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The hybrid hydrogel composed of tubular aluminosilicate
nanofiber, “imogolite,” and pepsin was prepared in a simple
manner. We confirmed the formation of a network structure of
imogolite in hydrogel by FE-SEM observations. Pepsin immobi-
lized onto imogolite showed enzymatic activity after repeated
reactions.

Imogolite is a kind of clay mineral widely distributed in vol-
canic ash soils and weathered pumice beds that was first discov-
ered in Japan in 1962.! It has a hollow, fibrous structure with an
outer diameter of 2.5nm and a length from several hundred
nanometers to a micrometer and has the general formula of
Al,03-Si0,+2H,0.2 The AI-OH groups at the outer surface of
imogolite can interact specifically with phosphate ions’ and al-
kyl phosphonyl/phosphoryl groups.* By utilizing the immobili-
zation of the enzyme which has a phosphoric group onto the
nanofiber, it is possible to achieve high levels of enzyme immo-
bilization by immobilizing enzymes with a phosphoric group on-
to the nanofiber. Furthermore, enzyme activity can be expected
to be maintained by forming a hybrid hydrogel immobilized with
enzyme because imogolite can form a 3-dimensional network
structure in aqueous solution.> The authors report herein prepa-
ration of a hybrid hydrogel via the immobilization of pepsin as a
model enzyme with a phosphoric group and evaluation of its
aggregation structure and enzyme activity.

The (imogolite/pepsin) hybrid hydrogel was prepared by
adding 10mL of pH = 3.1 pepsin solution (1 mg/mL) to the
10mL of pH = 3.1 imogolite solution (0.5 mg/mL). The mix-
ture was incubated at 37 °C by shaking at 120 rpm for 4 h. After
that, it was centrifuged at 3000 rpm for 15 min and rinsed 3 times
with pH = 3.1 acetic acid solution to obtain the hybrid hydrogel.
Figure 1 shows a photograph and schematic representation of the
structure of the hybrid hydrogel. Pepsin has a phosphoric group

b) imogolite

Figure 1. a) Photograph and b) schematic representation of
(imogolite/pepsin) hybrid hydrogel.
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Figure 2. IR spectra of (1) imogolite, (2) pepsin, and (3) hybrid
hydrogel immobilized with pepsin.

at the serine of the 68th residue.® The AI-OH groups of imogo-
lite are positively charged and dispersed under acidic conditions
(pH below 5) in aqueous solution by the electrostatic repulsion
among them and pepsin is negatively charged under pH = 3.1
because its isoelectric point is 1.0.7 This hybrid hydrogel was
formed due to the electrostatic interaction between imogolite
and pepsin as well as the interaction between AI-OH groups
of the imogolite surface and the phosphoric group of pepsin.
To the best of our knowledge, this is the first report of a hybrid
hydrogel prepared via the immobilization of enzyme onto inor-
ganic nanofibers.

The immobilization of pepsin was confirmed by IR meas-
urement using the KBr method. Figure 2 shows IR spectra of im-
ogolite, pepsin, and hybrid hydrogel immobilized with pepsin.
The absorption peaks at 995 and 940 cm™" can be attributed to
the stretching vibration of Si—O—-Al in imogolite,® and those at
1647 and 1537 cm™! to amide I and II bands in pepsin, respec-
tively.” The immobilization of pepsin by the interaction between
pepsin and imogolite was indicated, since the absorption peaks
of pepsin and imogolite were observed simultaneously and the
intensity ratio of absorption peaks from imogolite at 995 and
940 cm™! was changed before and after immobilization. Further-
more, the same absorption peaks from amide I and II bands
before and after immobilization suggested that pepsin was not
denatured. The amount of immobilized pepsin was estimated
by thermogravimetric analysis (TGA). The maximum value
was approximately 1.8 mg of pepsin per 1 mg of imogolite.'®
Assuming a single-fiber dispersion of imogolite, this maximum
value indicates that ca. 71% of the surface of imogolite is
covered with pepsin molecules.
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Figure 3. FE-SEM image of the hybrid hydrogel immobilized
with pepsin.

Confocal laser scanning microscopy (CLSM) and field-
emission scanning electron microscopy (FE-SEM) were used
to evaluate the dispersion state of pepsin in the hybrid hydrogel
and the network structure of hybrid hydrogel.!! Pepsin was
found to be finely dispersed in the hybrid hydrogel, and the
fluorescent images of pepsin and imogolite showed a similar
morphology (figure not shown) due to the immobilization of
pepsin onto the imogolite surface. Figure 3 shows the FE-SEM
image of the hybrid hydrogel with a 99.7% water content. The
3-dimensional network structure of the hybrid hydrogel com-
posed of imogolite could be directly observed. The average pore
size of the hybrid hydrogel in this image was 108 nm.

The enzyme activity of immobilized pepsin in the hybrid
hydrogel was evaluated from hydrolysis of hemoglobin at
pH = 3.1.12 A Aygy/min of free pepsin was 0.183, and that of im-
mobilized pepsin in the hybrid hydrogel was 0.048. Therefore,
immobilized pepsin in the hybrid hydrogel retained ca. 26% of
its enzyme activity compared with free pepsin in aqueous solu-
tion. The enzyme activity of immobilized pepsin was apparently
decreased. Similar behavior was observed on the enzyme immo-
bilized at the inner surface of halloysite.!> This decrease could
be ascribed to the slow diffusion of substrate into the network
structure of the hybrid hydrogel shown in Figure 3 as well as
to inhibition of the diffusion of substrate to the active site of
immobilized pepsin due to the steric hindrance of the imogolite
network. In the case of pepsin immobilized in the hybrid hydro-
gel, it can be easily recovered from the reaction system and can
repeatedly react with the substrate. The change in enzyme activ-
ity was investigated in the repeated reaction. Figure 4 shows the
change in enzyme activity of immobilized pepsin in the hybrid
hydrogel. In fact, the enzyme activity of immobilized pepsin
was retained after four reactions, with a slight decrease in activ-
ity as the number of reactions increased.

In conclusion, the authors successfully prepared a hybrid
hydrogel immobilized with enzyme having a phosphoric group.
Although the enzyme activity of immobilized pepsin in the hy-
brid hydrogel was slightly decreased, the immobilized pepsin
could react repeatedly after the enzyme reaction. This method
of enzyme immobilization should be applicable to enzymes that
have phosphoric groups or to which phosphoric groups have
been introduced.
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Figure 4. The enzyme activity change of immobilized pepsin
during the repeated reaction at 37 °C.
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