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Microgels Labeled with Phenylboronic Acid Moieties as
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ABSTRACT: We report on the fabrication of multifunctional
ratiometric probes for glucose and temperatures based on thermo-
responsive poly(N-isopropylacrylamide) (PNIPAM) microgels
covalently incorporated with glucose-recognizing moieties,
N-acryloyl-3-aminophenylboronic acid (APBA), fluorescence
resonance energy transfer (FRET) donor dyes, 4-(2-ac-
ryloyloxyethylamino)-7-nitro-2,1,3-benzoxadiazole ~ (NBDAE),
and rhodamine B-based FRET acceptors (RhBEA). P(NIPAM-
APBA-NBDAE-RhBEA) microgels containing FRET pairs and
APBA were synthesized via free radical emulsion copolymerization.
The spatial proximity of FRET donors and acceptors within
microgels can be tuned via thermo-induced microgel collapse or
glucose-induced microgel swelling at appropriate pH and tem-
peratures, leading to the facile modulation of FRET efficiencies.
APBA moieties within P(NIPAM-APBA-NBDAE-RhBEA) mi-
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crogels can bind with glucose at appropriate pH to form cyclic boronate moieties, which can decrease the pK, of APBA residues and
increase the volume phase transition (VPT) temperature of microgels. The gradual addition of glucose into fluorescent microgel
dispersions at intermediate temperatures, i.e., between microgel VPT temperatures in the absence and presence of glucose, respectively,
can lead to the reswelling of initially collapsed microgels. Thus, P(NIPAM-APBA-NBDAE-RhBEA) microgels can serve as dual
ratiometric fluorescent probes for glucose and temperatures by monitoring the changes in fluorescence emission intensity ratios.
Moreover, P(NIPAM-APBA-NBDAE-RhBEA) microgels at pH 8 and 37 °C can serve as a ratiometric fluorescent glucose sensor with
improved detection sensitivity as compared to that at 25 °C. MTT assays further revealed that thermoresponsive microgels are almost
noncytotoxic up to a concentration of 1.6 g/L. These results augur well for the application of P(NIPAM-APBA-NBDAE-RhBEA)
microgels for multifunctional purposes such as sensing, imaging, and triggered-release nanocarriers under in vivo conditions.

B INTRODUCTION

In the past decades, there has been a growing interest in stimuli-
responsive microgels or nanogels due to their broad applications in
diverse fields including nanoreactors, actuators, catalysis, drug
delivery vehicles, and detection systems.' '* Stimuli-responsive
microgels can undergo significant changes in size, hydrophilicity/
hydrophobicity, and structural integrity under appropriate external
stimuli such as pH, temperature, ionic strengths, light, electric/
magnetic fields, biomolecules, and specific molecular recognition
events."* % This unique property of “intelligent” responses to
external stimuli can be utilized to design sensing systems.” On the
other hand, glucose is a particularly interesting target molecule
owing to its inherent biological activities and physicochemical
properties in living organisms. In this context, glucose-responsive
microgels can play important roles in biomedicines and diabetes
therapies. For example, microgels which can sense changes in
blood glucose levels and intelligently regulate the release of insulin
have been fabricated.”® *°
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Previously, glucose-responsive hydrogels and microgels were pre-
pared via the covalent or physical embedment of enzymes (eg,
glucose oxidase) or lectins (ie, concanavalin A), which can either
catalyze reactlons or induce molecular recognition events with
glucose.*'~* Besides, phenylboronic acid moieties have also been
frequently utilized to design glucose-responsive materials due to their
unique reversible covalent interactions with cis-diol moiety in glucose
to form cydlic boronate moieties.*** Recently, Sumerlin et al%’
successfully conducted reversible addition—fragmentation chain trans-
fer (RAFT) polymerization of a protected phenylboronic acid (PBA)
monomer, 4-pinacolatoborylstyrene (pBSt), and synthesized PBA-
containing block copolymers. Later on, they further demonstrated
a facile approach to the controlled synthesis of poly(N-acryloyl-
3-aminophenylboronic acid)-b-poly(N,N-dimethylacrylamide),
PAPBA-b-PDMA, via the RAFT polymerization of unprotected
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Scheme 1. (a) Synthetic Schemes Employed for the Preparation of Thermo- and Glucose-Responsive P(NIPAM-APBA-NBDAE-
RhBEA) Fluorescent Microgels via Emulsion Polymerization; (b) Schematic Illustration for the Modulation of FRET Efficiencies
within P(NIPAM-APBA-NBDAE-RhBEA) Microgels by Temperature Variations and the Addition of Glucose
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PBA monomers, and the obtained double hydrophilic block
copolymer is dually responsive to glucose and pH.*® Poly(N-
isopropylacrylamide)-b-poly(N-acryloyl-3-aminophenylboronic
acid), PNIPAM-b-PAPBA, which is triply responsive to tem-
perature, pH, and glucose, was also reported by the same research
group.”” Shi et al.”®”" fabricated micellar nanoparticles from
3-aminophenylboronic acid-modified poly(ethylene glycol)-b-
poly(acrylic acid) (PEG-b-PAA) diblock copolymer and insulin,
which exhibits glucose-regulated insulin release characteristics.
Poly(N-isopropylacrylamide) (PNIPAM) has been well-
known for its lower critical solution temperature (LCST) phase
behavior at ~32 °C in aqueous solution. Accordingly, aqueous
dispersions of PNIPAM microgels also exhibit similar volume
phase transition (VPT) above a critical temperature (VPT
temperature). Early in 1994, Kataoka et al.”* reported the first
synthesis of thermoresponsive polymers containing APBA resi-
dues, the LCST of which can be tuned via glucose addition.
Recently, Ji et al.”® synthesized double hydrophilic block copo-
lymers containing a phenylboronic acid-functionalized thermo-
responsive block, which exhibit multiple micellization behavior in
response to pH, temperature, and glucose addition. They found
that the LCST of the thermoresponsive block can shift from 21.2
to 25.5 °C upon addition of 50 mM glucose. Kataoka et al.”*”®
prepared PBA-based glucose-responsive hydrogels operating
under physiological conditions, which offers an attractive option
for the development of novel insulin delivery devices to treat
diabetes. Cui and co-workers’® reported the synthesis of triple-
responsive (pH, thermo, and glucose) hydrogels from (2-
dimethylamino)ethyl methacrylate (DMAEMA) and APBA
and investigated the controlled release of bovme Serum albumin
(BSA) from these hydrogels. Ravaine’s group>' > synthesized a
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variety of glucose-responsive APBA-containing materials (such
as microgels, core—shell microgels, and silica hybrid microgels)
and investigated glucose-triggered insulin release properties.
APBA-functionalized PNIPAM microgels or core—shell nanos-
tructured microgels exhibiting thermo-induced VPT behavior
were also reported by Zhang®* " and Hoare®®* research
groups. They found that VPT temperatures can be tuned by
glucose concentrations. They further reported that these novel
types of responsive microgels can be utilized as the delivery and
controlled-release nanocarriers of small molecules (e.g., Alizarin
Red S) or proteins (e.g, insulin).

It is worthy of noting that in the above examples concerning
glucose-responsive APBA-based microgels glucose only leads to
changes in microgel sizes and collapse/swelling transitions,
which is associated with the regulated release of insulin or other
guest molecules. Under certain circumstances, it is highly desir-
able to more quantitatively monitor the changes of glucose
concentrations and the correlation between insulin release
kinetics and glucose concentrations under in vivo or in vitro
conditions. Besides, imaging and sensing of glucose concentra-
tions within living cells and tissues is also highly relevant to
therapeutic protocols associated with diabetes. Ideally, multi-
functional microgel nanocarriers capable of quantitatively sen-
sing and fluorometric imaging of glucose concentrations and
other physiologically relevant parameters (e.g., temperature and
pH) and controlled or regulated release of bioactive molecules
should provide indispensable advantages. In this context, the
fluorometric technique is simple to perform and cost-effective
and can offer high sensitivity for a variety of analytes.”>~ 267780
Previously, Zenkl et al.**® prepared sugar-responsive fluorescent
PNIPAM nanospheres containing APBA moieties and two
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fluorophores (fluorescein and sulforhodamine B as FRET donor
and acceptor, respectively) via precipitation polymerization.
They focused on the monitoring of swelling kinetics in the
presence of varying concentrations of sugar molecules at a fixed
temperature (27 °C). The choice of these FRET pair dyes
resulted in two poorly resolved emission peaks, and a direct
correlation between the thermal phase transition temperatures
and sugar concentrations has not been investigated. We recently
reported an example of K- and thermo-sensing microgels
consisting of NIPAM, FRET donor, and acceptor dyes and
K*-binding crown ether ligands. They can serve as ratiometric
fluorescent K and temperature probes by monitoring the
changes in fluorescence intensity ratios.”®

Herein, we report on the fabrication of ratiometric fluorescent
glucose sensors based on thermoresponsive PNIPAM microgels
covalently incorporated with glucose-recognizing residues
(APBA), FRET donor, 4-(2-acryloyloxyethylamino)-7-nitro-
2,1,3-benzoxadiazole (NBDAE), and rhodamine B-based FRET
acceptor (RhBEA) via the free radical emulsion copolymerization
technique (see Scheme 1). We found that the detection perfor-
mance of glucose is highly dependent on the temperature. Below
the VPT temperature of glucose-free microgels at pH 8, the
addition of glucose can drive the further expansion of initially
swollen microgels due to the generation of negative charges within
microgels, resulting from the pK, shift of APBA residues from 8.7
to ~7 upon glucose addition.”” This process is accompanied by
the decrease of fluorescence intensity ratios between acceptor and
donor emissions. At temperatures between the VPT temperatures
of microgels in the absence and presence of glucose, the addition of
glucose leads to prominent microgel collapse—swelling transi-
tions, accompanied by the dramatic decrease of fluorescence
intensity ratios. Thus, higher glucose detection efficiencies can
be achieved at elevated temperatures. Because of the thermo-
responsiveness and the presence of ionizable APBA moieties
within microgels, they can also serve as ratiometric fluorescent
pH and temperature probes. Furthermore, MTT assays revealed
that this novel type of thermoresponsive microgels is almost
noncytotoxic up to a concentration of 1.6 g/L. All these results
well support their applications for multifunctional purposes such
as sensing, imaging, and triggered-release nanocarriers under
in vivo conditions.

B EXPERIMENTAL SECTION

Materials. N-Isopropylacrylamide (97%, Tokyo Kasei Kagyo Co.)
was recrystallized twice from benzene/hexane (1:3 v/v) prior to use.
3-Aminophenylboronic acid monohydrate (PBA, 98%) was purchased
from Aldrich and used as received without further purification. N,N'-
Methylenebis(acrylamide) (BIS) and ammonium persulfate (APS) were
recrystallized from ethanol and methanol, respectively, and then stored
at —20 °C prior to use. Sodium dodecyl sulfate (SDS, 99%) was purchased
from Alfa and used as received. p-Glucose (99%) was purchased from
Acros. N-Acryloyl-3-aminophenylboronic acid (APBA),*"  4-(2-ac-
ryloyloxyethylamino)-7-nitro-2,1,3-benzoxadiazole (NBDAE),** and rho-
damine B-based FRET acceptor dye (RhnBEA)”® were prepared according
to literature procedures (Scheme 1b). Water was deionized with a Milli-Q
SP reagent water system (Millipore) to a specific resistivity of 18.4
MQ-cm.

Scheme 1a shows synthetic schemes employed for the preparation of
thermo-, pH-, and glucose-responsive fluorescent P(NIPAM-APBA-
NBDAE-RhBEA) microgels. Strategies employed for glucose-induced
tuning of microgel VPT temperatures and thermo- and glucose-

modulated FRET efficiencies within responsive P(NIPAM-APBA-
NBDAE-RhBEA) microgels are shown in Scheme 1b.

Sample Preparation. Synthesis of P(NIPAM-APBA-NBDAE-RhBEA)
Microgels. Typical procedures employed for the synthesis of P(NIPAM-
APBA-NBDAE-RhBEA) microgels with a APBA feed content of 10.0 mol
% (relative to the sum of NIPAM and APBA) are as follows. NIPAM (0.34
g, 3 mmol), BIS (4 mg, 25 umol), APBA (0.063 g, 0.33 mmol), SDS (17
mg, 0.06 mmol), and deionized water (40 mL) were charged into a 100 mL
three-necked round-bottom flask equipped with a mechanical Teflon
stirrer, reflux condenser, and a nitrogen gas inlet. After degassing by
bubbling with nitrogen for 30 min and heating to 70 °C, KPS (21 mg,
0.08 mmol) dissolved in 1.0 mL of deionized water was injected under
mechanical stirring at 400 rpm. NBDAE monomer (4.6 mg, 16.65 umol)
and RhBEA monomer (18 mg, 33.3 umol) in 1.0 mL of ethanol were then
added dropwise over ~20 min. The polymerization was conducted
under stirring at 70 °C for 7 h. Finally, the dispersion was passed through
glass wool in order to remove particulates and then dialyzed against
deionized water for 5 days. Fresh deionized water was replaced approxi-
mately every 6 h.

In Vitro Cytotoxicity Measurement. Cell viability was examined
by the MTT assay. HeLa cells were seeded in a 96-well plate at an initial
density of 5000 cells/well in 100 uL of DMEM (Dulbecco’s modified
Eagle’s medium) complete medium. Microgel dispersions were then
added to achieve varying final concentrations. After incubation for 24 h,
MTT reagent (in 20 uL of PBS buffer, S mg/mL) was added to each
well, and the cells were further incubated with 5% CO, for 4 h at 37 °C.
The culture medium in each well was removed and replaced by 100 4L
of DMSO. The solution from each well was transferred to another
96-well plate, and the absorbance values were recorded at a wavelength
of 490 nm using a Thermo Electron MK3 um. The cell viability
is calculated as Auoqtreated/A490,control X 100%, where Ayop treated
and  Auo0control are the absorbance values with or without the
addition of microgels, respectively. Each experiment was done in
quadruple. The data were shown as the mean value plus a standard
deviation (£SD).

Characterization. The optical transmittance of the microgel dis-
persion at a wavelength of 700 nm was acquired on a UV/vis TU-1901
spectrophotometer. A thermostatically controlled couvette was em-
ployed, and the heating rate was 0.2 °C min~ . The VPT temperature
was defined as the temperature corresponding to ~1% decrease in
optical transmittance. For all temperature-dependent turbidimetry
experiments, microgel concentrations were fixed at 3.0 x 10~* g/ mL.
Field-emission scanning electron microscope (FE-SEM) observations
were conducted on a high-resolution JEOL JSM-6700 field-emission
scanning electron microscopy. The samples for SEM observations were
prepared by placing 10 uL of microgel solutions on copper grids
successively coated with thin films of Formvar and carbon. Atomic force
microscope (AFM) measurements were performed on a Digital Instru-
ment Multimode Nanoscope IIID operating in the tapping mode under
ambient conditions. A silicon cantilever (RFESP) with resonance
frequency of ~80 kHz and spring constant of ~3 N/m was used. The
set-point amplitude ratio was maintained at 0.7 to minimize sample
deformation induced by the tip. The sample was prepared by dip-coating
the microgel dispersion onto freshly cleaved mica surface, followed by
natural drying. Dynamic and static laser light scattering (LLS) measure-
ments were conducted on a commercial spectrometer (ALV/DLS/SLS-
5022F) equipped with a multitau digital time correlator (ALVS000) and
a cylindrical 22 mW UNIPHASE He—Ne laser (4o = 632 nm) as the
light source. Scattered light was collected at a fixed angle of 90° for a
duration of ~S§ min. Distribution averages and particle size distributions
were computed using cumulants analysis and CONTIN routines. All
data were averaged over three measurements, and the microgel con-
centrations were fixed at 1.0 X 10~ * g/mL. Fluorescence spectra were
recorded using a F-4600 (Hitachi) spectrofluorometer. The temperature
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Figure 1. (a) SEM and (b) AFM height images obtained for P(NIPAM-
APBA-NBDAE-RhBEA) microgels.

of the water-jacketed cell holder was controlled by a programmable
circulation bath. The slit widths were set at S nm for excitation and S nm
for emission. For all microgel-based fluorescence measurements, micro-
gel concentrations were fixed at 1.0 X 1074 g/mL. Inverted fluorescence
microscope was performed on an Olympus IX71 microscope equipped
with a temperature-regulated incubator (450—480 nm exciter filter and
long pass 515 nm barrier filter).

B RESULTS AND DISCUSSION

Synthetic schemes employed for the preparation of thermo-
and glucose-responsive P(NIPAM-APBA-NBDAE-RhBEA) fluor-
escent microgels and the schematic illustration for the modula-
tion of FRET efficiencies within the microgels by temperature
variations and the addition of glucose are shown in Scheme 1. At
intermediate temperatures, i.e., between VPT temperatures of
the microgels in the absence and presence of glucose, respec-
tively, the FRET donors and acceptors within microgels are in
close proximity due to that microgels are in the collapsed state,
and this is associated with high FRET efficiency; upon addition of
glucose, the microgels are subjected to swelling due to the
elevation of VPT temperatures, accompanied by the considerable
decrease of FRET efficiencies. Thus, thermoresponsive
P(NIPAM-APBA-NBDAE-RhBEA) fluorescent microgels can
exhibit multicolor emissions tunable by temperature variations
and glucose concentrations.
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Figure 2. (a) Temperature-dependent intensity-average hydrodynamic
radius, (Ry,), and (b) typical hydrodynamic radius distributions, f(Ry,), at
25 °C (O) and 45 °C (@), respectively, recorded for 0.1 g/L aqueous
dispersion of P(NIPAM-APBA-NBDAE-RhBEA) microgels (pH 8.0,
prepared at a APBA feed ratio of 10 mol %) in the absence of glucose.

Thermo-Regulated Volume Phase Transitions and FRET
Efficiencies of P(NIPAM-APBA-NBDAE-RhBEA) Microgels. As
shown in Scheme 1la, P(NIPAM-APBA-NBDAE-RhBEA) mi-
crogels possessing a feed cross-linking density of 1.0 wt %
(relative to the sum of NIPAM and APBA) and 10.0 mol % feed
contents of APBA monomer (relative to the sum of NIPAM and
APBA) were synthesized via free radical emulsion copolymeri-
zation of NIPAM, APBA, and polymerizable FRET donor and
acceptor dyes (NBDAE and RhBEA) in the presence of BIS and
SDS at around neutral pH and 70 °C. Figure 1 shows the SEM
and AFM images recorded for the aqueous dispersion of P-
(NIPAM-APBA-NBDAE-RhBEA) microgels at 25 °C, revealing
the presence of fairly monodisperse and spherical nanoparticles
with an average diameter of ~95 nm.

Figure 2 shows temperature-dependent intensity-average hy-
drodynamic radius, (Ry,), recorded for P(NIPAM-APBA-NBDAE-
RhBEA) microgels (pH 8.0, 0.1 g/L) in the absence of glucose as
determined by dynamic LLS. Upon heating, (R,) decreases
from ~100 nm at 25 °C to 43 nm at 45 °C, i.e.,, ~12.6 times of
decrease in microgel hydrodynamic volumes. From Figure 2a, we
can tell that prominent microgel collapse occurs at temperatures
above ~30 °C, which should be ascribed to the VPT of P(NIPAM-
APBA-NBDAE-RhBEA) microgels. Figure 2b shows typical
hydrodynamic radius distributions, f(Ry,), at 25 and 45 °C, respec-
tively, with the polydispersity index, u,/T> being 0.08 and 0.03,
respectively. Since SEM and AFM determine nanoparticle dimen-
sions in the dry state, whereas dynamic LLS reports intensity-
average dimensions in solution, the dynamic LLS results are in
reasonable agreement with those determined by SEM and AFM
(see Figure 1).

It is well-known that the FRET process is associated with the
energy transfer between two chromophores, the efficiency of
which highly depends on the spatial distance between donor and
acceptor moieties. Because of the sensitivity of fluorometric
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Figure 3. (a) Fluorescence emission spectra and (b) fluorescence
intensity ratio changes (Isg7/Is32, Aex = 470 nmy slit widths: Ex. S nm,
Em. S nm) recorded for 0.1 g/L aqueous dispersion of P(NIPAM-
APBA-NBDAE-RhBEA) microgels (pH 8.0, prepared at a APBA feed
ratio of 10 mol %) in the absence of glucose at varying temperatures.

technique and the detection principle, changes in FRET effi-
ciencies has been previously employed to probe detailed local
information on the VPT process of thermoresponsive microgels.”””®
In this context, Lyon and co-workers’””® previously reported
excellent examples of tracing the VPT process of thermorespon-
sive microgels simultaneously labeled with FRET donor and
acceptor dyes by monitoring changes in FRET efficiencies.
Accordingly, the collapse or swelling of P(NIPAM-APBA-
NBDAE-RhBEA) microgels covalently attached with FRET pairs
can be quantified by changes in FRET efficiencies, in addition
to microgel size changes. In the current study, NBDAE and
RhBEA dyes are chosen as the FRET donor and acceptor,
respectively, due to the excellent overlap between the emission
spectrum of NBDAE and the excitation spectrum of RhBEA
moieties.””

Figure 3 shows temperature-dependent fluorescence emission
spectra and changes in fluorescence intensity ratios (Isg7/Is32
Adex = 470 nm) recorded for 0.1 g/L aqueous dispersion of
P(NIPAM-APBA-NBDAE-RhBEA) microgels (pH 8.0) in the
absence of glucose. Two fluorescence emission peaks at around
532 and 587 nm can be apparently observed, which are ascribed
to the fluorescence emission of NBDAE and RhBEA moieties,
respectively. With the increase of temperature, the intensity of
emission band at 587 nm increases prominently. It is quite
surprising that the emission band of NBDAE at ~532 nm almost
does not exhibit any intensity changes. This can be ascribed to
the two competing factors. With the increase of temperature, the
collapse of microgels will lead to the increase of NBDAE
emission due to the formation of more hydrophobic
microenvironment.*> On the other hand, the closer proximity
between NBDAE/RhBEA FRET pair will lead to the decrease of
NBD emission intensity due to more effective FRET processes.
Moreover, at pH 8.0, some APBA residues, possessing a pK, of
~8.7, exist in the deionized form, and preliminary experiments
revealed that APBA in the deionized form can partially quench
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Figure 4. (a) Temperature-dependent optical transmittance at a wave-
length of 700 nm recorded for 0.3 g/L aqueous dispersion of P(NIPAM-
APBA-NBDAE-RhBEA) microgels (pH 8.0, prepared at a APBA feed
ratio of 10 mol %) in the presence of varying glucose concentrations. (b)
Variation of VPT temperatures of 0.3 g/L aqueous dispersion of
P(NIPAM-APBA-NBDAE-RhBEA) microgels (pH 8.0) as a function
of glucose concentrations. VPT temperatures were defined as the
temperature corresponding to ~1% decrease in optical transmittance.
The measurements were conducted 4 h after addition of glucose.

the fluorescence emission of NBDAE. All the above factors lead
to the observed almost constant emission intensity of NBDAE
residues over the temperature range of 25—50 °C. From
Figure 3b, we can see that the fluorescence intensity ratios,
Isg7/Is3,, considerably increase from ~8 at 25 °C to ~17 at
4S °C. This clearly reflected that the microgel collapse at elev-
ated temperatures can leads to prominent enhancement of
FRET efficiencies within P(NIPAM-APBA-NBDAE-RhBEA)
microgels.

Glucose-Regulated Volume Phase Transitions of P-
(NIPAM-APBA-NBDAE-RhBEA) Microgels. Similar to those
exhibited by PNIPAM homopolymers, the copolymerization of
hydrophilic or hydrophobic monomers into PNIPAM microgels
can also increase or decrease the VPT temperatures, respectively.
APBA residues possess a pK, of ~8.7; thus, the change of pH
across the pK, leads to the transformation between hydrophilic
ionized state and relatively hydrophobic deionized state. On the
other hand, the addition of glucose can also shift the pK, to lower
values (~7) via the formation of cyclic boronate moieties from
APBA residues and glucose;”” at a constant pH (e.g., pH 8), this
will also lead to a shift in the hydrophilic/hydrophobic balance of
the microgels.

Temperature-dependent optical transmittance measurements
were employed to determine the changes of VPT temperature
(defined as the temperature corresponding to ~1% decrease in
optical transmittance) of P(NIPAM-APBA-NBDAE-RhBEA)
microgels upon addition of varying amounts of glucose at pH 8
(see Figure 4). In the absence of glucose, the VPT temperature
of the microgel is around 28.7 °C, which is lower than conven-
tional PNIPAM microgels, indicating that the copolymerization
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Figure S. Typical hydrodynamic radius distributions, f(Ry,), recorded
for 0.1 g/L aqueous dispersions of P(NIPAM-APBA-NBDAE-RhBEA)
microgels (pH 8.0, prepared at a APBA feed ratio of 10 mol %) at 37 °C
in the absence (@) and presence (O) of 100 mM glucose, respectively.

140} "o ?

<Rh> / nm
% o
o (=)

———

25 30 35 40 45 50
Temperature / °C

by —0—25°C
2.0t . e
1.5F
x
& 10
=
0.5 \,\
.
o
0.0
1 10 100 1000
Rh / nm

Figure 6. (a) Temperature-dependent intensity-average hydrodynamic
radius, (Ry,), and (b) typical hydrodynamic radius distributions, f(Ry,), at
25 °C (O) and 45 °C (@), respectively, recorded for 0.1 g/L aqueous
dispersion of P(NIPAM-APBA-NBDAE-RhBEA) microgels (pH 8.0, pre-
pared at a APBA feed ratio of 10 mol %) in the presence of 100 mM glucose.

of ~10 mol % APBA residues into the microgels (at pH 8) can
render them less hydrophilic. This is understandable considering
that at pH 8 certain APBA residues are in the deionized state. As
the concentration of glucose increased to 100 mM, the VPT
temperature of microgels increased to 38.4 °C (Figure 4b). The
almost linear increase of VPT temperatures for APBA-containing
PNIPAM microgels in the presence of increasing amounts of
glucose has previously been reported by several research
groups.***® Hoare et al.>® observed that as the glucose concen-
tration increases from 0 to about 20 mM ~4 °C increase of VPT
temperature can be determined for P(NIPAM-AA) microgels
functionalized with 3-aminophenylboronic acid, where AA is
acrylic acid. Zhang and co-workers®® also synthesized APBA-
functionalized PNIPAM microgels and observed similar effects
of glucose concentration on the VPT temperatures.

Figure S gives typical hydrodynamic radius distributions,
f(Ry,), recorded for 0.1 g/L aqueous dispersions of P(NIPAM-

2 |9 oy
£1200¢ i
QL —— [Glucose] = 30 mM
R= [Glucose] = 50 mM
o 800} e~ oot
g —— [Glucose] = 100 mM
Q A &
Q
7] L 2~
B 400
(=]
=
~ oA \
500 600 700 800
Wavelength / nm
8t b
6F
&
R
A
&
2+
0 1 1 1 1 1
0 25 50 75 100
[Glucose] / mM

Figure 7. (a) Fluorescence emission spectra and (b) fluorescence
intensity ratio changes (Isg7/Is32, Aex = 470 nm; slit widths: Ex. S nm,
Em. S nm) recorded for 0.1 g/L aqueous dispersion of P(NIPAM-
APBA-NBDAE-RhBEA) microgels (prepared at a APBA feed ratio of 10
mol %) upon gradual addition of glucose at 25 °C and pH 8.0. Each
spectrum was acquired 4 h after glucose addition.

APBA-NBDAE-RhBEA) microgels (pH 8.0) at 37 °C in the
absence and presence of 100 mM glucose, respectively. The
solution temperature was fixed at 37 °C, which is above the VPT
temperature of microgels in the absence of glucose but below the
VPT of microgels in the presence of 100 mM glucose. At 37 °C
and pH 8.0, the as-synthesized microgels possess a (Ry) of
~50 nm, which are in the collapsed state (Figure 2). Upon
addition of 100 mM glucose, the (R) increases to ~130 nm,
clearly indicating that the addition of glucose can lead to the
microgel collapse/swelling transition at intermediate tempera-
tures. This can be ascribed to the fact that the addition glucose
can render the microgels more hydrophilic due to the generation
of negative charges and the considerable shift of microgel VPT
temperature to above 37 °C (Figure 4).

In the presence of 100 mM glucose, P(NIPAM-APBA-NBDAE-
RhBEA) microgels also exhibit thermo-induced collapse, but at
considerably elevated temperatures. The temperature-dependent
intensity-average hydrodynamic radius, (R;,), recorded for 0.1 g/L
aqueous dispersion of microgels (pH 8.0) in the presence of
100 mM glucose is shown in Figure 6a, and we can discern an
inflection point at ~38 °C. This result correlates well with the
temperature-dependent optical transmittance results (see Figure 4).
Figure 6b shows that P(NIPAM-APBA-NBDAE-RhBEA) micro-
gels exhibit (Ry,) of ~14S and ~50 nm at 25 and 4S °C, respectively,
which are systematically higher than those of microgels in the
absence of glucose but at comparable temperatures.

The VPT of microgels induced by temperature variations
(Figures 2 and 6) or by the addition of glucose at appropriate
temperature ranges (Figure S) can also be quantified by the
changes in FRET efficiencies due to that the phase transition can
also lead to considerable changes in the spatial distributions of
FRET donors and acceptors within P(NIPAM-APBA-NBDAE-
RhBEA) microgels. Figure 7 shows the fluorescence emission
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Figure 8. (a) Fluorescence emission spectra and (b) fluorescence
intensity ratio changes (Isg7/Is3, Aex = 470 nmy; slit widths: Ex. S nm,
Em. S nm) recorded for 0.1 g/L aqueous dispersion of P(NIPAM-
APBA-NBDAE-RhBEA) microgels (prepared at a APBA feed ratio of 10
mol %) upon gradual addition of glucose at 37 °C and pH 8.0. Each
spectrum was acquired 4 h after glucose addition.

spectra and fluorescence intensity ratio changes (Isg7/Is3a, Aex =
470 nm) recorded for 0.1 g/L aqueous dispersion of P(NIPAM-
APBA-NBDAE-RhBEA) microgels at 25 °C and pH 8.0 upon
addition of varying amounts of glucose. From Figure 7a, we can
observe that, with the increase of glucose concentrations, the
emission intensity at 532 nm increased considerably, accompa-
nied by the intensity decrease of emission band at 587 nm. The
observed prominent decrease of FRET efficiencies can be well
correlated to the further swelling to ~145 nm for microgels
initially in the swollen state (~100 nm), which has already been
verified by LLS results (Figures 2a and 6a). The fluorescence
intensity ratios, Isg;/Is3,, decreased from ~8.0 to 0.8 in the
glucose range of 0—100 mM at 25 °C (see Figure 7b). This
indicated that although P(NIPAM-APBA-NBDAE-RhBEA) mi-
crogels are in the swollen state at 25 °C, they can still serve as
excellent ratiometric fluorometric glucose probes

If the temperature was maintained between two critical values
(ie, VPTT, and VPTT,, which represent microgel VPT tem-
peratures in the absence and presence of glucose, respectively),
microgels will be in the collapsed state initially and subjected to
swelling transitions upon addition of glucose (Figure S). From
Figure 8a, we can see that at 37 °C the emission intensity ratios,
Iss7/Is3,, decreased from ~14.5 to 1 in the glucose concentration
range of 0—100 mM. The more dramatic changes in emission
intensity ratios compared to that at 25 °C should be ascribed to
the more prominent volumetric changes of microgels (25 °C:
100—145 nm in the presence of 0—100 mM glucose; 37 °C:
50—130 nm in the presence of 0—100 mM glucose).

It has been well-known that the normal blood glucose con-
centration is in the range of 3.5—6.1 mM and abnormal glucose
levels can reach as high as ~20 mM.*>** A comparison between
Figures 7b and 8b revealed that at 37 °C thermoresponsive
P(NIPAM-APBA-NBDAE-RhBEA) microgels possess much
better glucose detection sensitivity as compared to those

(a) (b) (c) (C)] (b) )

T=25°C T=37°C
[glucose] [glucose]
=0mM =0mM

T=37°C
[glucose]

T=25°C
[glucose]
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[glucose] [glucose]

=100 mM =0mMm =0mM =100 mM

Figure 9. Photographs recorded (A) under 365 nm UV lamp and (B)
inverted fluorescence microscopy equipped with a temperature-regu-
lated incubator (450—480 nm exciter filter and long pass S15 nm barrier
filter) for 0.3 g/L aqueous dispersion of P(NIPAM-APBA-NBDAE-
RhBEA) microgels (pH 8.0, prepared at a APBA feed ratio of 10 mol %)
under various conditions: (a) 25 °C, [glucose] = 0 mM; (b) 37 °C,
[glucose] = 0 mM; (c) 37 °C, [glucose] = 100 mM.

at 25 °C. Emission intensity ratios, Isg;/Is3;, of P(NIPAM-
APBA-NBDAE-RhBEA) microgels at 25 °C decreased ~4.8-
fold (from 8.1 to 1.7) in the glucose concentration range of
0—50 mM, whereas for microgels at 37 °C, the intensity ratios
exhibit ~7.6-fold decrease (from 14.5 to 1.9) in the same glucose
concentration range. Thus, the current system further confirmed
that the responsiveness of polymeric microgels can be utilized to
design novel sensing systems with tunable detection sensitivities.
Most importantly, the variation of temperatures in the absence of
glucose and the addition of glucose at 37 °C can lead to clearly
evident fluorometric transitions, which can be both checked by
the naked eye or more accurately under an inverted fluorescence
microscopy. From Figure 9, we can observe that an orange-to-red
emission transition is associated with heating process from 25 to
37 °C, whereas the addition of 100 mM glucose leads to the
fluorometric transition from red to yellowish at 37 °C. Thus, the
above results have established that thermoresponsive P(NIPAM-
APBA-NBDAE-RhBEA) microgels labeled with FRET pair can
serve as dual ratiometric fluorometric probes for both tempera-
tures and glucose.

pH-Regulated Volume Phase Transitions of Microgels and
in Vitro Cytotoxicity Measurements. Since the ioniza-
tion—deionization equilibrium of APBA moieties can also be
shifted by pH variations in addition to glucose addition, we
further examined the VPT phase transition of P(NIPAM-APBA-
NBDAE-RhBEA) microgels at varying pH conditions. Tempera-
ture-dependent optical transmittance measurements (Figure 10
a) at pH 11 indicated that the VPT temperature of microgel
increased to ~37 °C, which are much higher than the VPT
temperature of 28.7 °C for microgels at pH 8.0 (Figure 4a).
Figure 10b shows typical fluorescence emission spectra recorded
for 0.1 g/L aqueous dispersion of P(NIPAM-APBA-NBDAE-
RhBEA) microgels in the absence of glucose at pH 8.0 and 11.0,
respectively (37 °C). The increase of solution pH from 8 to 11
again leads to the considerable decrease of FRET efficiencies due
to the prominent swelling of microgels resulting from the
generation of negative charges and the increase of VPT tem-
peratures at elevated pH conditions. In combination with the
results shown in previous sections, we successfully demonstrated
that FRET processes occurred within thermoresponsive micro-
gels covalently labeled with APBA moieties, and FRET pairs can
be utilized to construct ratiometric fluorometric multifunctional
probes for temperature, glucose, and pH. Compared to conven-
tional characterization techniques relevant to size changes
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Figure 10. (a) Temperature-dependent optical transmittance at a
wavelength of 700 nm recorded for 0.3 g/L aqueous dispersion of
P(NIPAM-APBA-NBDAE-RhBEA) microgels (pH 11.0, prepared at a
APBA feed ratio of 10 mol %) in the absence of glucose. (b) Typical
fluorescence emission spectra (4., = 470 nm; slit widths: Ex. S nm, Em.
S nm, 37 °C) recorded for 0.1 g/L aqueous dispersion of P(NIPAM-
APBA-NBDAE-RhBEA) microgels (prepared at a APBA feed ratio of 10
mol %) at pH 8.0 and pH 11.0, respectively.
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Figure 11. In vitro cytotoxicity of P(NIPAM-APBA-NBDAE-RhBEA)
microgels against HeLa cells as a function of microgel concentrations
determined by the MTT assay.

induced by microgel VPTs, the introduction of FRET principle
into APBA-containing PNIPAM microgels allows for the con-
struction of a convenient, cost-effective, quantitative, and multi-
functional sensing system. Finally, we have further examined the
in vitro cell cytotoxicity of P(NIPAM-APBA-NBDAE-RhBEA)
microgels by the MTT assay, and the results are shown in
Figure 11. HeLa cells were treated with microgel dispersions at
varying concentrations. The cell viability remained to be ~90%
even at a microgel concentration of 1.6 mg/mlL, indicating that
the reported thermoresponsive P(NIPAM-APBA-NBDAE-
RhBEA) microgels are almost noncytotoxic.

B CONCLUSIONS

In summary, we synthesized fluorescent thermoresponsive
PNIPAM microgels covalently incorporated with glucose-

recognizing residues, APBA, FRET donor dyes, 4-(2-acry
loyloxyethylamino)-7-nitro-2,1,3-benzoxadiazole =~ (NBDAE),
and rhodamine B-based FRET acceptors (RhBEA) via the free
radical emulsion copolymerization technique. The as-synthe-
sized P(NIPAM-APBA-NBDAE-RhBEA) microgels can serve
as multifunctional ratiometric fluorometric probes for glucose
and temperatures. The spatial proximity between FRET donors
and acceptors within microgels can be tuned via thermo-induced
microgel collapse or glucose-induced microgel swelling at appro-
priate pH and temperatures. FRET efficiencies between NBDAE
and RhBEA moieties were then employed to monitor the
thermo-induced microgel collapse and glucose-induced microgel
swelling. The latter is due to the generation of negative charges
resulting from the binding of glucose with APBA to form cyclic
boronate moieties and the pK, decrease of APBA residues. At pH
8, P(NIPAM-APBA-NBDAE-RhBEA) microgels at 37 °C can
serve as a ratiometric fluorescent glucose sensor with much more
improved detection sensitivity as compared to that at 25 °C.
MTT assays further revealed that the reported thermoresponsive
microgels are almost noncytotoxic up to a concentration of 1.6 g/
L. We expect that the reported microgel system can serve as
smart nanocarriers for multifunctional purposes including sen-
sing, imaging, and triggered release under in vivo conditions, and
further investigations toward this aspect are currently under way
in our laboratory.
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