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Polymer foam-reinforced hydrogels inspired by plant
body frameworks as high-performance soft matter

Naozumi Teramoto, Ousuke Shigehiro, Yoshihisa Ogawa, Yoshiki Maruyama, Toshiaki Shimasaki and

Mitsuhiro Shibata

Plant bodies consist of many cells. Each cell contains a cell wall and a cell membrane, which are involved in maintaining
the turgor pressure to bear the weight of the plant body. Inspired by this framework, we prepared a gel material enclosed

in many compartments. According to this concept, hydrogels reinforced by polymer foam were fabricated using a simple
method, and their mechanical properties were investigated. A piece of polymer foam was immersed in an aqueous solution
of a water-soluble monomer in the presence of an initiator and a crosslinker. We used sodium acrylate as a monomer,
N,N’-methylenebisacrylamide as a crosslinker, 2,2’-azobis(2-methylpropionamidine) dihydrochloride as an initiator and
polyurethane foam as a reinforcing material. After gelation, the mechanical properties of the composite gel were analyzed by
compression testing. The compression strength of the composite gel was ~2 MPa, which was much higher than that of the
poly(sodium acrylate) (PSA) hydrogel alone. The compression modulus was also considerably higher than for each constituent
material alone (both hydrogel and foam). When melamine foam was used in place of polyurethane foam, the mechanical

properties of the composite gel significantly deteriorated.
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INTRODUCTION

A plant cell is composed of a cell wall, a cell membrane, cytoplasm
and a nucleus. The growing plant body is mechanically supported by
living cells. Each living cell provides turgor pressure to bear the weight
of the plant as it grows. We hypothesized that soft matter can be
imparted with good mechanical resistance to compression by enclos-
ing small gel pieces in compartments that are linked to each other. To
test this hypothesis, we fabricated a polymer foam-reinforced hydro-
gel, that is, a ‘gel-in-sponge material) to serve as a high-performance
soft material, in which the cell-wall structure of plants is mimicked by
the cell walls of the polymer foam (Figure 1). After a careful search of
the literature for other polymer foam-reinforced hydrogels, we found
only one research study by Liu et al! concerning polymer foam-
reinforced gels. In this previous report, the researchers studied the
modulus of a composite gel, but did not describe the strength of the
composite gel in detail. Therefore, we undertook this study to revisit
and advance the previous work from our standpoint.

Recently, several high-performance hydrogels have been developed,
including double network,? topological,3 nanocomposite4 and tetra-
PEG® hydrogels. Some of these hydrogels are highly flexible and
stretchable, while others are highly tough under compressive stress.
Hydrogels consist of large amounts of water and a small amount of
hydrophilic 3D polymers that form a network. Because most solutes

can diffuse in hydrogels, they are applicable as biomaterials. The
possible applications of high-performance hydrogels in the medical
field include medically useful membranes, artificial organs (such as
artificial articular cartilage), scaffolds for living cells and wound-
dressing materials.> However, high-performance hydrogels prepared
using simple strategies are needed.

Fiber-reinforced hydrogels have been investigated for over one
decade. In 1998, Young et al!® reported fiber-reinforced poly(2-
hydroxyethyl methacrylate) hydrogels as materials for artificial skin.
They used three types of commercial fabrics: fibers containing nylon
and elastic spandex, gauze and low lint wipes. The mechanical
properties were strongly affected by the type of fabrics. Zhou and
Wu'l fabricated a polyacrylamide hydrogel reinforced with chitosan
nanofibers with improved mechanical properties. Our research group'?
reported imogolite nanofiber-reinforced fish gelatin hydrogels. High-
performance composite gel materials with polyurethane fibers were
reported by Agrawal.!® Cellulose fibers in the form of bacterial cellulose
or nanofibrils have also been used as a reinforcing material.!#-10

Porous materials containing hydrogel have been reported by several
research groups. Bokhari et al.!” reported enhanced osteoblast growth
and differentiation on a hybrid material composed of a peptide
hydrogel and highly porous polymeric foam. Niazi and Karegoudar'®
and Sone et al.'® prepared composite materials from calcium alginate
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Figure 1 Concept of the polymer foam-reinforced hydrogel as an analogy to
the plant body framework. A full color version of this figure is available at
Polymer Journal online.

and polyurethane foam for immobilization of Bacillus sp. cells and
selective elimination of lead (II) ions, respectively. However, these
researchers did not describe (and perhaps did not measure) the
mechanical properties of the materials.

In the present study, we combined poly(sodium acrylate) (PSA) gel
and a polyurethane foam with open cell walls. As it is also a foam
material, melamine was also investigated. PSA gel is known as a super
absorbent material and has the potential to swell and generate turgor
pressure. Polyurethane foam is the most popular polymer foam and it
is highly flexible with moderate strength. We used polyurethane foam
with open cell walls so that the sodium acrylate aqueous solution
could interpenetrate into the cells. We used melamine foam for
comparison because it absorbs water. In the present study, the
mechanical properties were examined by compression testing.

MATERIALS AND METHODS

Materials

Two types of polyurethane foam with open cell walls were purchased and used
as received. The polyurethane foams were CFH-30 with a cell density of 30 + 4
cells/25mm and CFS with a cell density of 68+ 8 cells/25mm. Both foams
were of filter grade from INOAC Corporation (Nagoya, Japan). Melamine
foam (MeF) of commercial grade (Basotect) produced by BASF was purchased
from Strider (Toyohashi, Japan). Acrylic acid (AAc), N,N’-methylenebisacry-
lamide (MBAAm) and N,N,N’,N’-tetramethylethylenediamine (TEMED) were
purchased from Kanto Chemical (Tokyo, Japan). 2,2'-Azobis(2-methylpropio-
namidine) dihydrochloride (V-50) was purchased from Wako Pure Chemical
Industries (Osaka, Japan). All reagents were used as received.

Preparation of polymer foam-reinforced hydrogel

Prescribed amount of AAc was diluted with water and neutralized with 5N
NaOH. To this solution, we added MBAAm, 0.5 vol% of TEMED and 0.2 wt%
of V-50. When the concentration of AAc was varied from 10 to 20 wt%, the
molar ratio of MBAAm to AAc remained constant at 1:100. When the molar
ratio of MBAAm to AAc was varied from 1:100 to 1:50, the AAc concentration
remained constant at 10 wt%. The polymer foam cylinder-shaped samples for
the compression testing were prepared by cutting out a polymer foam mat
with a thickness of 10 mm using a round-shaped punch with a diameter of
20 mm. The polymer foam samples were immersed in the mixed solution
described above and degassed using a vacuum pump. The screw-capped
container containing the solution and the foam sample was placed in an
electric oven at 70 °C for 12 h to yield a hydrogel containing a foam piece. The
excess gel was removed using a round punch with a diameter of 20 mm and a
cutter knife. The composition of the as-prepared PSA gel is summarized in
Table 1. The foam content was 7 wt%, 3wt% and 1wt% for the PSA-CFS,
PSA-CFH-30 and PSA-MeE, respectively.
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Table 1 Components for preparation of PSA hydrogels

H>0 AAc MBAAmM 5~ NaOH V-50 TEMED
Sample  (ml) (ml) (mg) (ml) (mg) (ml)
PSA10 11.9 1.90 86 5.0 40 0.1
PSA15 7.89 2.85 128 7.5 40 0.1
PSA20 3.80 3.81 172 10.1 40 0.1

Abbreviations: AAc, acrylic acid; MBAAm, N,N’-methylenebisacrylamide; TEMED,
N,N,N’,N’-tetramethylethylenediamine.

Characterization

The surface morphologies of the lyophilized samples were observed using a
Hitachi S-4700 field emission scanning electron microscope (FE-SEM)
(Hitachi High-Technologies, Tokyo, Japan). The accelerating voltage was either
1kV or 5kV. The samples were coated with gold before observation. The
compression test was carried out using either a Shimadzu EZ-S tabletop
universal tester (Shimadzu, Kyoto, Japan) with a 100 N load cell or a Shimadzu
AG-I tabletop universal tester with a 5kN load cell at a crosshead speed of
Immmin ! The former tester was used for measurement of the weaker
samples such as the non-reinforced hydrogels and polymer foams alone. The
latter tester was used for testing the stronger samples such as the foam-
reinforced hydrogels. In each case, five specimens were tested and the average
values were calculated.

RESULTS AND DISCUSSION

Preparation of the polymer foam-reinforced hydrogel

Soft matter consisting of a polymer foam and PSA hydrogel was easily
prepared by a simple method. The gelation reaction of sodium
acrylate (Na-AAc) with MBAAm occurred as usual. A degassing
process was required to let the solution soak into the cells of the
polymer foam. In our protocol, we could not prepare a gel sample
when the concentration of AAc was less than 10%. There was no
apparent difference between the polymer foam and the product in
terms of appearance (Figure 2). Small gel pieces were observed at the
surface of the material. The surface was a little smoother and glossier.
When the material was pressed with our fingers, the mechanical
properties were markedly different not only from polymer foam but
also from the PSA hydrogel. Larger forces were required to deform the
material compared with the PSA hydrogel. When the material was
immersed in water to reach equilibrium swelling, the swelled hydrogel
markedly overhung the polymer foam.

Mechanical properties of the polymer foam-reinforced hydrogel

The mechanical properties were assayed by compression tests using a
universal tester. The stress-strain curve of the polyurethane foam-
reinforced hydrogel (PSA10-CES) is shown in Figure 3, compared
with the polyurethane foam alone and the PSA hydrogel alone.
Although the polyurethane foam alone was not broken in the
compression test, the stress did not exceed 100kPa until the test
stopped at the limit of the strain (97%). The PSA hydrogel alone was
broken easily at a stress of less than 100 kPa. Compared with the PSA
hydrogel, the polyurethane foam-reinforced hydrogel had very high
mechanical strength. The stress at breakage of the PSA hydrogel
composite was above 1 MPa for CFH-30 (PSA10-CFH-30) and above
2MPa for PSA10-CFES. The stress value of the polyurethane foam-
reinforced hydrogel was obviously different from the simple sum of
the stress of the PSA hydrogel alone and the polyurethane foam alone.
The strength of our composite hydrogel was somewhat lower than the
double network, nanocomposite and tetra-PEG gels, but was compar-
able to other high-performance hydrogels reported recently,!!:13:20-22
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Figure 3 Stress-strain curve of the PSA10-CFS composite hydrogel

compared with the curves for PSA10 alone and CFS alone. A full color
version of this figure is available at Polymer Journal online.

Figure 4 shows the stress—strain curves for the compression test of
the polyurethane foam-reinforced hydrogel with varying AAc con-
centration. The strength of the hydrogel increased slightly with an
increase in the concentration of AAc. Interestingly, the slope of the
stress—strain curve (reflecting the modulus of the hydrogel) of the
polyurethane foam-reinforced hydrogel was not significantly affected
by the concentration of AAc. The break point was not obvious for the
PSA10-CFH-30. Notably, the PSA10-CFH-30 retained the compres-
sion stress without any drop off after breakage. Figure 5 shows the
stress—strain curves for the compression test of PSA10-CFS with
varying molar ratio of MBAAm to AAc. The stress—strain curve of the
hydrogel was also not significantly affected by the increase in the feed
ratio of MBAAm, that is, the crosslinking density. These results imply
that the toughness of the material depends largely on the polyur-
ethane foam, which has a critical role in enduring the compression
force. At the last stage of the compression test, the compression force
was converted to the force that enlarge the hydrogel sample in the
lateral direction. The polymer foam prevented the hydrogel from
fracture, similar to the role of the cell walls in plants (Figure 6). The
water retained by the hydrogel in the foam cells also had an important
role, similar to the water present in the vacuoles of plant cells that
produces turgor pressure. We also carried out compression tests on
the melamine foam-reinforced hydrogel. The stress—strain curves for
this material are shown in Figure 7. We found that the melamine
foam made the composite more brittle. Thus, melamine foam is not
suitable for supporting hydrogels.

After the compression tests, we observed the broken sample
specimens and found that some parts of hydrogel came out as small
pieces from the cells of the polymer foam at a compression strain
above 80%. This phenomenon was observed more significantly for
CFH-30, whose cells are larger than CFS.
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Figure 4 Stress—strain curves of the composite hydrogels: (a) PSA-CFS
series and (b) PSA-CFH-30 series. A full color version of this figure is
available at Polymer Journal online.

Cyclic compression tests
The sequential compression-unloading tests on the PSA10-CES
samples were carried out cyclically. The cyclic stress—strain curves
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Figure 5 Stress—strain curves of the PSA10-CFS composite hydrogels with
the varying molar ratio of MBAAm to AAc: 1:100, 1:50 and 1:25. A full
color version of this figure is available at Polymer Journal online.
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Figure 6 Images of the hydrogels reinforced by polymer foam in the
compressed mode. A full color version of this figure is available at Polymer
Journal online.

are shown in Figure 8. The maximum strain was limited to 75%
for each cycle. The maximum stress was 0.88 MPa in the first cycle.
The maximum stress decreased to ~94% in the second cycle.
This phenomenon may be caused by the structural rearrangement
of the hydrogel in the foam cells. Specifically, we hypothesized that the
gel was partially broken at the interconnection points between the
foam cells such that the flexibility for deformation increased. Related
to this phenomenon, hysteresis was also observed, especially in the
first cycle, implying energy loss during deformation. The decrease in
the stress after the first cycle and the large hysteresis were previously
reported in the literature.>?> In the third cycle, the compression-
unloading curve was almost the same as in the second cycle.
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Figure 7 Stress—strain curves of the composite hydrogels in the PSA-MeF
series. A full color version of this figure is available at Polymer Journal
online.
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Figure 8 Stress-strain curves over three cycles of compression-unloading
testing for PSA10-CFS (1:50). A full color version of this figure is available
at Polymer Journal online.

Morphology of the polymer foam-reinforced hydrogel

Figure 9 shows SEM images of the foam cells and the lyophilized gels
with the foam cells. We used polyurethane foam with open cell walls.
The CFH-30 had cells of ~600 um in diameter and the CFS had cells
of ~300pum in diameter. Each cell had several pores. The aqueous
hydrogel monomers passed through the pores before gelation. The
pore size of the CFH-30 was relatively large compared with the cell
size of the CFS. Melamine foam is known as a water-absorbent
material. It exhibits a fiber-like morphology. We suspect that
melamine foam makes the hydrogel more brittle because melamine
fibers are not intrinsically flexible, unlike the polyurethane cell walls.
After lyophilization, the dried PSA gel covered the cell walls. It did not
show a porous structure, although lyophilized gels are typically
porous. The dried PSA gel covering the cell walls may have formed
because of inappropriate lyophilization. PSA gels have large
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Figure 9 SEM images of the lyophilized composite hydrogels with different polymer foams: (a) CFS polyurethane foam, (b) CFH-30 polyurethane foam,

(c) melamine foam, (d) PSA10-CFS, (e) PSA10-CFH-30 and (f) PSA10-MeF.

osmotic pressures and may thaw under reduced pressures during
lyophilization.

In the present study, we fabricated ‘gel-in-sponge materials’ using
open-cell polyurethane foams. To be exact, the composite gels do not
perfectly recapitulate the structure of plant cells, which are completely
closed by cell membranes and cell walls. We expect that, if we can
prepare completely closed ‘gel-in-sponge materials, the strength of the
material will be further improved. The fabrication of closed-cell
composite gels is a technical challenge that will be a future theme for
our research.

CONCLUSION

We prepared a polymer foam-reinforced hydrogel as a new type of
high-performance soft matter with inspiration from plant body
frameworks. The material is composed of many small compartments
of polymer foam filled with hydrogel. A piece of polyurethane foam
was swelled in an aqueous solution of monomers to create a hydrogel
in the presence of an initiator for gelation. We used sodium acrylate
as a monomer, N,N’-methylenebisacrylamide as a crosslinker,
2,2'-azobis(2-methylpropionamidine) dihydrochloride as an initiator
and polyurethane foam as a reinforcing material. The composite
hydrogels with polymer foam were easily obtained by heating the
polymer foam in the monomer solution. The strength and modulus
of the composite material were much higher than those of the PSA
hydrogel alone. The compression strength of PSA10-CES was over
2MPa, which is comparable to some high-performance hydrogels.
The cyclic compression-unloading test revealed that the composite
hydrogel has hysteresis, especially in the first cycle. SEM observation
of the lyophilized polyurethane foam-reinforced hydrogel indicated
the presence of the dried PSA hydrogel covering the cell walls of the
foam. This morphology was likely formed during lyophilization, with
the cell walls uniformly filled with hydrogel before lyophilization.
We are continuing to study the physical properties and morphologies
of the polymer foam-reinforced hydrogels. Our method for
reinforcing hydrogels can be applied to all types of hydrogels
except those that are photocured. Future experiments will determine
how the polymer foams can be applied and find the optimum
combinations for biomaterials, shock-absorbing materials and
phantom materials.
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