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R
eal-time tracking of fluorophore-
tagged biomolecules is instrumental
to reveal the dynamic cell functions

at the single-cell or subcellular level.1�3

An ideal fluorophore should be conveniently
excitable, bright, stable, equipped with che-
mical handles for ready conjugation with
target molecules, biocompatible, and small
enough to minimize physical hindrance.4

Currently, organic dyes and fluorescent pro-
teins are predominantly used for bioima-
ging. They, however, intrinsically suffer from
poor photostability, whichmakes long-term
imaging challenging because of fast photo-
bleaching. In addition, labeling with fluor-
escent proteins involves nontrivial molecular
biology processes including construction of
chimeric plasmids and subsequent trans-
fection in live cells, and the abundance of
expressed chimeric fluorescent proteins is
often low due to ineffective hijacking of the
native genetic machinery and the damages
or cytotoxicity caused by the transfection
procedure.
Semiconductor quantumdots (QDs) have

been regarded as a promising alternative to
organic fluorophores because of their high

brightness and photostability.1,4 They have
been successfully employed for live-imaging
of various cellular processes.5�7 But QDs are
toxic due to leaching of heavy metal ions,
and since they are much larger (typically
>500 kDa) than a biomolecule, they may
alter the function and trafficking of the tar-
get molecule. For example, steric hindrance
introduced by such a large tag may prevent
the binding of the target molecule with its
receptor. Also because of its large size, one
QD carries multiple target molecules, creat-
ing an artificial cluster that may lead to
unphysiological consequences. Their pro-
neness to aggregation and their usual need
for polymeric functional coating further ex-
aggerate the aforementioned “size” issues.
Recently, graphene quantum dots (GQD,

a single-atom-thick and nanometer-sized
planar sheet of graphitic carbon) have
sparked significant excitement as a promis-
ing new class of fluorophores for bioima-
ging, owing to their interesting and tunable
photoluminescence properties originating
fromquantum confinement, excellent photo-
stability, biocompatibility, good water solu-
bility, chemical inertness, small size, and low
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ABSTRACT Graphene quantum dots (GQDs) hold great promise as a new class

of fluorophores for bioimaging, owing to their remarkable physicochemical pro-

perties including tunable photoluminescence, excellent photostability, and bio-

compatibility. Despite their highly anticipated potentials, GQDs have yet to be used

to specifically label and track molecular targets involved in dynamic cellular

processes in live cells. Here, we demonstrate that GQDs can serve as universal

fluorophores for bioimaging because they can be readily conjugated with a wide range of biomolecules while preserving their functionalities. As a proof-of-

concept demonstration, insulin-conjugated GQDs have been synthesized and utilized for specific labeling and dynamic tracking of insulin receptors in

3T3-L1 adipocytes. Our experiments reveal, for the first time, that the internalization and recycling of insulin receptors in adipocytes are oppositely

regulated by apelin and TNFR, which may contribute to the regulations of these two cytokines in insulin sensitivity.
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cost.8�20 Several groups have demonstrated that
GQDs can be taken up into live cells and remain
fluorescent in various cellular locations without intro-
ducing apparent cytotoxity, indicating the bioimaging
capability of GQDs.21�24 In a pioneer work, Dai and co-
workers have shown that PEG-modified nanographene
oxide sheets (∼20 nm) functionalized with anti-CD20
can act as near-infrared fluorophores for selective
recognition and imaging of CD20-expressing Raji
B-cells.25

Despite their highly anticipated potentials, GQDs
have yet to be used to specifically label and track
molecular targets involved in dynamic cellular pro-
cesses in live cells. Here, we demonstrate that GQDs
can serve as universal fluorophores for bioimaging
because they can be readily conjugated with a wide
range of biomolecules without interfering with their
activities. Moreover, we demonstrate the use of
insulin-conjugated GQDs for real-time tracking of the
dynamics of insulin receptors in 3T3-L1 adipocytes,
using total internal reflection microscopy (TIRFM). Our
experiments reveal, for the first time, that the inter-
nalization and recycling of insulin receptors in adipo-
cytes were enhanced by apelin but inhibited by TNFR,
providing evidence for the molecular mechanisms
underlying the regulation of these cytokines in insulin
sensitivity.

RESULTS AND DISCUSSION

GQDs were synthesized as previously reported,26

but as shown in Figure 1a, the as-prepared GQDs sep-
arate into a fast-moving fluorescent band and a slow-

moving nonfluorescent band by gel electrophoresis,
indicating the existence of two heterogeneous popu-
lations differing in size. Therefore, ultrafiltration was
used to eliminate larger nonfluorescent species. As
shown in Figure 1a, the purified GQDs exhibit a narrow
fluorescent band after electrophoresis, indicating the
improved uniformity in size distribution. A comparison
with the blots from known protein markers suggests
that the electrophoretic mobility (thus probably the
size) of the purified GQDs is comparable to a protein of
a few kDa. The quantum yield of the purified GQDs is
measured to be ∼14.3%, which is much higher than
that of the as-prepared GQDs (∼4.04%).
As revealed by transmission electron microscopy

(TEM), the obtained GQDs have an average diameter
of ∼2.2 nm with a narrow size distribution (Figure 1b
and c). The molecular weight of such a GQD (2.2 nm
atomic carbon sheet) is estimated to be ∼2 kDa, con-
sistent with the observation from gel electrophoresis.
This molecular weight is desirably much smaller than a
6 nm CdSe quantum dot (∼500 kDa) and the com-
monly used green fluorescent protein (27 kDa). It is also
much smaller than most macromolecules in a cell.
The high-resolution TEM (HRTEM) image (Figure 1d)
shows that the GQDs exhibit high crystallinity with a
lattice spacing of 0.24 nm, corresponding to (1120)
lattice fringes of graphene. The atomic force micro-
scopy (AFM) image reveals that the topographic height
of a GQD is∼1 nm, in agreement with the thickness of
single-layer graphene (Figure 1e). GQDsmade here are
a single-atom-thick carbon sheet with good crystal-
linity and a diameter of∼2.2 nm. They are distinct from

Figure 1. GQD characterizations. (a) Electrophoretic separation of molecular weight markers (1), GQDs (2 and 3), and GQDs
after ultrafiltration (4). Lanes 1 and 2 were imaged under white light, while 3 and 4 were illuminated by a xenon lamp with a
488/505 nm filter. (b) TEM image of GQDs. Inset shows the chemical structure of a GQD. (c) Size distribution of 180 GQDs.
(d) High-resolution TEM image. (e) AFM image of GQDs. Inset shows the height profile along the blue line. Scale bar = 0.2 μm.
(f) Raman spectrum of GQDs.
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the previously reported fluorescent carbon dots, which
are carbon spheres (<10 nm) consisting of an amor-
phous to nanocrystalline core.27 Figure 1f presents the
Raman spectrum of the GQDs, which exhibits two
characteristic peaks, at 1351 and 1585 cm�1, corre-
sponding to the D and G band of graphene, respec-
tively. The ID/IG ratio (ca. 0.9) is similar to that of
graphene oxides (GO).28 Confirming the previous
reports, we also show that the GQDs are highly bio-
compatible; specifically, a dose as high as 100 μg/mL
does not introduce obvious cytotoxicity (Supporting
Information, Figure S1).
Figure 2 illustrates a general route for functionaliza-

tion of a protein or peptide with a GQD using nerve
growth factor (NGF) as an example. First, 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC) is applied to react with the carboxyl groups on
the edge of the GQD, forming an amine-reactive
O-acylisourea intermediate. This intermediate is un-
stable due to its susceptibility to hydrolysis. Therefore,
N-hydroxysuccinimide (NHS) is subsequently added to
convert it to an amine-reactive NHS ester. The NHS
ester modified GQD can then covalently react with
the amine groups universally available in most pro-
teins and peptides. Lastly, hydroxylamine is added to

convert the remaining NHS esters into hydroxamic
acids, thereby quenching the reaction. By the way,
GQD is conjugated with a molecule without a cross-
linker in between, which may otherwise interfere with
the functionalities of the molecule. This zero-length
cross-linker strategy has been previously used to
conjugate PEG-amine to the carboxylic groups on
graphene oxide.29 Using this facile bioconjugation
method, we verified that all the tested proteins can
be successfully coupled with GQDs, including neuro-
peptide Y, bovine serum albumin, immunoglobulin G,
concanavalin A, insulin, andNGF. As shown in Figure S2
(Supporting Information), each protein-GQD derivative
gives only a single band from gel electrophoresis in
both the bright-field and fluorescent images, confirm-
ing that no aggregations between GQD derivatives
form.
To further prove that GQDs can serve as universal

fluoro-tags, we carefully evaluated NGF-conjugated
GQDs (NGF-GQD). As shown in Figure 2b, the electro-
phoretic mobility of NGF-GQDs is similar to that of FITC
(∼0.4 kDa)-labeled NGF and native NGF (∼26 kDa),
indicating that the attachment of GQD does not
significantly increase the overall weight of the con-
jugate and the GQD does not pair with multiple NGF

Figure 2. NGF-GQD is biologically functional. (a) Schematic illustrationof conjugating aGQDwithNGF. (b) Gel electrophoresis
of NGF-GQD (lane 1), FITC-NGF (lane 2), and NGF (lane 3). (c) Fluorescence images of living PC12 cells incubatedwith 200 ng/mL
NGF-GQDs (left) orNGF-GQDs togetherwith 20μg/mL freeNGF (right) for 15min. (d) Representative phase-contrast imagesof
PC12 cells after 2-day incubationwithout (left) or with 200 ng/mLNGF-GQDs (middle) or with GQDs (right). Scale bar = 50 μm.
(e) Distribution of NGF-GQDs in PC12 cells differentiated by 200 ng/mL NGF-GQDs for 24 h. Scale bar = 5 μm.
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molecules. In contrast to the large semiconductor QDs,
which usually cannot realize one-to-one conjugation
without carefully designed and controlled conjugation
strategies, GQDs are comparable with small fluoro-
phores such as FITC, yet much more stable.
To show that the conjugated NGF retains its func-

tionality, we then examined the ability of NGF-GQDs
to bind specifically with NGF receptors abundantly
expressed in neuroendocrine PC12 cells. As demon-
strated by the confocal fluorescence image shown
in Figure 2c, PC12 cells incubated with 200 ng/mL
NGF-GQD for 15 min show numerous bright fluores-
cent puncta both on the cell membrane and in the
cytosol, presumably resulting from the binding of
NGF-GQDs with NGF receptors on the cell membrane
and rapid internalization of the activated receptor
complex.30,31 In the control experiment, when excess
free NGF molecules were added together, NGF-GQD
stainingwas completely eliminated due to competitive
inhibition (Figure 2c). This unambiguously demon-
strates the specific recognition between NGF-GQDs
and the NGF receptors. Furthermore, Figure 2d shows
that NGF-GQDs were able to stimulate neurite out-
growth in PC12 cells, whereas bare GQDs could not,
verifying that the NGF-GQD conjugate is capable of
activating the NGF signaling pathway. In the neuronal
differentiated PC12 cells by NGF-GQDs, the fluorescent
NGF-GQDs were observed to distribute in the cell
body and along the neurites (Figure 2e), similar to
the previous report using NGF-functionalized CdSe/
ZnS QDs.5

Thus far, we have demonstrated the potential of GQDs
as universal small fluorophores that can be conve-
niently and covalently tagged with any amine-bearing
biomolecule without impairing its functionalities.
As a more careful case study and a proof-of-concept

demonstration of using GQDs for biological studies, we
further sought to demonstrate the use of insulin-GQDs
to label and track the dynamics of insulin receptors in
adipocytes (fat cells) in a physiological context for the
first time.
The Fourier transform infrared (FTIR) spectrum

(Figure 3b) reveals the existence of CdO (1727 cm�1),
CdC (1628 cm�1), COOH (1382 cm�1), and C�O
(1046 cm�1) functional groups in the GQD. In the
insulin-GQD conjugates, the COOH peak diminishes,
while a new peak appears at 1542 cm�1 corresponding
to the formation of an amide linkage, confirming that
the COOH groups are used to form a conjugation with
insulin. As shown in the UV�vis spectra (Figure 3c), the
GQD has an absorption peak at 202 nm, while insulin
exhibits absorption peaks at 237 and 276 nm. In
comparison, the insulin-GQD has an absorption max-
imumat 209nmwith two shoulders at 224 and 267 nm,
further verifying the successful conjugation of insulin
with the GQD.
Both bare GQDs and insulin-GQDs in PBS solution

are light yellow under daylight and give olivine fluo-
rescence upon excitation at 488 nm (Figure 3d). The
photoluminescence spectra of GQDs and insulin-
GQDs are similar, with an emission peak at ∼520 nm
(Figure 3d), suggesting that the photoluminescence
property of GQDs changes little after the conjugation.
It is, however, notable that the emission peak of GQDs
is wide as compared to semiconductor QDs. This would
increase crosstalk in multicolor imaging. For such
experiments, better control of the GQD homogeneity
(both size and surface chemistry) is desired to narrow
the emission peak. As shown in Figure 3e, the fluores-
cence of insulin-GQDs and GQDs only gradually de-
clines over time due to photobleaching (1.4%/min),
whereas a precipitous decay in fluorescence is

Figure 3. Characterization of insulin-GQDconjugates. (a) Illustration of insulin-GQD. (b) FTIR spectra of GQDand insulin-GQD.
(c) UV�vis absorption spectra of GQD, insulin, and insulin-GQD. (d) Photoluminescence (PL) spectra of GQD and insulin-GQD.
The excitation wavelength is 488 nm. Inset shows the optical and fluorescent images of an insulin-GQD aqueous suspension.
(e) Photobleachingprofile of GQD, insulin-GQD, FITC, insulin-FITC, andCdTe-QD. (f) Gel electrophoresis of insulin-GQD (lane 1),
insulin-FITC (lane 2), and insulin (lane 3). (g) Zeta potential of insulin, GQD, and insulin-GQD at pH 7.
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observed for FITC and FITC-labeled insulin (insulin-FITC).
The photobleaching rate of GQDs is similar to that of
CdTe QDs, although other types of semiconductor QDs
may bemore stable to some extent. Thus, GQDs can be
considered as a photostable label suitable for fluo-
rescence tracking experiments. As shown in Figure 3f,
insulin-GQD conjugates show similar gel mobility to
that of insulin-FITC and insulin itself (∼6 kDa), implying
one-to-one pairing between insulin and GQDs and
that the GQD tag does not significantly affect the
charge state of insulin. The latter is also confirmed by
the observation that the zeta potential of insulin-GQDs
(�26.0 ( 6.07 mV, n = 3) is similar to that of insulin
(�21.1 ( 7.3 mV, n = 3) and GQDs (�20.3 ( 7.6 mV,
n = 3) (Figure 3g). The desired one-to-one pairing
between GQDs and insulin can be attributed to the
electrostatic repulsion between negatively charged
insulin molecules and the fact that the size of a GQD
is comparable to the Debye charge screening length
in physiological conditions. In addition, insulin-GQD
conjugates have also been purified by gel filtration
using a desalting column (10-PD, GeHealthcare), which
gives a single band with gel mobility similar to insulin
(Supporting Information, Figure S3), proving the
absence of physisorption. We further verified that
fluorescent insulin-GQD conjugates cannot be formed

in the absence of EDC/NHS linkers, implying that no
nonspecific interactions exist between insulin and
GQDs (Supporting Information, Figure S4).
Insulin signaling,mediatedby insulin receptors, plays a

central role in the regulation of cellular glucose meta-
bolism as well as other functions. Impaired response to
insulin is the hallmark of diabetes, while excessive
insulin activity is correlated with cancers.32,33 Binding
between insulin and insulin receptors at the plasma
membrane triggers receptor internalization and recycl-
ing.34,35 The inefficiency of such receptor turnover is
associated with insulin resistance, which is a notor-
ious cause of many diseases (e.g., type 2 diabetes).36

Although revealing the trafficking dynamics of in-
sulin receptors is of obvious importance, it remains
challenging and poorly studied partly due to the lack
of labeling methods for live-cell imaging. Organic
fluorophores such as FITC are not suitable for long-
term real-time imaging experiments due to severe
photobleaching. On the other hand, semiconductor
quantum dots (∼500 kDa) are much larger than
insulin (∼6 kDa) and may significantly alter the
receptor dynamics, leading to artifacts. GQDs are
most suitable here due to their good quantum
yield, excellent photostability, biocompatibility, and
small size.

Figure 4. Confocalfluorescence imaging of an insulin receptor in 3T3-L1 adipocytes. (a) Representative confocalfluorescence
images of a fixed and permeabilized adipocyte labeled with insulin-GQDs (green, left) or with antibodies against insulin
receptor β subunit followed by Atto647 NHS-conjugated secondary antibodies (red, middle). The merged image is shown on
the right. Scale bar = 10 μm. (b, c) Confocal fluorescence images showing the cellular distribution of insulin receptors in con-
trol and pyr-apelin-13 (1 μM)- or TNFR (50 ng/mL)-treated adipocytes after (b) 10min or (c) 1 h incubation with insulin-GQDs.
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Previous studies have provided evidence that
TNFR (a pro-inflammatory factor) induces insulin
resistance37,38 and apelin (a novel signaling peptide
expressed in various cell types including adipocytes) is
able to improve insulin sensitivity.39�41 However, the
underlying mechanisms of how these cytokines act,
particularly their influences on insulin receptors, are
still elusive.
As observed by confocal fluorescence imaging

(Figure 4a), incubation (1 h) of insulin-GQDs with fixed
and permeablized 3T3-L1 adipocytes (cell culturing is
detailed in the Supporting Information) results in
cellular staining perfectly co-localized with immunos-
taining using insulin receptor-specific primary anti-
bodies and fluorophore (Atto647 NHS)-conjugated
secondary antibodies, indicating the ability of insulin-
GQDs to specifically label insulin receptors and reveal
their cellular distribution. As shown, insulin receptors
abundantly reside in the cell membrane and also
scatter in the cytosol.
Confocal analyses of insulin receptor localiza-

tion were then performed with short-time incubation
(10 min) of insulin-GQDs with live adipocytes (control
or pretreated with apelin or TNFR) followed by cell
fixation. In control cells, most insulin receptors are
found in the cell interior, while a small fraction of them
remain on the plasma membrane, indicating that the
majority of insulin receptors are quickly (within 10min)
internalized (or endocytosed) into the cytoplasm upon
binding with insulin-GQDs (Figure 4b). In comparison,
insulin-stimulated receptor internalization is largely
enhanced by apelin treatment but inhibited by TNFR
(Figure 4b). Evidently, apelin and TNFR regulate insulin
receptor trafficking oppositely, consistent with their
effects on insulin sensitivity. As the insulin-GQD incu-
bation time is extended to 1 h, membrane staining
with GQDs reappears for control and apelin-treated

cells, suggesting the recycling of insulin receptors back
to the plasma membrane (Figure 4c).
We further investigated the dynamic trafficking of

insulin receptors using total internal reflection fluores-
cence microscopy, which evanescently and selectively
illuminates the thin plasmalemmal region (<200 nm
thick). TIRFM is powerful in revealing the molecular
events taking place in close vicinity to the cell mem-
brane with minimal interference from the cell interior
and with a higher temporal resolution than confocal
microscopy.42

After preincubating adipocytes with insulin-GQDs to
allow endocytosis and exocytosis of insulin receptors,
time-lapse images were taken under TIRFM for 2 min
with a sampling frequency of 2 Hz. Small discrete clus-
ters of GQDs are observed under TIRFM (Figure 5a),
presumably due to the insulin-GQD/insulin receptor
complex containing vesicles immediately under-
neath the plasma membrane or membrane microdo-
mains enriched with the receptor complexes. These
GQD-enlightened clusters undertake constant lateral
movement parallel to the cell membrane and vertical
movement between the inner cytosol and the plasma-
lemmal region, as indicated by the appearance, disap-
pearance, and fluctuation in GQD fluorescence. On the
basis of real-time tracking of individual clusters during
the 2 min imaging period, four subpopulations can be
clearly identified including (type I) membrane patches
consisting of insulin-GQD/insulin receptor clusters char-
acterized by constant fluorescence and slow mobility
(Figure 5b); (type II) fluorescent membrane patches
endocytosed into vesicles characterized by gradual
dimming and final disappearance of fluorescence
(Figure 5c); (type III) exocytosis (fusion with the mem-
brane) of the vesicles containing insulin-GQD/insulin
receptor complexes characterized by the appearance
and gradually brightened fluorescence (Figure 5d); and

Figure 5. Tracking the dynamics of insulin receptors in living adipocytes using TIRFM. (a) Typical TIRFM image of a 3T3-L1
adipocyte after 1 h incubation of insulin-GQDs. Scale bar = 5 μm. (b) Membrane patch consisting of insulin-GQD/insulin
receptor clusters (type I). (c) Endocytosis of fluorescent membrane patches into a vesicle (type II). (d) Exocytosis of a vesicle
containing insulin-GQD/insulin receptor complexes (type III). (e) Transient approaching and retrieval of insulin-GQD/insulin
receptor containing vesicle (type IV). Scale bars = 0.2 μm.
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(type IV) transient approaching and retrieval of insulin-
GQD/insulin receptor containing vesicles (Figure 5e).
As shown by mean square displacement analyses
(Supporting Information, Figure S5), type I clusters
mostly undertake confined and inactive movement,
whereas some clusters in types II�IV can undertake fast
directional movement parallel to the cell membrane.
Figure 6a shows TIRFM imaging of a representative

adipocyte right after a 10 min incubation with insulin-
GQDs, without or pretreated with apelin or TNFR.
The motion trajectories of the four types of GQD
clusters are labeled with different colors. As seen from
Figure 6a and c, the endocytosis events (type II)
dominate in the control cell, indicating that the
dynamics of internationalization of activated receptors
is on the order of minutes, while in the apelin-treated
cells, both endocytosis and exocytosis (type III) events
are greatly enhanced, suggesting facilitated receptor
turnover. In contrast, the receptor turnover is essen-
tially inhibited in the TNFR-treated cells, as evidenced

by the observation that the patches of insulin-GQDs
remain bound on the membrane (type I). Figure 6b
depicts representative adipocytes after a longer incu-
bation time (1 h) with insulin-GQDs (also see Video S1
for a control cell in the Supporting Information). As seen
from Figure 6b and c, the total number of recycling
vesicles (exocytotic and endocytotic) is largely in-
creased by apelin and essentially eliminated by TNFR.
This demonstrates the opposite regulation of these
two cytokines in insulin receptor turnover, consistent
with the confocal observations. In endocrine cells, the
turnover rate of secretory vesicles is positively corre-
lated with their lateral diffusion constant and nega-
tively correlated with their dwell-time in the subplas-
malemmal region.42 In line with this, apelin greatly
reduces the dwell-time and enhances the diffusion
constant of GQD-lightened insulin receptor clusters,
whereas TNFR does the opposite. Insulin binding with
its receptor on the cell membrane triggers transloca-
tion of GLUT-4 glucose transporters to the plasma

Figure 6. Effects of apelin and TNFR on insulin receptor trafficking dynamics. (a, b) Individual trajectories of GQD-cluster
movement are shown in a control cell (left), an apelin-treated cell (middle), and a TNFR-treated cell (right) after (a) 10 min or
(b) 1 h incubation with insulin-GQDs. The cell contours are illustrated by dashed lines. Black, red, green, and blue traces
represent the trajectories for membrane patches (type I), endocytotic event (type II), exocytotic event (type III), and visiting
vesicles (type IV), respectively. (c) Statistics of the endocytosed vesicle number per cell after 10 min insulin-GQD incubation,
the recycling (endocytosed and exocytosed) vesicle number per cell, dwell time, and diffusion constant after 1 h incubation
in control cells (764 tracks, 12 cells), apelin-treated cells (832 tracks, 12 cells), and TNFR-treated cells (769 tracks, 12 cells).
The error bars indicate the standard errors. Student's t-test: ***p < 0.001, *p < 0.05 vs control.
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membrane for subsequent uptake of glucose, and the
activated insulin receptors will be internalized and re-
cycled for the next rounds of action.38 Our results suggest
that the known ability of TNFR to induce insulin resis-
tance for glucose metabolism can be, at least in part,
attributed to its inhibition of insulin receptor turnover
(thus sustaining the action of the receptor). Similarly, our
results also imply that the known ability of apelin to
enhance insulin sensitivity for glucosemetabolismcanbe
attributed to its stimulation of insulin receptor dynamics.

CONCLUSIONS

In summary, we have demonstrated the use of GQDs
as universal and excellent fluoro-tags to specifically
label and track molecular targets, owing to their stable

photoluminescence, small size, ease of functionaliza-
tion, biocompatibility, good solubility, and chemical
inertness. The internalization, trafficking, and recycling
of insulin receptors in adipocytes have beenmonitored
in real-time using insulin-conjugated GQDs. We reveal
for the first time that the insulin receptor dynamics are
stimulated by apelin and inhibited by TNFR, providing
evidence for the molecular mechanisms underlying
the regulation of these cytokines in insulin sensitivity.
This study demonstrates the great potentials of GQDs
in live-cell imaging, particularly for investigating dy-
namic cellular processes. It adds a new dimension to
the application of graphene materials for nanomedi-
cine43,44 as well as the application of nanotechnologies
to resolve dynamic cell functions.45

METHODS
GQD Synthesis and Characterization. The precursor, carbon black

(0.2 g, Vulcan CX-72, Cabot Corporation), was refluxedwith nitric
acid (50mL, 6M) for 24 h.26 After centrifugation (2770g, 10min),
the supernatant was heated to yield a reddish-brown powder,
which was then resuspended in DI water and filtered through a
0.22 μmmicroporousmembrane. The colloidal solutionwas further
ultrafiltered through a centrifugal filter device using a filtering
membrane with a cutoff molecular weight of 3 kDa (Amicon
Ultra-4, Millipore) for 40 min. The strongly fluorescent GQDs were
obtained in the filtrate. TEM was conducted on a JEOL (JEM 2010)
electron microscope at an acceleration voltage of 200 kV. GQDs
were also characterized with tapping-mode AFM (MFP-3D, Asylum
Research) using an NCH20 tip (silicon cantilever, Nanoworld).
Raman spectra were recorded at ambient temperature on aWITeck
CRM200 confocal microscopy Raman system with a 633 nm laser.

GQD Bioconjugation. The GQD solution (0.5 mg/mL) was first
mixed with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (10 mM) and N-hydroxysuccinimide (10 mM)
for 15 min. NGF (∼26 kDa) or insulin (∼6 kDa, 0.1 mg/mL) was
subsequently added into the above mixture for 4 h at room
temperature. The reaction was quenched by adding hydroxy-
lamine (10 mM). The obtained samples were ultrafiltered three
times (centrifuging at 7500g for 20min) with PBS to remove free
unconjugated GQDs. Filters with a molecular weight cutoff
(MWCO) of 10 and 3 kDa were used for purifying NGF-GQDs
and insulin-GQDs, respectively. The conjugated GQD samples
were then separated in the 10�12% SDS polyacrylamide gels
at 140 V for 40 min and imaged with a gel imaging sys-
tem (ProXPRESS 2D, Pekin Elmer) to confirm the successful
bioconjugation.

FTIR was performed with a Perkin-Elmer FT-IR Spectrum GX.
Spectroscopic properties of GQD samples were characterized
by a UV�vis spectrophotometer (Nanodrop 2200c, Thermo
Scientific) and a fluorospectrometer (Nanodrop 3300). The zeta
potential of GQD samples was measured using a Zetasizer
3000 (Malvern Instruments).

Confocal Fluorescence Imaging. PC12 cells were incubated with
NGF-GQDs (200 ng/mL) for 15min or 24 h, then washed. For the
competitive assay, excess free NGF (20 μg/mL) was added to the
PC12 cells for 10 min, followed by the addition of NGF-GQDs.
3T3-L1 adipocytes were untreated or pretreated with TNFR
(50 ng/mL) or pyr-apelin-13 (1 μM) for 1 h at 37 �C, followed
by incubation with insulin-GQDs (10 μg/mL) for 10 min or 1 h.
Adipocytes were washed, fixed with 4% formaldehyde in ice-
cold PBS, and imaged using a confocal microscope (Zeiss LSM
510) with a 63� oil objective and a 488 nm laser. For the
immunostaining experiment, after 3T3-L1 adipocytes were
fixed, insulin receptors were stained in PBS-Tween solution with
specific rabbit anti-insulin receptor IgG (C-terminal of β-subunit,
Santa Cruz Biotechnology) overnight followed by incubation

with anti-rabbit IgG conjugated with Atto647 NHS (Sigma) and
10 μg/mL insulin-GQDs for 1 h.

Total Internal Reflection Fluorescence Microscopy. The adipocytes
were incubated with insulin-GQDs for 10 min or 1 h at 37 �C
prior to imaging. The cells were washed and incubated in a bath
solution (150 mM NaCl, 5 mM KCl, 1.1 mMMgCl2, 2.6 mM CaCl2,
10 mM HEPES, and 10 mM glucose, pH 7.4) during imaging.
Time-lapse images (241 frames, 0.5 s/frame) were recorded at
37 �Cusing an inverted TIRFMmicroscope (Axiovert 200, Carl Zeiss)
with a 100� oil objective (NA = 1.45) and a charge-coupled
device camera (CCD, pixel size = 0.248 μm). The trajectories of
the clusters of GQD-labeled receptor complex were individually
and manually tracked using ImageJ (National Institute of
Health, Wayne Rasband, USA) and analyzed by Igor routines
(WaveMetrics, Lake Oswego, OR, USA).
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