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Super-stiff hybrid hydrogels were prepared via a linear
remodeling of highly stretchable alginate/polyacrylamide
hydrogel networks followed by a secondary cross-linking. The
elastic modulus of the hybrid hydrogels were successfully
controlled by the degree of stretch, polymer composition, and
crosslinking cations.

Hydrogels are useful for diverse applications such as tissue
engineering, drug delivery and immunotherapy.'” The mechanical
properties of hydrogels are an important aspect of their ability to fulfill
the requirements of these applications. Most hydrogels are soft and
weak because they possess high amounts of water within their polymer
network, but several efforts have been made over the past decade to
enhance the mechanical properties of hydrogels. Double-network
hydrogels have been prepared by interpenetrating short and long chain
polymers to efficiently dissipate the applied energy.®'> Additionally,
functional nano- and meso-sized inorganic nanofillers, such as carbon

nanotubes'®, graphene oxide ', clays'®!’, and others®*** have been
added to hydrogels to enhance their mechanical properties.
Homogeneous network hydrogels, including tetra-arm polymer

hydrogels and slide ring hydrogels, have also been proposed to achieve
high stretchability via their unique structural features.?>?’
Ca-alginate/polyacrylamide (PAM) hydrogels, a double-network
hydrogel, have been developed recently by forming ionic crosslinking
in alginate and covalent crosslinking in PAM networks. These
structures produce highly-stretchable and tough hydrogels. When these
hybrid hydrogels are stretched, the ionically crosslinked alginate chains
are decrosslinked and broken. However, because the PAM chains
stabilize deformation when alginate chains are broken, the shape of the
hybrid hydrogel remains intact. Although the alginate chains which
were broken would not be recovered, it could be recrosslinked by
unloading. Thereby energy dissipation is dramatically increased.®,” The
strength of alginate/PAM hybrid hydrogels can be further enhanced
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depending on the ionic crosslinking chemistry, which uses diverse
multivalent cations.'" For example, the elastic moduli of hybrid
hydrogels crosslinked with trivalent cations, such as AI*" or Fe**, are 4-
to 6-fold higher, respectively, than Ca-alginate/PAM hybrid hydrogels.
More recently, the use of short-chain alginates, which have a lower
viscosity in aqueous solution than conventional alginates, allows for a
higher alginate concentration in the preparation of hybrid hydrogels.
This yields a 34-fold increase in stiffness compared to previous Ca-
alginate/PAM hydrogels.'”> However, finding additional methods to
control the mechanical properties of alginate/PAM hybrid hydrogels
still remains a challenge for many applications including bone
regeneration, artificial tissue construction, or other mechanical studies
of hydrogels. In this study, we propose a facile method to significantly
enhance the mechanical strength of alginate/PAM hydrogels via the
remodeling followed by a secondary cross-linking process (RsC
process) of polymer networks, which will make it possible to widen the
upper limit of hydrogel stiffness under a defined polymer composition.
The Ca-alginate/PAM hybrid hydrogel is highly stretchable and
reversible due to its interpenetrating polymer networks.® We
hypothesized that stretching the Ca-alginate/PAM hydrogel can induce
a linear remodeling of the internal polymer networks and that the
reorganized polymer networks can be substantially preserved by the
secondary ionic crosslinking of alginate chains, even after removal of
the stretching force (Fig. 1). This approach might lead to an
irreversible, fixed state of stretched double polymer networks. To test
this idea, interpenetrating double network hydrogels composed of 2
wt% alginate/12 wt% PAM were prepared by simultaneous ionic
crosslinking of alginate with Ca®" ions and photopolymerization of
acrylamide. The resulting Ca-alginate/PAM hydrogel was easily
stretchable and the stretched hydrogels could be returned to their initial
length after being stretched by 200% (Fig. 2a). In contrast, subsequent
crosslinking of the stretched hydrogels with Ba®>" ions resulted in an
elongated morphology that did not return to its initial state. Although
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Fig. 1 Schematics of a linear remodeling of the alginate/PAM hybrid
hydrogel networks and secondary cross-linking, a RsC process. (a) Alginate/PAM
hybrid hydrogel. (b) Linear remodeling of the internal polymer networks by
stretching. (c) Stiff hydrogel obtained by secondary crosslinking, which is a
irreversible state of the linearly remodeled hydrogel networks.

the final length of the resulting Ba-alginate/PAM hydrogels (after
removal of the stretching force) was shorter than the stretched length,
they remained 175% and 225% of the initial length of the Ca-
alginate/PAM hydrogel upon being stretched by 200% and 300%,
respectively. These results indicate that the stretched polymer networks
in the hybrid hydrogels can be fixed to a certain extent by the secondary
ionic crosslinking of alginate chains.

To investigate linear remodeling of polymer networks in the
resulting hydrogels, mesoporous silica microrods, with a high aspect
ratio (L: 82 um and D: 5 pum) and labeled with fluorescent dyes, were
incorporated into the Ca- alginate/PAM hydrogel. The orientation of
these fluorescent silica microrods was visualized using a fluorescent
microscope before and after stretching. The mesoporous silica
microrods in the intact hydrogel were randomly distributed in the
hydrogels (Fig. 2b). In contrast, most silica microrods within the
hydrogel were linearly aligned after stretching the hydrogel (Fig. 2c).
The surface of the stretched/cross-linked Ba-alginate/PAM hydrogel
also clearly showed linear patterns in the direction of stretching on
SEM, while there were no recognizable patterns on control gels (Fig.
S1 in the ESIY). These results indicate that the random polymer
networks in the hybrid hydrogel were also likely remodeled into more-
linear networks after stretching and the subsequent ionic crosslinking.

To evaluate the effects of the stretching/cross-linking process on
the mechanical properties of the hybrid hydrogel, the stiffness of the
hydrogels was measured using tensile testing (Fig. 3a). During tensile
testing in air at room temperature, as the testing time was very short
within a few minutes, the evaporation of water from the hydrogels was
insignificant to induce notable change of the elastic modulus. First, to
determine the effect of the Ba-crosslinker on the stiffness, Ca-
alginate/PAM hydrogels were prepared and subsequently crosslinked
with Ba®" without a prior stretching step (Ba-alginate/PAM). As
expected, Ba-alginate/PAM hydrogels showed an increase in elastic
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Fig. 2 (a) Photograph of Ca-alginate/PAM hydrogel (control), Ca-
alginate/PAM hydrogel after 200% stretching and releasing the stretching force
(2x/Ca-alginate/PAM), and two RsC hydrogels after 200% (2x/Ba-alginate/PAM)
or 300% (2x/Ba-alginate/PAM) followed by barium crosslinking. (b, c) fluorescent
microscope images of a Ba-alginate/PAM hybrid hydrogel prepared (b) without a
stretching step and (c) with stretching to 300% of its initial length.

modulus compared to the initial gel because Ba®" is known to be a
stronger ionic crosslinker of alginate than Ca?".'"' Next, the tensile
modulus of the hybrid hydrogels prepared by the RsC process was
measured in the direction parallel to stretching (transverse modulus).
Surprisingly, as the hydrogels were stretched longer, the elastic
modulus in the resulting hydrogels was remarkably enhanced after
subsequent Ba-crosslinking (Fig. 3b). For example, the elastic modulus
of hybrid hydrogels stretched to 300% of their initial length and
subsequently crosslinked with Ba®" (3%/Ba- alginate/PAM hydrogels)
was 1088 kPa, which represents a value that is almost 64 times higher
than that of the original Ca-alginate/PAM hydrogels. Even compared to
the 1x/Ba-alginate/PAM hydrogels, the elastic modulus was 6 times
higher in 3x/Ba-alginate/PAM hydrogels (Fig. 3b). These results
demonstrate that the extent of linear remodeling and fixing of the
double polymer networks is critical to the remarkable enhancement of
the resulting hydrogel stiffness. The water contents in the hydrogels
were not significantly changed after RsC process with different extents
of stretching (Fig. S2 in the ESIY), indicating that the enhancement of
mechanical property of the RsC hybrid hydrogels was not attributed to
the change of water content in RsC hydrogels.

When the hydrogel was stretched, randomly arranged alginate
chains become taut toward the stretching directions and linearly
aligned, which causes the anisotropy in hybrid polymer network after
secondary crosslinking (Fig. 1). The G block of alginate chains which
did not participate in early calcium crosslinking could form new
crosslinking sites between linearly stretched alginate chains. In
addition, the secondary crosslinking ions (Ba**, AI** or Fe*") with
stronger binding affinity to G blocks of alginate could replace pre-
binding Ca®" ions in alginate hydrogels. These procedures could lead to
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Fig.3 Effects of the degree of stretch on the mechanical properties. (a)
Stress-strain curve of Ba-alginate/PAM hybrid hydrogels prepared with different
degrees of stretching. (b) Longitudinal and (c) transverse elastic moduli of the
RsC hydrogels. (d) The ratio between the longitudinal and transverse elastic
moduli according to the degree of stretching.

maintain the anisotropic polymer network after secondary crosslinking.
The RsC hydrogels were expected to have anisotropic properties
due to the linear reorganization of the internal polymer network. To
investigate their anisotropic properties, the transverse (perpendicular to
the stretching direction) moduli of the stiff gels were also measured
(Fig. 3c). In all stretched samples, the transverse moduli were smaller
than the longitudinal moduli shown in Fig. 3b. Although all transverse
moduli were higher than control Ca-alginate/PAM hydrogel, in contrast
to the longitudinal moduli, the transverse moduli were nearly constant
except a decrease in the 3x/Ba-alginate/PAM hydrogel. The ratios
between the longitudinal and transverse elastic moduli increased steeply
as the extent of stretching was increased (Fig. 3d). These differences
between the longitudinal and transverse moduli of the RsC hydrogels
clearly represent their anisotropic structure obtained by RsC process.
Next, we investigated the effects of polymer compositions of the
RsC hydrogels on their mechanical properties. Hybrid hydrogels
containing various proportions of alginate and acrylamide were
prepared to find the concentration that produces the stiffest RsC
hydrogel. Fig. 4a shows the stress-strain curves of the 2x/Ba-
alginate/PAM hydrogels prepared using different relative ratio of
alginate and PAM while the total polymer concentration was fixed at 14
wt% (the enlarged Fig. 4a was provided as Fig. S3 in the ESIf). The
corresponding elastic moduli of the hydrogels were shown in Fig. 4b.
As the ratio of alginate was increased, the elastic modulus of the
resulting stiff gel was significantly increased. In contrast, the degree of
maximum strain was inversely proportional to the alginate ratio (Fig.
4a), demonstrating that the higher stiffness compensates for the
stretchability in the stiff hydrogels. We performed another set of
experiments to determine the effect of the absolute alginate amount on
the hydrogel stiffness under a fixed amount of PAM (12 wt%) (Fig. 4c,
d). The elastic modulus of the hydrogel increased as the amount of
alginate was increased, which represents that the crosslinking of the
linearly aligned alginate is main reason for the enhanced stiffness of the
hydrogels prepared by RsC process. However, the maximum strains of
the hydrogels with different alginate amounts were all similar (Fig. 4c),
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Fig. 4 Effects of polymer composition on the mechanical properties of

hybrid hydrogels. (a) Stress-strain curves and (b) the corresponding elastic
moduli of 2x/Ba-alginate/PAM hydrogels with various polymer ratio with a fixed
total polymer concentration of 14 wt%. (c) Stress-strain curves and (d) the
corresponding elastic moduli of 2x/Ba-alginate/PAM hydrogels with different
alginate amounts with a fixed PAM concentration of 12 wt%.

which is probably due to the fact that there is the same amount of PAM
in each hydrogel. Taken together, the alginate and PAM mainly
contribute to the stiffness and stretchability of the RsC hydrogels,
respectively. Based on our data, the optimized polymer composition to
prepare the stiffest alginate/PAM hybrid hydrogels was 3 wt% alginate
and 11 wt% PAM.

The stiffness of the ionically crosslinked alginate hydrogels is on
the order of Fe** > AI*" > Ba?" > Ca®', which is caused by differences in
the binding affinities between the alginate chains and the cations.”®* To
further enhance the stiffness of RsC hydrogels, trivalent cations were
used. The same order in stiffness in pure alginate hydrogels was also
observed in the RsC hydrogels prepared by 300% stretching (Fig. 5a).
As observed in barium crosslinking in RsC hydrogels, more stretching
led to stiffer hydrogels for subsequent crosslinking with all cations (Fig.
S4 in the ESIY). By using Fe*" ions and 300% stretching, we could
obtain unprecedented, extremely high stiffness in the alginate/PAM
hybrid hydrogels. 3x/Fe-alginate/PAM hydrogels composed of 3 wt%
alginate and 11 wt% PAM showed a stiffness of 5.33 MPa (Fig. 5a);
this is more than 5 times higher compared to the highest stiffness (~1
MPa) of the alginate/PAM hybrid hydrogels reported previously.'®

To further demonstrate the stiffness of the RsC hydrogels, the
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Fig.5 (a) Elastic modulus of RsC hydrogels prepared via crosslinking with
different cations under same 300% stretching. The control corresponds to the
initial Ca-alginate/PAM hydrogel. Photographs of (b) Ca-alginate/PAM hydrogel
and (c) 3x/Fe-alginate/PAM hydrogel to show an enhanced mechanical property
in RsC hydrogel.
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3x/Fe-alginate/PAM hydrogel was prepared and compared with the
control Ca-alginate/PAM hydrogel. When one end of the Ca-
alginate/PAM hydrogel (length: 80 mm, width: 50 mm, thickness 3 mm)
was held by a clamp, the other end of the hydrogel could not retain its
shape and bent due to gravity because it was very soft (Fig. 5b). In
the 3x/Fe-alginate/PAM hydrogel
exhibiting higher stiffness (Fig. 5c). Taken together, the simple RsC

contrast, retained its shape,
approach could make it possible to substantially enhance the stiffness of
alginate/PAM hybrid hydrogels in a controlled manner. The super-stiff
hydrogels prepared by the RsC process have great potential for
substantial mechanical

utilization in various applications where

properties are demanded.

Conclusions

In conclusion, we report a simple method to control the mechanical
of alginate/PAM hybrid hydrogels

remodelling and secondary crosslinking of the internal polymer

properties through linear
networks in the hydrogels. The polymer networks were linearly
remodelled by stretching and fixed by the subsequent ionic crosslinking
of alginate chains. This simple process led to significant enhancement
of the elastic modulus of the hydrogels compared to control hybrid
hydrogels. The elastic modulus was strongly dependent on the extent of
stretching of the polymer networks. In addition, the type of secondary
crosslinking cations and the polymer composition ratio could further
control the elastic modulus. This simple approach will increase the
range of hydrogel stiffness under a defined polymer composition, which

may be beneficial in many applications including bone regeneration,

artificial tissue construction, or other mechanical studies of hydrogels.
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