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1. Introduction

Silk fibroin (SF) derived from Bombyx Mori exhibits unique proper-
ties comprising biodegradability, biocompatibility, and ease of process-
ing [1-5]. SF has a block-like biopolymer structure composed of
hydrophobic blocks able to induce a conformation transition, and hy-
drophilic blocks providing its solubility in water [6,7]. The conformation
transition of SF in aqueous solutions from random-coil to 3-sheet crys-
tals occurs by the associations of hydrophobic blocks via hydrogen
bonds leading to the formation of SF hydrogels. Hydrogels derived
from SF are attractive soft materials in biomedical applications such as
drug delivery and tissue engineering [1,3,8-12]. They have generally
been prepared by inducing 3-sheet formation in aqueous SF solutions
via several triggers such as fibroin concentration [6], solvent quality
[13-16], pH [17], temperature [18], cations [19], vortexing [20], electri-
cal field [21] or by chemical cross-linking reactions of native or chemi-
cally modified SF [22-27].

However, SF hydrogels reported so far are generally brittle in tension
limiting their load-bearing applications. Several attempts have recently
been made to prepare flexible SF hydrogels with a high stretchability
[15,28-37]. Preparation of interpenetrating network hydrogels based
on SF and synthetic or natural polymers provides a slight improvement
in their compressive mechanical properties [33,34,38]. Li et al. prepared
SF hydrogels sustaining 134% stretch ratio by adding surfactant into
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aqueous SF solutions and incubating at 60 °C [29]. It was shown that
the addition of surfactant strengthens the hydrophobic interactions be-
tween SF and surfactant molecules, and hence facilitates formation of 3-
sheet structures. Incorporation of hyaluronic acid (HA) into a SF hydro-
gel network enhances its hydrophilicity and improves the tensile me-
chanical properties [39,40]. HA/SF hydrogels sustain up to 350%
stretch ratio under a stress of 70 kPa [39] Double-network (DN)
hydrogels composed of interpenetrated SF and hydrophobically modi-
fied polyacrylamide networks containing surfactant micelles sustain
0.3 MPa stresses at 800% elongation [30,32]. Low temperature gelation
technique (so-called cryogelation) has also been used to improve the
mechanical properties of SF hydrogels [41-45]. Yetiskin et al. prepared
DN, and triple-network SF cryogels using a diepoxide, 1,4-butanediol
diglycidyl ether (BDDE) as a cross-linker in the presence of N,N,N'N’-
tetramethylethylenediamine (TEMED) as a pH regulator [42]. Although
the scaffolds thus produced at SF concentrations above 25 wt% exhibit a
high Young's modulus (between 66 and 126 MPa) and compressive
strength (between 87 and 240 MPa), they are still brittle in tension sim-
ilar to the single-network SF cryogels [22]. Thus, previous works reveal
that the synthesis of stretchable SF hydrogels is a difficult task and re-
quires a complicated synthetic procedure.

The poor tensile mechanical properties of SF hydrogels can be attrib-
uted to the globular structure of SF molecules in aqueous solutions. SF
gelation is known to occur via a self-assembly mechanism in which
the globular SF molecules are connected each other by 3-sheet domains
[6,46,47]. Because high segment density inside the globules and inho-
mogeneous distribution of [-sheet cross-links [28], the
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interconnections between SF molecules are weak so that SF hydrogels
rupture when stretched to a low strain. For instance, Scheme 1a illus-
trates gelation mechanism of SF using BDDE cross-linker in aqueous so-
lutions. Formation of BDDE cross-links between SF molecules reduces
their mobilities because the branched molecules cannot move freely in
the solution as compared with free chains (i) [22]. The reduced mobility
of SF molecules facilitates the alignment of hydrophobic blocks and
hence, formation 3-sheet crystals even at a low SF concentration (ii)
[22]. However, the resulting 3D fibroin network composed of globular
nanoaggregates is brittle, similar to the macroscopic 3D network of
microgel particles [48].

We present here a novel strategy for preparing stretchable SF
hydrogels by incorporating flexible polymer chains into the brittle SF net-
work to strengthen the interconnections between the SF nanoaggregates.
We included N,N-dimethylacrylamide (DMAA) monomer and ammo-
nium persulfate (APS) initiator into an aqueous SF solution containing
BDDE and TEMED to in situ generate flexible poly(N,N-
dimethylacrylamide) (PDMAA) which is a biocompatible polymer with
associative properties [49-53]. Moreover, instead of SF, methacrylated
SF was used for the gel preparation to create an interconnected SF/
PDMAA network. As schematically illustrated in Scheme 1b, the free-
radical polymerization of DMAA above a certain concentration leads to
the formation of PDMAA chains interconnecting globular SF molecules
via their pendant vinyl groups (i). The conformation transition in SF at
longer reaction times produces hydrogels with a high degree of stretch-
ability (ii). As will be seen below, incorporation of 2 w/v% DMAA into
the SF network turns the brittle hydrogel into a stretchable one sustaining
up to 370% elongation ratio which is quite high for SF-based hydrogels.
What is more, the mechanical properties of SF hydrogels could be ad-
justed by the amount of incorporated PDMAA that regulates the p-sheet
content of SF network. The stretchable and tough SF hydrogels thus devel-
oped are suitable as a scaffold in tissue engineering and offer an advan-
tage as a biomaterial over other SF-based biomaterials.

2. Experimental part
2.1. Materials

1,4-butanediol diglycidyl ether (BDDE, Sigma-Aldrich), N,N,N’,N’-
tetramethylethylenediamine  (TEMED, Sigma-Aldrich),  N,N-

dimethylacrylamide (DMAA, Sigma-Aldrich, 99%), glycidyl methacry-
late (GM, Sigma-Aldrich, 97%), lithium bromide (LiBr, Merck), ammo-
nium persulfate (APS, Sigma-Aldrich, 299%) and sodium carbonate
(Na,CO0s, Merck) were used without further purification. Bombyx Mori
cocoons were purchased from Koza Birlik (Agriculture Sales Coopera-
tive for Silk Cocoon, Bursa, Turkey).

Separation of silk fibroin (SF) from cocoons and its methacrylation
by GM were carried out following a procedure described by Kim et al.
[24]: Bombyx mori cocoons (~10 g) were cut into small pieces, washed
thoroughly with distilled water, and then placed in 1 L of boiling aque-
ous 0.02 M Na,COs solution for 1 h to remove sericin proteins. The iso-
lated SF was then rinsed five times in 1 L of distilled water at 70 °C each
for 20 min. After drying at 23 4 2 °C for 2 days, SF (7.0 g) was dissolved
in 35 mL aqueous 9.3 M LiBr at 60 °C within 2 h. After addition of GM
(2 mL) and stirring for 3 h at 500 rpm, the solution was dialysed in a di-
alysis tube (10,000 MWCO, Snake Skin, Pierce) for 4 days against dis-
tilled water that was changed four times a day. After centrifugation,
an aqueous solution of 7 w/v% methacrylated SF (meth-SF) was ob-
tained as determined gravimetrically (Fig. 1a).

2.2. Preparation of hydrogels

The hydrogels were prepared from aqueous solutions of meth-SF
and DMAA in the presence of BDDE, TEMED, and APS as the cross-
linker, pH-regulator, and initiator, respectively. BDDE concentration
was expressed as mmol-g~ ', which is mmol of epoxy groups per
gram of meth-SF. The concentration of meth-SF in the reaction solution
was fixed at 5 w/v%. To find the optimum reaction conditions for the for-
mation of meth-SF hydrogels, the first set of experiments was carried
out at various TEMED (0-0.50 v/v%) and BDDE concentrations
(0-25 mmol-g~') in the absence of both DMAA and APS. Typically, to
prepare a hydrogel at a BDDE concentration of 20 mmol-g~!, BDDE
(1.00 mL) was added to 7.14 mL of aqueous 7 w/v% meth-SF solution
under stirring at 23 4 2 °C. After addition of TEMED between 0 and
0.50 v/v%, the volume of the solution was completed to 10 mL with dis-
tilled water. The homogeneous solution was then transferred between
the plates of the rheometer instruments as well as into 1 mL plastic sy-
ringes of 4.5 mm internal diameter, and the reactions were conducted at
50 °C for 24 h.
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Scheme 1. (a, b): Cartoon showing formation of SF hydrogels via BDDE cross-linker without (a) and with DMAA (b). At low DMAA contents, no gel forms due to the intramolecular

reactions (c).
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Fig. 1. (a): Methacrylation of silk fibroin (SF) using glycidyl methacrylate (GM) to form methacrylated SF (meth-SF). (b): 'H NMR spectra of SF before (upper panel) and after

methacrylation (bottom panel).

meth-SF-DMAA hydrogels were prepared at various DMAA concen-
trations between 0 and 10 w/v% by fixing TEMED, BDDE, and APS con-
tents at 0.025 v/v%, 20 mmol-g~!, and 3.51 mM, respectively. Both
TEMED and APS were used as stock solutions in distilled water of con-
centrations 0.5 v/v% and 8 w/v¥%, respectively. Typically, to prepare a hy-
drogel with 3 w/v% DMAA, a 7.14 mL aqueous solution of 7 w/v% meth-
SF was mixed with DMAA (0.31 mL), BDDE (1.00 mL), and the stock so-
lutions of TEMED (0.5 mL) and APS (0.10 mL). After completing the final
volume to 10 mL with distilled water, the homogenous solution was
transferred between the plates of the rheometer as well as into plastic
syringes as described above to conduct the gelation reaction at 50 °C
for 24 h.

2.3. Characterization

Methacrylation degree of SF was determined by 'H nuclear magnetic
resonance (NMR) spectroscopy on a 500 MHz Agilent VNMRS NMR in-
strument using SF specimens before and after methacrylation, that were
dissolved in D,0 at a concentration of 10 mg-mL™" (Fig. 1b). X-ray dif-
fraction (XRD) and Fourier transform infrared spectroscopy (FTIR) in at-
tenuated total reflectance (ATR) mode were employed to determine the
conformation of SF in the hydrogels. XRD patterns of freeze-dried sam-
ples were recorded on a PANalytical X-Pert PRO Multi-Purpose Diffrac-
tometer using Ni-filtered CuKo (A = 0.15418 nm) radiation at 45 kV
and 40 mA in the range of 26 = 5-40°. ATR-FTIR spectra of freeze-
dried hydrogel samples were recorded on an Agilent Technologies
Cary 630 ATR-FTIR spectrophotometer. The conformation of fibroin
was estimated by analyzing the spectra using PeakFit software (Version
4.12, SeaSolve Software Inc.). Linear base line correction was applied to
the amide I region (1580-1720 cm™!) representing the carbonyl
stretching vibration of amide groups. Amide I band was deconvolved
into four components each of which was then curve-fitted using a
Gaussian model [22,23]. For the curve fitting procedure, the peak

positions at 1620, 1640, 1660, and 1698 cm ™!, representing B-sheet,
random coil, a-helix, and pB-turn conformations, respectively, were
fixed, and the peak widths and heights were varied freely [54,55]. The
areas under the peaks were then determined to estimate conformation
percentages (Fig. S1). We have to mention that the assignment of the
peaks at around 1650 cm ™ is controversial, with some authors attri-
bute these to random coil while others to silk I conformation [56-59].

Rheological measurements were conducted on a Gemini 150 Rhe-
ometer system (Bohlin Instruments) equipped with a Peltier device
for temperature control, and a solvent trap to minimize the evaporation
of water. To monitor the gelation reactions, a cone-and-plate geometry
with a cone angle of 4° and diameter of 40 mm was used as the measur-
ing system. The reaction solutions were pipetted between the plate and
the cone of the instrument at 50 °C. The storage modulus G', loss modu-
lus G", and the loss factor tan 6 of the reaction solution at a frequency ®
of 6.28 rad-s™ ' and a strain amplitude y, of 1% were monitored as a
function of the reaction time t. The limiting modulus G'. of meth-SF-
DMAA hydrogels at the plateau regime was estimated by fitting G' vs t
data to the Hill equation [60-62],

tn

Gl(t) = G;m (1)

where 0 and n are constants (Fig. 4a). Frequency sweep tests aty, = 1%
were carried out on cylindrical hydrogel discs prepared in 50 mL plastic
syringes of 28 mm in diameter, as described above, using a parallel plate
geometry (diameter 20 mm) as the measuring system with a gap size of
1000 + 200 um depending the specimen thickness.

Uniaxial tensile and compression tests were conducted at 23 4 2 °C
using a Zwick Roell Z0.5 TH model universal test machine equipped
with a 500 N load cell. The nominal stress 0o, and the strain € (change
in the sample length / initial sample length) were recorded at a fixed
strain rate of 1.7 min~!. The compressive strength was calculated
from the maxima of true stress-strain curves, as detailed before [63].
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Young's modulus E was determined from slope of 0, - € curves be-
tween 5 and 15% deformation. Cyclic compressive tests were conducted
at the same strain rate by conducting five successive loading-unloading
steps to a predetermined maximum strain without a wait time between
the cycles.

Swelling tests were conducted by cutting the hydrogels taken out of
the syringes into small pieces of about 5 mm in length and then placing
them in an excess of distilled water at 23 4 2 °C for 3 days by replacing
water every day. After reaching the swelling equilibrium, the specimens
were dried using a freeze-dryer (Christ Alpha 2-4 LD plus) by first freez-
ing at —80 °C, freeze-drying at —40 °C/0.12 mbar and final drying at
—60 °C/0.01 mbar, each for one day. The equilibrium weight swelling
ratio q,, was calculated as q,, = m / mgq.y, where m and mq, are the
swollen and dried masses of the hydrogels, respectively. The soluble
fraction of the hydrogels was calculated from masses of dried polymer
and meth-SF + DMAA in the reaction solution.

3. Results and discussion

As mentioned in the introduction, SF hydrogels prepared from na-
tive SF using BDDE cross-linker exhibit a high Young's modulus but frac-
tures at very low strains during stretching. To generate stretchability,
DMAA monomer was included into the SF gelation system together
with APS initiator to in situ generate flexible, biocompatible PDMAA
chains. Moreover, instead of SF, methacrylated SF (meth-SF) was used
for the gel preparation to create an interconnected SF/PDMAA network.
meth-SF was prepared by methacrylation of SF using glycidyl methacry-
late (GM) in an aqueous LiBr solution (Fig. 1a) [24]. Formation of meth-
SF was proved by NMR spectra of SF before and after methacrylation
(Fig. 1b). Compared to native SF, meth-SF shows new signals at 6 =
6.2-6.0 and 5.8-5.6 ppm due to the methacrylate vinyl groups (a),
and at 6 = 1.8 ppm due to the methyl group of GM (b) (Fig. 1b). More-
over, the signal of lysine methylene at § = 2.9 ppm (c) decreased after
methacrylation of native SF indicating the reaction of its lysine amino
groups with GM. The signal of aromatic amino acid protons at 6 =
6.9-7.5 ppm (d) was used to normalize the spectra. The degree of
methacrylation (DM) defined as the fraction of lysine residues in SF
reacted with GM was calculated as DM = 1 - I/I, where I, and I are
the integrated signals of lysine methylene before and after the reaction,
respectively [24]. In this study, the amount of GM was fixed at 0.3 mL
per gram of SF leading to a methacrylation degree of 14%.

In the following first section, we present the properties of meth-SF
hydrogels prepared at various TEMED and BDDE concentrations in the
absence of DMAA. The second section shows the effect of DMAA incor-
poration at various concentrations on the hydrogel properties.

3.1. meth-SF hydrogels

Gelation of meth-SF at a concentration of 5 w/v% was conducted at
50 °C in the presence of BDDE and TEMED as a cross-linker and pH reg-
ulator, respectively. To optimize the synthesis conditions of meth-SF
hydrogels, TEMED amount was first varied between 0.025 and 0.5 v/v
% at a fixed BDDE content of 20 mmol-g~'. Fig. 2a shows the storage
modulus G’ of the reaction solutions with varying TEMED content as a
function of the reaction time. The variation of pH of the reaction solution
depending on the TEMED content is also shown in Fig. 2b. No gel could
be obtained in the absence of TEMED, i.e., at pH = 5.8, while incorpora-
tion of 0.025 v/v% TEMED increases pH to 7.4 and leads to the formation
of a hydrogel with around 100 kPa modulus. The results also show that
both G'and the induction period decrease as the TEMED content, i.e., pH
of the reaction system is increased. Thus, the highest modulus,
i.e., cross-link density was obtained at pH = 7.4 while it decreases but
the reaction occurs faster at higher pH values. This finding is in accord
with a previous report on the cross-linking of collagen in aqueous solu-
tions using BDDE cross-linker [64]. At pH = 9, the cross-linking reac-
tions between the amino groups of collagen with BDDE proceeds at a

low reaction rate but with a high cross-link efficiency, especially after
prolonged reaction times. At a higher pH, although the reactions are
faster, the cross-linking efficiency substantially decreases [64].

Fig. 2c shows G', the loss modulus G", and loss factor tan 6 of the re-
action system after 4 h of reaction time plotted against pH. G"is 120 kPa
at pH = 7.4 while it rapidly decreases above pH = 9 and becomes 30 Pa
at pH = 11.2, which is more than 3-orders of magnitude smaller than
that measured at pH = 7.4. Moreover, the loss factor is below 0.1 for
all hydrogels revealing that they are so-called “strong gels” with a low
extent of energy dissipation during the oscillatory deformation tests
[65,66]. XRD and FTIR measurements were conducted on dried
hydrogels to characterize the conformation of fibroin in the hydrogels.
Fig. 3a shows XRD patterns of the hydrogels formed at various pHs to-
gether with the neat meth-SF and SF for comparison. Similar to SF,
meth-SF shows a broad peak near 21° corresponding to a random coil
conformation. After gelation of meth-SF, a distinct peak at 20.1° and a
minor peak at around 9° appear corresponding to spacing distances of
0.44 and 0.98 nm, respectively. These spacings are typical for B-sheet
crystalline structure of silk fibroin [17,23,67]. The peak at 20.1° becomes
broader as the pH increases indicating decreasing 3-sheet content of the
hydrogels. Fig. 3b shows amide I region of the FTIR spectra for the
hydrogels prepared at various pHs together with the neat SF and
meth-SF, shown by the open symbols. meth-SF before gelation exhibits
a broad peak at 1640 cm ™! corresponding to random coil conformation
[54,55], while this peak disappears after gelation and three new peaks
appear at 1620, 1660, and 1698 cm ™! assigned to 3-sheet, a-helix,
and B-turn conformations, respectively [55]. The conformation percent-
ages of meth-SF in the hydrogels were estimated by analyzing the peak
positions at 1620, 1640, 1660, and 1698 cm~! (Fig. S1). The variation of
p-sheet content of the hydrogels depending on pH shows a similar
trend as the storage modulus G' (Fig. 3c vs Fig. 2¢); the higher the pH
of reaction system, the lower is both the 3-sheet content and the mod-
ulus G' indicating that the 3-sheet domains serve as cross-link points
forming the 3D network structure of meth-SF hydrogels.

The soluble fraction fs of the hydrogels in water and their equilib-
rium swelling ratios q, are other means of studying the cross-link den-
sity of the hydrogels. Fig. 3d shows f,, and g,y of the hydrogels plotted
against pH of the gelation solution. Both f, and q,, increase with in-
creasing reaction pH and finally, the hydrogels become completely sol-
uble in water at the highest pH of 11.2. All these findings indicate that
meth-SF hydrogels with a modulus of around 100 kPa that are stable
in water can be obtained at a pH between 7.2 and 9.2. Another synthesis
parameter that may affect the hydrogel properties is the amount of
BDDE cross-linker. Experiments were also conducted by fixing pH at
7.4 and varying BDDE content between 0 and 25 mmol-g . Rheological
measurements showed no gel formation at or below 5 mmol-g~! while
between 15 and 25 mmol-g~!, hydrogels with a modulus of around
100 kPa could be obtained (Fig. S2).

All meth-SF hydrogels reported above were brittle to be clamped for
the tensile testing. This behavior is similar to the BDDE cross-linked
hydrogels derived from native SF due to the weak interconnections be-
tween globular SF molecules [22]. In the following section, DMAA was
included into the reaction system to create flexible PDMAA chains
strengthening the brittle meth-SF network.

3.2. meth-SF-DMAA hydrogels

The optimum reaction conditions for the preparation of meth-SF
hydrogels, namely pH = 7.4 and BDDE = 20 mmol-g~! were fixed
while DMAA between 0.5 and 10% (w/v%, same meaning throughout
the text) together with APS initiator (3.51 mM) were included into
the reaction solution. We have to note that because meth-SF concentra-
tion was fixed at 5 w/v %, dividing DMAA % by 5 gives the mass-to-mass
ratio of DMAA/meth-SF. Fig. 4a shows the variation of the storage mod-
ulus G' during the gelation reactions at 50 °C and at various DMAA con-
tents. Interestingly, although a hydrogel with G’ of around 100 kPa
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Fig. 2. (a): Reaction time dependence of storage modulus G’ of the gelation system at various TEMED contents as indicated. @ = 6.28 rad-s~'.y = 0.01. (b): pH of the reaction solution
plotted against TEMED %. (c): G', loss modulus G", and loss factor tan 6 after a reaction time of 4 h plotted against pH of the reaction solution.

forms in the absence of DMAA, the presence of 0.5-2% DMAA prevents
the increase in the modulus and hence the onset of gelation, while at
higher DMAA contents, hydrogels are again formed. This suggests that
DMAA at small amounts suppresses the conformation transition in
meth-SF which can be supported from the appearance of the hydrogels
(Fig. 4b). DMAA-free hydrogel after a reaction time of 24 h is fully
opaque whereas the hydrogel with 3% DMAA is almost transparent.
With increasing DMAA content from 3 to 10%, the hydrogels become
gradually opaque indicating formation of increasing amount of 3-
sheet domains acting as scattering centers for light. Another character-
istic feature of the hydrogels is their two-step formation process
(Fig. 4a): After an induction period, G' first rapidly increases and attains
a plateau value at around 1 kPa. After passing the plateau, a second rise
in G’ appears at longer reaction times. However, this second reaction
step could not be followed due to the inertia effects in the rheometer
leading to a large scatter in the moduli data. The solid curves in Fig. 4a
are the best fits of the data in the second reaction step to the Hill equa-
tion, as detailed in the experimental part. To check the reproducibility of
the limiting G' data obtained from the fits, they were compared with the
measured data of the hydrogels after a reaction time of 24 h (Fig. S3). At
3, 5, and 10% DMAA, the limiting G’ values predicted are 21, 57, and
117 kPa as compared to the experimental data of 24, 62, and 105 kPa,
respectively, indicating a deviation of less than 12%. The results show
that the higher the DMAA content, the shorter is the length of the
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plateau between the two steps, and the higher is the final modulus of
the hydrogels. We can explain the two-step reaction profile with the oc-
currence of two successive cross-linking reactions in the reaction sys-
tem, as similar to the SF/HA gelation system in the presence of DMAA
[39]. In the first step, the polymerization of DMAA in the presence of
meth-SF acting as multifunctional cross-linker leads to the formation
of meth-SF cross-linked PDMAA hydrogels with a modulus of around
1 kPa. Because the conformation transition in SF needs longer times
[22,39], the formation of 3-sheet domains during the second gelation
step produces additional cross-links in the hydrogels. To proof this
mechanism, the gelation reaction in the presence of 3% DMAA was re-
peated in the absence of BDDE at a reduced temperature, 25 °C, to pre-
vent [3-sheet formation. As seen by the gray curve in Fig. 4a, G' increases
up to around 1 kPa and then remains almost unchanged at longer times,
supporting the above explanation.

To characterize the conformation of fibroin in the hydrogels, FTIR
and XRD measurements were conducted on dried hydrogels at various
DMAA contents (Fig. 5a, b). Although amide I region of FTIR spectra of
the hydrogels exhibits the characteristic peak of 3-sheet domains at
1620 cm™ !, this peak overlaps with the broad peak at 1626 cm™! of
pure PDMAA polymer (dashed line in Fig. 5a), preventing quantitative
determination of the B-sheet contents. However, the sharper peak at
1620 cm ™! for the hydrogels as compared to that for PDMAA indicates
formation of PR-sheets during gelation. In XRD scans, the two
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Fig. 3. (a, b): XRD scans (a) and FTIR spectra (b) of the hydrogels prepared at various pHs together with the neat SF and meth-SF. In (b), pH = 7.4 (circle), 9.2 (triangle up), 9.4 (triangle
down), 9.8 (diamond), and 11.2 (square). (c, d): p-sheet content (c), soluble fraction f;,;, and weight swelling ratio g,y (d) of the hydrogels plotted against the reaction pH.
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characteristic peaks of PDMAA at 10.5° and 22.8° overlap with those of
the B-sheet structure at 9° and 20.1° (Fig. 5b) [17,23,67-69]. However,
the broad peak of meth-SF before gelation at around 21° becomes
sharper with increasing DMAA content of the hydrogels indicating in-
creasing 3-sheet content.

Fig. 6a, b shows frequency dependences of G' and tan 6 of the
hydrogels at 25 °C prepared at various DMAA contents. As the DMAA
content is increased from 2 to 10%, G' continuously increases, and be-
comes frequency-dependent at high DMAA contents. For instance, at
2% DMAA, G'is 13.3 4 0.3 kPa over the whole range of frequency,
while at 10% DMAA, it is one order of magnitude higher
(100-150 kPa), and increases with frequency indicating existence of in-
termolecular physical bonds acting as effective cross-links at short ex-
perimental time scales. Moreover, an abrupt initial decrease in G' is
seen after incorporation of 2% DMAA into meth-SF network while fur-
ther increase in the amount of DMAA again increases G'and approaches

Absorbance / a.u.

1600 1640

1680

Wavenumber / cm”

1720

Intensity / a.u

to the value of the DMAA-free hydrogel (Figs. 6a, S3). tan 6 remains
below 0.1 up to 7% DMAA which is typical for strong gels with negligible
viscous behavior, while it increases above 0.1 at a higher DMAA content
indicating formation of a viscoelastic gel. For instance, at ® =
6.28 rad s~ !, the hydrogels without and with 10% DMAA have similar
modulus G', 110 and 113 kPa, respectively but their loss factors tan &
are 0.06 and 0.5, respectively. This reveals that, although the cross-link
density of the hydrogel remains unchanged after incorporation of
PDMAA chains, these chains significantly contribute to the dissipation
of energy under the effect of the oscillatory deformation. The energy
dissipation in a gel network is known to improve the ultimate mechan-
ical properties of the hydrogels such as tensile strength and toughness
by providing delocalization of the applied force [70]. This is demon-
strated in Fig. 6¢c where the images of two cylindrical hydrogel speci-
mens prepared without and with 10% DMAA are shown. The
specimens having the same initial diameters, 4.5 mm, are compressed

DMAA %=
10

(b)

PDMAA
.“
meth-SF
III|I‘A|IIII|IIII|IIII
5 10 15 20 25 30
2 theta/°

Fig. 5. FTIR spectra (a) and XRD scans (b) of the hydrogels at various DMAA contents, PDMAA, neat SF and meth-SF.
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Fig. 6. (a, b): Frequency dependences of G’ (a) and tan & (b) of the hydrogels at 25 °C prepared at various DMAA contents. 7y, = 0.01. (c): Images showing compression of two cylindrical

hydrogel specimens prepared without and with 10% DMAA under a nominal stress of 63 kPa.

under a constant force of 1 N, corresponding to a nominal stress of
63 kPa. Although they both have the same stiffness, the one containing
DMAA deforms by 26% without a macroscopic damage, while the other
fractures completely. The energy dissipation mechanism in DMAA-
containing hydrogel prevents force localization and hence protects the
hydrogel network from a macroscopic damage.

Fig. 7a, b shows tensile (a) and compressive stress-strain curves
(b) of the hydrogels at various DMAA contents. DMAA-free hydrogel
that is brittle in both compression and tension turns into a stretchable
and tough one after incorporation of 2-3% DMAA into the meth-SF net-
work (inset to Fig. 7a). For instance, the toughness W of the hydrogel
with 2.5% DMAA is 54 + 4 kJ-m—> during compression which is around
20-fold higher than that of DMAA-free hydrogel (2.5 4+ 0.2 k]-m—3)
(Fig. 7c). Moreover, W of the hydrogel with 2.5% DMAA is 10 +
1 kJ-m~—2 during tension as compared to the zero-toughness of
DMAA-free one. Fig. 7c also shows that W continuously decreases as
the DMAA content is further increased up to 10% but still remains at a
high level as compared to the DMAA-free hydrogel.

Fig. 8a shows Young's modulus E, and the cross-link density v, of the
hydrogels plotted against DMAA %. Assuming affine network behavior,
the cross-link density v, was estimated using the equation [71,72],

E = 31, RT1% )

where R and T have their usual meanings, and 14 is the volume fraction
of meth-SF-PDMAA network in as-prepared gel state, calculated by

v = Co(1=fsa)/p 3)

where c, is the initial DMAA+meth-SF concentration (in g-mL™") in
the reaction solution, and p is the polymer density taken as the weight
average of the densities of PDMAA and SF (1.21 and 1.35 g-mL™", re-
spectively [42]). Similar to the storage modulus (Fig. 6a), both Young's
modulus E and the cross-link density v, decrease by one order of mag-
nitude upon incorporation of 2% DMAA into the hydrogel network while
they again increase with a further addition of DMAA. This is in good
agreement with the equilibrium weight swelling ratio q,, of the
hydrogels in water (Fig. S4); q, first increases after addition of 2%
DMAA but then continuously decreases to approach the g,, of DMAA-
free hydrogel. Fig. 8b, c shows fracture strain & and fracture stress o¢
of the hydrogels during elongation (b, left panel) and compression (c,
right panel) plotted against DMAA %. The hydrogel with 2% DMAA sus-
tains up to 370 + 21% elongation and 95 + 3% compression ratios which
are quite high values for SF-based hydrogels. As the DMAA content is
further increased, the tensile strength increases while both the com-
pressive strength and elongation ratio at break decrease. The results
can be explained with the variation of B-sheet content of the hydrogels
depending on their DMAA contents. The brittle-to-ductile transition

3
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Fig.7. (a,b): Tensile (a) and compressive stress-strain curves (b) of the hydrogels with various DMAA contents as indicated. The inset shows images of the hydrogel with 2% DMAA during
elongation to 350% strain. (c): Energy to break W during tensile (upper panel) and compression tests (bottom panel) plotted against DMAA %.
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tests (c) plotted against DMAA %. & = fracture strain, of = fracture stress.

upon incorporation of 2% DMAA could be attributed to the decrease in
the B-sheet content of the hydrogels (Figs. 4b, 5). Because the number
of B-sheet domains and hence the cross-link density of the hydrogels
again increases above 2% DMAA, their stretchability decreases. More-
over, the density of chain-entanglement cross-links between meth-SF
and PDMAA also increases with increasing DMAA content leading to
better mechanical properties as compared to the DMAA-free hydrogel.

To understand the nature of the cross-links in the hydrogels, cyclic
compression tests were conducted to a maximum strain of 30%.
Fig. 9a, b shows five successive compression cycles conducted on the
hydrogels with 10 and 3% DMAA, denoted as H- and L-hydrogels, re-
spectively. The solid and dashed curves represent loading and
unloading curves, respectively. Each unloading curve of H-hydrogel

significantly deviates from the previous loading one, indicating the oc-
currence of an irreversible internal damage in the hydrogel network.
In contrast, L-hydrogel exhibits elastic cycles, i.e., each unloading
curve closely follows the previous loading with negligible energy dissi-
pation. One may argue that this behavior of L-hydrogel is as a conse-
quence of the lower stress required to compress it by 30% strain as
compared to H-hydrogel (7 vs 80 kPa). However, Fig. S5 showing suc-
cessive compression cycles of L-hydrogel up to 80% strain and 120 kPa
stress also reveals its elastic behavior during deformation. This finding
indicates deformation of L-hydrogel without formation of any
microcracks, which is in accord with its high stretchability as compared
to H-hydrogel. Fig. 9c shows the hysteresis energy Upys calculated from
the area surrounded by the loading and unloading curves plotted

o,/ kPa 3
880’" H-hydrogel L-hydrogel Upys | kd.m
: 0 | 4 ©
o6 : DMAA wiv%=
60 ji‘s 3 L
e 6r 10
40 L 0 10 20 30 4 C
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Fig. 9. (a, b): Five successive compression cycles to a maximum strain £max of 30% conducted on the hydrogels with 10 (a) and 3 w/v % DMAA (b). The solid and dashed curves represent
loading and unloading curves, respectively. The inset in (b) is a zoom-in of the data below 7 kPa stress. (c): Upys of the hydrogels with various DMAA contents plotted against the cycle

number.
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against the number of cycles. As the amount of DMAA is increased from
3 to 10%, Upys of the first cycle increases by two orders of magnitude
(from 0.06 to 8.3 k]-m™) reflecting increasing extent of internal dam-
age even though the hydrogels remain macroscopically intact. The frac-
tion of dissipated energy fy;ss, i.€., dissipated energy per loading energy
was calculated by dividing Uy, to the loading energy (Fig. S6). At 10%
DMAA, faiss = 0.73, that is, 73% of the loading energy is dissipated
whereas fyiss decreases to 14% at 3% DMAA.

The experimental findings can be explained according to the follow-
ing scenario (Scheme 1b): SF molecules are known to exhibit a loose
globular structure in aqueous solutions with random coil conformation.
When DMAA is added into meth-SF solution, it dissolves in free water as
well as in the globular volume formed by meth-SF molecules. Thus, the
polymerization of DMAA proceeds both in water and in the globular vol-
ume leading to PDMAA chains interconnecting meth-SF globules [47].
Due to the presence of pendant vinyl groups on meth-SF, the globules
act as multifunctional cross-linker and lead to the formation of a hydro-
gel with an interpenetrated and interconnected network structure
exhibiting a modulus of around 1 kPa. Because conformational transi-
tion in SFrequires a longer time than the time required for the polymer-
ization of DMAA [39], formation of 3-sheets and hence further increase
of the modulus occurs in the second stage of the reaction. Moreover, at
low DMAA contents, PDMAA radical chains propagate in a dilute solu-
tion which facilitates formation of cyclization reactions within the glob-
ules, i.e., the radical chains react with pendant vinyl groups locating on
the same SF globule (Scheme 1c). This prevents a macroscopic gel for-
mation as observed at below 2% DMAA concentration. Increasing
DMAA contents also increases the number and length of PDMAA chains
which facilitate intermolecular cross-linking reactions between the
globules as well as 3-sheet formation between the globules. As a conse-
quence, the cross-link density of the hydrogels and their 3-sheet con-
tent increase with increasing amount of DMAA from 2 to 10%.
Moreover, physical entanglements between PDMAA and meth-SF mol-
ecules create an energy dissipation mechanism whose extent increases
with increasing DMAA content of the hydrogels.

4. Conclusions

As the hydrogels based on SF are attractive soft materials in biomed-
ical applications, it is generally a challenge to improve their mechanical
properties to extend their service time. We presented a novel strategy
for preparing stretchable SF hydrogels by incorporating flexible poly-
mer chains into the brittle SF network, which strengthen the intercon-
nections between the SF globules. We included DMAA monomer and
APS initiator into an aqueous SF solution containing BDDE and TEMED
to in situ generate flexible PDMAA which is a biocompatible polymer
with associative properties. Moreover, instead of SF, meth-SF was used
for the gel preparation to create an interconnected SF/PDMAA network.
The modulus and hence the cross-link density of SF hydrogels decrease
by one order of magnitude upon incorporation of 2% DMAA into the SF
network while they again increase with a further addition of DMAA. The
hydrogel with 2% DMAA sustains up to 370 + 21% elongation and 95 +
3% compression ratios which are quite high values for SF-based
hydrogels. As the DMAA content is further increased, the tensile
strength increases while both the compressive strength and elongation
ratio at break decrease. The results can be explained with the variation
of 3-sheet content of the hydrogels depending on their DMAA contents.
The brittle-to-ductile transition upon incorporation of 2% PDMAA into
the SF network could be attributed to the decrease in the 3-sheet con-
tent of the hydrogels. Moreover, the density of both 3-sheet cross-
links and chain-entanglements between meth-SF and PDMAA increase
with increasing DMAA content leading to better mechanical properties
as compared to the DMAA-free hydrogel. The components of meth-SF
hydrogels presented here, namely PDMAA [51-53], meth-SF [24], and
BDDE-cross-linked biopolymers including SF [73-76] are reported to
be biocompatible and non-cytotoxic. Therefore, the stretchable and

tough SF hydrogels thus developed are suitable as a scaffold in tissue en-
gineering and offer an advantage as a biomaterial over other SF-based
biomaterials.
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