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ABSTRACT: A glucose-responsive polymer gel bead with a diameter in the range of several hundred
micrometers, bearing a phenylborate derivative (3-acrylamidophenylboronic acid) as a glucose-sensing
moiety, was successfully prepared by inverse phase suspension polymerization. The kinetics of the glucose
responsive swelling and shrinking process of the gel bead was studied by monitoring changes in the size
and shape of the gel under a microscope. The equilibrium swelling volumes of the gel determined under
various temperatures and glucose concentrations revealed the presence of critical temperatures and glucose
concentrations to induce discontinuous volume phase transitions of the gel. The glucose-induced swelling
process was accompanied by the appearance of a marked swelling boundary (swelling front) intervening
between the core collapsed phase and the outer swollen layer of the gel, and the swelling curve as a
function of the square root of the time exhibited a sigmoidal (nonlinear) feature, both indicating that the
process is essentially rate determined by the relaxation process of the polymer chains due to the hydration.
The swelling rate was significantly affected by the bead size and the terminal glucose concentration. An
accelerated disappearance of the swelling front was observed immediately before the gel reaches the
equilibrium swelling, which was highlighted by an increased bead size, implying that increasing elastic
and osmotic pressures generating from the swollen layer affect the swelling kinetics. The glucose-induced
shrinking process involved the formation of a skin layer on the gel surface followed by a radical structural
change. The observed, appreciably long-termed preservation of a quasi-swollen state on a sub-millimeter
scale gel bead with a distinctive skin layer may propose the potential applicability of the gel to chemical
valve systems discretely switching for solute release.

Introduction

Significant progress in the study of stimuli-responsive
polymer gels over these past decades has revealed a
wide variety of potential and successful application
forms of these gels. Numerous types of stimuli such as
heat,1=* pH,>% light,” and electric fields® have been
demonstrated to induce abrupt changes in the physico-
chemical properties of a polymer gel. In the list of the
stimuli types thus far shown to induce responses,
however, few examples can be found of chemical stimuli,
i.e., concentration changes of certain molecules in the
environment, although the design of such chemical-
stimuli responsive systems could still expand the range
of their applicable fields.

One challenging molecule that may have a great
impact on medical applications may be glucose, i.e.,
change in blood sugar level. Many attempts have indeed
been devoted to the establishment of a glucose-respon-
sive polymer (gel) system, aimed at the development of
self-regulated insulin delivery devices to treat diabetes.®
The common methodologies to construct such systems
can be categorized into two major types.1® One is the
utilization of an enzymatic reaction between glucose
oxidase (GOD) and glucose,*~14 and the other is based
on the competitive and complementary binding proper-
ties to concanavalin A (Con A) of synthetically glycosy-
lated insulin and glucose.3-19 However, these protein-
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Figure 1. Equilibria of (alkylamido)phenylbronic acid in an
aqueous solution in the presence of glucose.

based components that could potentially be denatured
are quite subjective to the environmental changes and
thus limit the reliable functionality of the system when
used and stored for an extended period of time.

In this context, the use of a somewhat nonnatural or
synthetic component as a glucose-sensing moiety may
offer a new prospect for achieving more advanced
systems. Phenylboronic acid may serve as a potential
candidate for such an objective.?°21 As shown in Figure
1, phenylboronic acid compounds in water exist in
equilibrium between the uncharged, and thus relatively
hydrophobic, form and the charged, and thus relatively
hydrophilic, form. Upon the addition of glucose, the
charged form of phenylborate can form a stable complex
with glucose through reversible covalent bonding,?2-24
whereas the complex between the uncharged form of
phenylborate and glucose is quite unstable with a high
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susceptibility to hydrolysis.2> Because the complex
formed between the charged phenylborate and glucose
itself is also anionically charged, the further addition
of glucose induces a shift in the above-described equi-
librium in the direction of the increasing charged
(hydrophilic) forms of phenylborate and vice versa.

Consequently, by introducing this property of phe-
nylborates into an amphiphilic polymer gel struc-
ture, such as that of the poly(N-isopropylacrylamide)
(PNIPAAmM) gel, one should obtain a functional polymer
gel that undergoes a reversible volume change (volume
phase transition) driven by the change in the counte-
rions’ osmotic pressure synchronized with the change
in glucose concentration.?® Our previous work has
reported the first preparation of such a polymer gel that
is composed of PNIPAAmM and 3-acrylamidophenylbo-
ronic acid (AAPBA) (9:1 in molar ratio: NB10 gel). A
sufficiently on—off regulated releasing profile of insulin
from a disk-shaped NB10 gel has been repeatedly
achieved.?® In addition, the observed quick response and
the effectively shut-off release of insulin in a synchro-
nizing manner with the change in the external glucose
concentration implied the formation of a dehydrated
skin layer on the gel surface, serving as a highly
sensitive releasing “switch”.

Accordingly, this study is intended to provide a
detailed investigation of the glucose-responsive kinetics
of this unique class of gels. Some obstacles need to be
overcome for the quantitative kinetic evaluation of a gel
with an anisotropic shape (nonspherical). As the nature
of polymer gels, the response rate is dependent on the
size and shape of the gel.?” Also, the shear energy
originating from the latent anisotropy of the gel is not
negligible.?8 With these factors in mind, the use of a
smaller-sized, spherical (isotropic) gel reveals great
advantages such that quick swelling and shrinking of
the gel can be achieved or that the swelling and
shrinking behaviors can be readily observed under a
microscope and evaluated three-dimensionally with no
regard to the shear relaxation process. Hence, in the
present study, we prepared spherical NB10 gel beads
by an inverse phase suspension polymerization tech-
nique. For the static-state information, the equilibrium
swelling volumes of the NB10 gel at various glucose
concentrations and temperatures were determined,
which were quantitatively correlated with the disas-
sociation degree of the phenylborate moieties assessed
from the potentiometric titration. The kinetics of the
glucose-induced swelling of the gel was discussed in
comparison with that induced by a temperature change.
The effects of the bead size as well as the varied
terminal glucose concentrations on the swelling rates
were then examined. Furthermore, for a more profound
understanding of the swelling Kinetics, both the col-
lapsed phase in the gel core and the surrounding swollen
layer, which emerge during the swelling process, were
independently analyzed. Finally, the glucose-induced
shrinking process of the gel was investigated, and the
possible kinetics was described in detail.

Experimental Section

Materials. N-lIsopropylacrylamide (NIPAAmM) was pur-
chased from Kojin (Japan) and recrystallized from n-hexane.
3-Acrylamidephenylboronic acid (AAPBA) was supplied from
Wako (Japan) and was used as received. N,N'-Methylenebis-
(acrylamide) (MBAAmM), tetramethylethylene diamide, am-
monium persulfate, and liquid paraffin were all purchased
from Wako (Japan) and were used without further purification.
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Preparation of Gel Beads by Inverse Phase Suspen-
sion Polymerization. Gel beads were prepared by inverse
phase suspension polymerization using liquid paraffin as the
organic phase. 80 mL of liquid paraffin was initially bubbled
with argon for 1 h in a round-bottomed flask immersed in a
water bath controlled at 15 °C. The initiator solution was
prepared by dissolving 40 mg of ammonium persulfate in 1
mL of distilled water. NIPAAm (2.565 g), AAPBA (0.504 g),
MBAAm as a cross-linker (0.041 g), and tetramethylethylene
diamide as an accelerator (0.750 g) were dissolved in 16 mL
of distilled water (monomer solution). Both solutions were
degassed for 5 min, bubbled with argon, and then incubated
in an ice bath for 10 min. These incubations were critical to
inhibit any occurrence of immediate polymerization in the
highly concentrated monomer solution upon the addition of
the initiator solution. Subsequently, 0.25 mL of the initiator
solution was added to the monomer solution. After a quick
stirring, it was poured into the flask. The reaction was allowed
to proceed under an argon atmosphere at 15 °C and stirred at
the rate of 400 rpm for 1 h. The collected gel beads were
washed several times with THF to remove the liquid paraffin
and the remaining monomers. The diameter of the obtained
beads was approximately 0.2—0.8 mm in the stored solution
(THF) and was significantly dependent on the amount of the
added accelerator.

Potentiometric Titration. Potentiometric titration of the
bead gel was performed for various glucose concentrations at
25 °C under an argon atmosphere, using an automatic titrator
system (DL25, Mettler Toledo, Germany) equipped with a pH
electrode (Glass electrode DG111-SC, Mettler Toledo, Ger-
many). The sample was stirred at ca. 100 rpm during the
titration. The calibration of the electrode was carried out at
25 °C with carbonate and phthalate buffers (Beckman).
Purified gel beads via dialysis against deionized water and
then freeze-dried (10 mg) were suspended in 40 mL of freshly
prepared 0.01 N NaOH solution (150 mM NaCl) adjusted to a
series of glucose concentrations. The water was purified by a
Milli-Q instrument (Millipore Corp.). The titrant (0.01 N HCI,
150 mM NacCl) was added through a 10 mL bullet in 0.1 mL
portions when the drift reached the rate of £0.01 pH unit over
the monitoring time of 10 min. The average molar content of
the phenylborate moiety (AAPBA) in the gel bead was calcu-
lated to be 10.8 mol % (8.2 x 1072 mol/g), from the amount of
the added titrant during the titration and the dried state
weights of the gel, assuming an incorporation of the cross-
linking moiety (MBAAmM) in the same molar content as in the
feed (1 mol %).

Observation of Swelling—Shrinking Behavior of Gel
Beads. The gel beads stored in THF were transferred to an
excess amount of distilled water and incubated for at least 1
day to thoroughly exchange the solvent from THF to distilled
water. As a means to readily observe the shape-changing
behavior of the gel while controlling the temperature, two
concentric laboratory dishes of different sizes were placed on
the microscope stage, serving as a two-chambered cell. A gel
bead was put in the inner chamber filled with each experi-
mental buffer solution. The temperature of the solution was
sufficiently controlled by applying a thermocontrolled water
flow in the outer chamber. Prior to each experiment, the gel
beads were kept in the solution under the controlled temper-
ature for a sufficient period of time in order to reach their
equilibrium swelling. Investigations of the glucose responsive
behaviors of the gels were carried out by exchanging the
solution in the inner chamber with the different glucose
concentrations conditioned buffers. The images of the gel were
observed under a microscope (Nikon, Diaphot) equipped with
a black—white CCD camera (Hamamatsu Photonics, C2400).
The obtained images were processed using analytical software
(Hamamatsu Photonics, image processor Argus C5510) and
then recorded by a video recorder.

Results and Discussion

Equilibrium Swellings of NB Gel. The NB gel is a
copolymer gel mainly composed of poly(N-isopropylacryl-
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Figure 2. Equilibrium swelling volume (the ratio to the
volume at 40 °C: Vpmin = 387 um) of an NB gel bead in a pH 9
CHES buffer solution (I = 0.15) as a function of glucose
concentrations and temperatures.

amide) (NIPAAm) which itself undergoes a thermosen-
sitive phase transition, with a pendent phenylborate
derivative (AAPBA), which reversibly dissociates in
response to change in the pH or glucose concentration.
Hence, this type of gel is capable of responding to both
physical (temperature) and chemical stimuli (pH or
glucose).

The theoretical basis for the volume-changing behav-
ior of a polymer gel has been well-established by Tanaka
et al. with modified Flory—Huggins formula.?®3° The
equilibrium swelling degree of a polymer gel is deter-
mined by the osmotic pressures’ balance among those
originated from the following three factors: (1) rubbery
elasticity due to the cross-linked network, (2) the change
in mixing free energy (between the polymer segment
and the solvent molecule), and (3) the osmotic pressure
induced by the presence of the counterions, particularly
when the gel contains fixed charges. The third term,
the counterions’ osmotic pressure, has been theoretically
as well as experimentally shown to be most influential.%°
For example, the introduction of 1 mol % acrylic acid
(carboxyl anion) into the PNIPAAmM gel network brings
about as much as 20% increase in the swelling degree
at 25 °C.%0

Figure 2 shows the equilibrium swelling volumes of
the NB gel as a function of the glucose concentration
for various temperatures in a pH 9 CHES buffer
solution (I = 0.15). While the gel is in the completely
shrunken state at 35 °C regardless of the glucose
concentration and in the sufficiently swollen state at
10—-15 °C, in an intermediate temperature range (20—
30 °C), the gel undergoes marked volume changes at
each critical glucose concentration. Figure 3 indicates
the change in the apparent pK, (pKaapp) 0Of the phe-
nylborate group in the NB gel (left-hand side) along with
the change in the fraction of the charged phenylborate
(right-hand side) (pH 9, 25 °C) as a function of the
glucose concentration that were assessed from the
potentiometric titration. The pKayapp decreases with
increased glucose concentration because of the stabiliza-
tion of the charged phenylborates (2 and 3: Figure 1)
through the complexation with glucose. Consequently,
the fraction of the charged phenylborate at pH 9 (25
°C) increases with increased glucose concentration. For
the glucose concentration of 0.4 g/L, where the gel's
volume appears to start increasing in Figure 2, the

Macromolecules, Vol. 37, No. 4, 2004

9.4 —{11

Fraction of charged phenylborate

8.4 : L 0
0 1 2 3
Glucose concentration [g/L]

Figure 3. Changes in the apparent pKi (pKaapp) of the
phenylborate group in an NB gel bead (left-hand side) at 25
°C, and the fraction change of the charged phenylborate (right-
hand side) at pH 9 and 25 °C, as a function of glucose
concentration, as determined from the potentiometric titration.

fraction reaches 0.61, indicating that this value of the
fraction corresponds to a critical amount of the charged
phenylborate necessary to expand the network of the
NB gel at 25 °C. On the basis of the calculated
phenylborate (AAPBA) content (10.8 mol %) from the
titration result, the converted molar ratio of the critical
amount of the charged phenylborate (to initiate the gel's
swelling at 25 °C) to the entire gel’s structure becomes
6.6 mol %. This value, indeed, agrees with a fact that
the PNIPAAmM-based copolymer bearing 10.5 mol %
phenylborate moiety shows its LCST of about 25 °C
when the fraction of the charged phenylborates becomes
0.59 mol % (the converted molar ratio: 6.2 mol % (data
not shown)). Also revealed in Figure 2 is that, with
increased temperature, the critical glucose concentra-
tion at which the gel starts swelling shifts toward a
higher glucose concentration. This is due to the in-
creased contribution of the second factor (increased
mixing free energy) mentioned above. According to an
equation of state for a polymer gel obtained from the
aforementioned three factors, a physical meaning of
changing temperature is synonymous with that of
change in mixing free energy (the second factor).2®
Specifically, when the constituent polymer segment
possesses the LCST (lower critical solution temperature)
as in the present case (PNIPAAmM main chain), an
increased temperature causes an increased mixing free
energy, thus resulting in a decreased volume of the gel
(a less hydration of the network). Therefore, a higher
glucose concentration or an increased fraction of charged
phenylborates is necessary to expand the network when
the temperature is increased as observed in Figure 2.
The same reason accounts for a slightly decreased
swollen-state volume of the gel with increased temper-
ature as can be seen in the lower glucose concentration
range in Figure 2.

Swelling Process of NB Gel. Figure 4 shows images
of (a) temperature- and (b) glucose-induced swellings
of the gel. In both cases, distinct swelling boundaries
(swelling fronts) between the gel core, in the collapsed
phase, and the outer swollen layer were observed. The
size of the core collapsed phase decreased with time,
while the surrounding swollen layer continued to grow
until finally the entire phase made the transition to the
swollen phase. After disappearance of the swelling front,
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Figure 4. Images of swelling behavior of an NB gel bead induced by (a) a decreased temperature from 30 °C to 15 °C in a pH
9 CHES buffer saline (I = 0.15) in the absence of glucose and (b) an increased glucose concentration from 0 to 5 g/L at 25 °C in
a pH 9 CHES buffer saline. The initial diameter of the gel in the completely collapsed state was 400 um.

the gel did not demonstrate any further significant size
change, indicating that the gel had reached its equilib-
rium swelling as soon as the collapsed phase disap-
peared. The swelling rate of the glucose-induced process
is, however, much slower than that of the temperature-
induced one. During the temperature-induced swelling
process, the heat quickly and uniformly propagates
throughout the entire volume of the gel. Consequently,
the gel promptly swells due to the hydration of the
polymer chains when the temperature becomes lower
than the LCST of the network. On the other hand, for
the glucose-induced swelling process, glucose molecules
first diffuse into the gel and then bind to the phenyl-
boronic acid groups, which causes hydration of the
polymer chains. Figure 5 shows a series of terminal
glucose concentration-induced swelling curves of the gel,
all with an initial glucose concentration of O g/L. The
swelling degrees are standardized with the value of the
completely shrunken state in order to show the differ-
ences in the equilibrium swelling degrees for the varied
terminal glucose concentrations. For the terminal glu-
cose concentration of 3 and 5 g/L, where the phenylbo-
rate groups become completely charged in the equilib-
rium states, the same terminal (equilibrated) volumes
of the gel are achieved. However, the swelling rate has
been increased for the terminal glucose concentration
of 5 g/L compared to that for the terminal glucose
concentration of 3 g/L, requiring approximately 600 and
800 min to reach its equilibrium swelling, respectively.
The observed different swelling rates between the two
processes (terminal glucose concentrations of 3 and 5
g/L) imply that the relaxation process (relaxation con-
stant) of the polymer chains depends on the glucose
concentration effectively. Apparently, the relaxation

Vt/ Vmin

0 400 800 1200 1600
Time [min]

Figure 5. Series of terminal glucose concentrations: (<) 0.1,
(v) 0.5, (@) 1, () 3, and (O) 5 g/L, induced swelling curves of
an NB gel bead, all with the initial glucose concentrations of
0 g/L, as a function of the linear time at 25 °C in a pH 9 CHES
buffer saline (I = 0.15). The initial diameter of the gel in the
completely collapsed state was 400 um.

process of the polymer chain is rate-determining for
these glucose-induced swelling processes as will be
discussed in the following paragraph. The slightly
smaller value of the equilibrium swelling for the ter-
minal glucose concentration of 1 g/L, as compared to
those with higher terminal glucose concentrations such
as 3 and 5 g/L, is due to the decreased fraction of
anionically charged phenylborates (0.95: Figure 3) and
thus a corresponding decrease in osmotic pressure
arising from the mobile counterions. For the terminal
glucose concentration of 0.5 g/L (fraction of the charged
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phenylborates: 0.77), the gel swelled quite slowly, with
both collapsed and swollen phases remaining even after
24 h. Moreover, for the terminal glucose concentration
of 0.1 g/L (fraction of the charged phenylborates: 0.14),
the gel remained in a completely collapsed state even
after several days, apparently reaching its equilibrium
shrinking state. Thus, it was demonstrated that for a
decreased terminal glucose concentration, a longer
period of time is required for the gel to reach its
equilibrium swelling. This means that one can readily
control the swelling rate of the gel with varied signal
amplitude. Note that the continuous swelling of a sub-
millimeter scaled gel bead at a sufficiently slow rate is
obviously relevant for the sustained release of bioactive
compounds, such as insulin, entrapped in the collapsed-
state gel.

In general, the swelling process of a polymer gel with
absorbing a solvent occurs in the following steps: (1)
diffusion of the solvent molecules into the polymer
network, (2) relaxation of the polymer chains due to
solvation, and (3) diffusion of the polymer chains into
the solvent. The swelling behavior of the gel signifi-
cantly differs according to which step is the rate-
determining one. When step 2 is the rate-determining
one, in particular, when the relaxation rate of the
polymer chains (step 2) is slower than the diffusion rate
of the solvent molecules (step 1), the gel exhibits two
phases partitioned with a relaxation boundary interven-
ing between the core collapsed phase and the outer
swollen layer. This boundary layer is called the swelling
front, and it advances at the constant rate into the gel
core while absorbing the solvent (case Il transport). For
a gel that swells according to solvent penetration as in
the case Il transport, the swelling kinetics can be
described by the following equation:

M/M,,=1—- (1 —-kt/Ca) (N=1,2,3) (1)

where Mg and My, are the cumulative amounts of
solvent absorbed into the gel at time t and at an infinite
time, respectively, ko is the relaxation constant of the
polymer chains, Cs is the solvent concentration in the
swollen region, and a is the radius of the gel. N is a
number dependent on the shape of the gel, which equals
1, 2, or 3 for a membranous, cylindrical, or a spherical
shape, respectively. According to the equation, it can
be predicted that, with a spherical shape, the swelling
curve of the gel as a function of the square root of the
time exhibits a sigmoidal (nonlinear) feature, unlike the
diffusion-determined (case | diffusion) case where the
curve should exhibit a linear feature. Figure 6 shows a
series of terminal glucose concentration-induced swell-
ing curves of the gel as a function of the square root of
the time. Regardless of the terminal glucose concentra-
tion, all the curves exhibit sigmoidal (nonlinear) fea-
tures. Thus, it should follow from what has been
described above that the glucose-induced swelling kinet-
ics of the gel, which showed a marked swelling front
and a sigmoidal (nonlinear)-shaped swelling curve as a
function of the square root of the time (Figure 6), is a
process essentially rate-determined by the relaxation
process of the polymer chains accompanied by hydration
(case Il transport). Indeed, the occurrence of the case
Il transport was confirmed from a direct observation of
a change in the radius of the collapsed phase during
the glucose-induced swelling process in the following
section.
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Figure 6. Series of terminal glucose concentrations: (<) 0.1,
(v) 0.5, (@) 1, () 3, and (O) 5 g/L, induced swelling curves of
an NB gel bead, all with the initial glucose concentrations of
0 g/L, as a function of the square root of the time at 25 °C in
a pH 9 CHES buffer saline (I = 0.15). The initial diameter of
the gel in the completely collapsed state was 400 um.

Kinetics of Collapsed Phase and Swollen Layer.
Thus far, the swelling kinetics of the gel were investi-
gated on the basis of the volume change. In particular,
the Kinetics of the glucose-induced swelling processes
were explained by the following steps: (1) binding of
glucose molecules to phenylborate moiety in the gel at
the boundary region, (2) hydration of polymer chains
due to complex formation between charged phenylbo-
rates and glucose, and (3) relaxation (swelling) of
polymer chains synchronized with a phase transition
occurring at the swelling front. For a more profound
investigation of the glucose-induced swelling behavior,
we took notice of the respective kinetics of the collapsed
phase and the swollen layer. These two regions were
independently evaluated from (1) a change in the radius
of the collapsed phase [R. (collapsed region)/Rmax] and
(2) a change in the radius of the swollen layer [Rs
(swollen region)/Rmax] (Figure 7). In Figure 7, the curves
ranging from around 0.5 to O on the vertical axis
indicate a change in the radius of the collapsed phase,
and the curves ranging from 0 to 1 on the same axis
indicate a change in the radius of the swollen layer. The
radius of the collapsed phase constantly decreases until
reaching around 0.2 on the vertical axis, and then it
rapidly decreases, more remarkably with increasing
terminal glucose concentration. The observed, con-
stantly decreasing radius of the collapsed phase in the
early stage of the swelling clearly indicates that the
process indeed follows the case Il transport. On the
other hand, the radius of the swollen layer increases in
a constant manner until reaching around 0.7 on the
vertical axis, where the rate increases at an accelerated
pace until the gel reaches the equilibrium swelling.
Similar phenomena have indeed been reported by
several other researchers.2931-33 Siegel et al.3® found
such an acceleration of the swelling rate in the late stage
of the hydration process of a disk-shaped (with an aspect
ratio about 40) copolymer gel composed of methyl
methacrylate (MMA) and (N,N-dimethylamino)ethyl
methacrylate (DMA). The mechanism was explained as
follows: (1) as the initially dried-state gel disk absorbs
water, two swelling fronts from both surfaces advance
into the gel core, (2) the glassy gel core constrains the
swelling to occur in the direction normal to the fronts,
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Figure 7. Radius changes of the collapsed phase [R. (collapsed
phase)/Rmax] (fixed symbols) and the swollen layer [Rs (swollen
layer)/Rmax] (opened symbols) in the glucose-induced swelling
process of an NB gel bead for various terminal glucose
concentrations: (squares) 1, (triangles) 3, and (circles) 5 g/L,
all with an initial glucose concentration of 0 g/L, as a function
of the linear time at 25 °C in a pH 9 CHES buffer saline (I =
0.15). The initial diameter of the gel in the completely collapsed
state was 400 um, and that of the completely swollen state
(Rmax) wWas 867 um.
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Figure 8. Changes in volume ratio of the swollen layer to
the collapsed core in the glucose-induced swelling process of
an NB gel bead, for varied terminal glucose concentrations:
(® 1, (o) 3, and (W) 5 g/L, all with an initial glucose
concentrations of 0 g/L, as a function of time at 25 °C in a pH
9 CHES buffer saline (I = 0.15).

(3) the two fronts will meet at the center of the gel disk,
and eventually the glassy core vanishes, and (4) swelling
can then commence in three dimensions, leading to an
acceleration of the swelling rate (super case Il trans-
port). In the present case, however, it appears that the
commencement and completion of the acceleration of the
swelling and the accelerated disappearance of the
collapsed core simultaneously take place. Figure 8 may
provide an interpretation for the phenomena, where the
changes in the volume ratio of the swollen layer to the
core collapsed phase are plotted for the varied terminal
glucose concentrations. The value exponentially in-
creases with the decreased volume of the core collapsed
phase. Noteworthy is that, for all cases, the value can
be practically observed in the same 10?2 range on the
vertical axis, at the times where the acceleration
phenomenon appears to commence in Figure 7. Al-
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Figure 9. Radius changes in the collapsed phase [R: (col-
lapsed region)/Rmax] (fixed symbols) and the swollen layer [R¢
(swollen region)/Rmax] (opened symbols) in the glucose induced
(from 0 to 5 g/L) swelling process of an NB gel with varied
bead size, as a function of time at 25 °C in a pH 9 CHES buffer
saline (I = 0.15). The initial diameters of the gel in the
completely collapsed state were (®) 278, (a) 400, and (M) 556
um. The corresponding values of Rmax Were 544, 867, and 1189
um, respectively.

though for the terminal glucose concentration of 1 g/L,
where the fraction of charged phenylborates in the
equilibrium state is slightly low (0.95) compared to cases
for the higher terminal glucose concentrations of 3 and
5 g/L, the effect of the terminal glucose concentration
on the critical range of the value in Figure 8 may not
be significant. Thus, these results suggest that the
swelling kinetics may be affected by the elastic as well
as the osmotic pressure balance between the glassy gel
core and the outer swollen layer. That is, when the
elastic pressure, which arises when the swelling front
undergoes a phase transition, or the osmotic pressure,
which is due to the counterions produced by the anioni-
cally charged phenylborates, increase to a critical level,
a disruption throughout the entire volume of the col-
lapsed phase may be induced, resulting in a rapid
disappearance of the collapsed phase. This view can be
most readily observed in the behavior of a gel bead with
increased size. Figure 9 shows the glucose-induced (from
0 to 5 g/L) swelling profiles for a gel with varied bead
sizes. In these experiments, the terminal glucose con-
centration has been fixed at 5 g/L for all cases. There-
fore, the osmotic pressures generated by a unit volume
of the swollen layer should be regarded as the same for
all cases, enabling us to observe more directly the
aforementioned pressure balance (between the elastic
and the osmotic pressures) form the changes in the
volume ratio of the swollen layer to the core collapsed
phase. As can be seen in Figure 9, with an increased
bead size, a more rapid acceleration of the swollen-layer
growth and the collapsed-phase disappearance took
place when the core size decreased to a certain size.
With the increased bead size, the gel possesses both a
larger volume of the swollen layer and a larger volume
of the core collapsed phase. This may cause a more
critical pressure balance between the two phases,
resulting in an increasingly rapid disruption of the gel
core during the final stage of the gel's swelling. Figure
10 shows the same plots as Figure 8 for varied bead
size conditions. As expected, regardless of the bead size,
the values at the times where the accelerations occur
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Figure 10. Changes in volume ratio of the swollen layer to
the collapsed core in the glucose-induced (concentration change
from 0 to 5 g/L) swelling process of an NB gel bead, for varied
bead size, as a function of time at 25 °C in a pH 9 CHES buffer
saline (I = 0.15). The initial diameters of the gel in the
completely collapsed state were (®) 278, (a) 400, and (W) 556
um. The corresponding values of Rmax Were 544, 867, and 1189
um, respectively.

in Figure 9 were all observed to be in the same range
as in Figure 8, supporting again that the acceleration
phenomenon is induced by a vanished pressure balance
between the glassy gel core and the outer swollen layer.

Shrinking Process of NB Gel. During the swelling
process of the NB gel, it was demonstrated that an
already existing swollen layer and the remaining col-
lapsed phase affect its swelling kinetics. It can also be
expected that during the shrinking process of the gel
the structural change in the gel caused by the ag-
gregated polymer chains should affect the shrinking
kinetics of the gel.

Images of each stimulus-induced shrinking behavior
of the gel are shown in Figure 11. Figure 12 shows the
shrinking curves as a function of time. With a temper-
ature increase from 15 to 30 °C (Figures 11 and 12a),
the initially swollen gel starts shrinking (Figure 11a:
A—C). During this early stage of shrinkage, the forma-
tion of the collapsed (skin) layer on the surface of the
gel is visible as an increasing turbidity from the initially
transparent state. This is due to the dehydration of the
polymer chains with an increased temperature higher
than the LCST and a resultant aggregation of the
polymer chains. Thereafter, the gel remained at an
apparently constant volume for a certain period of time
(C, D), exhibited distorted shapes with partially bubbled
phases (E), reshrank with a radical structural change
(F—1), and finally the entire phase made a transition
to reach the equilibrium shrinking phase (J). The
apparently sustained volume of the gel (C, D) can be
interpreted as the state with decreased permeability of
the water molecules due to the growing thickness of the
collapsed layer on the gel's surface.®* The state of the
gel may then go into an unstable region where the two
phases can no longer coexist, thus causing radical
structural changes.3*

The same series of steps were observed for the
glucose-induced shrinking process (Figures 11 and 12b).
In the case with decreased glucose concentration (from
5to 0 g/L), where the shrinkage of the gel occurs due to
the dehydration of the polymer chains caused by dis-
sociation of the complexes between glucose and the
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phenylborates, a much longer-lasting (as long as 400
min) preservation of a constant volume of the gel were
observed, as compared to the case that is induced by a
temperature (15 min) change. The difference in the
preservation time should be attributed to the different
diffusivities between the two stimuli. For the temper-
ature-induced shrinking, heat propagates quickly and
uniformly throughout the entire volume of the gel.
Although the gel reaches an apparently constant volume
when the skin layer has grown to some degree, after a
while, the core of the gel should also reach the equilib-
rium state because of the quick propagation of heat.
Consequently, a formation of collapsed phases (phase
transition) should soon begin even in the swollen core,
inducing drastic structural changes. On the other hand,
in the glucose-induced shrinkage, once the collapsed
layer grows to a certain thickness, the diffusivity of the
glucose molecules through the skin layer should sig-
nificantly decrease, further delaying the decreasing rate
of the glucose concentration in the inner core of the gel.
As a result, the fraction change in the charged phe-
nylborates existing in the inner network is significantly
suppressed, leading to a gradual aggregation of the
network and a less radical structural change. Moreover,
the slow fraction change of the charged phenylborates
synchronized with the gradual change in the glucose
concentration in the gel core may become the rate-
determining step for the structural change, enabling the
gel to sequentially change the structure and to reshrink
for an extended period of time. This long-time mainte-
nance of the quasi-swollen state of the gel accompanied
by a skin layer formation on the gel surface may be
advantageous for use of the gel as a repetitive on—off
drug-releasing device with a prolonged interval.

Conclusion

The NB gel displayed a discontinuous change in the
equilibrium swelling volume at each critical glucose
concentration for various temperatures in a pH 9
solution (I = 0.15).

During the swelling process of the gel in response to
the increased glucose concentration, a “swelling front”
was clearly observed. The swelling rate was significantly
dependent on the varied terminal glucose concentrations
and size of the gel bead. In addition, during the early
stage of the glucose-induced swelling process, a constant
decrease in the radius of the collapsed phase was
observed, indicating that the early-stage process is
essentially rate determined by the relaxation process
of the polymer chains accompanied by hydration (case
Il transport). However, during the final stage of the
process, an acceleration of the swelling as well as an
accelerated disappearance of the collapsed core simul-
taneously occurred. The observed increasing rate of
disappearance of the collapsed phase immediately before
equilibrium swelling, which became remarkable with
an increased bead size, was reasonably interpreted as
a vanished pressure balance between the glassy gel core
and the outer swollen layer.

The shrinking process of the gel in response to the
decreased glucose concentration can be interpreted by
the following steps: (1) the collapsed layer is formed
on the gel surface as a consequence of the dissociation
of the complexes between glucose and the phenylbo-
rates, (2) the thickness of the collapsed layer grows into
the gel core, significantly decreasing the permeability
of the glucose molecules thus the gel reveals an appar-
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Figure 11. Images of shrinking behavior of an NB gel bead induced by (a) an increased temperature from 15 to 30 °C in a pH
9 CHES buffer saline (I = 0.15) in the absence of glucose and (b) a decreased glucose concentration from5to O g/L at25°Cina
pH 9 CHES buffer saline. The terminal diameter of the gel in the completely collapsed state was 400 um.
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Figure 12. Shrinking curves of an NB gel bead in a pH 9 CHES buffer saline induced by (a) an increased temperature from 15
to 30 °C in the absence of glucose and (b) a decreased glucose concentration from 5 to 0 g/L at 25 °C. The terminal diameter of
the gel in the completely collapsed state was 400 um in both cases. While the gel exhibited a changing distorted (nonspherical)
shape, the regions encircled by the dotted line in Figure 11 were evaluated.

ently constant volume, and (3) the gel starts a slow
shrinking while exhibiting distorted shapes with par-
tially bubbled phases and finally reaches the completely
shrunken state (the overall collapsed phase). The ob-
served, very long time (as long as 400 min) maintenance
of the quasi-swollen state of a small (sub-millimeter)
gel bead in the glucose-induced shrinking process should
become a significant advantage for the use of the gel as
a glyco-sensitive drug delivery system achieving on—
off regulation of drug release with prolonged time
intervals.

Acknowledgment. The present work was finan-
cially supported in part by a Grant-in-Aid for Scientific
Research on Priority Area (A) “Molecular Synchroniza-
tion for Design of New Materials System” from the

Ministry of Education, Culture, Sports, Science and
Technology of Japan and also by a Grant for 21st
Century COE Program “Human-Friendly Materials
based on Chemistry” from the Ministry of Education,
Culture, Sports, Science and Technology of Japan.

References and Notes

(1) Hirokawa, Y.; Tanaka, T. J. Chem. Phys. 1984, 81, 6379—
6380.

(2) Hoffman, A. S.; Afrassiabi, A.; Dong, L. C. J. Controlled
Release 1986, 4, 213—222.

(3) Okano, T.; Bae, Y. H.; Jacobs, H.; Kim, S. W. J. Controlled
Release 1990, 11, 255—265.

(4) Schild, H. G. Prog. Polym. Sci. 1992, 17, 163—249.
(5) Tanaka, T.; Fillmore, D.; Sun, S. T.; Nishio, I,; Swislow, G.;
Shah, A. Phys. Rev. Lett. 1980, 45, 1636—1639.



1510 Matsumoto et al.

(6) Siegel, R. A; Firestone, B. A. Macromolecules 1988, 21, 3254—
3259.
(7) Suzuki, A.; Tanaka. T. Nature (London) 1990, 346, 345—347.
(8) Tanaka, T.; Nishio, I.; Sun, S. T.; Ueno-Nishio, S. Science
1971, 218, 467—469.
(9) For some examples of related approaches see: Qiu, Y.; Park,
K. Adv. Drug Delivery Rev. 2001, 53, 321—339.
(10) Miyata, T.; Uragami, T.; Nakamae, K. Adv. Drug Delivery
Rev. 2002, 54, 79—-98.
(11) Ishihara, K.; Muramoto, N.; Shinohara, 1. J. Appl. Polym.
Sci. 1984, 29, 211-217.
(12) Kost, J.; Horbett, T. A.; Ratner, B. D.; Singh, M. J. Biomed.
Mater. Res. 1985, 19, 1117-1133.
(13) Albin, G.; Horbett, T. A.; Ratner, B. D. J. Controlled Release
1985, 2, 153—-164.
(14) Hassan, C. M.; Doyle, F. J., 111; Peppas, N. A. Macromolecules
1997, 30, 6166—6173.
(15) Brownlee, M.; Cerami, A. Science 1979, 206, 1190—1191.
(16) Kim, S. W,; Pai, C. M.; Makino, K.; Sminoff, L. A.; Holmberg,
D. L.; Gleeson, J. M.; Wilson, D. E.; Mack, E. J. J. Controlled
Release 1990, 11, 193—201.
(17) Makino, K.; Mack, E. J.; Okano, T.; Kim, S. W. J. Controlled
Release 1990, 12, 235—239.
(18) Nakamae, K.; Miyata, T.; Jikihara, A.; Hoffman, A. S. J.
Biomater. Sci., Polym. Ed. 1994, 6, 79—90.
(19) Miyata, T.; Jikihara, A.; Hoffman, A. S. Macromol. Chem.
Phys. 1996, 197, 1135—1146.
(20) Kitano, S.; Kataoka, K.; Koyama, K.; Okano, T.; Sakurai, Y.
Makromol. Chem. Rapid Commun. 1991, 12, 227—-233.

Macromolecules, Vol. 37, No. 4, 2004

(21) Shiino, D.; Murata, Y.; Kubo, A.; Kim, Y. J.; Kataoka, K.;
Koyama, Y.; Kikuchi, A.; Yokoyama, M.; Sakurai, Y.; Okano,
T. J. Controlled Release 1995, 37, 269—276.

(22) Boeseken, J. Adv. Carbohydr. Chem. 1949, 47, 189—210.

(23) Aronoff, S.; Chen, T.; Cheveldayoff, M. Carbohydr. Res. 1975,
40, 299—-309.

(24) Foster, A. B. Adv. Carbohydr. Chem. 1957, 12, 81—115.

(25) Lorand, J. P.; Edwards, J. D. J. Org. Chem. 1959, 24, 769—
774.

(26) Kataoka, K.; Miyazki, H.; Bunya, M.; Okano, T.; Sakurai, Y.
J. Am. Chem. Soc. 1998, 120, 12694—12695.

(27) Tanaka, T.; Fillmore, D. J. 3. Chem. Phys. 1979, 70, 1214—
1218.

(28) Li, Y.; Tanaka, T. J. Chem. Phys. 1990, 92, 1365—1371.

(29) Tanaka, T. Phys. Rev. Lett. 1978, 40, 820—823.

(30) Hirotsu, S.; Hirokawa, Y.; Tanaka, T. J. Chem. Phys. 1987,
87, 1392—1395.

(31) Jacques, C. H. M.; Hopfenberg, H. B.; Stannett, V. T.
Permeability of Plastic Films and Coatings to Gases, Vapors,
and Liquids; Plenum Press: New York, 1974.

(32) Okuyama, Y.; Yoshida, R.; Sakai, K.; Sakurai, Y.; Oakno, T.
J. Membr. Sci. 1993, 4, 545—556.

(33) Siegel, R. A.; Falamarzian, M.; Firestone, B. A.; Moxley, S.
C. J. Controlled Release 1988, 8, 179—182.

(34) Matsuo Sato, E.; Tanaka, T. Nature (London) 1992, 358,
482—485.

MAO0353821



