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Engineered Glucose Oxidase-Carbon Nanotube Conjugates for
Tissue-Translatable Glucose Nanosensors
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Abstract: Continuous and non-invasive glucose monitor-
ing and imaging is important for disease diagnosis,
treatment, and management. However, glucose monitor-
ing remains a technical challenge owing to the dearth of
tissue-transparent glucose sensors. In this study, we
present the development of near-infrared fluorescent
single-walled carbon nanotube (SWCNT) based nano-
sensors directly functionalized with glucose oxidase
(GOx) capable of immediate and reversible glucose
imaging in biological fluids and tissues. We prepared
GOx-SWCNT nanosensors by facile sonication of
SWCNT with GOx in a manner that—surprisingly—
does not compromise the ability of GOx to detect
glucose. Importantly, we find by using denatured GOx
that the fluorescence modulation of GOx-SWCNT is not
associated with the catalytic oxidation of glucose but
rather triggered by glucose-GOx binding. Leveraging
the unique response mechanism of GOx-SWCNT nano-
sensors, we developed catalytically inactive apo-GOx-
SWCNT that enables both sensitive and reversible
glucose imaging, exhibiting a ΔF/F0 of up to 40% within
1 s of exposure to glucose without consuming the
glucose analyte. We finally demonstrate the potential
applicability of apo-GOx-SWCNT in biomedical appli-
cations by glucose quantification in human plasma and
glucose imaging in mouse brain slices.

Introduction

Glucose, as a vital energy source in living organisms, plays a
crucial role in various physiological processes. Therefore,
precise regulation of glucose levels is essential, and abnor-
mal glucose metabolism has been associated with a range of
diseases, including diabetes, neurodegeneration, and
cancer.[1,2] Consequently, the development of tissue-trans-
parent glucose nanosensors holds significant potential for
disease diagnosis, treatment, and management. Electro-
chemical sensors traditionally employ glucose oxidase
(GOx), a glucose-specific oxidative enzyme, as the gold
standard for blood glucose tests in diabetes management.[3]

However, direct in-body or in-tissue glucose detection using
electrochemical readouts faces technical challenges due to
the use of electronic circuits which can be bulky and require
batteries. Additionally, the enzymatic activity of native GOx
compromises the reversibility of the sensors, rendering them
unsuitable for continuous glucose sensing and imaging
applications.

In this context, single-walled carbon nanotubes
(SWCNTs) are promising bioimaging candidates that may
enable tissue-translatable glucose detection and imaging due
to their attractive optical properties such as intrinsic
fluorescence emission in the near-infrared (nIR) and their
non-photobleaching nature.[4–6] Furthermore, the
fluorescence properties of SWCNTs can be modulated by
the surrounding environment.[7] For example, SWCNTs
conjugated to certain ssDNA sequences show strong turn-on
fluorescence modulation upon exposure to neurotransmit-
ters, such as dopamine and other catecholamines.[8]

SWCNT-based nanosensors can also be evolved to exhibit
molecular recognition for specific analytes, though this
evolution of synthetic molecular recognition has not yet
been shown to work for protein recognition.[9] On the other
hand, proteins are another class of biomolecules that can be
conjugated to SWCNTs.[10–13] Owing to their substrate-
specific enzymatic activity, enzymes can be used to rationally
design nanosensors for a specific analyte of interest.[14]

Taking advantage of these attractive properties of SWCNTs
and specifically the glucose recognizability of GOx, several
SWCNT-based glucose nanosensors have been reported,
with challenges including low synthesis scalability, sub-par
colloidal stability, and poor reversibility.[7,15–18]

The synthesis of SWCNT-based nanosensors via biomo-
lecule-SWCNT conjugation is typically accomplished
through ultrasonication of polymer-SWCNT conjugates or
through dialysis-based ligand exchange of biomolecule-
SWCNT conjugates.[5,19] While probe tip sonication is quick
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and high-yielding, this method is typically deemed unsuit-
able for protein-SWCNT conjugation due to the denatura-
tion of proteins under the high shear stresses induced by
probe tip sonication.[11,20] While certain proteins like serum
albumin have successfully dispersed SWCNT with probe tip
sonication at the expense of protein integrity, proteins such
as GOx were previously found not to suspend SWCNT in an
aqueous solution.[21,22] Owing to the high relevance of
SWCNT-based sensors and their near-infrared tissue-trans-
parent fluorescence, SWCNT-based glucose sensors have
previously been prepared with dialysis-based ligand ex-
change, which remains the only technique for generating
GOx-SWCNT conjugates for glucose sensing, although the
procedure is not optimal due to the low yield and poor
colloidal stability of the resulting nanosensors. This low
colloidal stability precludes direct glucose imaging in bio-
logically relevant biofluids and tissues[7,17]

In the present study, we hypothesize that GOx can be
directly conjugated to SWCNT through direct probe tip
sonication under optimal sonication and GOx:SWCNT mass
ratio conditions to generate enzyme-SWCNT-based nano-
sensors for sensing and imaging applications. We show that
with optimized conditions, GOx-SWCNT conjugates can be
prepared by sonication with appreciable yield and glucose
sensing ability. Next, we investigate the mechanism of
fluorescence modulation using denatured GOx, showing
that the enzyme’s catalytic reaction counterintuitively does
not cause fluorescence modulation, instead attributing GOx-

SWCNT nanosensors’ responses to a glucose-enzyme bind-
ing. This result motivated us to develop sensitive and
reversible nanosensors by synthesizing apo-GOx, nano-
sensors generated from bioengineered GOx, showing their
potential applicability in tissue-translatable glucose sensing
and imaging.

Results and Discussion

Facile generation and characterization of GOx-nanotube based
nanosensors

We synthesized GOx-SWCNT nanosensors via direct soni-
cation of SWCNT with GOx. The strong shear-force
generated by the tip sonicator continuously unbundles
SWCNTs in the solution, facilitating protein adsorption to
SWCNT surfaces and suspending individual nanotubes in an
aqueous solution (Figure 1a). We purified the synthesized
nanosensors via centrifugation and dialysis. In contrast to
previous reports that GOx cannot suspend SWCNTs, we
identified optimal enzyme:SWCNT mass ratio and sonica-
tion strength parameters for successfully generating GOx-
SWCNT conjugates (Supporting Information S1).[21] The
suspensions synthesized via this method exhibited a high
yield of 20 mg/L, and excellent colloidal stability for several
months without forming any aggregations, unlike those
generated through dialysis-based ligand exchange. Atomic

Figure 1. Generation and characterization of GOx-SWCNT-based glucose nanosensors. (a) Schematic illustration of sonication-based physisorption
of enzymes to SWCNT. (b) An AFM image of immobilized nanosensors on a mica substrate (top) with representative height profile of an individual
nanosensor (bottom). Arrows point to individual nanotubes. (c) Average trace of the fluorescence emission spectra of the nanosensors before
(light blue) and immediately after (blue) exposure to 5 mM glucose (N=2), with the colored area representing the standard deviation. (d) Average
ΔF/F0 trace of immobilized GOx-SWCNT nanosensors. PBS was added at 60 s, and 10 mM glucose was added at 120 s. Average ΔF/F0 was
calculated from ten randomly selected nanosensors, with the area representing standard deviation. Representative images before (t=50 s) and
after (t=150 s) glucose addition are shown on the right. (e) Peak solution-phase ΔF/F0 responses at the (7,6) chirality of GOx-SWCNT
nanosensors 20 min after exposure to 5 mM of glucose and analogs: Fructose, Galactose, Fucose, Mannose, Xylose, Maltose, and Sucrose (N=2),
with error bars representing standard deviation.
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force microscopy (AFM) imaging confirmed individually-
suspended and uniformly dispersed GOx-SWCNTs (Fig-
ure 1b), with average lengths and heights of 270�77 nm and
0.93�0.13 nm, respectively, consistent with the dimensions
of SWCNTs. Furthermore, GOx almost entirely occupied
the surface of the SWCNT, suggesting the formation of a
dense GOx monolayer on the SWCNT surface and poten-
tially contributing to the colloidal stability of the nano-
sensors (Supporting Information S2).

Next, we examined the nIR fluorescence responsivity of
GOx-SWCNT nanosensors to different glucose concentra-
tions in phosphate-buffered saline (PBS). The fluorescence
intensity of the nanosensors increased immediately upon
exposure to glucose, indicating that direct sonication of
GOx with SWCNTs—surprisingly—did not compromise the
ability of the GOx to detect glucose (Figure 1c). Specifically,
in solution, the GOx-SWCNT nanosensor ΔF/F0 (change in
fluorescence intensity normalized to the baseline
fluorescence) reached 40% upon the addition of 5 mM
glucose at the (7,6) chiral peak (λem=1194 nm). This in
solution response is comparable to that of nanosensors
prepared by a dialysis-based ligand exchange method.[17]

Moreover, the surface-immobilized nanosensor response to
glucose was instantaneous and reached a ΔF/F0=100%,
reaching this maximum ΔF/F0 within one second after
glucose exposure (Figure 1d). To confirm the role of
physisorbed GOx on fluorescence responses, we compared
the response of GOx-SWCNT nanosensors with two con-
trols: GOx-SWCNT prepared via probe tip sonication, but
they were subject to dialysis to remove any GOx not bound
to the SWCNT surface, and BSA-SWCNT prepared via
sonication (Figure S2). Dialyzed GOx-SWCNT retained the
nanosensor response to glucose, as expected, whereas BSA-
SWCNT did not respond to glucose, also as expected,
confirming that the glucose-specific activity of surface-bound
GOx generates the fluorescence modulation of the nano-
sensors. We next confirmed the selectivity of the nano-
sensors by testing the flurescence modulation of GOx-
SWCNT to various saccharide analogs: Fructose, Galactose,
Fucose, Mannose, Xylose, Maltose, Sucrose. We find that
equimolar concentrations of these saccharides cause no
fluorescence modulation of GOx-SWCNT, indicating that
GOx-SWCNT nanosensors only responded to glucose and
confirming the structural selectivity of the enzyme after
adsorption to SWCNTs (Figure 1e). These findings demon-
strate the successful generation of glucose nanosensors using
the direct sonication methodology.

Catalytically inactive nanosensors reveal an affinity-based
modulation mechanism

We next studied the mechanism behind the fluorescence
modulation of GOx-SWCNT-based nanosensors. We hy-
pothesized that GOx-SWCNT nanosensor responses could
either be the result of catalytic oxidation of glucose, as
previously proposed,[17] or by glucose binding but without
catalytic oxidation (see Supporting Information S3 for
details). Previously, Zubkovs et al. synthesized GOx-

SWCNT via a ligand exchange approach and proposed a
theoretical fluorescence response mechanism involving cata-
lytic redox reactions, where electrons transferred from
glucose to the enzyme passivate the p-doped oxygen sites,
thereby increasing the fluorescence emission.[17] To inves-
tigate whether the catalytic activity of GOx is necessary for
the fluorescence modulation of GOx-SWCNT nanosensors,
we irreversibly deactivated GOx and prepared catalytically
inactive nanosensors. Heating above the transition temper-
ature of 56 °C irreversibly denatures GOx, which also
releases the cofactor flavine adenine dinucleotide (FAD)
from the enzyme.[23] This thermal denaturation completely
deactivates the catalytic activity of GOx. Notably, GOx is a
unique type of enzyme known to maintain its dimeric and
globule-like apoenzyme structures after denaturation.[24]

Therefore, we hypothesized that dGOx preserves the
glucose-binding cavity and can thus be utilized to verify
whether the GOx-SWCNT nanosensor fluorescence modu-
lation is induced by an enzymatic reaction or by substrate-
enzyme binding.

GOx was denatured by heating it to 65 °C for 15 min in
10 mM phosphate buffer at pH 5.5 (Figure 2a). To confirm
the release of FAD from the enzyme, we dialyzed dGOx in
the same buffer for 24 hours. After dialysis, the yellow color
of FAD disappeared, and the solution became colorless,
confirming the release of FAD from the GOx enzyme
(photo in Figure S5). We confirmed the complete loss of
activity of dGOx (0.05% enzymatic activity relative to the
native GOx) using a commercially available fluorescence-
based activity assay (Figure S5). Furthermore, dGOx re-
mained inactive even after re-incubation in FAD for 12 h
(0.03% enzymatic activity relative to the native GOx).

Figure 2. Generation of catalytically inactive glucose nanosensors by
using thermally denatured GOx, and investigation of modulation
mechanism. (a) Schematic representation of irreversible GOx denatura-
tion and corresponding dGOx-SWCNT generation. (b) Time-dependent
average fluorescence emission spectra of the dGOx-SWCNT before and
after exposure to 5 mM glucose, with the area showing standard
deviation (N=2). (c) The average ΔF/F0 traces at the (7,6) chirality of
the dGOx-SWCNTnanosensors upon addition of 5 mM glucose (blue),
galactose (orange), fructose (green), and maltose (purple). Analytes
were added at 0 min. (N=2, colored area represents standard
deviation.)
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Therefore, we confirmed that GOx was irreversibly deacti-
vated by thermal denaturation.

Next, we proceeded to synthesize dGOx-SWCNT con-
jugates and characterized their nIR fluorescence responses.
We applied the same synthesis procedure and conditions as
we did for the GOx-SWCNT synthesis (Figure 2a). Surpris-
ingly, the loss of catalytic activity did not impair the ability
of the nanosensors to detect glucose, albeit with a nano-
sensor turn-on response that was not immediate. The
fluorescence intensity of the catalytically inactive dGOx-
SWCNT increased after exposure to glucose (Figure 2b).
The ΔF/F0 increased gradually following exposure to 5 mM
glucose, reaching a maximum of 30% within 1 hour (Fig-
ure 2b and 2c), which is comparable to the response of
GOx-SWCNT. Moreover, deactivation did not affect the
selectivity of glucose detection, as exposing the nanosensors
to the same concentration of galactose and other saccharide
analogs resulted in negligible nanosensor fluorescence
intensity changes (Figure 2c). These results clearly demon-
strate that the fluorescence modulation of GOx-SWCNT is
not associated with the catalytic oxidation of glucose but
rather predominately triggered by substrate-enzyme binding,
though not completely eliminating the contribution of redox
processes, as also suggested by the fluorescence intensity
changes.[25] These findings are particularly important for
real-time glucose quantification or tissue imaging, as the
consumption of the analyte changes the analyte local
concentration and thus compromises the reversibility of the
nanosensors. Moreover, the use of inactive GOx enables
nanosensors to detect glucose without generating toxic H2O2

as a byproduct. In this regard, deactivated enzymes may
enable the generation of reversible and biocompatible nano-
sensors for enzyme-substrate pairs other than GOx/glucose
and for sensing modalities beyond SWCNT.

We examined the catalytically inactive nature of the
deactivated nanosensors by comparing the time-dependent
ΔF/F0 responses of the catalytically active (GOx-SWCNT)
and inactive (dGOx-SWCNT) nanosensors for various
glucose concentrations. As expected, the active nanosensors
showed an immediate increase in ΔF/F0 upon exposure to all
tested concentrations of glucose, which gradually decreased
over time due to continuous glucose consumption (Fig-
ure 3a). In contrast, dGOx-SWCNT exhibited a stable ΔF/F0
response over the measurement period, demonstrating the
reliability of inactive nanosensors for continuous glucose
measurement without affecting local concentrations of the
substrate. However, one drawback of denaturation was the
compromised affinity of the nanosensors, as evidenced by
the increased response time. Figure 3c shows the dose-based
response curves of GOx-SWCNT and dGOx-SWCNT nano-
sensors, with the response curve inflection of dGOx-
SWCNT shifting horizontally towards a higher concentration
range than its enzymatically-active counterpart, indicating
the lower binding affinity of glucose-dGOx-SWCNT com-
pared to glucose-GOx-SWCNT. To quantify the difference
in binding affinity, we applied the Hill equation to fit the
response curve to extract the dissociation constant, Kd. Since
glucose-GOx affinity-based binding determines the nano-
sensor ΔF/F0 response, we chose the Hill equation derived

from substrate-receptor binding systems to fit the data.
Consequently, the Kd of dGOx-SWCNT was found to be
170 times larger than that of GOx-SWCNT, as expected
since denaturation alters the structure of GOx to some
extent. The shaded region in Figure 3c represents physiolog-
ically-relevant glucose concentrations in the brain and
blood. While dGOx-SWCNT is suitable for glucose detec-
tion in blood, high-affinity GOx-SWCNT is required for
detecting glucose in the brain.[26] Therefore, the develop-
ment of both sensitive and reversible nanosensors are ideal
for glucose imaging in the brain.

Engineered GOx enables generation of sensitive and
catalytically inactive nanosensors for glucose sensing and
imaging in biological systems

Deactivation of GOx allows generation of reversible glucose
nanosensors, yet it compromises glucose-GOx binding
affinity, sacrificing the sensitivity and response time of the
nanosensors. Based on these observations, we hypothesized
that deactivating GOx while minimizing the structural
alteration of the enzyme could enable the generation of
reversible and sensitive nanosensors. To test this hypothesis,
we prepared an apo form of GOx (apo-GOx) by removing
FAD from GOx, as depicted in Figure 4a. While denatura-
tion is associated with irreversible deflavination, deflavina-
tion to produce apo-GOx is reversible. As such, we expect
apo-GOx to better preserve the native structure of GOx

Figure 3. Time-dependent response of dGOx-SWCNTnanosensors and
their compromised affinity to glucose. Time-dependent ΔF/F0 traces at
the (7,6) chirality of GOx-SWCNT (N=3) (a) and dGOx-SWCNT
(N=4) (b) upon exposure to various concentrations of glucose.
Glucose was added at 0 min. The colored area represents standard
deviation. (c) The dose-based response curves of GOx-SWCNT
(orange) and dGOx-SWCNT (purple) nanosensors, fitted by the Hill
equation as shown on the right (fitted lines represented by the dashed
lines) The extracted values are listed on the right table (N=2, error
bars show standard deviation). Maximum ΔF/F0 values were used to
draw the response curves. Nanosensors were dialyzed prior to the
measurement. The colored region represents the physiological glucose
concentrations in the brain (pink) and blood (yellow).
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compared to dGOx. In fact, previous studies have demon-
strated that catalytically inactive apo-GOx has a glucose
binding affinity comparable to that of the native form of
GOx.[27,28] These properties of apo-GOx motivated us to
develop apo-GOx-based nanosensors (apo-GOx-SWCNT)
that allow for reliable and sensitive glucose detection with
tissue transparency.

To obtain apo-GOx, we removed FAD from GOx by
precipitating it in a saturated ammonium sulfate solution
that was acidified to pH 1.4, as illustrated in Figure 4a.[29]

We harvested the resulting apo pellets by centrifugation and
then resuspended them in 2.5 M sodium acetate (pH 8.5).
Finally, the apo solution was dialyzed in 10 mM phosphate
buffer (pH 6.8) to obtain a clear, colorless solution. We
confirmed the complete deactivation of apo-GOx using the
GOx activity assay (blue and green traces in Figure S6).
Furthermore, we found that apo-GOx could be reactivated
by incubating with FAD for 2 hours, with an efficiency of up
to 80%, thus demonstrating the superiority of apo-GOx
from irreversibly denatured GOx in terms of the stability of
their structural integrity (purple trace in Figure S6).

Next, we synthesized apo-GOx-SWCNT conjugates us-
ing the same above-mentioned probe tip sonication proto-
col. As shown in Figure 4b, the nIR fluorescence emission
spectra of apo-GOx-SWCNT increased immediately upon
exposure to 5 mM glucose, consistent with our hypothesis.
The maximum ΔF/F0 reached 40%, indicating that apo-
GOx-SWCNT generates a response to glucose similar to
GOx-SWCNT. Furthermore, apo-GOx-SWCNT exhibited a

response time comparable to that of GOx-SWCNT and was
faster than that of dGOx-SWCNT, indicating that apo-GOx
has a markedly higher binding affinity to glucose than that
of dGOx (Figure S7 and 4c). Comparing dose-based re-
sponse curves further provided evidence that apo-GOx-
SWCNT exhibits similar sensitivity characteristics to native
GOx-SWCNT (Figure S8). Accordingly, apo-GOx-SWCNT
had a dynamic range between 0.1 mM and 3 mM, and the
limit of detection (LOD), determined as blank response+

3σ, was 42 μM. This dynamic range covers physiologically-
relevant concentrations of glucose, particularly in the brain
(Figure 3c), and LOD is sufficiently low to detect glucose
levels as low as 100 μM in hypoglycemic conditions. More-
over, continuous monitoring of fluorescence emission at
500 μM glucose revealed an expected catalytically inactive
nature of apo-GOx-SWCNT similar to dGOx-SWCNT (Fig-
ure 4c). While GOx-SWCNT and apo-GOx-SWCNT both
responded instantaneously to the addition of glucose, apo-
GOx-SWCNT maintained a stable fluorescence response,
whereas the fluorescence emission of GOx-SWCNT contin-
uously decreased due to glucose consumption. Reversibility
of the fluorescence response was separately confirmed by a
dialysis-based measurement setup (Figure S10). Further-
more, we confirmed that apo-GOx-SWCNT generates a
negligible amount of H2O2 compared to H2O2 generated
with GOx-SWCNT. As discussed previously, this feature
minimizes nanosensor toxicity, and thus motivates in vivo
applications of apo-GOx-SWCNT nanosensors. Finally, we
confirmed that the structural integrity of apo-GOx-SWCNT
is maintained by testing the nanosensor response to glucose
analogs, in which the nanosensor generated negligible
responses to all analytes except for glucose (Figure S11).
Consequently, we successfully synthesized reversible apo-
GOx-SWCNT based glucose nanosensors that perform
remarkably similar to those based on native GOx.

To investigate the applicability of apo-GOx-SWCNT as
tissue translatable nanosensors for glucose monitoring, we
evaluated the performance of these nanosensors in human
serum and plasma. Remarkably, apo-GOx-SWCNT exhib-
ited appreciable stability in serum and could generate a
response to 5 mM of exogenously added glucose even after
incubation for up to 3 days in whole serum (Figure S12).
Next, we assessed the ability of apo-GOx-SWCNT to
quantify glucose levels in human plasma. The biocompati-
bility of SWCNT-based nanosensors is often compromised
in plasma because it contains fibrinogen, a protein well-
known to have a strong affinity to SWCNT surfaces.[30] A
control plasma sample without glucose was prepared by
digesting glucose through plasma incubation with GOx. As
opposed to the negligible fluorescence changes observed
upon exposure to digested plasma, adding native plasma
(which includes endogenous glucose) increased fluorescence
intensity, indicating the nanosensors’ ability to detect
endogenous glucose in human plasma (Figure 4d). Using the
above-mentioned Hill parameters, we estimated the glucose
concentration in the human plasma sample to be 7 mM,
which is consistent with the concentration of glucose levels
expected in human plasma. We hypothesize that the high-
density coverage of apo-GOx on SWCNT contributed to the

Figure 4. Generation and characterization of apo-GOx-SWCNT based
glucose nanosensors. (a) Schematic illustration of apo-GOx and
corresponding nanosensor generation. (b) Average traces of the nIR
fluorescence emission spectra of apo-GOx-SWCNT before (light blue)
and immediately after (blue) exposure to 5 mM glucose. (c) Time-
dependent ΔF/F0 traces at the (7,6) chirality of GOx-SWCNT (blue) and
aGOx-SWCNT (green, N=4) upon exposure to 500 μM glucose.
Glucose was added at 0 min. Nanosensors were dialyzed prior to the
measurement (d) Average ΔF/F0 traces at the (7,6) chirality of apo-
GOx-SWCNT upon exposure to human plasma (blue, 10 μL whole
plasma was added to 90 μL nanosensor solution). For the control
(green), plasma was digested with GOx. N=2 for all data unless stated
individually, and the colored area represents standard deviation.
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stability of nanosensors in human biofluid samples. We
highlight that SWCNT-based nanosensors prepared by
ssDNA, such as a (GT)6-SWCNT dopamine nanosensor,
lose their ability to detect their analyte, dopamine, immedi-
ately after exposure to 0.1X serum or plasma (Figure S13)—
thus making glucose detection in both serum and plasma by
apo-GOx quite remarkable. These findings demonstrate the
potential of apo-GOx-SWCNT for non-invasive, continuous
glucose quantification in biological fluids such as blood and
dermal interstitial fluid.

Finally, we demonstrate the potential applicability of
apo-GOx-SWCNT for real-time glucose imaging in bio-
logical tissues. SWCNT-based nanosensors have attractive
properties suitable for tissue imaging, such as high spatio-
temporal resolution, non-photobleaching nature, and
fluorescence in the tissue-transmissive nIR region. Addition-
ally, such imaging probes should possess reversibility for
accurately quantifying analyte levels in biological specimens
without consuming the substrate. To test the feasibility of
using apo-GOx-SWCNT for glucose imaging in biological
tissues, we used brain tissue from mice as a model tissue
system. Glucose is the primary energy source for the brain
and plays an essential role in neuronal activity. Disruptions
to glucose metabolism homeostasis, such as hyperglycemia
and hypoglycemia, have been linked to various pathologies,
including cognitive impairment, dementia, Alzheimer’s Dis-
ease, Parkinson’s Disease, Huntington’s Disease, and
epilepsy.[31] Therefore, quantifying spatiotemporal changes
in local changes in glucose consumption in the brain may
lead to a better understanding of the diseases and poten-
tially contribute to the development of therapeutics.

An acute coronal brain slice of 300 μm thickness was
extracted from an adult black 6 mouse. We then labeled the
extracted brain slice with apo-GOx-SWCNT by directly
spraying the nanosensor solution onto the tissue slice
surface, and the fluorescence emission of the immobilized
nanosensors was imaged with an inverted near-infrared
epifluorescence microscope (Figure 5a). As shown in Fig-
ure 5b and S14, surface adsorbed, individual nanosensors

were successfully resolved in brain slices. The fluorescence
intensity of surface adsorbed nanosensors increased rapidly
upon exposure to 50 mM glucose that was introduced at
120 s, with ΔF/F0 reaching 40% at maximum (Figure 5b and
5c). On the other hand, there was no marked increase in
fluorescence when the same volume of phosphate buffer was
added (Figure 5c and S14), demonstrating that immobilized
apo-GOx-SWCNT are able to respond to the addition of
exogenously added glucose with high spatiotemporal reso-
lution. This illustrates the promise of apo-GOx-SWCNTs in
investigating the variety of diseases and conditions that are
associated with disturbances in glucose homeostasis in the
brain, and more broadly confirms the unperturbed function
of apo-GOx-SWCNT glucose nanosensors to image glucose
in dense biological tissues.

Conclusion

In this study, we developed a catalytically inactive apo-
GOx-SWCNT for reversible glucose imaging and sensing
applications. We first demonstrated that, counter to current
undertanding, GOx-SWCNT conjugates can be prepared by
direct probe-based sonication strategies that do not compro-
mise the ability of the nanosensors to detect glucose. Next,
we investigated the mechanism of GOx-SWCNT
fluorescence modulation. By generating denatured GOx, we
found that neither the enzymatic reaction nor its by-
products are involved in SWCNT fluorescence modulation.
Rather, glucose binding to GOx itself is the dominant cause
of nanosensor fluorescence modulation. This finding is
important because the enzymatic activity of the enzymes
often compromises the environmental reversibility of the
sensors, and undesirably consumes the analyte from which
the measurements are being taken. With the reduced affinity
of the denaturation, we hypothesized that both sensitive and
reversible nanosensors can be prepared by deactivating the
GOx enzyme with minimal structural alteration to the
enzyme, which was achieved by synthesizing an apo-form of
GOx. By using apo-GOx to generate glucose nanosensors
by the same above-mentioned protocol, we developed
reversible glucose nanosensors that also have appreciably
similar responsivity to that of GOx-SWCNT. We then
showed the potential applicability of these nanosensors for
biosensing and imaging applications by applying them to the
quantification of glucose levels in human plasma and
exogenous glucose imaging in mouse brain slices. Our work
herein both generates a tissue-translatable glucose nano-
sensor and motivates direct sonication and enzyme-SWCNT
physisorption as a generalizable method for protein-based
nanosensor generation.

Supporting Information

The authors have cited additional references within the
Supporting Information.[31–34]

Figure 5. Imaging exogenous glucose in mouse brain tissue. (a) Sche-
ematic illustration of the experimental procedures. (b) Representative
images of the immobilized nanosensors taken at 100 s (before
exposure) and 150 s (after exposure to glucose). (c) Average trace of
ΔF/F0 responses of brain slice-immobilized apo-GOx-SWCNT upon
exposure to 50 mM glucose or phosphate buffer (control) over the
time course of 300 s. The analyte was added at 120 s. ΔF/F0 was
calculated from 10 randomly selected ROIs with the colored area
representing standard deviation.
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Engineered Glucose Oxidase-Carbon Nano-
tube Conjugates for Tissue-Translatable
Glucose Nanosensors

This paper presents the development of
nIR fluorescent single-walled carbon
nanotube (SWCNT) based nanosensors
for glucose imaging. The authors find
that the fluorescence modulation of
GOx-SWCNT is not associated with the
enzymatic activity but rather triggered by
the substrate-enzyme binding. Leverag-
ing this unique mechanism, the authors
developed catalytically inactive nanosen-
sors that enable glucose imaging in
mouse brain slices.
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