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INTRODUCTION

Bacterial cellulose (BC) is a unique type of three-dimensionally
structured biopolymer gel based on the ultrafine fibers of pure
cellulose produced by Acetobacter1–3 that are several hundred times
thinner than the cellulose fibers of plants. This feature gives BC gels a
unique combination of softness, translucence, biocompatibility and
water-retention ability,4–6 because of which they are widely studied as
potential soft materials for biomedical applications.7–10 However, they
have a significant drawback in such applications: the large amount of
water in the gels can be easily expelled under even slight pressure, thus
causing them to dry up easily. In an attempt to overcome this
problem, nonvolatile and thermo-responsive BC gels were developed
by swelling them in a nonvolatile solvent (polyethylene glycol (PEG))
rather than water. The resulting gels, which are denoted as BC/PEG,11

are opaque and solid at low temperature, but change to a transparent
and elastic state at high temperature. A BC/PEG gel prepared from
equal amounts of PEGs with molecular weights (Mw) of 200 and 1000
was found to become transparent and elastic as the temperature
increased above 25 °C.12 As this change depends on the melting point
of PEG, the temperature of the thermo-responsiveness can be
controlled by selecting an appropriate Mw of PEG. These BC/PEG
gels were subsequently used to create an overall composite gel with
polyethylene glycol diacrylate (PEGDA) in order to improve its
mechanical properties under compression; the resulting gels being
denoted as BC/PEG-PEGDA12 based on the fact that PEG does not
bind to the BC by a strong covalent bond. The thermo-responsiveness
of these BC/PEG-PEGDA gels is maintained as they change from
opaque and solid to transparent and elastic, but their increased
strength under compression makes them hard and brittle. Thus, they
are rendered unsuitable for use as a soft gel material for skin in
medical and cosmetic applications, where both a suitable hardness and
elongation are required.
To address the limitations of BC/PEG-PEGDA gel, this study

explores the possibility of developing a BC/PEG gel with only its
peripheral region crosslinked by PEGDA. The mechanical properties

and hardness of such a gel are herein discussed from the point of view
of its potential application as a soft material in the fields of medicine
and cosmetics. In addition, we focus on the thermo-responsiveness of
these novel BC/PEG-PEGDA gels with regard to their change from
opaque to transparent.

MATERIALS AND METHODS
The BC hydrogel was prepared using Gluconacetobacter xylinus ATCC53582 in
Hestrin and Schramm’s medium at 28 °C for 3 days under static conditions.13

The BC gel formed was then treated with 1% NaOH aqueous solution and
washed with distilled water. The procedure for preparing a BC/PEG gel with its
peripheral region crosslinked by PEGDA is shown in Supplementary Figure S1
(method A). Here, equal weights of PEG (Kishida Chemical Co., Ltd, Osaka,
Japan) with Mw of 200 and 1000 (PEG 200 and PEG 1000, respectively) were
mixed to create PEG 200–1000 in a liquid state that was then used to prepare
swollen BC gels in accordance with a previously described method.11 For this,
purified BC hydrogels were added to the PEG 200–1000 solution diluted 90%
(v/v) in distilled water, and then heated for 90min at 110 °C. Next, the surface
of the gels was washed with distilled water to remove any excess PEG, after
which they were dried at 65 °C in air on a glass plate. Introduction of PEGDA
(A-400: polyethylene Glycol 400 Diacrylate, n= 9, Shin-Nakamura Chemical
Co., Ltd, Wakayama, Japan) to the BC/PEG gels was also achieved using a
modified variant of a previously described method. The procedure for
preparing a BC/PEG gel crosslinked by PEGDA12 is shown in Supplementary
Figure S1 (method B). With this, BC/PEG gels were immersed in PEGDA
supplemented with 0.1% 1-hydroxycyclohexyl phenyl ketone (Sigma-Aldrich
Co., St Louis, MO, USA) as an initiator and diluted by 40 or 80% PEG 200–
1000. These were then incubated for 2, 4 or 24 h at 35 °C in the dark, and the
resulting PEGDA-containing BC/PEG gels were kept on the glass plate and
irradiated by ultraviolet light (365 nm) for 90 s at 5 mWcm− 2 at room
temperature. The gels obtained were washed and dried using the same
procedure described above, and then cut into a disk or dumb-bell shape.
The structures of the disk-shaped BC/PEG-PEGDA and BC/PEG gels were

observed using a JSM-7001FA scanning electron microscope (JEOL Co., Tokyo,
Japan) operating at an accelerating voltage of 10 kV after first removing PEG and
freeze drying. All samples were coated with carbon to a thickness of ∼ 20 nm
using a VC-100W carbon coater (Vacuum Device Inc., Mito, Japan). Vertical
sections of each sample were observed by tilting up the sample stage to 70°.
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The weight ratio of crosslinked PEGDA (WPEGDA) in the BC/PEG-PEGDA
gels was determined using a previously described method.12 Accordingly, PEG
was removed from the disk-shaped gel samples by immersing them in distilled
water for 1 week at 35 °C. The weight of the BC fiber was considered negligible
relative to that of PEG and crosslinked PEGDA, as the BC fibers make up
o1% of the BC/PEG gel.11 After drying, the values were determined using the
equation:

WPEGDA ¼ Wresidue=W0 ð1Þ
where Wresidue is the weight of gel after PEG removal and drying, and W0 is the
weight of the initial BC/PEG-PEGDA gel.
Tensile strength testing was performed at 35 °C using a Tensilon RTG-1225

tensile–compressive tester (Orientec Co., Tokyo, Japan). For this, the samples
were cut into a dumb-bell shape (Japanese Industrial Standards (JIS) K6251
dumb-bell test pieces-7) and pulled parallel to the BC layers at a strain rate of
2 mmmin− 1; then, the failure point in each tensile test was determined from
the peak of the stress–strain curve generated. Hardness was measured using a
Type OO Teclock durometer (GS-754G, Teclock Co., Okaya, Japan) attached
to a Type GS-610 stand (Teclock Co.). Pressure was measured at 500 gf using a
lowering speed of 5mm s− 1. Statistical analysis was carried out based on a
t-test, from which it was judged that the difference was significant when
Pp 0.05.
The optical transmission of each sample at a wavelength of 600 nm was

measured using a V-630iRM spectrometer (JASCO Co., Tokyo, Japan)
equipped with an HMC-711 (JASCO Co.) constant-temperature microcell
holder. This was achieved by fitting the samples into a glass cell, which was held
in place by a glass plate and set inside the microcell holder. This holder was
then set to temperatures between 15 and 35 °C at intervals of 5 °C.

RESULTS AND DISCUSSION

Scanning electron microscope images of the surface and vertical
section of the BC/PEG and BC/PEG-PEGDA gels are presented in
Figure 1, revealing a clear network of cellulose nanofibers at the
surface of the BC/PEG gel (Figure 1a). A very different surface
morphology was observed in the case of the BC/PEG-PEGDA gels
prepared by immersion for 2 h in PEGDA concentrations of 40 or
80% (Figures 1b and c), in that the network structure completely
disappeared. This suggests that PEGDA in contact with the surface of
the gel formed a composite structure with BC/PEG, with an increase
in PEGDA concentration or immersion time resulting in a denser
composite structure (Figure 1d). The vertical sections of the BC/PEG-
PEGDA gels treated with 40% PEGDA for 2 h reveal that most of the
cellulose fibers near the surface are covered by aggregations of
crosslinked PEGDA (Figure 1e), whereas at greater depths, crosslinked
PEGDA is located between the cellulose fibers (Figure 1f). This same
effect is seen with the gel prepared using 40% PEGDA for 4 h and 80%
PEGDA for 2 and 4 h, indicating that a concentration gradient of
crosslinked PEGDA is created within the gel.
To determine the extent to which the diffusion of PEGDA

responsible for creating a concentration gradient is affected by the
rate at which it is introduced, the weight of crosslinked PEGDA was
measured in each sample. Figure 2 shows the weight of crosslinked
PEGDA polymer in the BC/PEG-PEGDA, with both samples reaching
the initial PEGDA concentration after 24 h. This result supports the

Figure 1 Scanning electron microscope (SEM) images showing the surface of (a) BC/PEG gel, (b) BC/PEG-40% PEGDA_2 h, (c) BC/PEG-80% PEGDA_2 h
and (d) BC/PEG-80% PEGDA_24 h; vertical sections of (e) the near surface region of BC/PEG-40% PEGDA_2 h and (f) the near fiber phase of BC/PEG-40%
PEGDA_2 h. In all samples, PEG was removed by washing before freeze drying. Vertical sectional images were obtained by tilting up the sample stage to 70°.
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notion that a crosslinked PEGDA concentration gradient is present in
the gels treated for 2 and 4 h, with the PEGDA clearly entering the
BC/PEG gel through its surface, until eventually the PEGDA
concentration in the gel equals the initial PEGDA concentration.
In other words, when a BC/PEG gel is immersed for a sufficient time
in PEG and PEGDA supplemented with an initiator, the crosslinked
PEGDA concentration in the gel reaches equilibrium. If, however, the
BC/PEG gel is immersed for a shorter period of time, then a
crosslinked PEGDA concentration gradient is created.
Figure 3 shows the relation between the hardness of the composite

gel and its tensile fracture stress/strain, revealing that treatment with
PEGDA increases the hardness over the nontreated BC/PEG gel; that
is, the material’s hardness is related to its deformation resistance.
Moreover, although the samples prepared with 80% PEGDA exhibited
an increase in hardness with treatment time, the hardness of
the samples prepared with 40% PEGDA remained fairly consistent
at ∼ 820–875mN. No significant difference was found in the hardness
of the gels treated for 4 and 24 h based on the results of the t-test.

These results can be explained by the fact that the samples prepared
with 40% PEGDA include at least 60% PEG that decreases the
deformation resistance. The samples prepared with 80% PEGDA, on
the other hand, become predominantly crosslinked PEGDA with
increasing treatment time. For example, the sample treated for 4 h
included ∼ 30% crosslinked PEGDA (Figure 2) and had a hardness
similar to the 40% PEGDA sample, but the 80% PEGDA 24 h sample
became much harder than the others. This result indicates that the
weight of crosslinked PEGDA in the gels directly affects their hardness,
and that this difference extends to the fracture strain. Consequently,
there is a correlation between hardness and fracture strain in the case
of the 80% PEGDA samples that is not seen in the 40% samples.
Given that the tensile properties of BC composite materials are
influenced by the strong hydrogen bonds between cellulose fibers,
the loss of the original BC network structure from the external phase
(that is, PEG and crosslinked PEGDA) tends to weaken them14–16 and
allow the fibers to extend further during stretching. In BC/PEG gel,
this has the effect of increasing the fracture strain (0.62mmmm− 1)
and reducing the fracture stress (0.88MPa) relative to BC hydrogel
alone (0.4mmmm− 1, 2.2MPa). However, the fracture strain and
stress of the gel prepared with 40% PEGDA for 2 h (0.86mmmm− 1,
0.94MPa) were notably larger than that of the 4 h (0.64mmmm− 1,
0.58MPa) and 24 h (0.83mmmm− 1, 0.70MPa) samples. The frac-
ture strain of the 4 h sample, and the fracture stress of the 2 and 24 h
samples, showed no significant deviation from that of BC/PEG. In
addition, the fracture strain of the gel prepared with 80% PEGDA
decreased with increasing treatment time, whereas the fracture stress
of the 2 h (0.76 mmmm− 1, 0.83MPa) and 24 h (0.35mmmm− 1,
0.82MPa) samples were essentially equal in value and showed no
significant deviation from that of BC/PEG. As the composite gel
prepared with 80% PEGDA for 24 h was predominantly crosslinked
PEGDA polymer, it was very brittle under elongation. In contrast, with
the 40% PEGDA and 80% PEGDA samples treated for 2 and 4 h, the
fracture strain and stress value increased in the order 40% PEGDA for
2 h, 80% PEGDA for 2 h, 40% PEGDA for 4 h and 80% PEGDA for
4 h. In other words, this order is not directly related to the weight of
crosslinked PEGDA, suggesting that the depth of the composite has a
greater effect. For this reason, a treatment time of 2 h is considered
optimal in terms of the final mechanical properties, as this facilitates

Figure 3 Relationship between (a) hardness and tensile fracture strain and (b) hardness and tensile fracture stress for BC/PEG-PEGDA. All results are shown
as the mean values± s.d. (n=5). Hardness: 40% 2 h, 80% 2, 4 and 24 h are *Pp0.05 (for BC/PEG); fracture strain: 40% 2 and 24 h, 80% 2 and 24 h
are *Pp0.05 (for BC/PEG); fracture stress: 40% 4 h and 80% 4 h are *Pp0.05 (for BC/PEG).

Figure 2 Dependence of PEGDA impregnation time and introduction rate on
the weight of crosslinked PEGDA polymer dried on BC/PEG-PEGDA. The
PEG was completely removed from the BC/PEG-PEGDA samples by washing
and all results represent the mean values± s.d. (n=3).
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extension of the gel. Figure 4 shows a schematic of how this affects the
gel sample during tensile testing, wherein the composite phase in the
peripheral region is broken early on, but the fiber phase in the center
remains. In other words, if a large amount of crosslinked PEGDA is
present in the composite phase, it becomes brittle and is more easily
broken. This in turn causes it to peel away from the gel early on, so
that the fiber phase is unable to withstand elongation. As the retention
of the fiber phase is vital to reducing the brittleness of the material, the
concentration gradient of the PEGDA polymer is clearly a critical
factor (Figure 1).
The mechanical properties of several cellulose composites have been

reported by selective dissolution of the fiber surface,15,17–19 revealing
the hydrogen bond between fibers to be an important factor. Thus,
with cellulose sheets consisting of a micro-sized fiber network such as
filter paper, larger voids and fewer hydrogen-bonded fiber–fiber
interactions are formed. In a composite, these voids are filled by the
matrix, leading to a strong interface and good stress transfer capability
that lead to a marked increase in strength. However, as the BC sheet
has a stronger nano-sized cellulose fiber network structure compared
with that of a sheet prepared from microfibrillated cellulose, its
mechanical properties decrease with any loss of continuity of the
original network structure.15 In this study, the decrease in strength of
the BC gel fully composited with crosslinked PEGDA was similar to
that of a BC composite sheet, but the peripheral region crosslinked by
an appropriate concentration of PEGDA meant that the fracture strain
and fracture stress could be maintained or even improved. This is
because the introduction of crosslinked PEGDAs between cellulose
fibers allows them to move more easily, thus making the PEGDA
concentration an important consideration in creating a PEGDA
network structure. That is, a high concentration of PEGDA molecules
results in more entanglement in the BC/PEG gel, thereby increasing
the number of crosslinked points. A composite gel produced with a

high concentration of PEGDA is therefore strong and brittle under
elongation, whereas the network structure formed with low PEGDA
concentrations should be more influenced by hydrogen bonds
between cellulose fibers, and therefore, more conducive to elongation.
To determine the thermo-responsiveness of the BC/PEG-PEGDA

gels prepared with 40% PEGDA, their optical transmission at a
wavelength of 600 nm was measured every 5 °C. From the results
presented in Figure 5, we see that unmodified BC/PEG gels exist as a
white, opaque solid at low temperatures but become transparent at
high temperatures. The point at which this physical change occurs is
determined by the melting point of PEG.11 In a previous study,12

BC/PEG gel was found to become transparent and elastic as the
temperature increased above 25 °C, whereas the temperature at which
BC/PEG-20% PEGDA (n= 9) changed from opaque to ~ 10%
transparent varied between 25 and 30 °C. In this study, the change
from opaque to 5–10% transparent still occurred at 25–30 °C,
indicating that the thermo-responsiveness of the BC/PEG-PEGDA
gels slightly remains in comparison with the fully composite gel treated
with 20% PEGDA (n= 9). The decrease in transparency with
increasing PEGDA concentration can be attributed to the aggregation
of PEGDA on the fibers (Figure 1). Though the transmission of BC/
PEG-40% PEGDA for 24 h decreased, the transmission of BC/PEG-
-40% PEGDA for 2 h was comparable to that of a fully composite BC
gel formed with 20% PEGDA (n= 9).12 Thus, peripheral region
crosslinking by PEGDA for 2 h is clearly effective in retaining the
thermo-responsiveness of BC/PEG-PEGDA gels, as compared with the
gels treated under other conditions.

CONCLUSIONS

Through this research, we have succeeded in developing BC/PEG gels
that are nonbrittle under elongation by forming a composite with a
crosslinked PEGDA network structure. These properties are achieved
by limiting the depth to which the composite structure extends,
thereby retaining a more ductile, fibrous phase in the center. Typically,
materials become brittle with increasing hardness, but this study has
demonstrated that a BC/PEG-PEGDA gel with a peripheral region
crosslinked by PEGDA becomes both harder and less brittle than a
BC/PEG gel. Transmission measurements confirmed that the thermo-
responsiveness of these BC/PEG-PEGDA gels is maintained as they
change from opaque to transparent. These BC/PEG-PEGDA gels are

Figure 5 Transmission at λ=600 nm of (a) BC/PEG and BC/PEG-40%
PEGDA (b) 2 h, (c) 4 h and (d) 24 h. Gel thickness was (a) 2.6, (b) 3.4 and
(c, d) 3.6mm.

Figure 4 Schematic of the tensile testing of BC/PEG-PEGDA gel in which
initial fracture of the surface composite is followed by the inner cellulose
fiber part.
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also expected to be biocompatible, particularly given that PEGs are
biocompatible and already extensively used in drug carriers,20 similar
to PEGDAs. As BC and BC/PEG gels are typically considered too soft
and difficult to handle for use as sheet materials, these findings suggest
that BC/PEG-PEGDA gels have great potential for use in the fields of
medicine and cosmetics for the treatment and repair of skin.
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