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By mixing boronic acid-modified poly(acrylic acid) (pAA-
BA) and f-1,3-glucan Schizophyllan (SPG) in water at pH 9.9,
hydrogel was readily formed with the aid of the sugar and
boronic acid interaction. This hydrogel showed the reversible
transformation between sol and gel depending on the medium
pH. Moreover, this hydrogel stability was sensitive to fructose
concentration. As one potential output, we prepared the hydrogel
including single-walled carbon nanotubes, utilizing the nano-
tube-wrapping property inherent to SPG.

So far, much attention has been paid to various functions
created by high-water-content materials, especially hydrogels
because of their low environmental burden and high biocompat-
ibility.! Today, hydrogels are expected to be applicable even to
the medical field, such as drug delivery, by encapsulating the
drugs into their network structures.

To use hydrogel as a practical drug carrier, some contriv-
ance for stimuli responsiveness is indispensable because the
drug should be released after reaching the objective place in a
controlled manner. Nevertheless, reports on such stimuli-
responsive hydrogels®> have been limited in the bioinspired
fields such as sensor systems, artificial muscles, and self-healing
materials.

Now, carbon nanotubes have emerged as new materials
useful to design such functions.> However, their strong
aggregation property and poor solvent solubility cause many
troubles, which have made their manipulation very difficult.
Therefore, many researchers have devoted their efforts to carbon
nanotubes soluble discretely into solvents.* For example, some
helical polymers such as DNA and amylose are able to
solubilize single-walled carbon nanotube (SWCNT) into water
by wrapping SWCNT into their helical frameworks.>® However,
it is difficult to modify the outside surface of SWCNT/DNA or
SWCNT /amylose composites to acquire some desired functions.
Schizophyllan (SPG) is one kind of -1,3-glucan polysaccharide
produced by the fungus Shizophyllum commune. The repeating
unit of SPG consists of three 8-1,3-glucose units and one B-1,6-
glucose side chain every three main chain glucose units as
shown in Figure 1. SPG forms a triple-stranded helical assembly
in nature, which can be dissociated into a single chain in
dimethyl sulfoxide (DMSO). It is possible to regenerate the SPG
triple-stranded helix by exchanging the solvent from DMSO to
water. Previously, we demonstrated that SPG entraps various
kinds of hydrophobic monomers and polymers,” including
SWCNT? into the one-dimensional cavity constructed in its
helical structure and discretely solubilizes them into water.
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Figure 1. Structures of the chemicals used in this research.

Moreover, it is possible to modify the outside surface of those
composites through periodate oxidation of the glucose side
chain. For instance, B-lactoside-modified SPG thus synthesized
can be used as a DNA carrier which conveys the DNA
selectively to liver.” Herein, we report molecular design of a new
pH-responsive hydrogel based on the interaction between the
glucose side chain and the polymer-appended boronic acid,
which is expected to undergo the sol-gel phase transition
depending on the physiological pH change and to be useful to
prepare a new SWCNT hydrogel.

It is well-known that 4- and 6-hydroxy groups in glucose
reversibly form covalent complexes with boronic acids at from
neutral to basic pH conditions.'” Taking advantage of this, we
recently demonstrated that SWCNT wrapped in the helix of SPG
can be aligned into one direction with the aid of the side chain
glucose/boronic acid interaction.!! To further extend this toward
the formation of hydrogel materials, we employed boronic acid-
modified poly(acrylic acid) (pAA-BA, the number average
molecular weight of the main chain was 250000) instead of
monomeric boronic acid, which is expected to link not only SPG
but also SPG/SWCNT composite through the side chain
glucose/pendent boronic acid interaction, as shown in Figure 2.

At first, the carboxylic acid groups of poly(acrylic acid)
were partially modified with boronic acid utilizing the con-
densation reaction as shown in Figure 1. The introduced
percentage of boronic acid was estimated to be 3% from the
peak intensity of 'HNMR spectrum (see Supporting Informa-
tion').

The hydrogel was prepared according to the following
procedure. SPG and pAA-BA were mixed in 0.40 mL of aqueous
Na,CO3;/NaHCO; buffer solution ([SPG]=5gL~!, [pAA-
BA]=3.5gL"!, pH 9.9). The obtained aqueous solution was
further sonicated for Smin and left for 15min at room
temperature. These treatments gave the hydrogel as shown in
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Figure 2. Schematic illustration of hydrogel formation.
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Figure 3. Photographs of the aqueous mixtures of SPG and
PAA-BA (a), CUR and pAA-BA (b), and SPG and poly(acrylic
acid) (c). The concentration of each component was [SPG] =
5gL~! [CUR]=3.8gL"!, [pPAA-BA] =3.5gL~!, and [poly-
(acrylic acid)] =3.3gL~!. The monomer unit ratios are same
between SPG and CUR, and between pAA-BA and poly(acrylic
acid).

Figure 3a. As a reference experiment, we used curdlan (CUR)
bearing the same $-1,3-glucan main chain but without side chain
glucose unit, instead of SPG. Then, we could not obtain any
hydrogel through the same experimental procedure (Figure 3b).
Along the same line, when poly(acrylic acid) was used instead
of pAA-BA, the hydrogel was not obtained either, as shown
in Figure 3c. These results clearly indicate that the glucose/
boronic acid interaction is indispensable for formation of the
stable hydrogel.

To confirm the influence of SPG on the stability of the
obtained hydrogel, an aqueous solution of SPG (200 uL) was
mixed with a buffer solution of pAA-BA (7gL~!, 200uL,
pH 9.9, Na,CO;3/NaHCO;) with changing the SPG concen-
tration in a range from O to 7.5gL~'. Consequently, the
viscoelasticity of the aqueous mixture was increased with the
increase in the SPG concentration as shown in Figure 4. On the
contrary, the aqueous buffer solution containing pAA-BA
(200 uL, pH 9.9, Na,CO;3/NaHCO;) was added to the 10 gL ™!
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Figure 4. Hydrogelation depending on the concentration of
SPG. In this aqueous mixture, the concentration of pAA-BA is
3.5gL7! and that of SPG is (a) 0, (b) 1.25, (c) 2.5, (d) 3.75,
(e) 5, and (f) 7.5gL~".
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Figure 5. pH and sugar responsiveness of the hydrogel
prepared from pAA-BA and SPG. The hydrogel was trans-
formed to sol after the addition of fructose. Also, the hydrogel
was transformed to sol depending on pH. The mixing ratio is
SPG/pAA-BA =5gL71/3.5gL7".

of SPG aqueous solution (200 uL) with changing the concen-
tration from 0 to 2.65gL~'. With the increase in the concen-
tration of pAA-BA, formation of the hydrogel was also observed
as shown in Figure S2.'5 These results imply that the hydro-
gelation was affected by the concentration of both SPG and
PAA-BA, supporting the view that the glucose/boronic acid
interaction plays a crucial role for the gel formation.

It was already reported that fructose can interact with
boronic acid more strongly than glucose.!? Utilizing this affinity
trend, an aqueous solution of fructose (0.2molL~!, 10 uL) was
added to the hydrogel prepared by the procedure described
above. As a result, immediately after the addition of fructose, the
hydrogel was transformed to the sol state as shown in Figure 5.
This interconversion induced by added fructose indicates
that this hydrogel formation can be controlled by the sugar
concentration.

Furthermore, it is also known that the glucose/boronic acid
interaction effectively works at pH >9, because the stable
covalently bonded complex can exist above the pK, value of the
phenylboronic acid (ca. 9).'3 In the present hydrogel system, the
pH decrease to 8.4 by addition of 1 mol L' acetic acid solution
transformed the hydrogel to the sol state. After that, when the pH
value was increased to 9.8 using 2 mol L~! aqueous solution of
sodium carbonate, the hydrogel was reformed again. From these
results, one can confirm that the present hydrogel prepared from
PAA-BA and SPG has not only the sugar responsiveness but
also the pH responsiveness, as shown in Figure 5.

As described before, we have already reported that various
hydrophobic guest polymers, such as SWCNT, can be entrapped
into the one-dimensional cavity constructed by SPG during its
renature/denature processes, leading to the creation of sugar-
coated water-soluble composites.”® In order to prepare the
hydrogel material containing SWCNT, we used this SWCNT/
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Figure 6. Photograph and schematic illustration of hydrogel
including SWCNT entrapped into the helical structure of SPG.

SPG composite instead of SPG. The composite was basically
prepared according to the literature previously reported by us.®!!
Thus, the SWCNT/SPG composites were prepared according to
the following procedure. To a DMSO solution of SPG (15gL ™",
400uL), an aqueous solution of cut single-walled carbon
nanotubes (2000 uL) was added at once with sonication. This
clear black aqueous mixture was left for 3 days to let SPG form
the stranded helix. The SWCNT/SPG composites were collected
as black paste by ultrafiltration (3000 rpm, 60 min), which was
dissolved into 100 UL of water again. To this aqueous solution
of SWCNT/SPG composite, an aqueous solution of pAA-BA
(7gL™!, 50uL, pH 9.9, Na,CO;/NaHCO;) was added and
sonicated for 5min. After leaving for 15min, the hydrogel
including SWCNT was formed as shown in Figure 6.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images of SWCNT/SPG compo-
sites before and after the addition of pAA-BA were quite
different as shown in Figures S3 and S4.'° These morphological
changes clearly indicate that the SWCNT/SPG composites
construct a polymer-network crosslinked by pAA-BA in water.

In summary, we have demonstrated that the novel hydrogel
materials can be prepared from the boronic acid-modified
poly(acrylic acid) and SPG by using the glucose/boronic acid
interaction. Furthermore, the inherent SWCNT-wrapping prop-
erty of SPG is applicable to formation of the hydrogel including
carbon nanotubes. The SWCNT-containing hydrogel is so stable
that it has the high potential to apply it to biosensors,
biomineralization, artificial muscles, etc. Since SPG can entrap
various other guest molecules,”'* one can combine this stimuli-
responsive hydrogel with other functions inherent to the
wrapped guest molecules, which would lead, for example, to
drug delivery, chemical sensors, self-healing materials, and
so on.

We thank Mitsui Sugar Corporation for providing Schizo-
phyllan.
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