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ABSTRACT: Aberrant cerebral glucose metabolism is related to many
brain diseases, especially brain tumor. However, it remains challenging to
measure the dynamic changes in cerebral glucose. Here, we developed a
near-infrared (NIR) optical transducer to sensitively monitor the glucose
variations in cerebrospinal fluid in vivo. The transducer consists of an
oxygen-sensitive nanoparticle combined with glucose oxidase (GOx),
yielding highly sensitive NIR phosphorescence in response to blood
glucose change. We demonstrated long-term continuous glucose
monitoring by using the NIR transducer. After subcutaneous
implantation, the glucose transducer provides a strong luminescence
signal that can continuously monitor blood glucose fluctuations for
weeks. By using the NIR emission of the transducer, we further observed
abnormal dynamic changes in cerebrospinal fluid glucose and
quantitatively assessed cerebral glucose uptake rates in transgenic mice
bearing brain tumors. This study provides a promising method for the diagnosis of various metabolic diseases with altered glucose
metabolism.

■ INTRODUCTION
Glucose is the primary energy source for most organisms.
Aberrant glucose metabolism is associated with many
diseases.1−6 For example, cancer cells exhibit elevated levels
of glucose uptake, which has been well established for the
prognostic and diagnostic imaging of a variety of cancers.
Currently, glucose uptake and metabolism can be assessed
clinically by positron emission tomography (PET) using a
radioactive glucose analogue, 18F-fluorodeoxyglucose (18F-
FDG).7−11 PET imaging has found wide clinical utility because
of its high sensitivity to reveal the metabolic and biochemical
functions of diseased organs. Another technique, microdialysis,
can be used to measure chemicals such as glucose in the
cerebral extracellular fluid.12 Although this method has the
ability to analyze cerebral substances accurately, it requires
highly precise operations. In recent years, magnetic resonance
imaging (MRI) has been developed for imaging glucose
metabolism in vivo.13 In this technique, radio-frequency pulses
are used to fully saturate the hydroxyl protons of glucose,
which further affects the signal strength of free water through
chemical exchange. Information on glucose or a glucose
analogue can be indirectly calculated by detecting the signal of
water. MRI has the ability to detect tumor glucose uptake
without using radioactive tracers, which has been demon-
strated in several disease models, including colorectal tumors,
brain tumors, and Alzheimer’s disease.13−16 Despite the

progress, it is of great importance to develop new techniques
with high sensitivity and a low cost to assess the glucose uptake
and metabolism in living organisms.
Optical methods are cost-effective and sensitive for bio-

logical detections, and several strategies have been developed
for optical glucose sensing and imaging.17−22 Shibata et al.
developed an implantable hydrogel platform based on
diboronic acid and a fluorescent dye, which was further
immobilized subcutaneously for in vivo continuous glucose
monitoring.23,24 Recently, Maric et al. reported a bio-
luminescent probe that can accurately measure glucose uptake
in living cells and living mice.25 The bioluminescent probe in
tumor xenograft models exhibited high sensitivity that was
comparable to the that of the 18F-FDG tracer. Our group
developed an optical glucose transducer by combining polymer
dots with glucose oxidase for in vivo glucose imaging.26,27 The
long-term monitoring, biocompatibility, and reproducibility of
the polymer-dot transducer were further improved with a
multienzyme reaction system (glucose oxidase and catalase),
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ratiometric calibration, and the hydrogel encapsulation
method.28−30 Moreover, fluorescent glucose analogues have
been used for imaging of glucose uptake in astrocytes and
neurons by two-photon microscopy.31 Since glucose is the
major neuronal fuel in the brain, many brain diseases are
related to altered cerebral glucose metabolism, such as brain
tumors,32 Alzheimer’s disease,16,33 traumatic brain injury,34−37

and ischemic brain injury.38 Therefore, it is highly desirable to
develop glucose probes with a near-infrared (NIR) emission
for glucose detection in the brain.
Here, we report an optical glucose nanoparticle transducer

with an NIR emission that enables through-skull monitoring of
cerebral glucose uptake in the mouse brain. We used Nile Red
and a Pt complex as a Förster resonance energy transfer
(FRET) pair in a polymer matrix to construct a ratiometric
oxygen-sensitive probe. The polymer nanoparticles were
further integrated with glucose oxidase (GOx), resulting in
highly sensitive NIR phosphorescence in response to glucose
concentration. The glucose transducer not only showed good
sensing performance in long-term continuous glucose mon-
itoring but also had the ability to detect abnormal cerebral
glucose metabolism and quantify the cerebral glucose uptake
rate in transgenic mice with brain tumors. This work provides a
promising method for dynamic imaging of cerebrospinal fluid
glucose in small animals.

■ EXPERIMENTAL SECTION
Preparation of Polymer Nanoparticles. In a typical

preparation, stock solutions of polystyrene, the functional
amphiphilic polymer poly(styrene-co-maleic anhydride)
(PSMA), Nile Red, and Pt(II) octaethylporphine ketone
(PtOEPK) were prepared by dissolving in THF with

concentrations of 1000, 1000, 100, and 500 μg/mL,
respectively. The polymer and dyes were further diluted and
mixed to prepare the precursor solution with polystyrene (100
μg/mL), PSMA (50 μg/mL), Nile Red (5 μg/mL), and
PtOEPK (0−10 μg/mL). Then, 1 mL of the precursor solution
was added to ultrapure water (10 mL) followed with
sonication (120 s). Then, the THF was further removed to
obtain nanoparticles.

Bioconjugation. Carboxyl groups were generated on the
surface of the nanoparticles after the anhydrides of PSMA were
hydrolyzed. NP−GOx−CAT bioconjugates were prepared by
using an EDC-catalyzed reaction. The amine groups on GOx
and CAT were bioconjugated with the carboxyl groups on the
nanoparticles. In this reaction, a HEPES solution (40 μL, 1
mol/L), GOx (40 μL, 10 μM in 20 mM HEPES), and EDC
(40 μL, 5 mg/mL in H2O) were mixed with 2 mL of
nanoparticles (100 μg/mL in H2O). The mixture was mixed
on a vortex, and then the catalase enzyme (40 μL, 60 μM in 20
mM HEPES) was added. Then, the mixture was rocked for 2 h
at 25 °C to develop the final nanoparticle transducer (NP−
GOx−CAT).

In Vivo Glucose Monitoring. The experimental group
consisted of three BALB/C mice (6−8 weeks, female). During
the experiment, all of the mice were kept warm with a heating
bed. After each mouse was anesthetized with isoflurane, 100
μL of a nanoparticle transducer (100 μg/mL) in water solution
was directly injected into subcutaneous tissue. After 24 h, the
implanted nanoparticle transducer was stabilized as the water
was absorbed completely. Since the anesthesia process can
cause fluctuations in the blood glucose level, optical imaging
was performed after 40 min anesthesia administration. The in
vivo images were acquired on an IVIS Lumina III imaging

Scheme 1. Preparation of the Nanoparticle Transducer and the Sensing Mechanism in a Normal Brain and a Neoplastic Brain.
(a) Chemical Structures of PSMA, Polystyrene, Nile Red, and PtOEPK and Schematic Illustration of the Preparation of the
Nanoparticle Transducer. (b) Detection of Cerebral Glucose Uptake in a Normal Brain and a Neoplastic Brain.
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system by using emission filters with center wavelengths of 670
and 790 nm and the same bandwidth of 40 nm. Blood samples
were collected from the tail after optical imaging. The blood
glucose concentration of each mouse was measured by a
commercial glucose meter. For the glucose administration,
sterilized glucose (150 μL, 1 M in H2O) was administered by
intraperitoneal injection to elevate the blood glucose level.
During the process, optical images and concentrations of blood
glucose were obtained every 5 min. The control group
consisted of three mice without intraperitoneal injection of
glucose.

Dynamic Imaging of Cerebral Glucose Uptake. The
experimental group included 11 ND2:SmoA1 female mice, and
the control group included 11 C57BL/6 mice (6−8 weeks
old). The mice were anesthetized with isoflurane, and 2 and 10
μL of the nanoparticle transducer (100 μg/mL) were
implanted into the dorsal site and lateral ventricle of the two
groups of mice. For intracerebroventricular injection of the
nanoparticle transducer, the mice were anesthetized using
isoflurane and then immobilized on a stereotaxic apparatus
(Shanghai Bio-will Co., Ltd.). The top of the mouse’s head was
shaved and cleaned with 75% ethanol. After that, a linear skin
incision was made over the bregma, and 3% hydrogen peroxide
was applied to remove the periost over the bregma. Then, a
burr hole was drilled on the left side of the skull using a cranial
drill (bregma, −0.6 mm; medial/lateral, 1.5 mm). A 10 μL
Hamilton syringe was then used to deliver the nanoparticle
transducer (100 μg/mL, 10 μL) to the lateral ventricle at a
depth of 1.7 mm from the dura. The injection was made at 1
μL/min, and the Hamilton syringe was kept in the injection
site for an additional 5 to 10 min after injecting to ensure that

all of the materials were infused. The burr hole was occluded
with bone wax to prevent the leakage of cerebrospinal fluid.
After that, the nanoparticle transducer (2 μL, 100 μg/mL) was
injected subcutaneously at the dorsal site of each mouse. After
4 h, the mice were ready for the following whole-body optical
imaging. The optical imaging of the two groups of mice was
performed by an in vivo imaging system. The following
experimental processes were the same as the in vivo glucose
monitoring experimental processes.

■ RESULTS AND DISCUSSION
Preparation and Characterizations of the Nano-

particle Transducer. The nanoparticles were prepared
using a reprecipitation method.39 The nanoparticles consisted
of polystyrene, the polymer PSMA, Nile Red, and the oxygen-
sensitive dye PtOEPK. We used Nile Red and PtOEPK co-
doped polystyrene nanoparticles to construct an FRET pair,
where energy transfer occurs from Nile Red to PtOEPK, and
finally obtained a ratiometric luminescent oxygen sensor. The
glucose detection mechanism relies on the luminescent oxygen
sensor integrated with GOx.26,27 At an optimal doping
concentration, the Nile Red dye exhibited a constant red
emission at 650 nm, and PtOEPK exhibited a narrow
phosphorescence peak at 760 nm, which was highly sensitive
to the oxygen concentration. During the formation of polymer
nanoparticles, the anhydride of PSMA was hydrolyzed and
provided carboxyl groups on the surface of the nanoparticles
(Scheme 1a). The surface carboxyl groups of the nanoparticles
enabled subsequent conjugation with GOx and the catalase
enzyme. In the presence of glucose, the oxygen reservoir
around the nanoparticles was depleted because of the GOx-

Figure 1. Characterization of the nanoparticles and nanoparticle transducer. (a) TEM image of the as-prepared nanoparticles. (b) Hydrodynamic
diameters of the nanoparticles and transducer. The black lines are the lognormal fitting curves of the diameters of the nanoparticles and
nanoparticle−GOx transducer. (c) Absorption spectra and emission spectra of Nile Red and PtOEPK. (d) Emission spectra of the nanoparticles
doped with a constant Nile Red concentration (5 wt %) and varied PtOEPK concentrations (0−10 wt %) in an air-saturated solution.
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catalyzed glucose oxidation reaction. Thus, the nanoparticle
transducer can transform oxygen to a luminescence signal in
the presence of glucose. The spatial and temporal changes in
oxygen diffusion caused by glucose enzymatic reactions were
simulated in a cuvette configuration and subcutaneous tissues,
suggesting the reliable and robust glucose sensing property of
the nanoparticle transducer in live mice.26 Since the cerebral
glucose metabolic characteristics were different between a
normal brain and a neoplastic brain, the glucose transducer can
potentially detect and quantify the cerebral glucose uptake rate
in living mice (Scheme 1b).
The polymer nanoparticles were spherical and monodis-

persed in morphology, as shown by the transmission electron
microscopy (TEM) image (Figure 1a). Dynamic light
scattering (DLS) analyses indicated that the nanoparticles
had an average hydrodynamic diameter of ∼17 nm. After GOx
conjugation, the hydrodynamic diameter of the nanoparticle
transducer increased to ∼19 nm (Figure 1b). The DLS and
TEM characterizations confirmed the monodispersed size
distribution and successful conjugation of the enzyme on the
nanoparticle surface (Figure S1). The average surface ζ
potentials of the nanoparticles and nanoparticle transducer
were −35 and −20.6 mV, indicating their good colloidal
stability in aqueous solutions (Figure S2).
We used optical spectroscopy to characterize the energy

transfer in the dye-doped polymer nanoparticles. Figure 1c
shows the absorption and the luminescence spectra of Nile
Red and PtOEPK. The emission spectrum of Nile Red and the
absorption spectrum of PtOEPK show an obvious overlap. The
Förster radius from the donor and the acceptor was calculated
to be ∼2 nm, suggesting that energy transfer occurred from
Nile Red to PtOEPK. The quantum yield measurement of Nile
Red in the nanoparticles and the parameters for calculation are
shown in Figure S3 and Table S1, respectively. We prepared
polymer nanoparticles with a constant Nile Red concentration
(5 wt %) and varied PtOEPK concentrations (0−10 wt %).
Figure 1d shows the luminescence spectra of the polymer

nanoparticles in an air-saturated solution by using 560 nm
excitation. As expected, the fluorescence intensity of Nile Red
was quenched gradually, while the phosphorescence intensity
of PtOEPK apparently increased with an increasing doping
ratio of PtOEPK. At the optimal doping concentration (5 wt %
Nile Red, 10 wt % PtOEPK), the nanoparticles exhibited an
NIR emission quantum yield (∼1%) in the air-saturated
solution (Figure S3c,d). The absorption spectra of the polymer
nanoparticles with a constant Nile Red concentration and
varied PtOEPK concentrations are shown in Figure S4. As
indicated, the polymer nanoparticles can be excited by a 600
nm light source, which is important for in vivo imaging
experiments to achieve deep tissue penetration. Because
luminescence measurements from subcutaneous tissues could
undergo spectral distortion,40,41 we investigated the emission
spectra of the transducer solution covered by mouse skin
tissues (Figure S5), indicating minor spectral distortion in the
wavelength range.

Glucose Sensing Properties in Vitro. We investigated
the optical performance of the nanoparticle transducer to
glucose variations. At the optimal doping fractions (5 wt %
Nile Red, 10 wt % PtOEPK), the polymer nanoparticles
exhibited a major absorption peak at ∼550 nm, a red emission
peak at ∼650 nm, and an NIR phosphorescence peak at ∼760
nm. After enzyme bioconjugation, the aqueous solutions of the
polymer nanoparticles were imaged at different glucose
concentrations (Figure 2a). The NIR phosphorescence
(∼760 nm) increased with the increasing glucose concen-
tration, while the red emission (∼650 nm) from Nile Red
remained constant. The constant red emission and the glucose-
sensitive NIR emission constructed a ratiometric glucose
sensing mechanism, which can be used for quantitative analysis
of glucose concentrations. We characterized the luminescence
response of the nanoparticle transducer. Upon addition of
glucose to the transducer, the NIR emission intensity increased
as the glucose oxidation reaction consumed oxygen (Figure
2b). The emission spectra at 600 s after glucose addition

Figure 2. Optical properties of the nanoparticle transducer in vitro. (a) In vitro optical images of nanoparticle transducer at different glucose
concentrations. (b) Glucose response curves of the nanoparticle transducer at 760 nm. (c) Emission spectra of the nanoparticle transducer in H2O
at different glucose concentrations. (d) Ratiometric calibration plot (I760/I650) as a function of glucose concentration. (e) Emission intensities after
adding various carbohydrate analytes into the transducer solution. The concentration of each carbohydrate analyte was 20 mM.
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display excellent sensitivity as glucose concentration varies
from 2 to 18 mM. Then, the emission spectra were recorded at
600 s, clearly suggesting the ratiometric response of the
nanoparticle transducer to different glucose concentrations
(Figure 2c). Spectral characterizations also indicated that
glucose does not affect the absorption and only increase the
NIR emission of the nanoparticle transducer (Figures S6 and
S7). The ratio of the emission peaks from 760 to 650 nm
showed a linear relationship at the physiological glucose
concentration (Figure 2d). The sensitivity of the glucose
transducer was defined as the slope of the linear curve. When
the glucose concentration increased by 1 mM, the emission
ratio of the nanoparticle transducer increased by 8.3%,
demonstrating its excellent sensitivity for glucose measure-
ment. In addition, the glucose transducer showed high
selectivity against other carbohydrates owing to the high
specificity of the GOx enzyme toward glucose (Figure 2e).

In Vivo Continuous Glucose Monitoring of the
Nanoparticle Transducer. We investigated the biocompat-
ibility of the nanoparticles and nanoparticle transducer in
several cell lines by MTT assays. As indicated in Figure S8, the
polymer nanoparticles (100 μg/mL) showed negligible
cytotoxicity in HeLa, U87, and BSC-1 cells. However, GOx
alone can have cytotoxicity because the GOx-catalyzed
reaction generates hydrogen peroxide. To solve this problem,
catalase was also conjugated to the nanoparticle transducer to
quickly decompose hydrogen peroxide. As a result, the
nanoparticle transducer showed minimal cytotoxicity. Addi-
tional experiments indicated that catalase indeed improved the
biocompatibility of the nanoparticle transducer in different
conditions and had little effect on the luminescence spectra of
the nanoparticle transducer (Figures S9−S11). In our previous
study, the stability of the nanoparticle transducer can be
enhanced by introducing catalase into the GOx-catalyzed
reaction system.28 In addition, we verified that the nanoparticle
transducer generated negligible reactive oxygen species at a
light dose of 30 J/cm2 (Figure S12).

Next, the glucose response of the nanoparticle transducer
was examined by an in vivo imaging system. The nanoparticle
transducer was injected into each mouse subcutaneously. A
hyperglycemia mouse model was managed by infusion of a
glucose solution intraperitoneally. We performed two-channel
optical imaging and calculated the ratio of the NIR
phosphorescence intensity relative to the red luminescence
intensity. Figure 3a,b shows the optical imaging of the mice
with glucose injections from the red channel and NIR channel,
respectively. As indicated, the phosphorescence intensities
from the NIR channel in the mice with a nanoparticle
transducer injection increased apparently with an increasing
blood glucose level, while those from the red channel remained
unchanged. In contrast, the luminescence signal from both the
red and NIR channels remained constant for the mice without
glucose administration (Figure 3c,d). The intensity ratios from
the two channels were calculated and correlated with the blood
glucose levels for mice in both the experimental group and
control group. As shown in Figure 3e and Figure S13, the
luminescence ratios in the mice from the experimental group
closely tracked the increase in glucose level while the ratios in
the mice from the control group remained constant, indicating
the specific glucose response of the nanoparticle transducer in
vivo. The long-term continuous glucose monitoring results
were obtained 4 weeks post-injection of the nanoparticle
transducer (Figure 3f and Figure S14). As indicated, the
intensity ratios of the two channels closely tracked with the
increasing blood glucose concentrations. The mice were
treated with the same dose of glucose; therefore, the blood
glucose level increased less at day 28 than that at day 0, likely
due to the growth of the mice. A moderate decrease in
sensitivity was observed for the monitoring results after 2
weeks, likely due to GOx degradation. Nevertheless, these
results confirmed the reliable luminescence response of the
nanoparticle transducer for long-term continuous glucose
monitoring.

Figure 3. In vivo continuous glucose monitoring in mice. (a, b) Optical images of a BALB/C mouse with a subcutaneous nanoparticle transducer
injection after glucose administration. (c, d) Optical images of a BALB/C mouse with a subcutaneous nanoparticle transducer injection and
without glucose administration. (e, f) Luminescence ratios of two channels from the nanoparticle transducer after glucose administration and the
corresponding glucose concentrations of the mice (0 and 28 days post-implantation).
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Monitoring of Cerebrospinal Fluid Glucose Using the
Nanoparticle Transducer. Cancer cells have an elevated
glucose uptake compared with normal cells, which is a
phenomenon called the Warburg effect.42 Similarly, brain
cancer cells require a higher glucose flux as compared to
normal brain cells. It is important to develop a strategy for
imaging glucose uptake in the brain and distinguish the
different metabolic characteristics. Here, we attempted to
explore cerebral metabolic abnormalities using the nanoparticle
transducer. We chose a transgenic model named ND2:SmoA1,
a mouse brain tumor model that is very similar to human
medulloblastoma. Because it takes 2−4 months for
ND2:SmoA1 mice to develop brain tumors, the ND2:SmoA1
mice in our experiments were likely at different stages of cancer
development. Therefore, we used 11 ND2:SmoA1 mice and 11
wild-type C57BL/6 mice to investigate the cerebral glucose
uptake. By a through-skull injection, the nanoparticle trans-
ducer was implanted into the lateral ventricle of the mouse
brain, where the cerebrospinal fluid (CSF) circulates. CSF
analysis, including the CSF glucose test, is useful in various
severe neurological diseases and enables rapid diagnosis of
brain diseases, such as meningitis,43,44 Alzheimer’s disease,45

and neurosyphilis.46 As a control, a dose of the nanoparticle
transducer was implanted into the subcutaneous tissue of the
dorsal site of each animal. After 4 h, a glucose solution was
intraperitoneally injected into each mouse, and optical images
and glucose measurements were acquired.
Figure 4a shows the NIR optical imaging of the wild-type

mice after glucose treatment. As indicated, the intensity at the
dorsal site showed an obvious increase, while the signal from
the brain showed only a slight increase. This observation is
consistent with the clinical results that the glucose concen-
tration in the CSF is proportional to the glucose concentration
in the blood and corresponds to 60−70% of that in blood.47−49

The CSF glucose concentration and the CSF/blood glucose
ratio are important for the differential diagnosis of many
neurological disorders. However, hourly analysis of CSF
glucose showed large diurnal fluctuations in the CSF/blood
glucose ratio, which is closely related to food intake.50 To
circumvent this issue, we normalized the time-dependent
luminescence intensities relative to the initial intensity
immediately after glucose injection and used the intensity
change curve at 40 min to evaluate glucose uptake. Figure 4b
shows the normalized intensity changes of the brain and the
dorsal site of the wild-type mice after glucose administration.
Because the luminescence at both sites increased approx-
imately linearly in the first 20 min, the intensity curves were
linearly fitted, where the slope was defined as the glucose
uptake rate. As indicated, the glucose uptake rate at the dorsal
site was apparently higher than that at the brain site in the
wild-type mice.
Optical imaging was further performed on the ND2:SmoA1

mice with brain tumor upon glucose administration (Figure
4c). The normalized time-dependent intensity changes from
both the dorsal site and the brain are shown in Figure 4d. It is
clear that the glucose uptake rate in the brain was higher than
that in the dorsal site, suggesting the distinctive dynamics of
cerebral glucose uptake in the ND2:SmoA1 mice. In contrast
with the wild-type mice, the time-dependent intensity changes
of the brain relative to those of the dorsal site in the
ND2:SmoA1 mice exhibited an opposite trend, likely due to
the abnormal glucose metabolism in the neoplastic brain. As
for the CSF/blood glucose ratio, we used the luminescence
intensity ratio of the brain relative to that of the dorsal site (40
min post glucose injection) as a reference value to distinguish
the ND2:SmoA1 mice from the wild-type mice. The intensity
ratios between the brain and the dorsal site from the
ND2:SmoA1 mice showed significant differences from those

Figure 4. Dynamic imaging of cerebrospinal fluid glucose in wild-type mice and ND2:SmoA1 mice. (a, c) Optical images of a wild-type mouse and
an ND2:SmoA1 mouse with the nanoparticle transducer implanted in the brain and dorsal site followed by glucose administration, respectively. (b,
d) Averages and standard deviations of the normalized luminescence intensity from the brain and dorsal site in the two types of mice after glucose
administration, respectively. (e) Ratios of the normalized luminescence intensities from the brain and dorsal site in the two types of mice at 40 min
after glucose administration. The ratios were analyzed by a two-sided Student’s t test. Significance levels: ***p < 0.001. (f) Comparison of the fitted
glucose uptake rates between wild-type and ND2:SmoA1 mice. Significance levels: ***p < 0.001. All of the error bars represent the standard
deviations.
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of the wild-type mice (Figure 4e). Specifically, most of the
luminescence intensity ratios from the tumor-bearing mice
were larger than 1, while those in the wild-type mice were less
than 1. These results demonstrated the potential of this
method in clinical brain tumor diagnosis.
Finally, we assessed the glucose uptake rates in the dorsal

site and brain from both the wild-type and ND2:SmoA1 mice
(Figure 4f). As indicated, the cerebral glucose uptake rate in
the wild-type mice was significantly lower than that of the
dorsal site. In contrast, the glucose uptake rate in the brain
from the ND2:SmoA1 mice was much higher than that in the
dorsal site. Notably, the cerebral glucose uptake rate of the
ND2:SmoA1 mice was apparently higher than the glucose
uptake rate in the normal mice, indicating that the cerebral
glucose uptake rate could be an important indicator for brain
tumor diagnosis. These results indicated that the nanoparticle
glucose transducer is a promising optical tool for studying
glucose metabolism in the mouse brain. For the possible
accumulation effects and nanoparticle clearance, prior studies
have shown that rigid conjugated polymer nanoparticles are
biodegradable.51,52 We are making efforts to develop
biocompatible platforms that can maintain robust glucose
measurement for a period of time and degrade in vivo after use.

■ CONCLUSIONS
In summary, we demonstrated that the NIR optical glucose
transducer is a useful tool for quantifying glucose concen-
tration and cerebral glucose uptake in living mice. We
constructed a ratiometric luminescent oxygen-sensitive probe
by using energy transfer from the Nile Red donor to the
PtOEPK acceptor in polymer nanoparticles. After enzyme
bioconjugation, the nanoparticle transducer exhibited highly
sensitive NIR phosphorescence to glucose concentration,
enabling continuous glucose monitoring and through-skull
imaging of cerebral glucose uptake in vivo. By a through-skull
injection to the lateral ventricle, we observed higher cerebral
glucose uptake rates in ND2:SmoA1 mice comparing with
those in wild-type mice, indicating the distinctive cerebral
glucose uptake characteristics in mice bearing brain tumors.
The NIR emission of the optical transducer exhibited deep
penetration for imaging of cerebral glucose, providing the
ability to detect glucose uptake without the use of radioactive
tracers. As compared to bioluminescent and fluorescent
glucose analogues, the nanoparticle transducer enables
sensitive and reversible measurement of glucose. Because
glucose is the primary energy source for most organisms, this
transducer can be further used in the diagnosis of a variety of
metabolic diseases with altered glucose metabolism.
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