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Monodispersed polyy-isopropylacrylamide) submicrometric microgels modified with a phenylboronic acid (PBA)
derivative have been synthesized by precipitation polymerization. Particles with a well-controlled size and adjustable
composition were obtained. These particles were found to be glucose responsive at a pH clos&mttikep

PBA derivative, with a swelling degree proportional to the concentration of glucose. In addition, the response to
glucose was found to strongly depend on the initial state of the microgel, which depended itself on the initial
temperature and the functionalization degree of the particle. This result explained the fundamental difference in
the behavior of PBA-poor particles and rich ones in the presence of electrolyte. Interestingly, the latter exhibited
a high swelling ratio in the presence of glucose at physiological electrolyte concentration. These particles may
serve as building blocks for the design of colorimetric sensors based on the light diffraction of colloidal crystals.
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Stimulus-responsive polymer gels have attracted much interest g = " == zmor "
over the past decades due to their potentiality to design “self- @\ @\@ @e
regulated” systems often referred as “smart materials”. Various B\/O” M "
stimuli such as heat, pH, electric field, or light may be used to OH HO  OH i
induce a drastic change in the physical properties of the gel. Of
particular interest for the biomedical field is the use of a Figure 1. Representation of the complexation between the alkyl-
chemical stimulus, i.e., when the gel responds to a concentrationamidophenylboronic acid and glucose in agueous solution.
change of a specific molecule in the environment, exactly like
biofeedback systems. Such systems appear as promising can ;.o (GODY 7 or lectin concanavalin A (Con AY as well
didates for sensing, drug delivery, and possibly new biomate-

ials. O t th Cf : t molecules in this field is 23 synthetic ones such as phenylboronic acid (PBAP
rais. ne of the most famous target moiecules In this ieid 1s Although less specific, the latter presents the advantage of
glucose, owing to the widely spread disease of diabetes and

; . . greater reliability and long-term storability over possible protein
the great demand for '.'ghtef““g the treatment. T_he design Ofdenaturation. Such a receptor presents the characteristics to
new sensors for noninvasive glucose monitoring or self-

L ; . ._induce gel swelling upon glucose complexation. Indeed, PBA
q§llvgrlng systems aimed to decrease the frequency of Ir'Su“nderivatives exist in both charge@énd also hydrophilieand
injections appears as a great challenge. o unchargee-and relatively hydrophobiestates in agueous solu-

To design a chemical-responsive gel, two criteria must be {jgp (Figure 1). However, upon glucose addition, only the
satisfied: first, the gel has to be functionalized with a receptor charged state forms a stable complex with glucose through
which has the ability to recognize the target molecule, and yeyersiple covalent bondifgwhereas the neutral form is highly
second, the complexation between the receptor and the targetysceptible to hydrolysi$. This results in a shift in the
should induce a physical modification of the gel which will - equilibrium which increases the fraction of charged entities and
originate its swelling or shrinking based on theoretical consid- tnerefore induces swelling when those entities are linked to a
erations as previously developed by TanaRae equilibrium 46| polymer chain. On the basis of this concept, gels with on
volume of a hydrogel is determined by three contributions: the off regulation of insulin release have been developed by Kataoka
free energy of mixing, Wh.ICh is controlled by the affinity gt al., initially operating at a pH of @ and more recently
between the polymer chain and the solvent, the hydrogel improved to operate at physiological pH conditions by modify-
network elastic restoring force, which depends on the cross-ing the chemical structure of the receptor with an’ electron-
!mkmg densny,. anpl the osmotic pressure exerted by the_ mqblle drawing group in the phenyl rin§:17 Monolithic gels were
ion concentration inside and outside the gel. Any .m0d|f|cat|0n investigated with both capillary and submillimetric bead shapes,
of one of these parameters upon target comple_xatlon may affectyt poth of them displayed very slow response time, on the
the gel volume, the last term being the most influeritial. order of several hours. It is well-known that the size and the

Several examples of glucose-responsive gels have alreadyporosity of a gel strongly affect the response time, which is
been reported using natural receptors such as the enzyme glucoseiled by a diffusion process and polymer chain relaxatfon.
An improvement was obtained by Braun et al., who designed

*To whom correspondence should be addressed. E-mail: v.ravaine@ glucqse'reSponSive macroporous gels by templat.ing with a
enscpb.fr. colloidal crystal*?2 Our strategy focused on a reduction of the
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gel dimensions, which would not only improve swelling or total monomer concentration was held constant at 70 mM, and the
deswelling kinetics but also allow new applications such as in comonomer ratio ((97.5- X):2.5X NIPAM:BIS:APBA) was varied
vivo sensing or delivery. Therefore, our work was aimed to according to the desired receptor concentration. NIPAM, BIS, and
design new submicrometric glucose-sensitive gel particles, alsosurfactant (1 mM) were dissolved in 48 mL of water. APBA was
referred to as microgels. It should be noted that some ther- dissolved in 1 mL of methanol and the resulting solution added to the
mosensitive particles bearing PBA groups on the surface havePrevious solution. The whole solution was filtered through a:h®
already been synthesized, but no swelling upon glucose reCogni_membrane filter to remove the remaining particulate matter. It was then
tion was reported® ' heated to 70C and thoroughly degassed with argon for at least 1 h
. ) . . _prior to initiation. Free radical polymerization was then initiated with

Olln (}\fll_lissgafoer, gg r?gr?]riggr; Eh?Nsl)ng':/%sﬁigfr;hirlrsng;e;r?ﬁniveAPS (0.15 mmol) dissolved in 1 mL of water and degassed for 5 min.
poly . P . pylacry . P . 9 ) .g The success of initiation was indicated by the occurrence of turbidity.
PBA derivative. A series of monodispersed submicrometric gel

icl ith . . hesized th h The stirring solution was allowed to react for a periddéoh under
particles with various PBA ratios were synthesized through a argon. Following synthesis, the microgels were purified by dialysis

batch process. Their swelling behaviqr was investigated VETSUSgialysis membrane, MCWO 10000, Orange Scientific) against water
temperature and glucose concentration under various pH and(two changes per day for two weeks at®).

salinity conditions by photon correlation spectroscopy. First, = characterizations. Particle Size and DistributiorParticle sizes in

we show that the presence of the PBA derivative influences their dry state and the uniformity of the distribution were measured by
the volume phase transition temperature, due to the increaseclectron microscopy, both in scanning mode (SEM) using a JEOL JSM-
hydrophobicity of the particles, and we also demonstrate that 5200 microscope, operating at 25 kV, and in transmission mode (TEM)
the swelling response to glucose recognition is ruled by an (JEOL 2000FX) at an accelerating voltage of 200 kV.

increase in the charge density of the polymer. We show evidence For in situ measurements, particle sizes and polydispersities were
that the glucose sensitivity depends not only on the PBA density measured by photon correlation spectroscopy (PCS). Most of the
but also on the initial state of the microgel. Such a dependencemeasurements were performed using a Zetasizer 3000 HS (Malvern
could explain that the glucose sensitivity is found to even be Instruments, U.K.) operating with a HeNe laser at’.98 second
enhanced in the presence of salt for PBA-rich particles. This instrument operating in backscattering mode (NanoS100, Malvern
last unexpected result is encouraging for application in a Instruments) was used any time it was required to perform the

physiological medium and opens a route for the design of new measurement directly on a concentrated suspension. The hydrodynamic
sensors based on microgel colloid crystals diameters were calculated from diffusion coefficients using the Stokes

Einstein equation. All correlogram analyses were performed with the
manufacturer-supplied software. The polydispersity index (PDI) is given
Experimental Section by the cumulant analysis method. Both material characterization and
the swelling behavior upon glucose recognition were investigated by
Materials. All the reagents were purchased from Sigma-Aldrich  this technique. To do so, 1L of the initial particle suspension was
unless otherwise notetl-Isopropylacrylamide (NIPAM) was recrystal-  dispersed in 1 mL of a freshly prepared glucose-buffered solution (Tris,
lized from hexane (ICS) and dried under vacuum prior to D&H.- 2 mM), the pH of which was adjusted using a 0.1 N NaOH or 0.1 N
Methylenebis(acrylamide) (BIS), acrylic acid, sodium dodecyl sulfate HCI solution. Before each data collection, the sample was allowed to
(SDS), and ammonium persulfate (APS) were used as received.equilibrate for 10 min at the proper temperature. Each data point
3-Aminophenylboronic acid hemisulfate amM[3-(dimethylamino)- reported is an average of 3 separate size measurements, which
propyl]-N'-ethylcarbodiimide hydrochloride (EDCI) were purchased themselves consist of 14 measurements with an approximately 15 s
from Acros Organics and used immediately after opening. Milli-Q water integration time. Only one determination was carried out when a
was used for all synthesis reactions, purification, and solution prepara- temperature program was recorded. The sample was allowed to

tion. equilibrate for 10 min between each temperature.

PBA Derivative Monomer Synthesis.The synthesis of 3-acryl- Electrophoretic Mobility MeasurementExperiments were carried
amidophenylboronic acid (APBA) was achieved by adapting the out using the Zetasizer 3000 HS (from Malvern Instruments) at the
procedure previously described by Kitano and co-worReBxiefly, proper temperature. Latex electrophoretic mobilities were obtained after

0.93 g (5 mmol) of 3-aminophenylboronic acid was dissolved in 15 dilution of the microgel suspension in the buffered solution and after
mL of water. The pH of the solution was adjusted to 4.3 using HCI, the mixture was allowed to equilibrate for 10 min. Each value results
the solution was immersed in an ice bath, and 1.15 g of EDCI (6 mmol) from at least three determinations.

was added. A solution containing 0.413 mL of acrylic acid (6 mmol) Elemental AnalysisThe boron content in dilute suspensions of

in 5 mL of water was prepared separately, and the pH was adjusted tomicrogels was determined by atomic emission spectroscopy equipped
4.3. The two solutions were mixed together under an inert atmospherewith a He plasma and inductive coupling (ICPAES; Varian Liberty
while being maintained in a water bath (at I®) and allowed to stir 220). The molar percentage of boron was calculated knowing the dried
overnight at room temperature. After filtration, the product was extracted mass of polymer in the solution.

with ethyl ether, which was further removed under vacuum. The
obtained crude oil was then mixed with water and the resulting mixture
stirred in an ice bath, leading to precipitation of a white solid, which
was then collected by filtration. A 0.26 mg portion of a white solid
was obtained. Yield: 2098H NMR (APBA) (400.13 MHz, DMSO):

Results and Discussion

Microgel Synthesis.The synthesis of p-NIPAM microgels

65.75 (1H, G,=CH—), 6.25 (1H, G4,=CH-), 6.3 (1H, CH=CH— was adapted to incorporate the PBA derivative. The usual
), 7.25 (1,_’1 phenyl) 75 (1H p’henyl) 78 le phényl) 7.85 (14, Strategy based on a precipitation polymerization is to start with
phenyl), 8.0 (2H~B(OH),), 10.1 (1H, NH). a homogeneous monomer aqueous solution and then initiate the

Microgel Synthesis.The microgels were elaborated by an aqueous POlymerization in temperature conditions where the polymer
free radical precipitation polymerization classically employed for the has a low affinity for the solverf€ This process is known to
synthesis of thermoresponsive microgels and especially p-NIPAM give latex dispersions with a narrow particle size distribution,
microgels? The incorporation of the PBA derivative was performed Owing to the homogeneous nucleation mechanism. Therefore,
by copolymerization with APBA. Polymerization was performed in a  after initiation by a sulfate radical, the growing oligomer reaches
200 mL three-neck round-bottom flask, equipped with a magnetic stir a critical chain length, after which it collapses to become a
bar, a reflux condenser, a thermometer, and an argon inlet. The initial “precursor particle”. Those nuclei aggregate until they re&B\/
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Table 1. Chemical Composition and Particle Size of the Various
APBA-Modified Microgels

[APBA] in [APBA] in [BIS] in particle diam in
the recipe  the microgel? the recipe the collapsed
gel (mol %) (mol %) (mol %) state, dio-c? (nm)
a 5 4 25 185
b 10 13.4 25 165
c 10 12.4 5 180
d 15 17 2.5 170
e 20 24 25 165

2 Obtained by elemental analysis. ? Hydrodynamic diameter obtained
by PCS.

As listed in Table 1, the particle diameters are all approximately
170 nm. This result seems to indicate that the presence of APBA
does not affect the polymerization conditions and that the final
diameter is mainly controlled by the amount of surfactant.
The various microgels were also analyzed with respect to
APBA incorporation. The purified lattices were analyzed by
elemental analysis, which gives the overall amount of copoly-
merized APBA in the whole particles. It was found that the
overall amount increased with increasing APBA in the recipe
(Table 1). In rich APBA synthesis, the resulting lattices were
richer than the feed ratio of comonomer. This seems to indicate
that APBA has a faster polymerization rate than NIPAM. Thus,
in addition to the particles, NIPAM polymerization would lead

colloidal stability?3 Colloidal stability is ruled by the balance t0 water-soluble polymers. The presence of water-soluble
between interparticular interactions: attractive forces are due POlymers is typical of heterogeneous polymerization and is
to Van der Waals interactions, and repulsive forces arise from already well-known when the consumption of the cross-linker
electrostatic interactions between charged spheres. In the casés rapid, which is the case for the system BIS/NIPAM.
of microgels, the surface charge is brought by the sulfate groups The particle characterization was finally completed by
resulting from the initiator. In the presence of an anionic electron microscopy. As those measurements were performed
surfactant, the particle surface charge density is enhanced andn the dry state, no conclusion was drawn from the measured
colloidal stability is reached for smaller particles. The addition particle sizes. Scanning electron microscopy allowed us to check
of an anionic surfactant such as SDS is therefore a way to controlthe narrow size distribution of the microgels after they were
the size of the particle¥. deposited onto a glass substrate and subsequently dried (Figure
To introduce PBA functions in a random manner within the 2a). Transmission electron microscopy was used to investigate
p-NIPAM microgels, we tried to adapt the previous polymer- the internal structure of the microgels. Contrary to the observa-
ization procedure by carrying out a copolymerization with tion made by Hazot et & our particles looked homogeneous
APBA under the same conditions. Therefore, the comonomer and no core-shell structure could be evidenced (Figure 2b).
solution had to be homogeneous; i.e., APBA had to be Volume Phase Transition Temperature (VPTT) of the
solubilized in water. However, APBA was poorly water soluble Microgels. Among many other alkylacrylamide derivatives,
at a pH of 7. Our first trial consisted in raising the pH of the p-NIPAM appears as a standard in the class of thermoresponsive
solution, which favors the charged form of APBA. The materials: it undergoes a reversible transition from a random
polymerization proceeded as expected; it turned turbid a few coil to a desolvated globular state at 32, its characteristic
minutes after initiation. However, the obtained particles pre- lower critical solution temperature (LCST), due to the disruption
sented a very large polydispersity. Another procedure was of hydrogen bonds at high temperature, causing water to act as
therefore applied, which consisted in preparing a stock solution a poor solvent for the polymer chahWhen this polymer is
of APBA in methanol (1 mL) and adding it to the aqueous cross-linked into a covalent gel, the gel exhibits a volume phase
solution of NIPAM and BIS. In this case, even after heating, transition from a swollen state to a collapsed state at or near
the solution remained clear. It turned turbid a few minutes after the LCST, which is called the VPTT. The width of this transition
initiation, and the polymerization proceeded for 6 h. In this case, depends on the cross-linking degféd.o investigate the effect
we obtained relatively monodispersed particles, as measured byof APBA incorporation on the volume phase transition, the
PCS (Figure 2). The calculated PDI is no more than 0.1, diameter of the particles was measured as a function of
indicating that particles are formed during a short nucleation temperature from 10 to 40C (Figure 3). All the modified
step, as previously reported for alkylacrylamide precipitation p-NIPAM microgels exhibit a temperature-induced phase transi-
polymerization. tion. The incorporation of APBA results in a decrease of the
This procedure was therefore applied to several ratios of VPTT compared to that of the native p-NIPAM patrticles. This
APBA ranging from 0 to 20 mol %. To investigate whether the effect is even more pronounced as the ratio of APBA increases.
APBA content influenced the final microgel diameter, we As discussed above, the volume phase transition is the conse-
compare the particle diameters in the collapsed state, which isquence of lowering the affinity between water and the polymer
their state during the synthesis. As we will show later in this chain through hydrogen bonding. The decrease in the VPTT
paper, the microgels exhibited different temperature-responsiveindicates that the hydrophilic/hydrophobic balance of the
behaviors, but all of them are in the collapsed state at@0 polymer has been tuned: the polymer has a lower affinityé?)rv

Figure 2. SEM (a) and TEM (b) pictures of APBA-functionalized
microgels (15 mol %).
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Figure 3. Diameter of p-NIPAM-co-APBA microgels with different
APBA concentrations (pure p-NIPAM and 5, 10, 15, and 20 mol %)
as a function of temperature in Tris (2 mM) at pH 8.5.

Figure 4. Swelling ratios of p-NIPAM-co-APBA (10 mol %) microgels
with different BIS concentrations (2.5 and 5 mol %) as a function of
temperature in Tris (2 mM) at pH 8.5.

the solvent and an increased tendency to hydrophobic aggrega- 2 ‘ :

tion. This result is a clear indication that APBA plays the role

of a hydrophobic monomer, as already observed by Kataoka et 19 :i: g::;;‘ 4

al.’® This result was not trivial as this series of experiments --@-- pH=95

was carried out at pH 8.5, where the phenylboronic acid is 18 | -

supposed to be present in both its neutral and its charged forms o

(pKa = 8.219). The presence of charged segments should have 17 T T e .-

conferred some hydrophilicity to the polymer backbone. We P _-‘

conclude that the introduction of APBA into the polymer 3 16 m--TTT .

backbone strongly affects the hydrophobicity of the polymer.

This is also confirmed by the decrease in the swelling ratio as B e .

the APBA content increases, which shows that the polymer L’

chain does not expand in the solvent. I, 7
We also investigate the influence of the cross-linking density '

on the volume phase transition at a constant APBA ratio. For '3 ]

better clarity, we plot the swelling ratio versus temperature. s R L

H_ere, the swelling ratio is defined as the ratlo_ betweelj the 0 20 0 60 80 100

diameter at the proper temperature and the diameter in the [Glu] (mM)

collapsed state, i.e., at 4C since all the microgels were found Figure 5. Swelling ratios of p-NIPAM-co-APBA (10 mol %) as a
to_ be in the collapsed St.ate at this tempe'rature. .AS shown IN function of the glucose concentration in Tris (2 mM) at different pH
Figure 4, the VPTT remains the same, but increasing the cross-yajues (7.5, 8.5, 9.5).
linking density strongly affects the swelling ratio. The extent
of gel swelling is limited by the presence of cross-links. swollen in the absence of glucose at this pH than at pH 8.5. All
This last experiment also provides an indirect proof that the these observations tend to indicate that the mechanism of
cross-linking density increases by increasing the feed concentra-swelling is governed by the Donnan potential. When the boronic
tion of BIS during the synthesis. We are therefore able to acid derivative is already in its charged form when uncomplexed
produce monodispersed microgels, with a size controlled by the (pH 9.5), glucose complexation does not induce any charge
polymerization conditions and especially the amount of surfac- density increase and the swelling state is constant. At pH 8.5,
tant and a well-defined chemical composition, directly related the complexation induces a shift in the charge equilibrium (the
to the feed concentration during the synthesis. pKa is lowered) which causes counterion osmotic pressure and
Microgel Swelling in the Presence of Glucosélhe swelling gel swelling. Interestingly, the charge density is proportional
behavior upon glucose exposure was investigated. The hydro-to the glucose concentration, so the microgel diameter increases
dynamic diameter of PBA-modified microgels was again when the glucose concentration increases. This result is in
measured after immersion in a medium containing glucose. A perfect agreement with previously reported monolithic gels
first set of experiments was carried out at room temperature atbased on the same mechani¥m.
several glucose concentrations and different pH conditions. To complete the understanding of the swelling mechanism,
Figure 5 shows that PBA-modified particles were sensitive to electrophoretic mobility measurements were carried out as a
the presence of glucose at pH 8.5, i.e., at pH conditions closefunction of pH. These measurements aimed to seek the surface
to the K, of APBA. The absence of a response at a pH of 7.4 charge of the particle, although the relation between surface
can be explained by the absence of any complexation at thischarge and electrophoretic mobility is far from simple due to
pH (the complex between the phenylboronic acid and glucose the possibility that electroosmotic flow occurs within the particle
is unstable). At a pH of 9.5, glucose complexation occurs, but when an external field is appli€d28 Figure 6 shows that the
does not induce any gel volume change. The gel is also moremicrogels exhibit two types of behavior versus pH. In both Ca&ﬁ/
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Figure 6. Electrophoretic mobility as a function of pH for APBA- Figure 7. Electrophoretic mobility as a function of the glucose
modified microgels (5, 10, 15, and 20 mol %) in Tris (2 mM) at 25 concentration for 5 mol % APBA-modified microgels in Tris (2 mM)
°C. at 25 °C.

the mobility presents a negative value due at least to the presenceoncentration, the reached swollen state was also strongly
of sulfate groups (originating from APS) and also to the presence dependent on the initial temperature of the suspension. This was
of boronate groups. This last contribution is clearly identified especially true for PBA-rich microgels. This dependence is
for PBA-poor microgels, which exhibit pH dependence. When illustrated in Figure 8a, which shows the evolution of the
the pH was raised from 7.5 to 9.5, the absolute value of the diameter versus temperature for rich APBA particles-(15%)
mobility increased from 0.4% 108t0 1.5x 108 mcm V! in the presence of 100 mM glucose, starting the temperature
s71, indicating that the surface charge strongly increases in this scan at two different temperatures: 10 and°g0 It can be
area. This can be easily explained by the equilibrium between clearly evidenced that the swelling is much higher when the
the charged and the uncharged forms of boronic acid. However,particles are initially at low temperature. It was verified that
this behavior was not observed any more for PBA-rich microgels the difference was not due to any kinetic effect. This behavior
(JAPBA] higher than 10 mol %) as the mobility remains almost could be related to the temperature itself or to the initial state
constant versus pH. Here, the softness of the microgels canof the microgel before glucose addition. Indeed, it should be
explain the difference of the behavior. Indeed, PBA-rich noted that the microgels are fully collapsed at°ZDwithout
microgels were in a collapsed state at 45, whereas PBA- glucose, whereas they are slightly swollen at’@0 The same
poor microgels were in a swollen state. Therefore, it seems thatexperiment was carried out on a PBA-poor microget(5%)
the two types of electrophoretic behavior are mostly related to (Figure 8b). The transition temperature of this microgel is higher
the swollen state. When patrticles are in a collapsed state, it isthan that for the gel withx = 15%; therefore, the initial state
expected that the surface charge density is higher than in theof the gel is swollen at both initial temperatures. We observed
swollen state. Therefore, the mobility should be higher. Such in this case that the gel response to glucose did not depend any
an increase has already been observed for p-NIPAM microgels,more on the initial temperature. We conclude that the microgel
when the temperature is raised above the LESWe assess  response is mainly governed by the initial swollen state of the
that the very high charge density in the case of collapsed gel and not directly related to the amount of receptors.
particles hides any variation arising from the hydroxylation of A first possible explanation is that glucose cannot diffuse
the boronic group, but does not exclude the presence of APBA inside the particle when it is initially collapsed. In this case,
near the surface. only a small part of the receptors can link to the target molecule.
The electrophoretic behavior was then investigated versus theA slight swelling is necessary to allow permeation and molecular
glucose concentration at pH 8.5 (Figure 7). It was found that diffusion in the inside of the particle. In such conditions, all
the mobility increased (absolute value) when the glucose the receptors can be reached, leading to a much higher swelling
concentration increased. This shows that the surface chargedegree (Figure 9).
density also increases when glucose increases, which is in Another parameter is also related to the initial swollen state
agreement with glucose complexation inducing a shift in the of the particle: the local receptor concentration depends on the
equilibrium between charged and uncharged forms of the swelling degree. We estimate that, fer= 15%, the local
boronic group. Therefore, this is another indication that the receptor concentration decreases from 0.5 mot In the
swelling mechanism is related to the modification of the charge collapsed state to 0.025 mol~L in the swollen state. The
density and counterion osmotic pressure. complexation equilibrium is ruled by the ratio between host and
Importance of the Initial State: Influence of the APBA guest molecules. At constant guest concentration, the complex
Content on the Response to Glucosélhe influence of the form will be favored when the host concentration is lower.
density of receptors on the sensitivity to glucose was investi- Therefore, the swollen state of the microgel will displace the
gated, first by measuring the evolution of the particle diameter equilibrium toward the complex state, which would help the
as a function of the glucose concentration for the different particle to swell further in the presence of glucose.
particles. It is expected that the swelling response will increase  Swelling in the Presence of an ElectrolyteAs discussed
with increasing receptor density. However, during the course above, the mechanism for swelling upon glucose recognition
of these experiments, we noticed that, at a constant glucoseseems to be related to an electrostatic effect. Such a stateérbe\?t
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Figure 8. Diameter versus temperature in the absence of glucose
(full tilted squares) and in the presence of 100 mM glucose (in Tris
(2 mM) at pH 8.5), starting from 10 °C (full triangles) and 20 °C (open
triangles): (a) for 15% APBA particles; (b) for 5% APBA particles.
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Figure 9. Schematic representation of the microgel swelling upon
glucose addition, showing the importance of the initial state.
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Figure 10. Diameter versus glucose concentration for 15% APBA
microgels (in Tris (2 mM), pH 8.5, T= 25 °C): in the absence of salt
(open squares) and in the presence of [NaCl] = 150 mM (full squares).

However, glucose complexation with phenylboronic acid also
modifies the hydrophilicity of the polymer chain, which means
that the interaction parameter between the polymer chain and
the solvent will increase. It is thus expected that the VPTT of
the microgels increases in the presence of glucose, as already
observed by Kataoka et &l.

The swelling response to glucose of our microgels in the
presence of salt was investigated. The results obtained for a
15% APBA-substituted microgel are shown in Figure 10.
Surprisingly, the swelling ratio was higher in the presence of
salt than with a low ionic strength.

Again, we notice that the two initial states (without glucose,
with and without salt) of the microgels are different. The
microgels seem to be slightly swollen in the presence of salt,
which could explain that they have more ability to further swell
in the presence of glucose. A confirmation of this behavior is
obtained by measuring their evolution versus temperature in
different glucose and salt concentrations (Figure 11a). The
presence of salt allows a slight swelling of the microgels. It
should be noted that no data are plotted abové@because
the particles display aggregation above this temperature. Indeed,
in the presence of salt and when they are in the collapsed state,
the colloidal stability is not achieved: the particles tend to attract
each other due to van der Waals forces, and no electrostatic
repulsion helps them to disperse when salt is present.

When glucose is added to the suspension, the particles swell
more in the presence of salt than in the absence of salt. They
remain swollen over a wide temperature range because the
phenylboronic acietglucose complex gives them a hydrophilic
character which shifts the VPTT to higher temperatures (around
40 °C). It should be mentioned that the swelling behavior in
the presence of glucose and in the presence of salt did not seem
to depend on the initial temperature as seen at low electrolyte
concentration. This might be explained by the fact that this
dependence only appeared when the particle was initially highly
collapsed, which was not the case in the presence of salt.

Again the behavior of PBA-poor microgels can be distin-
guished from that of PBA-rich ones. It can be observed in Figure
11b that the microgels bearing 5% APBA are less swollen in

would discourage anyone to use these microgel systems in athe presence of salt than without. On this graph, aggregation in
physiological medium where the ionic strength is around 0.15 the presence of salt occurs above°8) when the particles are
mol L™, meaning that all electrostatic effects are screened. sufficiently collapsed to generate van der Waals attraction.a'BQ/
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300 - \ — Figure 12. Schematic representation of a colloidal crystal composed
® of monodispersed microgels. Light diffraction results from Bragg’s
law: mA = 2ndsin 6, where mis the diffraction order, n the refractive
200 T index of the surrounding medium, d the interparticle distance, and 0
the observation angle.
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Figure 13. Photograph of the rectangular capillaries filled with the
500 - n colloidal crystals composed of 5% APBA microgels without glucose
. and in the presence of glucose (10 mM) in Tris (2 mM), pH 8.5.
£
(=
© 4001 ] mainly due to the change of hydrophilicity upon glucose
complexation, which tunes the polymesolvent interaction
300 | - parameter. This principle should not be affected by the presence
of an electrolyte. When combined with an initial favorable state
(slight particle swelling in the presence of salt), this leads to
200 |- T the enhancement of swelling upon glucose complexation in the
presence of salt at physiological concentration. This last result
100 L L L L L is encouraging for application purposes such as glucose sensing
15 20 25 30 35 40 45 or insulin delivery. Moreover, PBA-rich particles would be

recommended to increase glucose sensitivity: the addition of
100 mM glucose may induce a variation of 15 times (compared
to 2.5 for PBA-poor microgels).

T(°C)

Figure 11. Diameter versus temperature for (a) 15% APBA particles
and (b) 5% APBA (in Tris (2 mM), pH 8.5, starting from 20 °C) in the

absence of salt (tilted squares), without glucose (open tilted squares) Application to Glucose SensingThe previously described

and with glucose (100 mM) (full tilted squares), and in the presence microgels are monodispersed particles. When their volume

of [NaCl] = 150 mM (circles), without glucose (open circles) and with fraction is increased above a critical volume fraction, they reach

glucose (100 mM) (full circles). a dense phase and assemble into ordered colloidal crystals,

which have the ability to diffract light according to Bragg’'s
whole behavior is in perfect agreement with the classical law 39 When the size of the partiC'es is Correctly chosen, visible
behavior of charged microgels. The presence of an electrolytelight is diffracted and the colloidal crystals appear colored
will decrease the swelling of a weak polyelectrolyte gel due to (Figure 12). The diffracted color depends on the interparticle
the Debye screening effect. PBA-poor microgels behave as distance, which itself depends on the particle size. Therefore,
hydrophilic particles, and their swelling is mainly governed by in the case of microgels, the color depends on their swollen
the increase in the charged density upon glucose complexation state.
This is consistent with Asher’s resultsywho probably worked To obtain colloidal crystals, we increase the volume fraction
with poorly modified hydrogel films. It is worth noting that of a suspension of 5% APBA particles by centrifuging the
these authors overcame the problem by modifying the cross-particles at a speed of 13000 rpm for 1 h. A colored bottom
linking density using the formation of a supramolecular bisbi- phase was observed. The supernatant water was removed. The

dentate glucoseboronic acid compleX! However, their hy- viscous bottom phase, containing the highly concentrated
drogels shrink instead of swell upon glucose recognition, which particles, was heated above the volume phase transition tem-
excludes any application like insulin delivery. perature, yielding a turbid liquid suspension which was sucked

Contrary to PBA-poor microgels, rich ones present an by capillarity into a 20Qum thick rectangular glass capillary.
enhancement of glucose sensitivity in the presence of salt. TheirThe liquid was allowed to cool. At room temperature, below
initial hydrophobic character seems to explain that swelling upon the VPTT, the particles swelled again and turned back into the
glucose complexation is based on a mechanism different from blue-colored compact state corresponding to a colloidal crystal.
that of PBA-poor particles. Indeed, their swelling seems to be The same experiment was performed with adding glucos&sel
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the suspension before centrifugation. The microgel-surrounding rence, Consommation et Ression des Fraudes, for carrying
medium contained 10 mM glucose. The resulting colloidal out the elemental analysis experiments.

crystal appeared green, indicating an increase in the particle

diameter (Figure 13). Therefore, we show that the color References and Notes

displayed by the colloidal crystal is directly linked to the glucose
concentration. A colorimetric glucose sensor can be built from
the assembly of the previously described monodispersed mi-
crogels.

Conclusion

Monodispersed p-NIPAM submicrometric microgels modified
with APBA were synthesized by precipitation polymerization.
A well-defined size was obtained through the polymerization
conditions by controlling the amount of surfactant, and a good
control over their chemical composition was also achieved
through the feed concentration. Such particles displayed both
thermoresponsive properties and glucose sensitivity. The VPTT
was found to depend on the amount of PBA derivative
incorporated into the particle. The response to glucose was
proportional to the glucose concentration at pH conditions close
to the K, of the PBA derivative. These submicrometric particles
were found to behave like previously developed monolithic
hydrogels with similar chemical composition.

An original result was found through the dependence of the
glucose response on the initial state of the microgel. It was
shown, in particular, that both the initial temperature and the
ratio of APBA in the particle affected the swelling ratio of the
particle upon glucose addition. More generally, highly collapsed
hydrophobic microgels could not swell fully in the presence of
glucose, probably due to the impossibility for the molecule to
penetrate inside the microgel. A slight initial swelling was
necessary to enhance the microgel swelling capability upon
glucose recognition. This result might be of importance as it
could be a general feature for other functionalized microgels
aimed at swelling upon molecular recognition.

At physiological salinity [ = 0.15 M), the PBA-rich
microgels were slightly swollen in their initial state and their

response to glucose was found to be enhanced. Such particles

exhibited a high sensitivity to glucose in conditions close to
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