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’ INTRODUCTION

Hydrogels are three-dimensional polymeric networks that
swell in aqueous solutions without dissolving in them. Their
swelling degree may change in response to small changes in their
environment, such as temperature, pH, or ionic strength. These
stimuli-responsive materials earned the reputation of intelligent
or smart materials and have found applications in many fields
especially in biomedical area.1,2 One major disadvantage of
macroscopic hydrogels is their slow response rate. As Tanaka
and Fillmore3 pointed out, the rate of gel swelling is dominated
by themotion of polymer network. For spherical gel particles, the
characteristic swelling time τsw is given by the equilibrium gel
radius Req and the diffusion coefficient of the gel Dg

3,4

τsw ¼ Req
2=ðπ2DgÞ ð1Þ

According to this relationship, onemay effectively increase the
swelling rate of a gel by reducing its size. For example, τsw will be
reduced from ∼104s to ∼10�4 s when the gel radius is reduced
from1mmto100nm, assumingDg is on the order of 10

�7 cm2 s�1.5

This result reveals that microgels can swell much faster than their
macroscopic analogues, which is highly desirable for their
application as smart drug carriers and biosensors. Some experi-
mental studies also support this point. For example, Lyon et al.6

studied the dynamics of the temperature-induced deswelling and
swellingof thermosensitive poly(N-isopropylacrylamide) (PNIPAM)
microgels (diameter∼200 nm) using time-resolved trans-
mittance measurements in combination with a nanosecond

laser-induced temperature-jump (T-jump) technique. They found
the particle deswelling occurs on the microsecond time scale. Also
using T-jump technique, Asher et al. found the temperature-
induced shrinkage of PNIPAM microgels (diameter∼350 nm)
embedded in hydrogel matrix occurs in the ∼100 ns time regime.7

Recently Armes et al.8 reported that the characteristic times for pH-
induced swelling of lightly cross-linked poly(2-vinylpyridine) latexes
(diameter∼380�1010 nm) are of the order of tens of milliseconds.

Besides microgels responding to physical stimuli, microgels
responding to chemical stimuli, for example, glucose,9,10 Pb2þ11

and Kþ,12 are also designed and synthesized. These microgels
swell to a different degree in response to a change in the concen-
tration of the particular molecule in the milieu, therefore hold
great promise for applications such as controlled drug delivery,13

sensing14,15 and chemically controlled gating.16 Their rapid
responding rate is one of the most important merits for their
use in these applications, however, to the best of our knowledge,
no study on the kinetics of chemical-induced swelling of micro-
gels has been reported yet. Researchers usually expect that
chemical-induced microgel swelling occurs on the same time
scale as the physically induced swelling.17

In this contribution we studied the kinetics of glucose-induced
swelling of poly(N-isopropylacrylamide-co-3-acrylamidophenyl-
boronic acid) (P(NIPAM-AAPBA)) microgel.9 We found it occurs
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ABSTRACT: Rapid swelling is a major advantage of microgels over bulky gels,
and chemical-induced swelling has been expected to occur on the same time scale
as physically induced swelling. As an example, the kinetics of the glucose-induced
swelling of poly(N-isopropylacrylamide-co-3-acrylamidophenylboronic acid)
(P(NIPAM-AAPBA)) microgel was studied by turbidity. This process occurs
on a time scale of 102 s, while the temperature-induced (de)swelling of PNIPAM
microgels was reported to occur in time regime from 100 ns to tens of
milliseconds. The slow glucose-induced swelling was attributed to the slow
reaction between glucose and phenylboronic acid (PBA) groups, which was
identified as the rate-determining step for microgel swelling. The rate constant of
this reaction was further determined under various conditions and compared with
that obtained in solution, using 3-aminophylboronic acid as low molecular weight
analogue. The reaction is accelerated when the microgels are in a swollen state,
while it is retarded when the microgels are shrunken, revealing different effects of the polymer network on the reaction kinetics.
Although the swelling rate of P(NIPAM-AAPBA)microgel is limited by the slow reaction between glucose and PBA groups, it is still
much faster than the macroscopic hydrogel beads with same components (∼several hours).
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on a time scale of 102 s, which is several orders of magnitude
slower than the temperature-induced (de)swelling of similar
systems reported in the literature. We identified that the slow
chemical reaction between glucose and PBA groups is the rate-
determining step. The rate constants of this reaction under various
conditions were further determined. Different effects of the poly-
mer network on the reaction kinetics were revealed.

’EXPERIMENTAL SECTION

Materials. N-Isopropylacrylamide (NIPAM) and β-D(þ)-glucose
were purchased from Tokyo Chemical Industry Co., Ltd. N,N0-methyl-
enebis(acrylamide) (BIS) and 3-aminophenylboronic acid (APBA)
were purchased from Alfa Asear. Acrylic acid (AA) and R-D-glucose
were purchased from ACROS. Sodium dodecyl sulfate (SDS) was
purchased from Sigma-Aldrich. N-(3-Dimethylaminopropyl)-N0-ethyl-
carbodiimide hydrochloride (EDC), potassium persulfate (KPS), D(þ)-
Glucose and catechol were purchased from local providers. 3-Acrylami-
dophenylboronic acid (AAPBA) was synthesized as previously
reported.18 NIPAM was purified by recrystallization from hexane/
acetone mixture and dried in a vacuum. AA was distilled under reduced
pressure. Other reagents were used as received.
Microgel Synthesis. Poly(N-isopropylacrylamide-co-acrylic acid)

(P(NIPAM-AA)) microgel was synthesized as follows. 1.426 g of
NIPAM, 0.103 g of AA, 0.043 g of BIS and 0.058 g of SDS were
dissolved in 95 mL of water. The reaction mixture was transferred to a
three-necked round-bottom flask equipped with a condenser and a
nitrogen line. The solution was purged with nitrogen for 30 min and
then heated to 70 �C. After 1 h, 5 mL of 0.06 M KPS solution was added
to initiate the reaction. The reaction was allowed to proceed for 4 h. The
resultant microgels were purified by dialysis (cutoff 8000�15000)
against water with at least twice daily water changes for 2 weeks.

Poly(N-isopropylacrylamide-co-3-acrylamidophenylboronic acid) P-
(NIPAM-AAPBA) microgel was prepared by modifying the P(NIPAM-
AA) microgel with APBA as follows. 0.233 g of APBA was dissolved in
45 mL of water and added to 5 mL of purified P(NIPAM-AA) microgel.
Themixture was cooled to∼4 �Cwith ice bath, to which 0.239 g of EDC
was added. The reaction mixture was kept at about 4 �C for 4 h. The
resultant products were purified by dialysis against water.
Titration. Lyophilized P(NIPAM-AA) microgel (0.05 g) was dis-

solved in 50 mL of water. The solution was bubbled with nitrogen and
the pH was adjusted to 3.0 by adding HCl. It was titrated with
standardized 0.1 N NaOH using a pH meter at 16 �C to determine
the amount of AA. The amount of AAPBA in P(NIPAM-AAPBA)
microgel was determined similarly.19

Dynamic Light Scattering. The hydrodynamic radii (Rh) of the
microgel particles were measured by dynamic light scattering with a
Brookhaven 90Plus laser particle size analyzer. All the measurements
were carried out at a scattering angle of 90�. The sample temperature was
controlled with a build-in Peltier temperature controller.
Turbidity. The turbidity of the diluted microgel dispersions, which

is represented as the absorbance at 600 nm, was measured on a TU-
1810PC UV�vis spectrophotometer (Purkinje General, China) using
water as reference. Temperature was controlled with a refrigerated
circulator. For kinetic studies, predeterminated amount of glucose solu-
tion was quickly injected and mixed with 3 mL of microgel dispersion
with an AAPBA concentration of 0.14 mM. The change in the turbidity
of the dispersion was then recorded with time.
Rate Constant for Reaction of Glucose with APBA. The

UV�vis spectra of APBA change slightly upon the addition of glucose
because of the formation of APBA-glucose complex. Therefore the
kinetics of the reaction between APBA and glucose can be measured by
following the change in UV�vis spectra. In this study the absorbance at
300 nm, where the change is relatively large, was chosen to follow the

kinetics. The rate constant of the reaction was determined by measuring
the change in absorbance of the sample at 300 nm with time.
Other Characterizations. Fourier transform infrared (FTIR)

spectra were measured on a Bio-Rad FTS-6000 spectrometer. 1H NMR
spectra were recorded on a Varian UNITY-plus 400 NMR spectrometer
using DMSO-d6 and D2O as solvent.

’RESULTS AND DISCUSSION

Synthesis and Characterization of P(NIPAM-AAPBA) Mi-
crogels. Glucose-sensitive hydrogels can swell to a different
degree in response to change in glucose concentration in the
solution. These materials are synthesized typically based on the
enzymatic oxidation of glucose by glucose oxidase,20 binding of
glucose with concanavalin A,21 or reversible covalent bond
formation between glucose and boronic acids.22 They may find
important applications in self-regulated insulin delivery and glucose
sensing.23 Recently we9,24,25 and others10,26 synthesized glucose-
sensitivepoly(N-isopropylacrylamide-co-3-acrylamidophenylboronic
acid) (P(NIPAM-AAPBA)) microgel, using phenylboronic acid
(PBA) as glucose-sensing moiety. Similar to their macroscopic
analogues, these materials may have potential for self-regulated
insulin release13,27,28 and glucose sensing.14,29

P(NIPAM-AAPBA) microgels were synthesized by the mod-
ification of P(NIPAM-AA) microgels with 3-aminophenylboro-
nic acid under EDC catalysis as reported previously (Scheme 1).9

The successful introduction of PBA groups is confirmed by the
new peak at 8.08 ppm (-B(OH)2 proton) and the peaks from
7.05 to 7.94 ppm (phenyl protons) in the NMR spectra of the
modified microgel. (Supporting Information Figures 1S and 2S).
The disappearance of the carboxylic acid proton peak (12.01 ppm)
in NMR spectra and the absorption peak of carboxylic acid group
(1711 cm�1) in FTIR spectra (Supporting Information Figure 3S)
indicate an almost complete conversion of the carboxylic acid
groups.25 The content of AA unit in the parent P(NIPAM-AA)
microgel was determined to be ∼10.4 ( 0.5 mol % by pH
titration(Supporting Information Figure 4S),19 which is equal to
the AA content in the pregel solution.30 Similarly the AAPBA
content in the modified microgel was determined to be ∼11.0 (
0.5 mol % (Supporting Information Figure 5S), which can be
regarded as the same as AA content within the experimental
error. These results confirm again an almost complete conver-
sion of the carboxylic acid groups.
It is well-known that PNIPAM microgels are thermosensitive.

They are highly swollen at low temperature, but undergo sharp
volume phase transition at the lower critical solution temperature
(LCST) of the PNIPAM polymer.31 Both P(NIPAM-AA) and
P(NIPAM-AAPBA) microgels are thermosensitive too. As
shown in Figure 1, when fully swollen, both microgels present
a hydrodynamic radius (Rh) of ∼140 nm. It reduces to ∼60 nm
when fully collapsed. The volume phase transition temperature
(VPTT), defined as the onset of the phase transition,was determined

Scheme 1. Synthesis of P(NIPAM-AAPBA) Microgels by
Modification of P(NIPAM-AA) Microgels with 3-Aminophe-
nyboronic Acid



4481 dx.doi.org/10.1021/ma200586w |Macromolecules 2011, 44, 4479–4486

Macromolecules ARTICLE

to be∼30 �C for the parent P(NIPAM-AA) microgel (at pH 3.5),
and ∼18 �C, ∼20 �C and ∼24 �C for the corresponding
P(NIPAM-AAPBA) microgels at pH 8.0, 8.5, and 9.0, respec-
tively. The decrease in VPTT upon modification is attributed to
the replacement of the hydrophilic monomer AA with the hydro-
phobic monomer AAPBA.9 Increasing VPTT of P(NIPAM-
AAPBA) microgel with increasing pH is attributed to a higher
degree of dissociation of PBA groups at a higher pH. As we
showed previously, the P(NIPAM-AAPBA) microgel swells to a
larger degree in the presence of glucose.(Figure 2) The glucose-
sensitivity originates from the binding of glucose with PBA groups
which converts more PBA groups from the neutral, hydrophobic
form to negatively charged, hydrophilic form (Scheme 2).22

Simultaneously, the turbidity of the microgel dispersion de-
creases with increasing glucose concentration (Figure 2). As
the microgel particles swell to a larger degree in the presence of
glucose, their refractive index decreases, which dominates over
the size factor in determining the scattering efficiency, thus
resulting in a lower turbidity.14,32

Kinetics of Glucose-Induced Microgel Swelling. The swel-
ling kinetics of a macroscopic gel can be facilely followed by

measuring its size change. Specially, the swelling kinetics of
P(NIPAM- AAPBA) hydrogel beads with a size of 0.2�0.8 mm
has been studied by monitoring its size change under micro-
scope.33 These hydrogel beads take several hours to fully swell in
5 g/L glucose solution. Asher et al.34 studied the glucose-induced
deswelling of a PBA-containing hydrogel membrane with a
thickness of ∼125 μm.35 90% of the deswelling occurs within
∼15 and ∼90 min in response to the introduction of 10 and
1 mM β-D-glucose, respectively. In contrast, the study of the
swelling kinetics of microgels is much difficult. Advanced tech-
niques are required to monitor their quick swelling.5 Even this
process can be followed by certain technique, it is still difficult to
directly measure the size change with time. As a result experi-
mental researches in this area are relatively rare.5,6,8,36 Without
exception, instead of size change, the changes in turbidity6,8,36 or
scattered light intensity5 were monitored with time.
Here, we also monitor the turbidity change of the microgel

dispersions to study the kinetics of the glucose-induced microgel
swelling. As shown in Figure 3A, upon the addition of glucose,
the turbidity of the microgel dispersions drops immediately and
levels off gradually. The kinetic curves can be well-fitted with the
following single-exponential function:

A ¼ A0 þ B expð � t=τswÞ ð2Þ
The characteristic swelling time τsw can thus determined to be

223.9( 9.5, 169.0( 1.7, 122.0( 2.3, 100.1( 2.9, and 59.2( 2.0 s,
for the five glucose concentrations (5, 10, 15, 20, and 30 mM)
studied here, respectively. Recently Liu et al5 used the same
method to determine τsw for the pH-induced deswelling of
poly(2-vinylpyridine) microgels. The swelling or deswelling
kinetics of some other hydrogels37,38 was also found to follow
a single-exponential behavior.
The results reveal two features of the glucose-induced swel-

ling. First, a higher concentration of glucose not only result in a
higher degree of swelling, as indicated by the larger decrease in
turbidity, but also a faster swelling rate, as indicated by the shorter
characteristic swelling time. Second, the glucose-induced swel-
ling of P(NIPAM-AAPBA) microgel is much slower than the
swelling or deswelling of othermicrogels reported in the literature.6�8

It is 4 orders of magnitude slower than the acid-induced swelling
of poly(2-vinylpyridine) (P2VP) latex particles,8 and 8�10
orders of magnitude slower than the temperature-induced de-
swelling of PNIPAMmicrogels.6,7 At first glance, these results are
quite unexpected.
The swelling of the P(NIPAM-AAPBA) microgel upon the

addition of a chemical can be regarded as a consequence of three
different processes: (1) diffusion of the chemical into the microgel
particles, (2) reaction between the chemical and the PBA func-
tional groups, and (3) structural rearrangements of the gel due to

Figure 2. Hydrodynamic radii (Rh) (0) and turbidity (O) of the
P(NIPAM-AAPBA) microgels in 0.020 M pH 8.5 phosphate buffer
containing various concentrations of glucose. T = 25 �C.

Scheme 2. Complexation Equilibrium between Phenylboro-
nic Acid Derivative and Glucose

Figure 1. Hydrodynamic radii (Rh) of the parent P(NIPAM-AA)
microgels and the corresponding P(NIPAM-AAPBA) microgels mea-
sured at various temperature. The P(NIPAM-AA) microgels are dis-
persed in pH3.5 water(3), while the P(NIPAM-AAPBA) microgels are
dispersed in 0.020Mphosphate buffer with a pH of 9.0 (0), 8.5 (O), and
8.0 (Δ).
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the changed property of the polymer chains, which results in the
(de)hydration and (de)swelling of the gel.
The first step, that is, the diffusion of a low molecular weight

chemical, such as glucose, into the microgel particles, is supposed
to be fast. Assuming that the diffusion constant of glucose in
polyacrylamidehydrogel is similar to that inwater (5.2� 10�6 cm2/s
at room temperature), Asher et al. estimated the characteristic
time for glucose diffusing into a 100 μm thickness hydrogel film is
∼10s.34 For the diffusion of glucose into a spherical microgel
particle with a radium of 100 nm, the characteristic time τsp is
estimated to be ∼10�5 s (τsp = R2/(π2D), where R is the radius
and D the diffusion constant39). Even if the diffusion constant of
glucose inside PNIPAMmicrogel is 100-fold smaller than that in
water, the calculated characteristic time for glucose diffusing
(∼10�3 s) is still much smaller than the characteristic time for
the microgel swelling. Therefore the fast diffusion of glucose
should not be the rate-determining step for microgel swelling.
The third step, that is, the structural rearrangements of the

microgel, is very fast too. As mentioned above, the characteristic
swelling time τsw is estimated to be ∼10�4 s for spherical
microgel particles with a radius of 100 nm,5 according to the
theoretical model of Tanaka and Fillmore.3,4 Therefore, the fast
structural rearrangements of the gel should not be the rate-
determining step either. The only possible rate-determining step
should be the chemical reaction between glucose and PBA groups.
This hypothesis is supported by the linear relationship be-

tween the microgel swelling rate and glucose concentration, as
shown in Figure 3B, where themicrogel swelling rate is represented

by the reciprocal of the characteristic swelling time, 1/τsw. An
increase in glucose concentration results in an increase in the
reaction rate between glucose and PBA, which in turn results in an
increase in the swelling rate of the microgel.
For comparison, the swelling kinetics of the P(NIPAM-

AAPBA) microgel upon addition of NaOH and catechol were
also studied. PBA is a weak acid with a pKa of ∼8.2.40 The
addition of NaOH results in the dissociation of the PBA groups,
which in turn results in the swelling of the microgel. Catechol,
which bears diol group, can bind with PBA groups in the same
way as glucose (but with a higher affinity41), and thus result in the
swelling of the microgel. As shown in Figure 4A, the NaOH-
induced swelling is too fast to be followed using the same method,
while the catechol-induced swelling can only be partially followed
(Figure 4B). These results further confirm the slow glucose-
induced swelling of P(NIPAM-AAPBA) microgel should be
attributed to a slow reaction rate between glucose and PBA.
Determination of Rate Constant of the Reaction between

Glucose and PBA in the Microgel. Since the reaction between
glucose and PBA groups is recognized as the rate-determining
step, next we will try to determine the rate constant of the
reaction. The reaction between PBA and glucose can be repre-
sented as

PBA þGlu h PBA-Glu ð3Þ
The reaction rate can be written as:

� d½PBA�
dt

¼ k½PBA�½Glu� � k�1½PBA-Glu� ð4Þ

Figure 4. Relative turbidity of the P(NIPAM-AAPBA) microgel dis-
persion changes with time upon addition of NaOH (A), and catechol
(B). The media were water (A) and 0.050 M pH8.5 phosphate buffer
(B), respectively. T = 25 �C.

Figure 3. (A) Relative turbidity of P(NIPAM-AAPBA) microgel dis-
persion changes with time upon addition of glucose. The media were
0.020 M pH8.5 phosphate buffer. T = 25 �C. The solid lines show the
best single exponential fits to the data. (B) Reciprocal of the character-
istic swelling time, 1/τsw, as a function of glucose concentration.
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where k and k�1 are rate constants for the forward and reverse
reactions, respectively. When [Glu]0 . [PBA]0, the change in
[Glu] will be negligible. So eq 4 can be rewritten as

� d½PBA�
dt

¼ ka½PBA� � k�1½PBA-Glu� ð5Þ

where ka = k[Glu]0. In this case, the reaction is similar to the
mutarotation of glucose (interconversion of R- and β- anomers)
in water. The reaction rate constants can be determined using the
similar relations:42

ln
½PBA�0 � ½PBA�eq
½PBA�t � ½PBA�eq

 !
¼ ðka þ k�1Þt ¼ kappt ð6Þ

K ¼ k
k�1

ð7Þ

where K is the equilibrium constant, and kapp = ka þ k�1. So, we
get the following relationship:

kapp ¼ k½Glu�0 þ
k
K

ð8Þ

To determine kapp or k, one may measure the change of [PBA]
with time directly. However, it is difficult to do so. Here we
hypothesize that the change of [PBA] can be represented by the
change of turbidity of the dispersion. Therefore eq 6 was
rewritten as

ln
T0 � Teq

Tt � Teq

 !
¼ ðka þ k�1Þt ¼ kapp 3 t ð9Þ

where T0, Tt, and Teq are the turbidity (represented as absor-
bance at 600 nm) of the microgel dispersion at the beginning,
time t, and after equilibrium.
On the basis of the hypothesis, the kinetics data of the initial

stage shown in Figure 3A were replotted according to eq 9. As
shown in Figure 5, good linear relationship was obtained,
suggesting the hypothesis is reasonable. (A slight upturn was
observed in the cases of [Glu] = 20 mM and 30 mM, which can
be explained by a slight increase in the rate constant as the
microgel swelling, as the polymer effect on the reaction changes
with the swelling degree of the microgel.) From the slope of the
fitted line, kapp values at various [Glu] are determined according
to eq 9. Subsequently kapp is plotted against [Glu] as shown

in Figure 6. The reaction rate constant k is determined from the
slope of the fitted line, which is 0.379 M�1

3 s
�1 when measured

in 0.020 M pH8.5 phosphate buffer at 25 �C. Using this method,
the rate constants of the reaction between PBA and glucose
under various conditions were measured. Eachmeasurement was
repeated for at least three times. The average values and the
standard errors were reported.
Effect of Temperature. The kinetics of the glucose-induced

swelling of P(NIPAM-AAPBA) microgel was studied at various
temperatures. The same 0.020 M pH8.5 phosphate buffer was
used as media. Figure 7 shows the swelling kinetics of P(NIPAM-
AAPBA) microgel upon addition of 10 mM glucose. At different
temperature, the degree of swelling is different, so is the swelling
rate. From single-exponential fitting, the characteristic swelling
times at a final [Glu] of 10 mM were obtained to be 51.4( 1.6s
(20 �C), 169.0( 1.7s (25 �C), 209.4( 0.1s (30 �C) and 202.8(
0.4s (35 �C), respectively, indicating the glucose-induced swel-
ling slows down with increasing temperature. (Figure 8) The
swelling of the microgel under physiological conditions may be
even slower because of higher temperature and ionic strength.
The reaction rate constant between glucose and PBA in the

microgels at various temperatures was determined as described
above. As shown in Figure 8, with increasing temperature, the
microgel swelling rate and the reaction rate follow the same trend.
For comparison, reaction rate constant between glucose and

Figure 5. Replot of the swelling kinetics data in Figure 3A according
to eq 9.

Figure 6. Determination of reaction constant k according to eq 8.

Figure 7. Relative turbidity of the P(NIPAM-AAPBA) microgel dis-
persion changes with time upon addition of 10 mM glucose. The media
were 0.020 M pH8.5 phosphate buffer. The temperature is 20 (0), 25
(O), 30 (Δ), and 35 �C (3). The solid lines show the best single
exponential fits to the data.
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APBA, as a low molecular weight analogue, was also determined.
As shown in Figure 8, the reaction rate between glucose and APBA
increases with temperature. The apparent activation energy of the
reactionwas calculated to be∼52.8 KJ/mol according to Arrhenius
equation (Supporting Information Figure 4S).
From Figure 8, one can see that immobilization of PBA groups

on microgel network accelerates their reaction with glucose at
20 �C, while retards the reaction at higher temperature. It has
long been recognized that the attachment of a functional group to
macromolecules will influence its reaction with low molecular
weight species.43 Usually one can assume the immobilized func-
tional group has the same reactivity as its low molecular weight
analogues and attribute the difference to various factors induced
by the polymer backbone, including steric hindrance, microen-
vironment, the interaction between the polymer backbone and
the low molecular weight species44 and the effect of neighboring
groups.45 These factors may either accelerate or retard the
reaction, and the final result should be the combined effects of
all these factors. The acceleration of the reaction at 20 �Cmay be
attributed to the relative hydrophilicity of the polymer and the
relatively large swelling degree of the network under this condi-
tion (see Figure 1). The large swelling degree of microgel allows
for glucose to diffuse freely into the microgel to access PBA
groups inside. Because of the hydrophilicity of the polymer, the
microenvironment of PBA groups attached may be similar to
those dissolved in water. As a result the retardation effect from
the polymer may not be severe in this case. On the other hand,
since the PBA groups are concentrated inside the microgel
spheres, which results in an increased local PBA concentration,
the reaction rate may increase accordingly. Another possible
reason for the accelerated reaction may be the accumulation of
glucose molecules on the hydrophilic PNIPAM chains through
hydrogen-bonding.46 Recently Ballauff et al.47 also reported that
the enzymatic activity of β-D-glucosidase immobilized in PNI-
PAM networks is increased compared to its activity in solution.
The retarded reaction at higher temperatures may be attrib-

uted to reduced accessibility of PBA groups because the microgel
is partially or fully shrunken under these conditions (see Figure 1).
The functional PBA groups may be buried because of the polymer
conformation change. Previously Frere andGramain48 showed that
the quaternization of poly(vinylpyridine) is retarded and even
stopped when the polymer conformation changes from coil to

globule. In addition, as the polymer becomes more and more
hydrophobic, the microenvironment of PBA group changes ac-
cordingly, which may also results in a reduced reactivity.44,49 The
degree of retardation (kAPBA/kmicrogel) increases from 4.1 (25 �C)
to 10.0 (30 �C) and 10.7 (35 �C) is in accord with the fact that the
microgels become more hydrophobic and shrink to a larger degree
as temperature rising. The thermal phase transition of PNIPAM
microgel has previously been used to tune the catalytic activity of
nanopatparticles50,51 or other catalytic active site52 immobilized
inside the microgels.
Effect of pH. The kinetics of the glucose-induced swelling of

P(NIPAM-AAPBA) microgel at 25 �C and various pHs were
studied. Figure 9 shows the kinetics curves measured at different
pHs while the glucose concentration keeps constant (10 mM).
At pH7.5, the extent of reaction is rather low, which is in
agreement with previous reports.41 No reliable characteristic
swelling time was obtained from single-exponential fitting. For
other pHs, the characteristic swelling times were determined to
be 280.0( 2.7s (pH8.0), 169.0( 1.7s (pH8.5), and 47.7( 1.5s
(pH9.0). One can see that themicrogel swells faster at higher pH.
Similarly, rate constant of the reaction between glucose

and PBA in the microgels at different pHs were determined
(Figure 10). We failed to determine a reliable rate constant at
pH7.5 because of the low extent of reaction. Again, the microgel
swelling rate and the reaction rate were found to follow the same
trend with changes in pH. For comparison, rate constants of the
reaction between glucose and APBA under the same conditions
were determined (Figure 10). It is well-known that the binding
constant between PBA and glucose is pH dependent,35,41 how-
ever, the reaction kinetic is much less dependent on pH. The
reaction rate between APBA and glucose only slightly increases
with pH. With the attachment of PBA on PNIPAM microgels, a
retardment was observed at pHs 8.0 and 8.5, while an accelera-
tion was observed at pH9.0, revealing different polymer effects at
different pHs. The retardment at pHs 8.0 and 8.5 can be
attributed to the hydrophobicity of the polymer and the shrink-
age of the microgel under these conditions (see Figure 1), as
explained above. In contrast, as more PBA groups are dissociated
at pH 9.0, the polymer becomes more hydrophilic, and the
microgel swells to a larger degree. Actually the swelling degree of
the microgel in this case (pH9.0, 25 �C) is similar to that in the
case of pH8.5 and 20 �C discussed above (the Rh is∼126 nm in

Figure 9. Relative turbidity of the P(NIPAM-AAPBA) microgel dis-
persion changes with time upon addition of 10 mM glucose. The media
were 0.020 M phosphate buffer with a pH of 7.5 (0), 8.0 (O), 8.5 (Δ),
and 9.0(3). T = 25 �C. The solid lines show the best single exponential
fits to the data.

Figure 8. Rate constant for reaction of glucose with PBA groups in
microgel (0) and APBA(O) and the characteristic swelling time of
P(NIPAM-AAPBA) microgel at a final [Glu] of 10 mM at various
temperatures (Δ). The media were 0.020 M pH 8.5 phosphate buffer.
The dashed lines are included to guide the eye.
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both cases as shown in Figure 1). Therefore the acceleration of
the reaction can be explained similarly.
Effect of Glucose Mutarotation. In the above studies, the

D-glucose solutions were all stood overnight before use to ensure
that they had reached mutarotation equilibrium. As we know,
D-glucose exists in aqueous solution inmany different isomers. At
equilibrium, the solution is actually a mixture of β-D-glucopyr-
anose and R-D-glucopyranose with traces of the other forms
including furanoses and open-chain form. The swelling kinetics
P(NIPAM-AAPBA) microgel in the presence of various types of
glucose was studied. As shown in Figure 11, the swelling rate
induced by various types of isomers is different, which increases
in the order of fresh β-D-glucose < equilibrated D-glucose < fresh
D-glucose < fresh R-D-glucose. The characteristic swelling times
upon the addition of 10 mM of these sugars are determined to be
178.0 ( 6.4, 169.0 ( 1.7, 110.9 ( 1.5, and 95.7 ( 3.4s,
respectively. Previously Asher et al also found that their glu-
cose-sensitive hydrogel response to various type of glucose in
the same order.34 Using the above method, the reaction rate
constants between PBA groups and different types of glucose
were determined, which are 0.241( 0.0177 (fresh-β-D-glucose),

0.379 ( 0.0254 (equilibrated D-glucose), 0.903 ( 0.0521 (fresh
D-glucose) and 0.962 ( 0.0760 M�1

3 s
�1 (fresh R-D-glucose),

respectively. As Asher et al.34 pointed out, R-D-glucose reacts
with PBA faster than β-D-glucose because glucose binds with
PBA in the R-furanose or R-pyranose form(s).53,54 Their affinity
to the immobilized PBA follows the same order. As the rate
constant of fresh D-glucose is close to that of fresh R-D-glucose,
the D-glucose sample we used is actually primarily in the R-form.
The equilibrated D-glucose is a mixture of the β-form and the
R-form, therefore its rate constant is larger than β-D-glucose but
less than R-D-glucose.

’CONCLUSIONS

As an example, the kinetics of the glucose-induced swelling of
P(NIPAM-AAPBA) microgel was studied by turbidity. This
process occurs on a time scale of 102s, which is several orders
of magnitude slower than the temperature-induced volume
transition of PNIPAM microgels. The unexpected slow swelling
originates from the slow reaction between glucose and PBA
groups, which was identified as the rate-determining step for the
swelling process.

Based on these observations, a chemical-induced microgel
swelling may not be as fast as we expected before, however, the
swelling of a microgel is still much faster than the swelling of its
bulky analogues. As already mentioned, it takes several hours for
macroscopic hydrogel beads of P(NIPAM-AAPBA) to fully swell
in the presence of glucose,33 which is much slower thanmicrogels
with similar composition. The relatively quick swelling of
P(NIPAM-AAPBA) microgels still makes them better choice
for application in drug delivery and biosensor.
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