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Photocurable Methacrylated Silk Fibroin/Hyaluronic Acid
Dual Macrocrosslinker System Generating Extracellular
Matrix-Inspired Tough and Stretchable Hydrogels

Berkant Yetiskin,* Burak Tavsanli, and Oguz Okay

Extracellular matrix (ECM) containing interconnected proteins and
glycosaminoglycans (GAGs) is a vital component of a tissue. Its gel-like
physicochemical architecture is always a model for scientists studying in the
fields of material science. Here, inspired from the ECM, soft hydrogels
possessing an interconnected protein/GAG network are fabricated. This
network comprises silk fibroin (SF) and hyaluronic acid (HA) as a protein and
a GAG component, respectively. The interconnection of the SF and HA is
performed by using both methacrylated SF (meth-SF) and HA (meth-HA),
which behave as macrocroslinkers for a monomer forming a flexible polymer
network between the meth-SF and meth-HA. Meth-HA/meth-SF hydrogels
can be compressed and stretched up to 95% and 300%, respectively, with
fracture stresses varying between kPa to MPa ranges. Furthermore, they have
highly frequency-dependent viscoelastic properties above a particular
frequency, likewise seen in many cells and tissues. Mechanical and
viscoelastic properties of the hydrogels can be easily tuned by changing the
methacrylation degree of the HA, and the concentration and the type of the
monomer. It is believed that the meth-HA/meth-SF hydrogels prepared within
the scope of this study will be good candidates for tissue engineering

are crosslinked by unique proteins such as
a-actinin and fascin to generate a skele-
tal framework within the cell.?? In the
ECM, collagen, a glycine-rich fibrous struc-
tural protein that mainly found in connec-
tive tissues, is crosslinked through lysine
residues via lysyl oxidase enzyme to form
a highly stiff and elastic protein network,
while GAGs such as HA, form a soft hy-
drogel with energy-dissipating properties
on account of its capacity to hold water.[*>]
These evolutionary achieved synergic and
hierarchical natural networks have always
been a model for material scientists to fab-
ricate mechanically robust and tough soft
materials for tissue engineering, resilient
electronics, soft robotics, and many other
application areas.[*!

For tissue-mimicking synthetic soft ma-
terials, hydrogels are the best candidate be-
yond any doubt due to their tissue-like high
water content as well as an elastic polymer

applications.

1. Introduction

Cells and tissues are nature’s life-sustaining gel-like soft mate-
rials that withstand significant mechanical stresses during the
lifespan of a living creature. Their mechanical resilience and
stability are based upon two viscoelastic composite networks,
namely the skeleton and the ECM, located inside and outside
of a cell, respectively, which are originated from interconnected
biopolymers.['l For instance, in the cytoskeleton, actin filaments
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network with adjustable physicochemical

and mechanical properties.!'°] However, hy-

drogels synthesized by traditional methods
are generally fragile and brittle in compression and tension.l!112]
This is the main reason for the exponential increase seen in re-
search focusing on the reinforcing of the mechanical properties
of the hydrogels. Such studies have been constitutively related
to creating an efficient mechanical energy dissipation mecha-
nism within the gel network by using different approaches.[3-16]
Among them, interpenetrating gel networks integrating various
kinds of polymers in a body, just as shown in the tissues, possess
better mechanical and physical properties than the bare polymers
individually, thus have drawn significant attention.['’]

Here, inspired by nature’s interconnected gel architectures,
we designed an interpenetrating gel network that simultane-
ously contains HA and a glycine-rich fibrous protein that can
be crosslinked through the lysine residues, just as ECM. HA is
a naturally occurring carbohydrate polymer consisting of disac-
charide repeating units of g-1,4-D-glucuronic acid-#-1,3-N-acetyl-
D-glucosamine.!’®] Since the HA is one of the main compo-
nents of the ECM, it has become an essential building block
for creating new biomaterials for tissue engineering and regen-
erative medicine. On the other hand, we used SF as a protein
component in our study, which is a high demanded biopoly-
mer due to its high mechanical properties, biocompatibility,
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(c) meth-HA/meth-SF-based hydrogel

Figure 1. Schematically illustration of the preparation of a meth-HA/meth-SF hydrogel. a) Meth-HA and meth-SF chains containing pendant vinyl groups
on their backbones. b,c) After addition of a monomer (VP or DMAA) acting as a spacer followed by a UV irradiation (b), a meth-HA/meth-SF-based
hydrogel is formed (c). Blue and red lines represent the meth-SF and meth-HA chains, respectively, while yellow spheres indicate the monomer.

biodegradability, and easy processability.'22] SF/HA couple has
been frequently researched for years, especially for tissue en-
gineering applications, due to their biocompatibilities. How-
ever, their interconnection is generally carried out by using the
EDC/NHS/MES ternary crosslinking system.[23-2]

One rational technique may be using methacrylated HA and
SF simultaneously acting as a dual macrocrosslinker system
by themselves (Figure 1). That is, in the present study, af-
ter the methacrylation of the HA and SF to obtain methacry-
lated HA and SF, that is, meth-HA and meth-SF, we pre-
pared our composite hydrogels possessing high compressibility
and stretchability up to 95% and 300%, respectively. Addition-
ally, the methacrylation of the SF was provided via the lysine
residues,?%?] thus the hydrogels formed via the crosslinking
through the lysine amino acids are good biomimetic materials for
the ECM. The incorporation of the meth-HA and meth-SF into
such mechanically stable viscoelastic gel form was accomplished
by using monomers such as 1-vinyl-2-pyrrolidone (VP) or N,N-
dimethylacrylamide (DMAA) acting as a spacer which generates
highly elastic polymer chains that connected by meth-HA/meth-
SF dual macrocrosslinker system. Even though the individual
usage of the meth-HA and meth-SF as a macrocrosslinker for
vinyl monomers was also reported previously by our research
group,?28] their simultaneous application in this kind of per-
spective has not been reported yet until the present study, to our
best knowledge.

Recently, meth-HA/meth-SF-based hydrogels obtained via
photocuring have also been reported.**°! For instance, Wang
et al. fabricated a series of meth-HA/meth-SF hydrogels for den-
tal pulp regeneration.[??! Although these hydrogels can be com-
pressed above 60% strain, their compressive fracture stresses are
in kPa ranges.[?! Similarly, Ryoo et al. reported meth-HA/meth-
SF hydrogels whose elastic modulus are below 1 kPa, which re-
quires an ethanol treatment process to increase the mechani-
cal properties.[**) However, we reported here meth-HA/meth-SF-
based hydrogels in which meth-HA and meth-SF are used as
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macrocroslinkers for VP or DMAA monomers to create tough
bioinspired interpenetrating gels. As will be discussed below, this
strategy provides the fabrication of mechanically durable hydro-
gels having compressive fracture stresses in MPa ranges, stretch-
ability, frequency-dependency, and so on.

In the present study, we first investigated the effects of the
monomer type on the gelation mechanism and the main prop-
erties of the hydrogels, via the characterization of the hydrogels
prepared in the absence and in the presence of a monomer (VP
or DMAA), whose concentrations were first fixed at 3 w/v%.
Then, after selecting a suitable monomer for the fabrication
of tough hydrogels, that is, DMAA, we mainly studied meth-
HA/meth-SF/DMAA hydrogels obtained at various DMAA con-
centrations. Consequently, as-prepared HA/SF-based hydrogels
with high toughness may be a good candidate for the applica-
tions where biocompatibility and high mechanical performances
are simultaneously required.

2. Results and Discussions

2.1. Gelation of the Meth-HA/Meth-SF System in the Presence
and in the Absence of a Monomer: Formation of
Meth-HA/Meth-SF-Based Hydrogels

To clarify the gelation efficiency, we first synthesized Series 1 and
Series 2 hydrogels, that is, meth-HA/meth-SF hydrogels without
(w/o) a monomer, and with (w/) a monomer (VP or DMAA) at
a concentration of 3 w/v% respectively, then determined the gel
fractions W, of these hydrogels to understand the effects of the
HA'’s methacrylation degree (MD) and the monomer type on the
gelation. Similarly, Series 3 hydrogels were also fabricated by us-
ing DMAA monomer whose concentration was varied between
3 and 15 w/v% at all MD values. Thus, their W, values were cal-
culated to reveal the effect of the monomer concentration on the
reaction yield. Furthermore, XRD measurements were also con-
ducted for Series 3 hydrogels fabricated at the lowest and the
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Figure 2. Gel fractions W, of the hydrogels as a function of a) MD and b) DMAA concentration. c) XRD patterns of the hydrogels fabricated at various
DMAA concentrations and at MD values of i) 4% and ii) 25%. d) Compressibility—Young’s modulus (E) chart of the hydrogels fabricated in this study
together with two references for comparison. e) Digital photographs of the hydrogels prepared in the absence of a monomer (control), and in the

presence of VP (w/VP) and DMAA (w/DMAA) monomers, as indicated.

highest MD values, that is, 4% and 25%, to discuss the gela-
tion mechanism with the perspective of f-sheet crystallites of
the meth-SF. To fabricate Series 3 hydrogels, DMAA was chosen
rather than the VP as also mentioned above, due to the mechan-
ical performances of those materials, which will be discussed in
the next section.

Figure 2a,b gives the W, values of the hydrogels as a function
of MD and DMAA concentration, respectively. A meth-HA/meth-
SF hydrogel does not form at the lowest MD (4%) in the absence
of a monomer (control, Figure 2a, grey symbols). However, when
MD equals to 8%, 14%, and 25%, hydrogels can be obtained with
a W, of 0.65 + 0.13, 0.77 + 0.05, and 0.82 + 0.04, respectively,
indicating that the higher gelation yield is achieved with the in-
creasing pendant vinyl group on the meth-HA chains.

On the other hand, even though a hydrogel did not occur at
the lowest MD in the absence of a monomer, we were able to
synthesize a hydrogel possessing a W, of 0.83 + 0.06 and above
with the addition of a vinyl monomer (VP or DMAA at 3 w/v%) at
this, and higher MD values (Figure 2a, blue and cyan symbols).
This result may be explained by this theory: At the lowest MD,

Macromol. Mater. Eng. 2022, 2200334

2200334 (3 of 13)

in which the amount of the pendant vinyl groups on the meth-
HA backbone is minimum, they are not able to find each other to
create a gel network, on account of the low mobility of the large
molecules compared to small ones. However, the addition of a
monomer as a spacer that in situ generates a polymer containing
additional vinyl groups increases the possibility of the meth-HA
and meth-SF chains to connect with each other through this poly-
mer, as schematically illustrated in Figure 1c. Furthermore, when
DMAA was chosen for the fabrication of the hydrogels at higher
monomer concentrations (above 3 w/v%), W, increased up to 1
at all MD values, indicating a full conversion from sol to gel state
(Figure 2b).

Figure 2c gives the XRD patterns of the hydrogels fabricated at
various DMAA concentrations, and at the lowest (4%, i) as well as
at the highest (25%, ii) MD values. Due to the f-sheet crystallites
of the SF protein, XRD patterns contain specific diffraction peaks
at 20 values of about 10° and 21°, whose intensity directly propor-
tional to the f-sheet amount, that is, sharper and larger peaks
indicate higher f-sheets. For instance, Oral et al. showed that the
B-sheet ratio of the meth-SF is about 15% in sol state, and its XRD
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pattern contains very broad peaks. However, after gelation, the f-
sheet ratio increases up to 63 + 1% while the diffraction peak at
26 = 21" become significantly sharper.!?’] Therefore, as the peaks
shown in Figure 2c are broad and shallow, the f-sheet ratios of the
meth-HA/meth-SF gels can be considered as relatively low, thus
the gelation mechanism can be mainly attributed to vinyl-vinyl
linkages, rather than the f-sheet formation between the meth-SF
chains.

Another important point is that at the highest MD, while
DMAA concentration does not affect the XRD patterns of the hy-
drogels (Figure 2c-ii), at the lowest MD, increasing DMAA con-
centration makes the diffraction peaks more explicit (Figure 2c-i).
That is, the monomer concentration is an important parameter
effecting the gel formation, especially when the MD of the meth-
HA is low. To note that, these findings are also in a good accord
with the W, values of the hydrogels, because a meth-HA/meth-
SF hydrogel cannot be fabricated at the lowest MD and in the
absence of a monomer, whereas that’s of can be fabricated with
a W, of 1 with increasing MD and monomer concentrations.

We also evaluated these results with the visual appearance
and the mechanical properties of the hydrogels: Since the g-
sheet crystallites create physical crosslink points that scatter the
light, hydrogels with high f-sheet amounts (larger than ~35%)
generally seems completely white.[?”31-33] These crosslinks also
increase the modulus of the hydrogels via increasing the ef-
ficient crosslink density, thus effecting the mechanical perfor-
mances of the hydrogels.[?’! Therefore, we also paraphrased our
results with these perspectives to support the XRD and W, re-
sults. Figure 2d gives Young’s modulus (E)-compressibility chart
of the meth-HA/meth-SF hydrogels prepared in this study to-
gether with two references given for comparison, while the Fig-
ure 2e shows the digital photographs of three of them synthe-
sized without a monomer and in the presence of VP and DMAA
monomers. Oral et al. reported a completely white meth-SF hy-
drogel possessing Young’s modulus (E) of 265 + 47 kPa and com-
pressibility of about 40% with a f-sheet amount of 63 + 1%.[7]
Similarly, Tavsanli et al. also prepared a fully white meth-HA/SF
hydrogel with an E and compressibility of 81 + 11 kPa and 70%
with high g-sheet content.>*] On the other hand, meth-HA/meth-
SF hydrogels prepared in this study have E between 0.94 + 0.21
and 49 + 3 kPa, and their compressibility varies up to 95%. In
addition, they are almost fully transparent, independent from the
existence of a monomer or its type. Consequently, their relatively
low E values and transparent morphologies support the XRD re-
sults showing the limited g-sheet amounts of the hydrogels. We
should note that the f-sheet content of the hydrogels could not
be determined via peak deconvolution of the amide-I band us-
ing FTIR technique because of the overlap of the f-sheet peak at
1620 cm™! with the characteristic peaks of both HA and DMAA
components.[27:34]

To note that, high g-sheet content in a SF-based hydrogel gen-
erally causes low toughness and brittleness in tension and com-
pression, as shown in Figure 2d and also reported before.!*3]
Moreover, Su et al. introduced a strategy for restricting the -
sheet nucleation on purpose to fabricate mechanically durable
SF-based hydrogels.l*”] As a result, the given meth-HA/meth-SF
hydrogels in the present study with low f-sheet contents thus can
be stretched up to 300% and compressed up to 95% whose results
will be discussed in the following paragraphs.
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A possible explanation for the relatively low f-sheet contents of
the hydrogels might be the chemically interconnected (via vinyl—
vinyl linkages) thus highly entangled organization of the meth-
HA and meth-SF molecules: The entanglement of such large
molecules prevents the close physical interactions that occurred
between the large hydrophobic parts of the meth-SF chains to be
aligned to form fg-sheet crystallites; thus, the main crosslink den-
sity of the hydrogels is originated from the vinyl-vinyl linkages.
Moreover, due to the f-sheet nucleation takes longer than the
vinyl-vinyl bond formation,!?”] once the vinyl conjoining first oc-
cur, highly entangled meth-HA and meth-SF network inevitably
contains interrupted chains between the hydrophobic parts of
the meth-SF, and f-sheet formation cannot take place further.
Besides, f-sheet formation generally requires high temperature
and low pH values,*®! which not fits to our system. To note that,
collagen, that is, the main protein component of the ECM, also
is mainly found in helical (triple-helical structure) morphology
rather than aligned crystallites in the ECM, providing a highly
elastic and tough gel-like material.[3%40]

2.2. Effects of the Monomer Type on the Properties of the
Hydrogels

VP and DMAA monomers at 3 w/v% concentration were in-
troduced to meth-HA/meth-SF system, to see the effects of the
monomer type on the main properties of the hydrogels. First,
we performed unidirectional compression tests to see the me-
chanical properties of the hydrogels. Then, swelling tests were
conducted, and the weight and volume swelling ratios of the hy-
drogels were determined as a function of MD and the monomer
type. Figure 3a,b gives the compressive stress—strain curves of
the hydrogels, and their mechanical properties such as Young’s
modulus (E), efficient crosslink density (v,) and fracture stress
(o¢) as a function of MD. F and o, were determined as detailed at
the Experimental Section, while v, was calculated by assuming
the affine gel network using the following equation!*#?]

E=39,RT (1)

where RT is the thermal energy, that is, R is the universal gas
constant and T'is the absolute temperature.

As mentioned above, at the lowest MD (4%), meth-HA/meth-
SF hydrogels cannot be generated, in the absence of a monomer.
Above the MD of 4%, a series of meth-HA/meth-SF hydrogels
are obtained, whose Young’s modulus (E) increase from 0.94 +
0.21 to 3.7 + 0.4 kPa while the fracture stresses (o) decrease from
1.6 + 0.4 t0 0.39 + 0.07 MPa, with increasing MD (Figure 3b-i,iii).
On the other hand, when a monomer is integrated into the meth-
HA/meth-SF system, we are both able to prepare a hydrogel at %
4 MD and adjust the mechanical properties significantly. For in-
stance, if VP is used, the ultimate stress and strain dramatically
decrease as compared to control group (Figure 3a-ii) even though
an increase is observed in Young’s modulus and crosslink densi-
ties (Figure 3b-i,ii). To give an example, at the MD of 8%, meth-
HA/meth-SF hydrogel in the absence of VP can be compressed
up to 95 + 2% strain and 1.6 + 0.4 MPa stress. However, its VP-
including counterpart can only be compressed up to strain and
stress values of about 75 + 2% and 0.32 + 0.04 MPa, respectively,
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Figure 3. a) Compression stress—strain curves of the meth-HA/meth-SF hydrogels prepared in the absence of a monomer (control) and together with
VP and DMAA monomers, as indicated. b) Young’s modulus (E), efficient crosslink densities (v,), and fracture stress (o¢) plotted against the MD.

while its E increases about ninefold. On the other hand, when
DMAA is introduced to the system substituted for VP, ultimate
stress and strains start to increase again and get closer to the con-
trol group showing that the DMAA is a better candidate than VP
as a spacer monomer. We attributed this finding to the existence
of both hydrophobic and hydrogen-bonding interactions acting
as physical crosslinks when DMAA is used,[?) which are absent
in the VP-included hydrogels due to the steric hindrance of the
poly(VP) chains.[**]

In addition to mechanical properties, swelling abilities (4, 4,
m,q, and V) of the hydrogels were also determined, and they are
given in Figure 4 as a function of MD. Due to the higher Young’s
modulus (E), that is, crosslink density, which was obtained by
the addition of a monomer and increasing in MD (Figure 3b-
ii), both weight and volume swelling ratios of the monomer-
included hydrogels are more below than the control group, which
are also inversely proportional to the MD. For instance, m,, that
is, weight swelling ratio calculated with respect to as-prepared
state, of a meth-HA/meth-SF hydrogel prepared in the absence
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of a monomer was 14 + 2, at MD = 25%. However, when DMAA
or VP was introduced to this system, m, dramatically decreased
down to 2.9 + 0.1 and 1.4 + 0.1 for DMAA and VP, respectively,
since the crosslink density of the hydrogels are increased from
0.5 + 0.1 to 2.55 + 0.14 and 2.77 + 0.23 mol m~ with the addi-
tion of DMAA and VP, respectively.

2.3. Effects of the Monomer Concentration on the Properties of
the Hydrogels

After the monomer type analysis, we chose DMAA monomer
for further studies due to its better collaboration with the meth-
HA/meth-SF system in accordance with the mechanical perfor-
mances (Figure 3), and we changed its concentration from 3 to
15 w/v%. Thus, a series of meth-HA/meth-SF/DMAA hydrogels
were fabricated, and then elaborately characterized: In order to
see the viscoelastic properties, frequency w sweep tests were first
done at 25 °C and at a single strain amplitude y, of 1%. We also

© 2022 Wiley-VCH GmbH
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Figure 5. Frequency dependency of the G’ and tan 6 values of the hydrogels synthesized at various DMAA concentrations and MD.

conducted unidirectional compression and tensile tests to see the
mechanical endurance of the materials. Then, cyclic compres-
sion tests were performed and fatigue resistance of the hydrogels
were determined. Finally, synthesized hydrogels were immersed
into water, and their swelling capacities were determined as a
function of DMAA concentration.

Figure 5 gives the G’ and tan 6 (G”/G’) values between the
frequencies w from 1 to 50 rad s for the hydrogels prepared at

Macromol. Mater. Eng. 2022, 2200334

2200334 (6 of 13)

various DMAA concentrations and MD ratios. Although hydro-
gels have an almost w-independent nature until about 10 rad s,
their G’ tends to increase above this frequency; thus, all hydrogels
become w-dependent with increasing w. Moreover, hydrogels
become less w-dependent with increasing DMAA concentration
and MD values, that is, with increasing crosslink density. These
characteristic behaviors can be attributed to following facts; 1)
physical entanglements, 2) relaxation times of the chains. First,
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Figure 6. a) G’ and b) tan 6 values of a single frequency (6.28 rad s™'), that is, G’,, and tan &, as a function of DMAA concentration. MD ratios are

indicated.

as meth-HA and meth-SF are large molecules, they can form
physical entanglements acting as a crosslinker increasing the
crosslink density thus the modulus, at very short experimental
time intervals, that is, high frequencies, on account of the life
times of these entanglements. As a result, modulus of the hydro-
gels tends to increase with increasing frequency. On the other
hand, chain segments between the crosslink points are longer in
loosely-crosslinked networks such as hydrogels prepared at lower
DMAA concentrations and MD values, which requires longer
relaxation times. On the contrary, for the highly crosslinked gel
networks, the chain segments between the crosslink points are
relatively smaller, whose relaxation times thus are shorter.[*44]
Therefore, hydrogels prepared at lower DMAA concentrations
and MD values, that is, possessing smaller crosslink densities,
exhibit larger w-dependency as compared to hydrogels with high
crosslink densities. Because, longer chains between the crosslink
points do not have enough time to rearrange themselves at high
frequencies, that is, short time scales, a sharp increase in G’ is
observed, that is, they tighten up. Hydrogels with high crosslink
densities needs much higher frequencies for this kind of stiffen-
ing as the short polymer chains between the crosslink points can
rearrange themselves in this frequency range. This is the main
reason for the hydrogels fabricated at higher DMAA concen-
trations and MD values exhibit lower w-dependency between 1
and 50 rad s7' as compared to other ones. Frequency-dependent
viscoelasticity is also observed in some biological molecules and
systems. For instance, Palmer et al. showed that the G’ of the
actin networks in the cytoskeleton increases with increasing
frequency with a constant high-frequency exponent of 0.78 +
0.10.1*1 Similarly, muscle cells and kidney epithelial cells also
have a frequency-dependent G’ values, which increases with
increasing .l

To reveal the effects of the DMAA concentration on the vis-
coelastic properties of the hydrogels clearly, G’,, and tan §,,, which
are the types of the G’ and tan § that specified at a single fre-
quency of 6.28 rad s7! (1 Hz), are plotted against the DMAA con-
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centration in Figure 6a,b, respectively. It is explicitly seen that
G',, and tan §,, increase with increasing DMAA concentration.
For example, for a hydrogel prepared at the highest MD (25%),
G’, and tan §,, are 6.3 + 0.5 kPa and 0.05 + 0.01 when it con-
tains 3 w/v% DMAA. After its DMAA concentration increases
to 15 w/v%, these values also increase up to 18 + 2 kPa and
0.13 + 0.01, respectively. tan § indicates the correlation between
the elastic and viscous portions in a material, representing the
stored (non-dissipated) and the lost (dissipated) energy fractions,
respectively. Therefore, it can be claimed that a material with a
higher tan 6 has a more prominent viscous character, and it can
dissipate much more energy than that of a material with a lower
tan 8. From this general consideration, we can conclude that the
meth-HA/meth-SF hydrogels become generally more energy dis-
sipative while their DMAA concentrations increase (Figure 6b).
To note that, these findings are also supported with energy dissi-
pation coefficients u of the hydrogels, which are discussed in the
following paragraphs.

Figure 7a,b give the stress—strain curves of compression and
tensile tests, respectively, for meth-HA/meth-SF hydrogels pre-
pared at various DMAA concentrations and MD values as indi-
cated. Hydrogels can be compressed up to 95% strain and 4 MPa
stress depending on the MD ratio and DMAA concentration. For
instance, at a constant DMAA concentration of 3 w/v%, com-
pressibility of the hydrogels decreased with increasing MD (Fig-
ure 7a-i): A hydrogel prepared at a MD of 4% can be compressed
up to 90 + 2% corresponding to a stress value of 1.4 + 0.3 MPa
while that’s of about 75 + 2% and 0.32 + 0.08 MPa, respectively,
when MD is increased to 25%. Similarly, their stretchability also
decreases about threefold (290 + 10 vs 100 + 8%) if the MD is in-
creased from 4% to 25% (Figure 7b-i). DMAA concentration also
affects the mechanical properties significantly likewise the MD,
as summarized in Figure 8.

For instance, at the lowest MD (4%), E increases from 7 + 1 to
36 + 3 kPa, corresponding to an increase in the efficient crosslink
density (v,) from 0.94 + 0.14 to 4.84 + 0.40 mol m~3, when the

© 2022 Wiley-VCH GmbH
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Figure 7. a) Compression and b) tensile stress—strain curves of the meth-HA/meth-SF hydrogels prepared at various DMAA concentrations (i—iv)

and MD.

DMAA concentration increases from 3 to 15 w/v% (Figure 8a).
Likewise, the fracture stresses (oy) in the compression and ten-
sile tests increase from 1.4 + 0.3t0 4.2 + 0.9 MPa and from 6 + 1
to 15 + 3 kPa, respectively (Figure 8b). On the other hand, fracture
strains in the compression and tensile tests, that is, compressibil-
ity and stretchability, decrease with increasing DMAA concentra-
tion likewise the MD ratio as mentioned above, as a result of the
increasing efficient crosslink density (v,). To give an example, at
the same MD (4%), hydrogel containing 3% DMAA can be com-
pressed and stretched up to 90 + 2 and 290 + 10%, while that
is about 88 + 2 and 175 + 9% for a hydrogel prepared at 15%
DMAA, respectively. Similar trends are also observed for other
MD ratios, as given in Figure 7, and summarized in Figure 8a,b.
Moreover, Figure 8c shows the real-time digital photographs of a
hydrogel prepared at the lowest DMAA concentration and MD,
that is, 3 w/v% and 4% respectively, under compression and ten-
sile tests.

To analyze the mechanical properties of the hydrogels with re-
spect to toughness, the energy to break W (toughness) was deter-
mined from the area under the tensile stress—strain curves before
the fracture. Figure S1, Supporting Information gives the tough-
ness W of the hydrogels as a function of DMAA concentration
and MD values as indicated. With increasing MD, W of the hy-
drogels significantly decreases due to the decrease in compress-
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ibility and stretchability ratios as shown in Figure 7. On the other
hand, W tends to increase at the lowest MD value (4%) with in-
creasing DMAA concentration. However, the toughness W of the
hydrogels fabricated at higher MD values slightly decreases with
increasing DMAA concentration.

Fatigue resistance and the energy dissipation mechanisms
of the hydrogels were determined through the cyclic compres-
sion tests. Figure S2, Supporting Information gives the loading
(straight lines) and unloading (dashed lines) stress—strain curves
of the hydrogels. For the sake of clarity, only the first and the
last (fifth) cycles are shown in these graphs. The area between
the loading and unloading curves corresponds to a mechanical
energy quantity called hysteresis energy Uy, calculated via the
Equation (2a), referred to a chemical and/or physical bond break-
age during deformation. Hydrogels prepared at lower DMAA
concentrations (3 and 5 w/v%) possess almost no hysteresis indi-
cating that they are nearly pure elastic materials up to 60% com-
pression. On the other hand, hysteresis become almost visible
at higher DMAA concentrations (10 and 15 w/v%) (Figure S2,
Supporting Information). This may be explained via the efficient
crosslink densities (v,) of the hydrogels. That is, v, significantly
increased with increasing DMAA concentration, as previously
shown in Figure 8a. Therefore, the more hydrogels have DMAA,
the more they are stiff and highly cross-linked; thus, they possess
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Figure 8. a) Young's modulus (E), efficient crosslink densities (v,) and b) fracture stresses (o¢) of the hydrogels as a function of DMAA concentration.
c) Digital photographs of a meth-HA/meth-SF hydrogel containing 3 w/v% DMAA (MD = 4%), which were taken during the compression and tensile

tests at different strains as indicated.

more bonds between the crosslinking points to be disrupted, and
an apparent hysteresis is obtained.

Hysteresis energies Uy, are also related to dissipated energy
during deformation. To clarify the quantity of the dissipated en-
ergy per each loading step, we calculated the energy dissipation
coefficient u by using Equation (2b). In Figure 9a, U, and u are
plotted against the cycle number, also as a function of DMAA
and MD, as indicated. As mentioned above, U, increase with in-
creasing DMAA concentration, but almost independent from the
cycle number, as can be seen in the upper section of Figure 9a.
Similarly, it is also seen that the u is also nearly cycle number-
independent, and it is also directly proportional with DMAA con-
centration (bottom section of Figure 9a).

For a more understandable comparison, we calculated their
arithmetical average values for all cycles, that is, U ., and g,
and plotted them against the DMAA concentration in Figure 9b:
Average hysteresis energies Uy ,,, were 0.37 + 0.03 and 2.7 +
0.5 k] m~3 for the hydrogels containing 3 and 15 w/v% DMAA,
respectively, at MD = 25%, showing an obvious increasing with
increasing DMAA concentration. A similar step-up trend was
also observed for other hydrogels prepared at the MD of 4%, 8%,
and 14%. In a similar manner, y,,, also increases with increasing
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DMAA concentration as can be given in the bottom section of Fig-
ure 9b. For example, u,,, was 0.051 + 0.001 at DMAA = 3 w/v%,
while itis increased up to 0.13 + 0.01 ata DMAA concentration of
15 w/v% when MD is 25%. To note that, in contrast to Uy ,vg, Havg
also possess a noteworthy dependency to MD. Whereas the p,,,
varied between 0.051 and 0.13 at the highest MD (25%) as men-
tioned at the previous sentence, that was determined between
0.13 + 0.01 and 0.17 + 0.01 at the lowest MD (4%) depending
on the DMAA concentration. These findings clearly imply that
the hydrogels prepared at lower MD’s can dissipate the mechan-
ical energy much more efficiently than that of prepared at higher
MD’s. On the other hand, this energy-dissipative behavior rather
increases with increasing DMAA amount due to the direct pro-
portion between the y1,,, and DMAA concentration, harmonizing
the DMAA-dependencies of the tan §,, as mentioned above.
Due to the low hysteresis (~0.3-3 k] m~>) obtained from the
five successive cyclic tests conducted up to a maximum strain
€max Of 60%, we also performed stepwise cyclic tests (e, =
20%, 40%, 60%, and 80%) for a chosen DMAA concentration (15
w/v%), in which the materials are gradually damaged (Figure 10).
Step-by-step deformations create much hysteresis that increases
with increasing e, and MD. For instance, at the lowest and the

max
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Figure 11. Weight and volume swelling ratios calculated with respect to a) dry (q,, and g,) and b) as-prepared states (m,, and V,), as a function of

DMAA concentration.

highest MD values (4 and 25%), Uy, increases from 0.42 + 0.05
t0 26 + 1 k] m= and from 0.74 + 0.02 to 69 + 2 k] m~> respec-
tively, with increasing cycle number, that is, €., (Figure 10a,d).
Their u values vary between 0.3-0.4 and 0.4-0.6, respectively, also
increasing with increasing e, (cycle). Similar trends are also ob-
served for other hydrogels with different U, and u values (Fig-
ure 10b,c).

Finally, swelling properties of the hydrogels were determined,
whose results are summarized in Figure 11: g, of the hydrogels
decreased from 10? to 10! range with increasing DMAA concen-
tration, while their g, values vary between 1 and 2, nearly inde-
pendent from the DMAA concentration and MD (Figure 11a). On
the other hand, m,, and V,; of the hydrogels are almost the same,
and they also decrease with increasing DMAA concentration and
MD due to the increasing efficient crosslink density (v.). The
large difference observed between the g, and g, of the hydrogels
given in both Figures 4,11 is attributed to drying method. That is,
hydrogels were dried by using a freeze-dryer, which creates large
pores in place of the water removed, likewise the macroporous
cryogels reported before possessing large difference between the
q,, and g, due to their porosities.[2231-3%]

3. Conclusion

ECM:-like soft materials have always been demanded for tissue
engineering applications. Here, we reported ECM-inspired soft
hydrogels of high compressibility and stretchability. These hydro-
gels were formed using methacrylated versions of the HA and SF,
thatis, meth-HA and meth-SF, as a GAG and protein component
to mimic the ECM structure. Meth-HA/meth-SF hydrogels were
fabricated both in the absence and in the presence of a monomer
such as DMAA or VP, in which the meth-HA and meth-SF actasa
macromer and a macrocrosslinker, respectively. Meth-HA/meth-
SF hydrogels without a monomer had Young’s modulus (E) var-
ied between 0.94 + 0.21 and 3.7 + 0.4 kPa, depending on the
MD. With the addition of a monomer, E was increased from 3.7
+ 0.4 to 49 + 3 kPa as a function of MD and monomer type and
concentration. These E, and corresponding crosslink density (v,)
values, lower than the order of ~#10% kPa and ~10! mol m~3 to-
gether with the XRD measurements showed that the meth-SF is
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mainly found in randomly coiled and/or helical conformations
rather than the f-sheet crystallites in the hydrogels, providing
the high compressibility and stretchability. This conformational
organization, that is, the interwoven polymer chains rather than
the brittle crystallites, also provided the fatigue resistance. For
instance, DMAA-included hydrogels showed very low hystere-
sis (between ~0.3 to 3 k] m~3) after five successive cyclic com-
pression tests conducted up to 60% strain. Besides, they showed
highly frequency-dependent viscoelastic nature above 10 rad s7,
likewise some cells and biological molecules. It is believed that
as-prepared meth-HA/meth-SF hydrogels with tunable proper-
ties will be good candidates for soft tissue engineering applica-
tions. Furthermore, hydrogels reported here may also be suitable
for other applications such as soft robotics where soft but tough
and non-brittle materials are required rather than the rigid and
the hard ones to increase the locomotion and the capability of the
mobility of the robotic components and other smart adaptive de-
vices. To conclude, the method developed in this study might be
useful for other protein or carbohydrate biopolymers that can be
chemically modified and then crosslinked via spacer monomer
segments to fabricate high toughness hydrogels with adjustable
viscoelastic properties.

4. Experimental Section

Materials: SF protein was isolated from domesticated Bombyx Mori
silkworm cocoons purchased from Bursa Kozabirlik in Turkey. Na,CO3
and LiBr (both Merck) were used without any purification. HA sodium salt
(Sigma Aldrich) from Streptococcus equi (M,, = 1.2 x 10% g mol="),[4%]
DMAA (Sigma Aldrich), VP (Sigma Aldrich), glycidyl methacrylate (GM,
Sigma Aldrich), tetrabutylammonium bromide (TBAB, Sigma Aldrich,
>99%), triethylamine (TEA, Merck), acetone (Tekkim, 99.5%), and Ir-
gacure 2959 were also used as received.

Methacrylation of HA and SF:  Methacrylation of the HA and SF and
the determination of their methacrylation degrees MD were achieved as
detailed before.[26-28] Briefly, in order to methacrylate the HA, 0.5 g of it
was dissolved in 50 mL distilled water at room temperature. Then, GM,
TEA, and TBAB were added to HA solution to methacrylation of the HA.
For instance, to prepare a solution containing sixfold molar excess of GM
with respect to the disaccharide repeat unit of HA, 1 mL of GM, 1 mL of
TEA, and 1 g of TBAB were added. After heating the solution to 55 °C and
stirring for 1 h, it was cooled down to room temperature and precipitated
in acetone. Finally, the precipitate was dissolved in water, and the obtained
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solution of methacrylated HA (meth-HA) was freeze-dried for further us-
age. MD ofthe meth-HA was varied as 4%, 8%, 14%, and 25%, determined
as reported before.[28]

On the other hand, 10 g B. mori silkworm cocoons were cut into two
pieces to remove the silkworms inside the cocoons, and they were washed
with distilled water several times. Then, they were transferred into 0.02 m
aqueous Na,COj; solution (1 L) and boiled for 1 h to remove sericin pro-
tein. After isolation, SF moved from Na,CO; solution was washed away
with distilled water (70 °C) 5 times, each for 20 min. After drying at room
temperature, 7 g of SF was dissolved in 35 mL aqueous 9.3 m LiBr solu-
tion at 60 °C at 250 rpm. After dissolution taking place for about 1h, 2 mL
of GM was added, and the stirring was continued at the same tempera-
ture for a further 3 h at 500 rpm to methacrylation. Finally, the solution
was put into a dialysis tube (10 000 MWCO, Snake Skin, Pierce) and dia-
lyzed against distilled water for 4 days to distract the LiBr and unreacted
GM, and to finally obtain an aqueous methacrylated SF (meth-SF) solu-
tion, whose concentration was gravimetrically determined and fixed at 5
w/v% for the entire study. Methacrylation degree of the meth-SF was fixed
at 14%, which was determined as reported before.[?’]

Synthesis of the Hydrogels: ~ After the methacrylation of the HA and SF
at four (4%, 8%, 14%, and 25%) and one (14%) methacrylation degrees
MD, respectively, they were utilized for the preparations of the hydrogels.
In this study, three series of hydrogels were prepared by using Irgacure
2959 initiator in a UV reactor, at room temperature. First, meth-HA/meth-
SF hydrogels in the absence of a vinyl monomer were synthesized as a
control group. For this, the meth-HA and meth-SF concentrations were
fixed at 1 and 2.5 w/v%, respectively, while the UV initiator was 2.2% by
weight regarding total meth-HA/meth-SF amount (Series 1). Then, two
different vinyl monomers (DMAA or VP) were separately introduced at
3 w/v% concentrations to aforementioned meth-HA/meth-SF mixture to
be acted as a dual macrocrosslinker system to reveal the effects of the
monomer type (Series 2). Finally, the DMAA was chosen for further syn-
thesis and increased its concentration from 3 to 15 w/v% (Series 3), thus
fabricated a series of meth-HA/meth-SF/DMAA hydrogels whose charac-
terizations were comprehensively performed.

Typically, a meth-HA/meth-SF hydrogel containing 3 w/v% DMAA was
prepared by the following route: 0.1 g of meth-HA prepared at various
MDs were first dissolved in 4.69 mL of water overnight via stirring at
100 rpm. Then, 5 mL meth-SF solution (5 w/v%) was added drop by drop
to the meth-HA solutions. Finally, 0.31 mL (0.30 g) DMAA and 7.7 mg
Irgacure 2959 were added, and the mixtures were stirred until obtaining
homogeneous reaction solutions of 10 mL total volume. Solutions were
then molded within several plastic syringes of various diameters to obtain
cylindrical gel specimens by exposing them to UV irradiation at 365 nm for
24 h.

Characterization of the Hydrogels: Hydrogel specimens ejected from
the syringes were cut into small pieces for characterizations. Frequency
sweep tests were conducted using a Bohlin Gemini 150 model rheometer
system equipped with a parallel plate of 20 mm in diameter. Gel specimens
possessing the same diameter as the measuring plate were placed in the
rheometer until the gap size became 2.0 + 0.2 mm. Finally, elastic modulus
G', viscous modulus G”, and loss factor tan § (G”/G’) were monitored as
a function of the frequency @ while the strain amplitude y, was fixed at
1%.

Unidirectional compression and tensile tests were applied at room tem-
perature at a strain rate of 1.7 min~" using a Zwick Roell Z0.5 TH mechan-
ical test machine with a 500 N load cell to obtain nominal stress (6 ,om)—
strain (€) curves. The Young’s modulus (E) was determined via 5-15%
strain interval while the fracture stresses (o) were calculated through the
maxima of the &,,,,—€ curves as detailed before.[*] In addition, two dif-
ferent sets of cyclic compression tests, that is, loading—unloading tests,
were carried out to reveal the fatigue resistance of the hydrogels at the
same conditions. In the first set, that is, the one-step cyclic tests, five suc-
cessive loading and unloading tests were performed up to a constant e,,,,
of 60%. In the second set, that is, the stepwise cyclic tests, four successive
loading and unloading tests were done, in which €,,,, was increased from
20% to 80% step-by-step for each cycle. To note that, there was no holding
time between the cycles. Cyclic tests provided the calculations of the hys-
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teresis energies (Uys) and the energy dissipation coefficients (u), which
indicate the energy difference between the loading—unloading curves and
the amount of the loading energy that dissipated, respectively. They were
calculated by using the following equations!*°]

EI'ﬂa)( o
Uhys :/0 Cpomde _/ Cnomde (2a)
€

- max

Uhys
= —— (2b)
fogmax Onom de

where €,,,, was equal to 60% in one-step cyclic tests, and it was 20%,
40%, 60%, and 80% in stepwise cyclic tests. Since it was found out that the
Upys and u do not change much with cycle number in one-step cyclic tests,
their arithmetical average values were calculated, that is, Upyg ag and tyy,,
respectively, in order to exhibit the effect of the DMAA concentration more
clearly. For this, the following equations were used

Z‘Sz 1 Uhys,i
Uhys,avg = IT (3a)

ik
Havg = IT“ (3b)

where i is the number of cycles.
For swelling and extraction studies, hydrogels were put into distilled
water until swelling equilibrium, and their weight (q,,, m,¢) and volume

(@y, Vrer) swelling ratios in addition to gel fractions (W,) were calculated
[28,51]

as
mS
qQw = g (4a)
mS
My = ""_0 (4b)
D3
S
qv = <D_d> (Sa)
D.\3
Vie = (D—;> (5b)
= Md
Wy = )

where the subscripts of s, d, and 0 indicate the swollen, dried, and as-
prepared states, respectively, while the m, D, and ¢ are the masses, di-
ameters, and the total met-HA/meth-SF/monomer concentrations of the
hydrogels.

Finally, XRD measurements were performed on dry gel samples in pow-
der state by using a PANalytical X-Pert PRO Multi-Purpose Diffractometer
using Ni-filtered CuKa (4 = 0.15418 nm) radiation at 45 kV and 40 mA in
the range of 20 = 5-40°. Baseline corrections of the XRD data were per-
formed by using PeakFit Software (Version 4.12, SeaSolve Software Inc.).
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