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Reversible fluorescence quenching and anti-quenching of CdS
quantum dots immobilized in boronic acid-based microgels can
be used for the optical detection of glucose.

The in situ detection of saccharides, including p-glucose and
D-fructose, has been of great interest for a long time due
to the importance of saccharides in medical diagnostics and
bioprocessing. Although enzyme-based detection approaches
are highly selective and effective, many difficulties remain. For
example, reliable continuous, non-invasive, or minimally
invasive glucose monitoring systems are still a major challenge
for optimal glycemic control in diabetic patients.'® This has
led to considerable research interest in developing synthetic
chemical ligands for continuous monitoring of saccharides.
The best ligands identified for binding glucose in aqueous
media are boronic acids.* These boronic acid-based ligands
have been coupled with fluorescent moieties'> or polymers®®
for continuous glucose sensing. The selectivity and significant
reduction of lactate interference of the boronic acid-based
glucose sensors have been investigated.® Novel triply-responsive
boronic acid block copolymers have been recently developed
for potential applications as self-regulated drug delivery
systems and sensors for sugars and glycoproteins.'® On the
other hand, there is a growing interest in using fluorescent
quantum dots (QDs) as optical labels for biosensing events due
to their size-controlled fluorescence properties, high quantum
yield, and stability against photobleaching.!'™"® Singaram’s
group was the first one to utilize fluorescent QDs for glucose
sensing.'** The fluorescence of CdTe/ZnS QDs can be
quenched after their complexation with a viologen quencher.
The binding of glucose to the boronic acid-substituted quencher
weakens the quencher—QD interactions and induces a robust
fluorescence recovery. Tang et al.'*” conjugated CdTe QDs
with concanavalin A (Con A) that can be combined to the
B-cyclodextrin-modified fluorescence quenchers. The binding
of glucose with ConA breaks the quencher—QD interactions,
leading to fluorescence recovery. Willner es al.'> prepared
H,0,-sensitive CdSe/ZnS QDs that can be further linked
with glucose oxidase (GOx). The enzyme GOx catalyzes the
oxidation of p-glucose and produces H,O,, resulting in the
quenching of fluorescence of the QDs. However, these systems
require very complicated functionalizations of both QDs and
quenchers and are only good for homogeneous detection.
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Herein, we report a simple and reliable glucose sensing
system based on the in situ immobilization of fluorescent
CdS QDs in the interior of boronic acid based microgels
for non-invasive continuous optical detection of saccharides.
We demonstrate that the fluorescence of CdS QDs in the
copolymer microgels of poly(N-isopropylacrylamide-acrylamide-
phenylboronic acid) [p(NIPAM-AAm-PBA)] could be reversibly
quenched and anti-quenched when the microgel undergoes
swelling and deswelling in response to the glucose concentration
change (Scheme 1). The hybrid materials with inorganic QDs
embedded in smart microgels, combining the properties of
both QDs and smart microgels, can offer the possibilities
of external switching and manipulation for sensor devices.
Microgels also offer several advantages over other polymer
template systems: simple synthesis, easy functionalization,
uniform size distribution, tunable dimension (tens of nm to a
few pm), potential biocompatibility, and rapid response
time.'® The pAAm segments designed in the microgels are
not only able to complex with the Cd*>* precursors and
stabilize the produced CdS QDs,!” but also greatly improve
the stability of the resulting p(NIPAM-AAm-PBA)-CdS
hybrid microgels. The optical nanoscale glucose “meter”
reported here is likely to be highly useful in a wide range of
applications in biology and biomedicine for research, diagnosis,
or monitoring.

The preparation of p(NIPAM-AAm-PBA) microgels
involves the first synthesis of monodispersed poly(N-isopropyl-
acrylamide-acrylamide-acrylic acid) [p(NIPAM-AAm-AA)]
microgels, followed by modification with glucose-sensing
PBA moieties.!® With a similar monomer reactivity, the
p(NIPAM-AAm-AA) microgels should have randomly
well-distributed functional groups of AA and AAm through
the copolymer chains. The p(NIPAM-AAm-AA) microgels

Scheme 1 Reversible fluorescence quenching and antiquenching
of CdS QDs embedded in the interior of p(NIPAM-AAm-PBA)
microgels in response to the change in glucose concentration.
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Fig. 1 (a) Average R, of p(NIPAM-AAm-PBA) (M), and
p(NIPAM-AAmM-PBA)-CdS microgels (A) as a function of glucose
concentration, measured at 22.1 °C, pH = 8.8, and a scattering angle
0 = 60°. (b) TEM images of the p(NIPAM-AAm-PBA)-CdS hybrid
microgels.

were functionalized with PBA through the coupling of
3-aminophenylboronic acid to the —COOH groups of the
AA units under EDC (1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide) catalysis. The complexation of PBA with
1,2-cis-diols such as glucose produces a thermodynamically
favorable anionic boronate to form, resulting in an increase in
the degree of ionization that builds up a Donnan potential
causing the microgels to swell. Fig. la shows the glucose
induced swelling curve of the p(NIPAM-AAm-PBA) microgels,
in terms of the hydrodynamic radius (R}) measured in a
0.005 M phosphate buffer solution (PBS) of pH = 8.8. When
the glucose concentration is above 16 mM, the microgel
network chains stretch to near maximum. This reversible
volume phase transition allows us to change the interactions
of the CdS QDs with the polymer ligands and the local surface
environments of the QDs embedded in the microgels in
response to glucose concentration change.

The p(NIPAM-AAm-PBA)-CdS hybrid microgels were
synthesized through the in situ formation of CdS QDs in the
interior of the microgels at pH ~ 5.9, at which the PBA
groups were nearly uncharged. Our motivation is to use the
amide groups in the AAm units to complex the Cd>* ions into
the microgels from the external precursor Cd(ClOy), solution
and to protect the obtained CdS QDs from agglomeration or
release. The TEM images of the p(NIPAM-AAm-PBA)-CdS
hybrid microgels (Fig. 1b) clearly indicate a core—shell structure
with a CdS QD rich core (higher contrast), which is very
stable even at high glucose concentrations where the hybrid
microgels swells (see Fig. S4 of ESIt). The hybrid microgels
are still glucose-sensitive after the immobilization of CdS QDs
(Fig. 1a), but become larger in size. This could be related to the
relatively compact structure of the p(NIPAM-AAm-PBA)
template microgels due to the hydrophobic PBA groups and
the high cross-linking density. The in situ formed CdS QDs
filled the relatively compact chain networks, and thus
increased the total volume of the microgels. Importantly, the
hydrophilic AAm segments prevented the hybrid microgels
from aggregation in PBS even at the shrunk states for
2 months at room temperature.

Fig. 2 shows the glucose-sensitive UV-Vis absorption
properties of the p(NIPAM-AAm-PBA)-CdS hybrid microgels.
A hump observed around 332 nm is assigned to the excitonic
transition, which possibly results from the 1P,—1P, transition,'®
while the hump at 483 nm is possibly related to the 1S,—1S,
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Fig. 2 (a) UV-vis absorption spectra and (b) the relative
transmittance at 332 nm (@) and 483 nm (A), respectively, of the
p(NIPAM-AAm-PBA)-CdS hybrid microgels at different glucose
concentrations in PBS at pH = 8.8. A and A, represent the
absorbance of the hybrid microgels in the presence and absence of
glucose. The dashed line in (a) shows the absorption spectrum of the
template p(NIPAM-AAm-PBA) microgels.

transition. The CdS QDs exhibit extremely strong quantum
confinement in the microgels. Two effects were observed with a
gradual increase in glucose concentration: (1) a decrease in
absorbance at both low and long wavelengths; and (2) the
gradual disappearance and featurelessness of the high-energy
hump. Both effects are likely to arise from a decrease in the
refractive index of the hybrid microgels during their swelling,
which results in a decrease in the Rayleigh scattering due to a
smaller refractive index contrast with the solvent, as well as a
decrease in the local refractive index around the CdS QDs,
leading to a weakening and featureless absorption. Interestingly,
the glucose-induced increase in the transmittance of the
p(NIPAM-AAm-PBA)-CdS hybrid microgels qualitatively
reproduces the glucose-induced swelling curves (Fig. 2b).
The glucose-induced volume phase transition of the hybrid
microgels could also significantly affect the photoluminescence
(PL) properties of the CdS QDs embedded in the interior of
the microgels. Fig. 3a—c shows the evolution of PL emissions,
centred at 638 nm, of the p(NIPAM-AAm-PBA)-CdS hybrid
microgels in the presence of p-glucose and p-fructose at
different concentrations and pH values. It is clear that the
PL of CdS QDs was gradually quenched when the microgels
gradually swelled up in the presence of pD-glucose or p-fructose.
Fig. 3d summarizes the glucose and fructose sensitivity based
on the fluorescence quenching of the CdS QDs embedded in
the p(NIPAM-AAm-PBA) microgels. At pH = 7.4, the
percentage of the charged boronate complexes produced with
PBA was ca. 30% for p-glucose and ca. 80% for p-fructose,®
thus the fluorescence quenching of the CdS QDs showed a
stronger sensitivity to b-fructose over p-glucose. At pH = 8.8,
the complexation between p-glucose and the PBA groups in
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Fig. 3 Characteristic PL response of the p(NIPAM-AAm-PBA)-CdS
hybrid microgels at 638 nm in the presence of saccharides:
(a) p-glucose at pH = 8.8, (b) p-glucose at pH = 7.4, and
(c) p-fructose at pH = 7.4. (d) Quenched PL at 638 nm as a function
of the concentration of glucose (@: pH = 7.4, B: pH = 8.8) and
fructose (A: pH = 7.4), respectively. The excitation wavelength was
390 nm.

the microgels was almost complete, resulting in a high swelling
degree of the microgels. Consequently, the fluorescence
quenching of the CdS QDs can reach as high as 90%. The
luminescence quenching of the QDs almost linearly increased
with the glucose concentration from 0 to 13.5 mM, and then
the rate of fluorescence quenching slowed down at higher
glucose concentrations when the microgel network chains
stretched to near maximum. It should be mentioned that
glucose in the tested concentration range 0—50 mM had no
effect on the fluorescence of the CdS QDs (see Fig. S2 in ESI¥),
which is consistent with the recent report that glucose by itself
has no effect on the fluorescence of CdSe/ZnS QDs.'?

We believe that the increase in the number of emission
quenching centers located on the polymer—CdS QD interface
provides the essential scenario for the PL quenching during the
microgel swelling. At low glucose concentrations, the polymer
is less soluble and the polymer chain networks have less elastic
tension. In the swollen states at higher glucose concentrations,
the polymer chain tends to dissolve, however, the cross-linkage
of the polymer chains hinders the network expansion, creating
elastic tensions localized at the cross-linking points. Because of
the binding between the polymer ligands and the CdS QDs, the
CdS QDs also act as cross-linking points, introducing an
elastic tension in the bond that could stretch the polymer—CdS
QD interface, creating interfacial states that quench the PL
(Scheme 1). This phenomenon is similar to the temperature
induced quenching of QDs,*° where the freezing of the solvent
(water) induces strain in the capping shell and the short
stabilizer molecules (2-mercaptoethanolamine) propagate the
strain to the surface of the nanocrystals, creating surface
quenching states.

In summary, we demonstrate a new molecular recognition
motif based on the fluorescence quenching of CdS QDs
immobilized in glucose-sensitive microgels in the physiologically
important glucose concentration range 1-25 mM, which

shows promise for a continuous non-invasive in vivo glucose
sensing system. We are currently using a new PBA analogue
that can highly bind p-glucose at physiological pH to modify
the microgels. We are also examining how the different
cross-linking degrees and AAm/PBA contents of the microgels
affect the size and content of the QDs as well as the sensing
range of glucose concentration to provide a controllable
glucose sensing range under physiological conditions.

We thank the financial support of this work from the
US Agency for International Development under the
US—Pakistan Science and Technology Cooperative Program
(PGA-P280422).
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