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By the functionalization of poly{-isopropylacrylamideso-acrylic acid) microgels with 3-aminophenylboronic

acid (APBA) via carbodiimide coupling, nearly monodisperse glucose-sensitive P(NIPAM-PBA) microgels with

a diameter of several hundred nanometers were synthesized in aqueous media. Dynamic laser light scattering was
used to study the glucose-sensitive and thermosensitive behaviors of the resultant microgels under various conditions.
The introduction of the hydrophobic phenylboronic acid (PBA) group significantly decreases the volume phase
transition temperature of the resultant microgels. As a result, the P(NIPAM-PBA) microgels with a 10.0 mol %
PBA content are in a collapsed state at room temperature. However, the addition of glucose makes the microgels
swell dramatically. The glucose-sensitivity of the PBA-containing microgels relies on the stabilization of the
charged phenylborate ions by binding with glucose, which can convert more hydrophobic PBA groups to the
hydrophilic phenylborate ions. The presence of glucose also induces a two-stage volume phase transition of the
P(NIPAM-PBA) microgels, which is explained by the cerghell-like heterogeneous structure of the microgels
induced by the formation of the unique glucesss(boronate) complex in the “core” area of the microgels. The
effects of pH, ionic strength, and PBA content on the glucose sensitivity of the P(NIPAM-PBA) microgels were

investigated.
Introduction Scheme 1. Complexation Equilibrium between Phenylboronic
Acid Derivative and Glucose
Since first being reported in 1986he thermosensitive poly- R R R

(N-isopropylacrylamide) (PNIPAM) microgels have attracted Ka K

extensive attention not only due to their theoretical importante, - o Glucos on OH oH
but also their potential applications in many fiefldsuch as O Ob—on e,
controlled drug delivery,chemical separatiohsensorg? and on ud 0, CH,OH

(6]

microreactord! The PNIPAM microgels can be readily prepared
by precipitation polymerization in water at a temperature above ) ) ) )
the lower critical solution temperature (LCST) of PNIPAM. The undissociated (or uncharged) and the dissociated (or charged)
application of PNIPAM-only microgels, however, is limited by fqrm§ in aqueous solution. Both forms react reversibly with 1,2-
the relatively narrow range of physical and chemical propefties. ~Cis-diols such as glucose. The complexation of the uncharged
The functionalization of PNIPAM microgel can not only control  form with glucose is unstable because it is highly susceptible
the volume phase transitions, but also introduce other environ-t0 hydrolysis, but the binding with glucose causes the thermo-
mental sensitivities. For example, the microgels prepared from dynamically more favorable charged form. As a result, the
the copolymerization of NIPAM monomer with acrylic acid, ~dissociation equilibrium of PBA moves to the right and it&.p
methacrylic acid, vinylacetic acid, or vinylpyridine are pH decreases. For a hydrogel modified with PBA group, the binding
responsivé3-16 Recently, novel photosensitive microgels were of l,2£|§-d|ols increases the degrge of ionization on the hydrpgel
synthesized by incorporating der gold nanorods to convert and builds up a Donnan potential for the hydrogel swellmg.
light energy to heat. In contrast to the numerous reports on their Based on this property, bulk polymer hydrogels bearing PBA
sensitivity to physical stimuli, their sensitivity to chemical Moieties have been prepared to fabricate glucose seffsés,
stimuli, that is, a concentration change in particular molecules IN Which the hydrogels have to be coated on an electrode,
in the milieu, is rarely studied. Lyon et al. reported that the constructed as a hologram, or used as a matrix to embed a
PNIPAM microgels functionalized with biotin are sensitive to ~ Crystalline colloidal array. On the other hand, Kataoka ét &t
the concentration change of avidin and polyclonal anti-bittin. ~ Synthesized the phenylboronated PNIPAM gel slab, capillary
Some other bioconjugated PNIPAM-based microgels were also9€!s, and gel beads for potential self-regulated insulin delivery
reportec?®-23 Here, we report a new type of PNIPAM-based th_rough the dlrect_ copqum_enzatlon of NIPAM with 3-aqrylai
microgels functionalized with a phenylboronic acid (PBA) Midophenylboronic acids in DMSO and water/paraffin oil
group, which is sensitive to glucose concentration in the media. SUSPension, respectively. However, these gels have to be first
PBA group has long been used as glucose sensing moietyltransferred to the aqueous phase to get rid of organic solvents.

As shown in Scheme 1, PBA is in equilibrium between the Their swelling curves can only be monitored from the mass
change of the gel slabs or diameter change of the gel cylinders

*To whom correspondence should be addressed. E-mail: zhoush@ Of beads under miC_rOSCOPe- F.urtherm.qre., bulk gels need a long
mail.csi.cuny.edu. time to reach swelling/collapsing equilibrium.
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Scheme 2. Synthesis of Glucose-Sensitive P(NIPAM-PBA)
Microgels with Pendant Phenylboronic Acids
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Microgels have several advantages over bulk gels in some
specific applications. First, microgels can undergo a rapid phase
transition in response to external stimi®£2 as the rate of
volume change is scaled &%, wherel is the relevant length
scale of geP3 Second, the monodisperse microgel particles, as
building blocks, can be readily assembled to meet various
application requirements. Thin microgel films have been easily
fabricated through layer-by-layer assembly with a controllable
film thickness34~36 Highly ordered crystalline colloidal arrays
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Figure 1. FTIR spectra of P(NIPAM-AA) microgels with an AA

content of 10.0 mol % and the corresponding P(NIPAM-PBA)
microgels with a PBA content of 10.0 mol %.

have been assembled from the monodisperse microgel particlesnicrogels have a PBA content of 10.0, 5.8, and 2.0 mol %, respectively,

at a suitable range of concentratiiihe optical properties of
the crystalline arrays are tunable by controlling the size and
concentration of the microget$:38

In this paper, the monodisperse phenylboronated PNIPAM
microgels were synthesized via a two-step procedure. The poly-
(N-isopropylacrylamideso-acrylic acid) [P(NIPAM-AA)] micro-
gels were first synthesized by free radical precipitation polym-
erization, followed by coupling the 3-aminophenylboronic acid
(APBA) to the COOH group of AA units in the microgels. The
volume phase transitions of the resultant P(NIPAM-PBA)

according to the AA content of the parent microgels.

Fourier Transform Infrared (FT-IR) Spectroscopy. The microgel
suspensions were applied to silica wafer and dried in a vacuum oven.
The FTIR spectra were collected using a Fourier transform spectrometer
(Nicolet Magna 550) operating at 4 cfiresolution.

Dynamic Laser Light Scattering (LLS). A standard LLS spectrom-
eter (BI-200SM) equipped with a BI-9000 AT digital time correlator
(Brookhaven Instrument Inc.) was used to monitor the size and size
distribution of the microgels under different conditions. A-Hse laser
(35 mW, 633 nm) was used as light source. All microgel solutions

microgels in response to glucose concentration and temperaturevere passed through Millipore Millex-HV filters with a pore size of

change under different pH and ionic strength were investigated
by dynamic light scattering. The glucose-sensitive microgels

0.45um to remove dust before the dynamic LLS measurements. In
dynamic LLS, the Laplace inversion of each measured intensity

synthesized here have the potential to be used for the fabricationntensity time correlated function can result in a characteristic line width

of a glucose sensor and self-regulated insulin release.

Experimental Section

Materials. N-Isopropylacrylamide (NIPAM),N,N'-methylenebis-
(acrylamide) (BIS), ammonium persulfate (APS), sodium dodecyl
sulfate (SDS), acrylic acid (AA), 3-aminophenylboronic acid (APBA),
N-(3-dimethylaminopropyIN'-ethyl-carbodiimide hydrochloride (EDC),
and p)fructose were all purchased from Aldrich(+)-Glucose was
purchased from ACROS. NIPAM was purified by recrystallization from
a hexane/acetone mixture and dried in a vacuum. AA was distilled
under reduced pressure.

Microgel Synthesis.The P(NIPAM-AA) microgels were synthesized
by free radical precipitation polymerizatidf!* Briefly, 1.400 g of
NIPAM, 0.100 g of AA, 0.033 g of BIS, and 0.057 g of SDS were
dissolved in 100 mL of water. The solution was filtered to remove any
possible precipitates. The reaction mixture was transferred to a three-
necked round-bottom flask equipped with a condenser and a nitrogen
inlet and heated to 78C under a gentle stream of nitrogen. After 1 h,

5 mL of 0.06 M APS solution was added to initiate the reaction. The
reaction was allowed to proceed for 5 h. The resultant microgels were
purified by dialysis (cutoff 12 00614 000) against water for at least

1 week. This P(NIPAM-AA) microgel sample has a feeding AA content
of 10.0 mol %. Microgels with AA contents of 5.8 and 2.0 mol %
were synthesized using the same procedure but different feeding
amounts of AA comonomer.

The phenylboronic acid-functionalized P(NIPAM-PBA) microgels
were synthesized as follows. First, 0.233 g of APBA and 0.239 g of
EDC were dissolved in 45 mL of water. The solution was cooled in an
ice bath, and then 5 mL of purified P(NIPAM-AA) microgels was
added. The reaction mixture was kept at aboutQfor 4 h. The
resultant products were purified by dialysis against water. The resulting

distribution G(I').%° For a purely diffusive relaxatiorl is related to

the translational diffusion coefficie® by (I/0?)c—o0q-0 = D, where

g = (4nn/1) sin(0/2) with n, 1, andé being the solvent refractive index,
the wavelength of the incident light in vacuo, and the scattering angle,
respectively G(I') can be further converted to a hydrodynamic radius
(Ry) distribution by using the Stoke<instein equationR, = (ksT/
67n)D7L, where T, kg, and 5 are the absolute temperature, the
Boltzmann constant, and the solvent viscosity, respectitfely.

Results and Discussion

Synthesis of P(NIPAM-PBA) Microgels. Our strategy to
prepare the glucose-sensitive P(NIPAM-PBA) microgels in-
volves the first synthesis of a P(NIPAM-AA) microgel, followed
by modification with the glucose-sensing moiety PBA. The
preparation of nearly monodisperse P(NIPAM-AA) microgels
with well-controlled size and compositions has been well-
established from the precipitation polymerization in wétef?

It has been reported that the AA contents in the microgels are
nearly equal to the feeding ratios of the AA and NIPAM
comonomeré! Dialysis has been proved to be an effective
purification proceduré?#3As shown in Scheme 2, the P(NIPAM-
AA) microgel could be functionalized with PBA through the
coupling of 3-aminophenylboronic acids (APBA) to the AA
units in the microgels under EDC catalysis. Figure 1 shows the
FTIR spectra of the dried P(NIPAM-AA) microgels (10.0 mol
% AA in feeding ratio) and the corresponding P(NIPAM-PBA)
microgels. In addition to the absorption maxima of amide | at
1650 cn! and amide Il at 1525 cmi, the P(NIPAM-AA)
microgels present a peak at 1706 ¢nwith a shoulder at 1724
cm1, which was assigned to the stretching of the unchar@Bq/
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Figure 2. Temperature dependence of the average Ry values of the
P(NIPAM-AA) microgels (10.0 mol % AA,; circles) and the corre- 100 L 5
sponding P(NIPAM-PBA) microgels (10.0 mol % PBA,; triangles), - oo & @%
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dimerized or associated form of carboxylic group of AA units.
After modification with APBA, the P(NIPAM-PBA) microgels
only present the absorption maxima of amide | at 1638%tm
and amide Il at 1543 cmi. The disappearance of the peak at o © ava g
1706 cn1! indicates that the carboxylic groups in the PAA a 0 Ay A v
segments are almost completely reacted with APBA. The higher i

frequency amide | and the lower frequency amide Il bands in ‘2., QPN AL,
the P(NIPAM-AA) microgels as compared to the corresponding 4 8 120 160 200 240
P(NIPAM-PBA) microgels are due to the hydrogen bonding R, /nm

between PNIPAM and PAA” Figure 3. (A) Ry values of the P(NIPAM-PBA) microgels (10.0 mol
" e . . h - .
Thermosensitive Volume Phase Transitions of the Micro- % PBA) as a function of glucose concentration, measured in 0.005

g(:j'ls The Ka values of the_ AA_ moiety in the P(NIPAM'AA) M phosphate buffer of pH = 9.0 at T = 25 °C. (B) Size distributions
microgels and the PBA moiety in the P(NIPAM-PBA) microgels  of the P(NIPAM-PBA) microgels at different glucose concentrations.

are about 4.2 and 8.20 respectively. It is expected that the

pH value of the media has a great effect on the volume phaseBecause of the strong hydrophobicity of the PBA group, the
transitions of both microgels. Figure 2 shows the temperature- P(NIPAM-PBA) microgels start to aggregate severely-&8.5
induced volume phase transitions of the two microgels with an °C before they reach the fully collapsed state.

AA or PBA content of 10.0 mol % at pk 3.5 (<pKg) and 9.1 When the pH value of the media increases to 9.1, AA groups
(>pKay), respectively, in terms of the change of hydrodynamic are totally deprotonated, resulting in the increase in osmotic
radius R, measured at a scattering anglefof 45°. The pH pressure and Coulombic repulsion. To induce the P(NIPAM-
was adjusted by using dilute HCI or NaOH aqueous solutions. AA) chain to collapse, a higher temperature needs to be pro-
At pH = 3.5, when both of the microgels are under the swollen vided. No volume phase transition was detected in our experi-
conditions, for example, P(NIPAM-AA) microgelsat= 25°C mental temperature window<@5 °C), which is consistent with
and P(NIPAM-PBA) microgels & = 12 °C, respectively, they  the previous report that the P(NIPAM-AA) microgels with 10
have a similar size because the majority of the AA groups and mol % AA have a VPTT around 58C.43 At pH = 9.1, the size

the PBA groups in the two microgels are in the uncharged form. of the P(NIPAM-PBA) microgels in the swollen state is smaller
These results indicate that the modification with PBA group than that of the P(NIPAM-AA) microgels due to the incomplete
does not change the originally existing morphology of the ionization of the PBA group. However, the partial ionization
microgels. However, the hydrophobic PBA groups significantly of PBA group still dramatically increases the size and VPTT
decrease the volume phase transition temperature (VPTT) ofof the microgels in comparison with the uncharged form at pH
the microgels. For the P(NIPAM-AA) microgels, the incorpora- = 3.5. More importantly, the partial ionization of the P(NIPAM-
tion of 10 mol % neutral AA slightly decreases VPTT from PBA) microgels at pH= 9.1 stabilizes the particles during the
~34 °C for pure PNIPAM microgel to~32 °C2 The slight collapsing process. As a result, the microgels reach the equili-
decrease of the LCST of P(NIPAM-AA) copolymer microgels brated collapsing limit without aggregation.

as compared to the PNIPAM homopolymer microgels might  Glucose Sensitivity of P(NIPAM-PBA) Microgels. The

be due to the weak hydrogen bonding between AA and NIPAM introduction of PBA group makes the resultant microgels
units. After modification with APBA, the P(NIPAM-PBA) glucose-sensitive. Figure 3A shows thi% values of the
microgels show a VPTT of17 °C, which is about 153C lower P(NIPAM-PBA) microgels in a 0.005 M phosphate buffer of
than that of the unmodified P(NIPAM-AA) microgels. Itiswell pH = 9.0 with different glucose concentrations measured at
known that the copolymerization with a hydrophilic monomer 25 °C. With the increase in glucose concentration, the particle
increases the LCST of PNIPAM, while the copolymerization size expands dramatically. In the absence of glucose, the aver-
with a hydrophobic monomer decreases its LCST. The P(NIPAM- ageR; was only 84 nm; however, the particle size is doubled
PBA) microgels can be considered as a copolymer of NIPAM when glucose concentration is at 0.01 M. TRe-[glucose]
with 3-acrylamidophenylboronic acid, which is hydrophobic and plot flats off when the glucose concentration is above 0.01 M
renders a lower VPTT of the resultant copolymer microgels. where the microgel network chains stretch to nearly a maximélg\./
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volume phase transitions of the P(NIPAM-PBA) microgels are
E u -..-'- also related to a coreshell-like structure. The structural
200 F '-. - heterogeneity of the PNIPAM microgels prepared from batch
FE R R o NI . polymerization has been widely studi#d>! It is well known
b = A O that the cross-linker BIS is statistically incorporated faster than
g 150 b o 8 o <><><> the monomer NIPAM, resulting in a radial distribution of cross-
= . oo & - linkers in the microgels when cross-linking density is less than
} . o g <& 7 mol %5 In our case, the overall cross-linking density is 1.5
a7 FlO GlM  |oDO = mol %. Therefore, the microgels involved in the present study
100 F| O Glu0.02M A . can be considered to have an internal easbell-type structure
[lA Glooim | O3 . U .
H o Gluo.osm o o = with respect to cross-llnkmgldensny, where the core represents
Flm Fru0.05M Oaca Q%é - the relatively densely cross-linked center and the shell represents
sopf—m— ARoo um the relatively loosely cross-linked periphery. However, no two-
1015 20 25 30 3'5' 4'0 4'5 5'0 55 stage deswelling has been observed from these microgels in
the absence of glucose because the VPTT difference between
T/°C the core and the shell is not significant. Nevertheless, the addi-
Figure 4. Temperature-induced Ry change of the P(NIPAM-PBA) tion of glucose can induce a distinct cerghell-like structure
microgels (10 mol % PBA) in the 0.005 M phosphate buffer of pH = of the microgels. It is known that in the alkaline aqueous
9.0 with various glucose or fructose concentrations. solutions, besides the glucesmono(boronate) complex shown

) ] S in Scheme 1, a glucosdis(boronate) complex can be also
Figure 3B shows the size distributions of the P(NIPAM-PBA)  formed; in which one glucose molecule is complexed with two
microgels at various glucose concentrations. The swelling of pga group5233 For the formation of glucosebis(boronate)
the particles with the increase in glucose concentration is clearly complex, the two PBA groups must be close enough, so it is
presented. In add_ltlon, these microgels are nearly monodispersemore favorable for their formation in the “core” area with a
regardless of their swollen states. o _ relatively high cross-link density. The formation of glucese

While the glucose can induce a dramatic size expansion of piqhoronate) complex increases the cross-linking density but
the P(NIPAM-PBA) microgels at room temperature, Figure 4 4 as not change thekg of the PBA groug As a result, the
shows the effect of glucose concentration on the thermosensitive\/pTT of the core is lower than that of the shell. and a two-

V°'“_me phase trantions of th_e_se m_iC“?Qe'S- AS_ expected, theyngition deswelling curve can be presented when the temper-
addition of glucose in the milieu significantly increases the 41 increases gradually.

VPTT of the P(NIPAM-PBA) mi Is. F C .
of the P( ) microgels. For example, the The hypothesis is supported by the one-stage transition of

presence of 0.05 M glucose results in a VPTT increase of - . .
~15°C. Obviously, this effect is due to the stabilization of the the microgels in the presence of 0.050 M fructose (solid square

charged phenylborates by complexing with glucose, which curve in Figure 4). It has been suggested that, while glucose
converts more hydrophobic uncharged PBA group to hydrophilic can form pOth the glucosenono(boropate) complexes and the
charged phenylboronate group (Scheme 1). The continuousg|UCOS&I.O'S(bO.ronate) complexes with the PBA group, other
volume phase transitions of the P(NIPAM-PBA) microgels are sugarls, mclu%mg fructose, t:;an only form mono(boronate)
different from the discontinuous volume phase transitions COMPIEXES with PBA grouﬁf‘.T er?fore,"the frUCt(?:se mf?leCUIeS
observed in the phenylborated PNIPAM bulk g&8! which react with the PBA group in the “core” and the “shell” area of
is attributed to the shear modulus, which keeps the shape of al'® MICrogels in the same way, and only one transition was

bulk gel until its internal stress builds to a certain point that the °PServed. In contrast, when the glucose molecules react with
shear module can no longer maintain the shape of thé gel. e microgels, the formation of glucosbis(boronate) com-

A close examination of the deswelling curves reveals an plexes is more favorable in the “core” area than in_the ‘shell
interesting phenomenon: the microgels present a two-stage?'€@. The amount of glucoseis(boronate) complex increases
volume phase transition in the presence of glucose, while the With increasing glucose concentration, which makes the VPTT
size distribution of the microgels remains very narrow under difference between the “core” and the “shell” more significant.
all of the conditions. Upon heating, the P(NIPAM-PBA) micro- As a result, the intermediate plateau between the two transitions

gels undergo a small degree of collapse, followed by a secondP&comes more pronounced as the glucose concentration in-
transition with a large volume change. The intermediate plateau cr€ases. Itis noteworthy that the size of the swollen microgels

becomes more pronounced as the glucose concentration in/n the fructose solution is larger than that in the glucose solution

creases. The mechanism of the glucose-induced two-stage phas%_t the same concentratio_n because fructose has a higher asso-
transition is not quite clear. A similar two-stage transition was Ciation constant{4370) with the PBA group than does glucose
reported when a certain amount of sodium dodecyl sulfate (SDS) (~110)%° The VPTT is also higher than that of glucose.

is present in the PNIPAM microgel suspensiéh$he authors Effects of pH, lonic Strength, and PBA Content on the
thought that the first step involves the breaking up of micelles Glucose-Sensitivity of the P(NIPAM-PBA) Microgels.The

and expelling SDS from the gel network and the second steppH value of the media has a great effect on the glucose-
represents the collapse of the surfactant-free gel network. Thissensitivity of the hydrogels modified with PBA group. It was
explanation cannot be applied to the glucose-induced two-stagefound that the glucose sensors made from the phenylborated
transition because glucose interacts with the microgel in a polyacrylamide hydrogels embedded with crystalline colloid
different way from that of SDS. A distinct two-step volume array are only responsive to glucose concentration change in
phase transition has also been observed from the-ctrell the pH range of 7.0< pH < 9.525 At pH < 7.0, the majority
microgels with PNIPAM (LCST= 34 °C) as core and poly-  of PBA groups are in the uncharged form, while at pHb.5,
(N-isopropylmethacrylamide) (LCSF 45 °C) as shell” The almost all of the PBA groups are transferred to the charged form.
two transitions represent the collapse of the core and the shell,As a result, the PBA-based glucose-sensors lose their respon-
respectively. We speculate that the glucose-induced two-stagesibility under these conditions. Figure 5A shows the effec&%‘v
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and that in the absence of glucose, as a function of pH value. r A 0 5.8%PBA
. . . 150 ¢ AL A 10.0%PBA
pH on the glucose-induced swelling behavior of the P(NIPAM- : A
PBA) microgels. At pH= 7.5, the glucose-induced size b 00 N
L L L °0 oo
expansion is negligible. In the pH range of 8@5, the glucose- =) [ éocb
induced swelling is significant, indicating the microgels are = C AOC o
glucose-sensitive under these conditions. The swelling ratio of = 100 oo
the microgels in the presence of 0.050 M glucose as compared ~ A
to that in the absence of gluco$®,0.0sM/Rn,0, has been plotted 3 g
. . . . [ o)
against pH in Figure 5B. This plot more clearly reflects the pH r Ban
effect on the overall glucose-sensitivity of the P(NIPAM-PBA) 50 L & Bo 8o &
microgels. The glucose-sensitivity of the microgels increases P I U S B S S B
with the increase in pH, reaches a maximum at$19.0, and 5 10 15 20 25 30 35 40 45
then decreases at higher pH. The glucose-sensitivity of the T/°C

microgel at lower glucose concentrations shows the same trend.Fi ure 7. (A) Effect of the PBA content on the alucose sensitivity of

The glucosg-sensitivit_y O_f th_e P(NIPAM'PBA)_ microgels is P(gNIPAM—P(B)A) microgels in 0.005 M phosphat% buffer of pH ={).O
based on the increased ionization of PBA group in the presenceat 7= 25 °C. (B) Thermosensitive volume phase transition curves of
of glucose. Therefore, ionic strength should have a great effect P(NIPAM-PBA) microgels with different PBA contents in terms of Ry,
on the glucose-induced swelling of the P(NIPAM-PBA) micro- change measured in 0.005 M phosphate buffer of pH = 9.0.
gels. Figure 6 shows the glucose-indudadchange of the
P(NIPAM-PBA) microgels in phosphate buffers of two ionic buffer to 1.89 in the 0.050 M buffer. It is noteworthy that the
strengths afl = 25 °C. In both buffers, the P(NIPAM-PBA) ionic strength of the 0.050 M phosphate buffer is close to that
microgels exhibit glucose-induced size expansion; however, a of human blood, which implies that the P(NIPAM-PBA) micro-
smaller size in the 0.050 M buffer is found than that in the gels have potential to work at physiological ionic strength.
0.005 M buffer at all glucose concentrations, which can be  The P(NIPAM-PBA) microgels involved in the above studies
explained by the weakening of Donnan potential. Although the have a PBA content of 10.0 mol %. Based on the mechanism
particle swelling is depressed by high ionic strength, the shown in Scheme 1, the glucose sensitivity of the P(NIPAM-
P(NIPAM-PBA) microgels still show good glucose sensitivity PBA) microgels should increase with the increase in the PBA
in the 0.050 M buffer. The overall sensitivity measurement, content. Figure 7A shows the glucose-induced size change of
Rn.0.0sMRn,0, just decreases slightly from 2.11 in the 0.005 M three P(NIPAM-PBA) microgels with PBA content of 2.0, SéDV
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(11) Zhang, J.; Xu, S.; Kumacheva, EAAm. Chem. So2004 126 7908.
(12) Hoare, T.; Pelton, RLangmuir200Q 20, 2123.

(13) Jones, C. D.; Lyon, L. AMacromolecule200Q 33, 8301.

and 10.0 mol % (according to the feedings of AA comonomers),

respectively, in the 0.005 M phosphate buffer of gH.0 at

T=.2.5 °C. With a low PBA content of 2.0.and 5.8 mol %, the (14) Zhou, S. Chu, BJ. Phys. Chem. B998 102, 1364.

addition of glucose only expands the microgel network to @ (15) Hoare, T.; Pelton, RMacromolecule004 37, 2544.

small degree. In contrast, the addition of glucose can induce a (16) Li, X.; Zuo, J.; Guo, Y.; Yuan, XMacromolecule2004 37, 10042.

dramatic expansion for the P(NIPAM-PBA) microgels with a  (17) Nayak, S.; Lyon, L. AChem. Mater2004 16, 2623.

10.0 mol % PBA content. The low glucose sensitivity of the (18) Gorelikov, I.; Field, L. M.; Kumacheva, B. Am. Chem. So2004

two microgels with low PBA contents can be explained from (19) %<2|r?11\159l:\312yak S.: Lyon, L. AJ. Am. Chem. So@005 127, 9588.

their volume phase transition curves. Figure 7B shows the effect 50) zhou, G.: Veron, L.; Elaissari, A.: Delair, T.; Pichot, Bolym. Int.

of PBA content on the thermosensitive behavior of the 2004 53, 603.

P(NIPAM-PBA) microgels. As expected, VPTT of the P(NIPAM-  (21) Taniguchi, T.; Duracher, D.; Delair, T.; Elaissari, A.; Pichot, C.

PBA) microgels decreases with the increase in the content of Colloids Surf., B2003 29, 53. _

the hydrophobic PBA group. At 25, the two P(NIPAM-PBA) (22) g;'li'igggu'xeﬂg;’gFigg'gffar" A.; Charles, M.-H.; Pichot, C.

microgels with low PBA contents are in a fully swollen state 23y pyazot, p.; Delair, T.; Elaissari, A.; Chapel, J.-P.; PichotC6lloid

or close to a fully swollen state; therefore, the addition of glucose Polym. Sci2002, 280, 637.

can only induce a limited further expansion. In contrast, the (24) Kikuchi, A.; Suzuki, K.; Okabayashi, O.; Hoshino, H.; Kataoka, K;

P(NIPAM-PBA) microgels with a 10.0 mol % PBA content are Sakurai, Y.; Okano, TAnal. Chem1996 68, 823.

close to their fully collapsed state at 25. This result suggests 2 f‘Sher' S. A; Alexeev, V. L.; Goponenko, A.V.; Sharma, A. C.;
. . 2 ednev, |. K.; Wilcox, C. S.; Finegold, D. NJ. Am. Chem. Soc.

that the P(NIPAM-PBA) microgels must contain a certain high 2003 125 3322.

level of PBA group to be potentially used as glucose sensors at (26) Nakayama, D.; Takeoka, Y.; Watanabe, M.; KataokaAKgew.

room temperature. It can be expected that a high glucose- Chem., Int. Ed2003 42, 4197.

sensitivity will be observed when the measurement is carried (27) Lee, Y.-J.; Pruzinsky, S. A.; Braun, P. Vangmuir 2004 20,

; 3096.
out near the collapsing temperature. (28) Lee, M. C.; Kabilan, S.; Hussain, A.; Yang, X.; Blyth, J.; Lowe, C.

R. Anal. Chem2004 76, 5748.

(29) Kataoka, K.; Miyazaki, H.; Bunya, M.; Okano, T.; Sakurai, J.
Am. Chem. Sod998 120, 12694.

(30) Matsumoto, A.; Yoshida, R.; Kataoka, Kiomacromolecule2004
5, 1038.

(31) Matsumoto, A.; Kurata, T.; Shiino, D.; Kataoka, Macromolecules
2004 37, 1502.

(32) Wang, J.; Gan, D.; Lyon, L. A.; EI-Sayed, M. A. Am. Chem. Soc.
2001 123 11284.

(33) Tanaka, T.; Fillmore, D. Jl. Chem. Phys1979 70, 1214.

(34) Serpe, M. J.; Jones, C. D.; Lyon, L. Bangmuir2003 19, 8759.

Conclusion

Nearly monodisperse glucose-sensitive P(NIPAM-PBA)
microgels with a diameter of a few hundred nanometers were
successfully synthesized from the functionalization of P(NIPAM-
AA) microgels with 3-aminophenylboronic acid via EDC
coupling in water. The introduction of the hydrophobic PBA
moieties significantly reduces the VPTT of the resultant
P(NIPAM-PBA) microgels; however, the collapsed microgels (35) Nolan, C. M.; Serpe, M. J.; Lyon, L. ABiomacromolecule@004
swell in the presence of glucose in alkaline solutions at room 5, 1940.
temperature because the ionization degree of the PBA group (36) Serpe, M. J.; Yarmey, K. A.; Nolan, C. M.; Lyon, L. Biomacro-
increases as a result of the stabilization of the phenylboronate molecules2005 6, 408.

. b lexi ith al h fal (37) Gao, J.; Hu, ZLangmuir2002 18, 1360.
ions by complexing with glucose. The presence of glucose not (38) Debord, J. D.; Lyon, L. AJ. Phys. Chem. 200q 104, 6327.

only increases the VPTT of the P(NIPAM-PBA) microgels, but  (39) chu, B.Laser Light Scattering?nd ed.; Academic Press: New York,
also induces a two-stage volume phase transition. The glucose- 1991.

sensitivity of the P(NIPAM-PBA) microgels depends on pH, (40) Stockmayer, W. H.; Schmidt, MRure Appl. Chem1982 54, 407.
ionic strength, and the PBA content of microgels. To observe gg gg{t'g;e”s;”éc'\:'dnﬁgl Kse'c:# ggggoé%isgf" A2005 252 61.

a remarkable glucose-induced swelling of the microgels at room (43) |0, s.:' Ogawa, K.: S-uz}l/Jkif)H.; Wang, B.. Yoshida, R.; Kokufuta, E.
temperature, the P(NIPAM-PBA) microgels should have a Langmuir1999 15, 4289.

certain high PBA content. Maximum sensitivity was observed

(44) Hyk, W.; Ciszkowska, MJ. Phys. Chem. B002 106, 11469.
at pH = 9.0 and low ionic strength; however, the microgels (45) Cesarano, J.; Aksay, I. A.; Bleier, . Am. Ceram. S0d.988 71,

. . P . . L 250.
still show significant glucose-sensitivity at physiological ionic (46) Wu, C.: Zhou, SJ. Polym. Sci., Part B: Polym. Phys99G 34,
strength. 1597.

(47) Berndt, I.; Richtering, WMacromolecule2003 36, 8780.

(48) Wu, X.; Pelton, R. H.; Hamielec, A. E.; Woods, D. R.; McPhee, W.
Colloid Polym. Scil994 272 467.

(49) Stieger, M.; Richtering, W.; Pedersen, J. S.; Lindner).RChem.
Phys.2004 120, 6197.
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