynamic mechanics. Moreover, the
proposed strategy is not limited to silk and can be applied to practically
any protein, allowing for combinations of the unique properties of
proteins with the rapid ionic crosslinking of alginate.

Guluronic acid units in the oligosaccharide chains extracted from
alginate by partial acid hydrolysis carry a carboxylic acid moiety,
allowing for its conjugation on primary amine residues such as the lysine
side chains on proteins through carbodiimide coupling. Since the lysine
content of silk fibroin heavy chain is low (0.2 mol%) [45], the initial step
for the conjugation of PG chains on silk was to convert carboxylic acid
side chains on aspartic (0.5 mol%) and glutamic acid (0.6 mol%) [45]
into primary amines through carbodiimide coupling of EDA as we re-
ported before for the synthesis of aminated silk [46]. GPC analysis
revealed that the number and weight average molecular weights of the
PG chains extracted from alginate by 5h of acid reflux as Mn = 6169 and
Mw = 8021, respectively (Supplementary Fig. S1), which was parallel
with the previous reports of ~6 kDa [42]. After the carbodiimide
coupling, the reaction mixture was dialyzed using 20 kDa cutoff dialysis
tubing to ensure removal of unconjugated excess PG. The chemical na-
ture of SF-PG was compared to those of PG and unmodified SF by 'H
NMR spectroscopy. The peaks at ~4.9, 4.3, 3.9, 3.8 and 3.7 ppm in the
NMR spectrum of PG (Fig. 2A) reflect the Gy, Gs, G4, G3 and G, protons
of guluronate monomer, respectively, as reported before [47]. Signifi-
cantly smaller peaks at ~4.5, 3.6 and 3.5 ppm assigned to M;, M3 and M5
protons of mannuronate, respectively, indicated that the acid
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hydrolysate of alginate was primarily composed of PG domains. In
addition to proton peaks from regenerated silk (Fig. 2B), the NMR
spectrum of SF-PG (Fig. 2C) also displayed a clear peak at at ~2.7 ppm
originating from the EDA protons and the G1, G5 and G4 peaks of PG
chains, implying the successful conjugation of PG chains on aminated
SF. G3 and G2 peaks of PG chains could also be seen overlapping with
Gly C*H, and Ser CPH, peaks at 3.2-3.8 ppm from the SF backbone.
The silk backbone and PG side chain contents of SF-PG were deter-
mined by UV-Vis spectroscopy by taking advantage of the high UV
absorption by silk through tyrosine side chains at 280 nm*® unlike PG
chains. Using the calibration curves plotted by ODgy vs known con-
centrations of aminated silk (Fig. 3A-i), the weight% of SF backbone
within the SF-PG hybrid was quantified for different degumming times
(Fig. 3A-ii). A decrease was recorded in the weight ratio of PG chains in
SF-PG from 77% to 71% and 69% with increasing degumming time from
30 to 60 and 120 min, respectively. This could be attributed to protein
hydrolysis during degumming, particularly at the light chain and the c-
termini and the hydrophilic spacer domains of heavy chain [49] where
lysine, aspartic acid and glutamic acids are located [48], likely resulting
in loss of some potential PG conjugation sites during dialysis after
degumming. More than 60% of the SF-PG weight being composed of PG
indicated a SF structure highly branched with PG chains. Freezing and
lyophilization are known to induce crystallization of the random coils of
hydrophobic silk domains into f-sheets, significantly decreasing the
solubility of regenerated SF [50,51]. Lyophilized powders of SF-PG
(Fig. 3B-i) synthesized using 120- or 60-min degummed SF dissolved
rapidly in dH,O at a concentration of 8% w/v and formed a non-viscous
solution (Fig. 3B-ii), suggesting a significant increase in water solubility
of lyophilized SF upon conjugation of PG chains. Moreover, no phase
separation was observed within the solution after 24 h of incubation at
4 °C, implying an important benefit over silk/alginate blends. Despite
having the highest PG weight%, SF-PG synthesized using 30 min
degummed SF was only partially soluble at this concentration likely due
to higher molecular weight and crystallinity of the SF backbone at lower
degumming times [52]. Better solubility of SF-PG over unmodified SF
allowed for dry storage as lyophilized powder at —20 °C more than a
year, significantly improving the shelf-life compared to the significantly
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Fig. 2. THNMR spectra of (A) poly(guluronate) (PG), (B) silk fibroin (SF), and (C) silk-poly(guluronate) hybrid (SF-PG).



O. Hasturk et al. Polymer 281 (2023) 126129

o Fig. 3. Composition and solubility of SF-PG synthe-
““““““ S SIKEDroin SS B SRoly(guidronate) sized using silk extracted at different degumming

A "1 - 120 MD sF-NH, 'y = 0.5552x | - : , ,
(l ) os] --* 60 MD SF-NH; IR? = 0.9952 (”) xkk times. (A) (i) Standard curves of UV absorption (280
° -~. 30 MD SF-NH, _,—‘: '::::::. o 0.8 nm) versus concentration of 120, 60 or 30 min
8 1y =0.5015x ; P degummed (MD) aminated silks. (ii) Weight ratios of
8 ; ’ silk and poly(guluronate) in SF-PG quantified from
204 ODyg of silk backbone (n = 5, *p < 0.05, **p < 0.01
H e and ***p < 0.001). (B) Solubility of (i) lyophilized SF-
0.0 T x v ] PG powders prepared using 120-, 60- or 30-min
o SF-::: Conc:r.li‘:ation (or:;/mL) e 00 120 0 20 degummed silk in (ii) 40 mM HEPES in dH,O after

i R ; 1 h of stirring at room temperature.
Silk Degumming Time (min)

i) R N

40 mM HEPES
In dH,0
pH 7.4
shorter storage of SF solution at 4 °C due to spontaneous gelation [53]. with CaCl; containing medium for 8 days. Live/dead assay at days 1 and
Aqueous solutions of the SF-PG hybrid synthesized using 60- or 120- 8 showed no significant difference within the range of 5-30 mM CaCly
min degumming were used for the fabrication of dual crosslinked (Fig. S2), so 20 mM CaCl, was used for the formation of ionic bridges for

hydrogels through HRP-mediated dityrosine crosslinking of SF back- the rest of the study. Enzymatic crosslinking of SF-PG resulted in highly
bone followed by the ionic crosslinking of PG chains with Ca?" ions elastic, transparent hydrogels, and the 8% w/v SF-PG hydrogel fabri-
(Fig. 4A). Considering potential impacts of calcium ions on cell viability cated using 60 min degummed (MD) silk had a water content of ~93%
[54], metabolism and proliferation [55], CaCl, concentration was first (Fig. S3), resulting in a polymer to water ratio of ~0.053. SF-PG gels

optimized by monitoring the viability of murine fibroblasts cultured shrank significantly and became opaque upon incubation in CaCly, and
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Fig. 4. Fabrication and morphology of dual crosslinked SF-PG hydrogels and Alg-TA/SF-PG microgel beads. (A) Schematic illustration of enzymatic dityrosine
crosslinking of aqueous SF-PG solution by HRP/H,0, activity followed by reversible formation and cleavage of ionic crosslinks by CaCl, and sodium citrate
treatments, respectively. (B) Morphology of SF-PG hydrogels (using 60 or 120 min degummed (MD) silk fibroin) after treatment with CaCl, and sodium citrate. (C)
Morphology and (D) diameter of Alg-TA/SF-PG microgel beads in response to sodium citrate treatment followed by CaCl2 for cleavage and reformation, respectively,
of ionic bridges between PG side chains. (n = 15, *p < 0.05, **p < 0.01 and ***p < 0.001).
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expanded and became transparent again upon incubation with sodium
citrate (Fig. 4B), indicating the formation and cleavage of ionic bridges,
respectively, between the PG chains. Enzymatic crosslinking of SF-PG is
an important advantage over the blends of SF with alginate, which we
previously demonstrated to fail to undergo enzymatic crosslinking [44]
likely due to phase separation and conformational changes in silk at high
concentrations of alginate, resulting in reduced accessibility of the
tyrosine side chains.

In addition to macroscale gels, we also employed SF-PG for the
fabrication of dual crosslinked hydrogel microbeads by the
centrifugation-based droplet formation strategy. SF-PG solution was
supplemented with Alg-TA to provide high viscosity required for flow
mechanics to form individual droplets in quasi-static dripping regime
[56] as well as enhancing the gelation kinetics through crosslinking of
tyramine moieties on alginate with tyrosine side chains on SF-PG.
Centrifugation of Alg-TA/SF-PG solution through 34-gauge needles
into a dual crosslinking bath with CaCl; and Hy05 resulted in fabrication
of hydrogel microbeads (Fig. 4C-i) with an average diameter of ~160
pm (Fig. 4D). Upon incubation with sodium citrate, the microbeads
swelled (Fig. 4C-ii) and the average diameter rose to ~220 pm (Fig. 4D),
indicating cleavage of ionic bridges through chelation of calcium ions.
Microgels shrank (Fig. 4C—iii) back to their original size (Fig. 4D) after
incubation with calcium ions, implying reversibility of ionic bridges on
demand to modulate the dimensions of hydrogels also in microscale.

Mechanical testing of the SF-PG hydrogel discs revealed on demand
stiffening and softening by treatment with CaCly or sodium citrate,
respectively, accompanied by a reversible change in elasticity man-
ifested by a significant increase and decrease, respectively, in the hys-
teresis shown in the stress-strain curves in Fig. 5A-i and 5A-ii. Initial

A
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compressive moduli of the enzymatically crosslinked 7.5% w/v SF-PG
hydrogels for 60 min and 120 min degumming were ~2 and ~1.4
kPa, respectively, which increased more than 13-fold to ~27 kPa upon
ionic crosslinking in CaCl; bath (Fig. 5A-iii), and then dropped to ~5.4
and ~3.1 kPa, respectively, upon cleavage of ionic crosslinks by sodium
citrate treatment (Fig. 5A-iii). The difference between initial and post-
citrate compressive moduli of SF-PG gels could be explained with the
physical crosslinking of SF-backbone through self-assembly into crys-
talline B-sheets during incubation with CaCl, and sodium citrate solu-
tions with relatively higher ionic strength. This was more evident when
120 MB SF-PG hydrogels were treated with CaCl, and sodium citrate in
cycles for 96 h, causing a cyclic change in the elasticity (Fig. 5B-i) and
stiffness (Fig. 5B-ii) with a gradual increase in compressive modulus
from 1.4 to ~ 6.6 kPa at only-enzymatically crosslinked state. It should
also be noted that upon incubation with CaCl, for 3 days from days 4-7
increased compressive modulus to ~87 kPa (Fig. 5B-ii), indicating
control over the extent of ionic crosslinking and resulting stiffness by
altering the incubation time with calcium ions.

Cellular response to SF-PG hydrogels was tested by 2D culture of
murine fibroblasts on 8% w/v gels. Live/dead micrographs (Fig. 6A)
revealed that a large proportion of the cells were dead 24 h after seeding
on SF-PG hydrogel, suggesting poor cell-matrix interactions. This could
be attributed to the lack of cell adhesion sequences in both SF [57] and
alginate [58] as well as the high hydrophilicity of PG chains that likely
impacted the absorption profile of proteins from the serum in culture
media [59]. To overcome this limitation, SF-PG was blended with G-TA
to incorporate the intrinsic cell adhesive RGD sequences of gelatin
backbone [60] into the enzymatically crosslinked polymer network.
Indeed, a small weight ratio of G-TA not only improved cell viability on
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Fig. 5. Compressive mechanical properties of SF-PG hydrogels. (A) Stress-strain curves (i, ii) and compressive moduli (iii) of 7.5% w/v SF-PG (using 60 or 120 min
degummed (MD) silk fibroin) hydrogels on days 0, 1 and 2 after enzymatic crosslinking, 24 h of incubation with CaCl,, and 24 h of incubation with sodium citrate,
respectively. (B) Stress-strain response (i) and compressive moduli (ii) of 120 MB SF-PG gels upon cyclic stiffening and softening by CaCl, and sodium citrate
treatments, respectively, over 7 days (n = 5, *p < 0.05, **p < 0.01 and ***p < 0.001).
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Fig. 6. Live dead micrographs of L929 fibroblasts cultured on (A) TCP control, 8% w/v SF-PG or (B) 3% w/v SF-PG/0.5% G-TA composite hydrogels. Formation and
cleavage of ionic bridges within SF-PG/G-TA composite gels were induced by 24 h incubation of samples with 20 mM calcium chloride (CaCl,) and sodium citrate
(Na3CgHs0y7), respectively, to monitor impact on cell viability. Green: calcein (live), red: EthD-1 (dead), scale bars: 200 pm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

SF-PG hydrogels at day 1 significantly (Fig. 6B), but the high availability
of phenol side chains on G-TA for enzymatic crosslinking [57] also
allowed for lower total polymer, HRP and H0, concentrations required
to obtain a structurally stable hydrogels. SF-PG/G-TA gels had a higher
water content at around 95% (Fig. S3) than 8% SF-PG gels as expected
because of lower total polymer concentration. Treatments with CaCly
from day 1-2 and sodium citrate from day 2 to day 3 for hydrogel
stiffening and softening, respectively, did not cause any significant
impact on cell viability and the cells were able to proliferate (Fig. 6B).
Like SF-PG only gels, SF-PG/G-TA gels also displayed opacification upon
incubation in CaCl, bath (Fig. 7A) accompanied with an increase in
hysteresis in the stress-strain curve (Fig. 7B) and a ~2.5-fold increase in
compressive modulus (Fig. 7C), which were reversed after treatment
with sodium citrate. We speculate that highly bioactive hydrogels with
dynamic mechanics within a wide range of initial and final stiffness
values could be fabricated by altering the total polymer concentration
and the weight ratios of SF-PG and G-TA.

A CaCl, citrate B

Enzymatic degradation of scaffold materials at a controllable rate is a
key factor in tissue engineering and regeneration for the formation and
remodeling of new tissue [61]. The polysaccharide alginate can be hy-
drolyzed by the enzyme alginate lyase (alginase), which is produced by
some bacteria, fungi and algae but not by animal cells [62]. Thus,
covalently crosslinked alginate hydrogels cannot be remodeled actively
by the cells but instead degrade slowly through loss of ionic crosslinks in
body fluids [28]. SF, on the other hand, can undergo proteolytic
degradation at controllable rates compared to other rapidly degrading
proteins such as gelatin or collagen thanks to the high crystallinity of
hydrophobic domains, providing structural support for cellular organi-
zation for a sufficient time until complete breakdown without hindering
longer-term matrix remodeling [63]. Enzymatically crosslinked Alg-TA
gels as a control and SF-PG and SF-PG/G-TA gels as novel formula-
tions were incubated with the protease chymotrypsin for 8 days to assess
their proteolytic degradability. The percent weight of hydrogel discs
remaining after 1, 3 or 8 days of incubation with protease (Fig. 7D)

Fig. 7. Characterization of SF-PG and SF-PG/G-TA
hydrogels. (A) Morphologies, (B) stress-strain re-
sponses and (C) compressive moduli (n = 5) of 3% w/
v SF-PG/0.5% G-TA composite hydrogels at day
0 after fabrication, at day 1 after 24 h of incubation in
CaCl,, and at day 2 after 24 h of incubation in sodium
citrate solution. (D) In vitro enzymatic degradation (n
= 4) of Alg-TA, SF-PG and SF-PG/G-TA hydrogels
quantified by % weight remained compared to day
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showed that unlike Alg-TA gels, both SF-PG and SF-PG/G-TA composite
gels lost mass through proteolytic degradation. Interestingly, degrada-
tion of 8% w/v SF-PG gels was faster compared to 3% w/v SF-PG/0.5%
w/v G-TA gels, the former having less than 20% of its initial weight left
while more than 70% of the latter remained after 8 days of incubation.
This could be explained with higher crosslinking density in the presence
of G-TA as we also demonstrated previously with SF/G-TA gels
compared to SF-only controls [57].

Inspired by the impact of G-TA on bioactivity of SF-PG gels, we
expanded the PG modification strategy to gelatin. Unmodified and
tyramine-substituted gelatin type A from porcine skin was carbodiimide
coupled with PG chains (Fig. S4A) without any pre-treatment because of
its sufficient number of lysines (2.7 mol% [64]). UV spectroscopic
analysis of protein backbone content quantified using the calibration
curves with ODgg (Fig. S4B) revealed a PG content of ~33% and 50%
for G-PG and G-TA-PG, respectively, which was lower than those of
SF-PG (69-77%). This could be attributed to the isoelectric point of
gelatin type A from porcine skin being within the alkaline range (pH
7-9.4) [65], resulting in a net negative charge on the protein backbone
and likely limiting gelatin and PG chains coming in close proximity
during carbodiimide coupling due to electrostatic repulsion. Thus,
G-TA-PG having a larger PG content could be explained with some of the
carboxylic acid residues being occupied by tyramine moieties [57],
lowering the net negative charge. The gelatin backbone of G-PG was
able to undergo a sol-gel transition at 4 °C [66], allowing for the for-
mation of a physically crosslinked semi-transparent gel which could also
undergo ionic crosslinking and opacify in the presence of CaCly
(Fig. 7C). Unlike unmodified gelatin, ionically crosslinked G-PG gels
were stable after 1 h of incubation at 37 °C (data not shown), indicating
that the gel-sol transition of protein backbone was prevented by the
ionic crosslinking of PG chains. Tyramine moieties on G-TA-PG allowed
for enzymatic crosslinking of 5% w/v solutions into elastic gels with a
similar water content (~93.5%) with the 8% SF-PG gels (~93%)
(Fig. S3) as well as low hysteresis in the stress-strain curve (Figs. S5A-i)
and a compressive modulus of ~2.2 kPa (Fig. S5B). Like SF-PG gels,
hysteresis (Figs. S5A-i) and compressive modulus (~10 kPa) increased
significantly upon ionic crosslinking in CaCl; solution and dropped back
to initial values after treatment with sodium citrate. Similar hysteresis
(Figure S5A-ii) and modulus (Fig. S5B) changes were also recorded for
G-TA-PG/SF-PG  (1:1) composite gels. Both G-TA-PG and
G-TA-PG/SF-PG gels supported cell attachment and survival 24 h after
seeding (Fig. S6), confirming that the hydrogel formulations could be
utilized for the culture of mammalian cells on mechanically dynamic
scaffolds for the investigation of cellular responses.

SEM micrographs of the surface and the cross-sections of the enzy-
matically crosslinked hydrogels (Fig. S7A) revealed a porous structure
for all samples. Unlike 8% SF-PG and 5% G-TA-PG gels which had a
porous surface, 3% SF-PG/0.5% G-TA gels displayed a relatively smooth
surface morphology. Moreover, 3% SF-PG/0.5% G-TA composite
hydrogels had pores with elongated shapes (Fig. S7A) and smaller size
(lateral and vertical) (Fig. S7B) than the other samples despite having
the lowest total polymer composition. These observations could be
explained with the collapse of the 3% SF-PG/0.5% G-TA hydrogel onto
itself during lyophilization likely because of lower polymer to water
ratio (~0.05) compared to 8% SF-PG or 5% G-TA-PG gels (~0.08)
(Fig. S3). It should also be noted that the surface and cross-sectional
morphology of the hydrogels may not reflect their native hydrated
states due to the potential conformational changes in silk structure
during freezing and water removal.

4. Conclusions

Poly(guluronate)-conjugated silk and gelatin hybrid biopolymers
were synthesized to combine unique properties of alginate and silk or
gelatin for the fabrication of dual crosslinked, mechanically dynamic
hydrogel scaffolds. The novel SF-PG constructs reported in the present
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study not only introduce ionic crosslinking to silk and eliminated po-
tential phase separation issues experienced with silk/alginate blends,
but also increased the water solubility of lyophilized silk powders,
enabling dry storage for significantly increased shelf-life. Dual cross-
linked SF-PG and SF-PG/G-TA gels overperformed ionically or cova-
lently crosslinked alginate-only gels in terms of structural stability in
physiological buffers and proteolytic degradation for scaffold remodel-
ing, respectively. Dynamic mechanics through on-demand stiffening by
calcium treatment and softening by citrate treatment can enable the
modulation of cellular response and fate such as stem cell differentia-
tion, fibrotic response or cancer progression for potential future studies
involving a better understanding of biological processes and disease
modeling. Successful modification of silk and gelatin with PG chains
supports the versatility of the strategy for the synthesis of different
protein-PG hybrids for case-specific properties.
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