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ABSTRACT: The real-time monitoring of neurochemical release in vivo
plays a critical role in understanding the biochemical process of the
complex nervous system. Current technologies for such applications,
including microdialysis and fast-scan cyclic voltammetry, suﬀer from
limited spatiotemporal resolution or poor selectivity. Here, we report a soft
implantable aptamer-graphene microtransistor probe for real-time
monitoring of neurochemical release. As a demonstration, we show the
monitoring of dopamine with nearly cellular-scale spatial resolution, high
selectivity (dopamine sensor >19-fold over norepinephrine), and
picomolar sensitivity, simultaneously. Systematic benchtop evaluations,
ex vivo experiments, and in vivo studies in mice models highlight the key features and demonstrate the capability of capturing the
dopamine release dynamics evoked by pharmacological stimulation, suggesting the potential applications in basic neuroscience
studies and studying neurological disease-related processes. The developed system can be easily adapted for monitoring other
neurochemicals and drugs by simply replacing the aptamers functionalized on the graphene microtransistors.
KEYWORDS: graphene microtransistors, neurochemical sensors, real-time monitoring, dopamine

■

cannot distinguish structurally similar neurochemicals17 (Table
S1).
Recently, Andrews et al. reported an implantable aptamer
functionalized In2O3 ﬁeld-eﬀect transistor for monitoring
serotonin in vivo.18 Compared with In2O3 used in this study,
graphene has a much higher carrier mobility than that of In2O3
(17.8 ± 1.8 cm2/V·s).18,19 In addition, graphene oﬀers many
attractive properties for in vivo biosensing applications, such as
biocompatibility and chemical inertness.20−23 The graphene
microtransistor is a three-terminal electronic device in which
graphene is used as a channel material between the source and
drain terminals.23 While graphene microtransistors have been
used for electrophysiological recordings in vivo24−26 and the
detection of dopamine in vitro,27,28 there is no study to date on
the real-time monitoring of dopamine release in vivo using
implantable aptamer modiﬁed graphene microtransistors.

INTRODUCTION
The human central nervous system contains billions of neurons
that communicate through the propagation of action potentials
along the cell membrane and the release, transport, and
metabolism of neurochemicals at the synapses. Technologies
for in vivo electrophysiology have been intensively studied,
with recent examples of Neuropixels 2.01 and Neural Matrix2
for recording over several thousand channels. Compared with
these tools for electrophysiological recordings, the technologies
for real-time neurochemical monitoring are very limited.
Neurochemicals, however, have been found to play critical
roles in reward signaling,3 learning,4,5 motor control,6 and
treatments of neurological disorders, such as Parkinson’s
disease, schizophrenia, and Alzheimer’s disease.7−9 Current
technologies for neurochemical monitoring include microdialysis or fast-scan cyclic voltammetry (FSCV);10−14 microdialysis probes have limited spatial and temporal precision due
to the large probe size (150−440 μm in diameter)15 and
relatively low sampling rate (typically several minutes, though
microdialysis with 1 min temporal resolution has been
reported16), while the FSCV is limited by molecular speciﬁcity
(Table S1). Similarly, the recently developed organic electrochemical transistor arrays that rely on the oxidation reaction of
redox-active dopamine on the surface of the gate electrode
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Figure 1. Design, fabrication, and working principle of implantable aptamer-graphene microtransistor probe for neurochemical monitoring. (A)
Schematic illustration and (B) Optical images of the implantable aptamer-graphene microtransistor probe fabricated on (left) 7.6 μm PI (26 mg)
and (right) on 76 μm PI (31 mg) for neurochemical monitoring. (C) Comparison of a conventional metal cannula (left, 24 gauge) and an
implantable aptamer-graphene microtransistor probe (Right). The ﬁlament neural probe (∼390 μm wide, ∼76.8 μm thick) consists of four
aptamer-graphene microtransistors, with each microtransistor at a nearly cellular-scale dimension (50 μm × 50 μm). (D) Optical and scanning
electron microscope (inset) images of the tip end of an implantable aptamer-graphene microtransistor probe. (E) Image of a freely moving mouse
implanted with an aptamer-graphene microtransistor probe. (F) A representative transfer curve of aptamer-graphene microtransistors. Vds = 100
mV. (G) Gate voltage-dependent carrier mobility of aptamer-graphene microtransistors. (H) The working principle of aptamer-graphene
microtransistor probe to monitor dopamine. The binding of dopamine induces a structural rearrangement of the dopamine aptamer, resulting in a
p-doping eﬀect (right-shift) on the graphene channel and an increase of source-drain current.

design also oﬀers the possibility for multiplex neurochemical
monitoring. The aptamer functionalized graphene microtransistors couple the highly speciﬁc aptamers with ultrasensitive graphene microtransistors for real-time monitoring of
neurochemicals. Aptamers are highly selective to targeted
molecules. They can also conquer the Debye screening
limitation of graphene microtransistors.31 Furthermore,
compared with other bioreceptors, aptamers possess several
advantages, including high selectivity toward the target of
interest, high stability, and long shelf life in harsh
conditions.32,33
While the overall probe width is ∼390 μm, the size of each
graphene microtransistor deﬁnes the monitoring spatial
resolution. This spatial resolution (50 μm × 50 μm) is much
smaller than that of the microdialysis probe (150−440 μm in
diameter; length of 1−4 mm),15 aﬀording neurochemical
sensing high spatial resolution. Moreover, the small size of each
aptamer-graphene microtransistor enables spatially precise,

Here, we report an implantable aptamer-graphene microtransistor probe that enables the real-time monitoring of
dopamine with nearly cellular-scale spatial dimension, high
selectivity, and picomolar sensitivity, simultaneously. This
neural probe successfully captures the dopamine release with
pharmacological stimulation in vivo in small animal models of
mice.

■

RESULTS
Design and Fabrication of Implantable AptamerGraphene Microtransistor Probe. We designed an
implantable ﬁlament probe (∼390 μm wide, ∼76.8 or 8.4
μm thick) that consists of four aptamer-functionalized
graphene microtransistors (Figure 1A−D and Figure S1),
with each graphene microtransistor at a nearly cellular-scale
dimension (50 μm × 50 μm). We chose this array design due
to the heterogeneous release of dopamine.29,30 This array
B
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10−19 C); μ is the carrier mobility; and Vds is the source-drain
voltage.
Real-Time Monitoring of Dopamine. The dopamine
aptamer, reported by a previous study,31 was functionalized
onto the graphene surface through π−π stacking by a pyrene
group, which was inserted into the 5′-end of the aptamer
during the aptamer synthesis process.37 Surface functionalization of graphene with dopamine aptamers causes a right shift of
the Dirac point (VDP) of transfer curves (Figure 2A and B),

nearly cellular-scale monitoring of neurochemicals with
reduced tissue damage and inﬂammation for in vivo uses.
Figure 1B shows that the aptamer-graphene microtransistors
can be fabricated on polyimide substrates with diﬀerent
ﬂexibility. Considering the need of a surgical shuttle for 8.4 μm
thick aptamer-graphene microtransistor probe in in vivo
applications, in this study, we used aptamer-graphene microtransistors with a thickness of 76.8 μm; such a thickness oﬀers
suﬃcient mechanical stiﬀness for the device implantation while
providing adequate mechanical ﬂexibility to minimize the
irritation at the device−tissue interfaces.34 The soft mechanics
(76.8 μm thick, bending stiﬀness of ∼5.89 × 10−8 N·m2, a
value that is 3 orders of magnitude lower than the stiﬀness of
the smallest optical ﬁber, which is 1 × 10−5 N·m235) and light
weight (31 mg) of the implantable graphene microtransistor
probe allow for implantation into the deep brain of small
animals, such as mice, with reduced tissue damage and
formation of glial scars due to micromotions of implants36
(Figure 1B and E).
Figure 1F shows a representative V-shaped transfer curve of
the aptamer-graphene microtransistor. The type of charge
carriers of the graphene microtransistors can be tuned from
holes (left branch) to electrons (right branch), resulting in an
“ambipolar behavior”. The carrier mobility (μ) in the linear
region of the transfer curve is determined by two key
parameters: (1) the total gate capacitance CTG and (2) ∂Ids/
∂Vg (commonly called transconductance, gm)
μ=

∂Ids l
1
· ·
∂Vg w C TG·Vds

(1)

in which Ids, Vg, l, w, and Vds are drain-source current, gate
voltage, graphene channel length, graphene channel width, and
drain-source voltage, respectively. By calculating gate-dependent carrier mobility, a gate voltage of 50 mV aﬀords the highest
hole mobility (1370.18 cm2/V·s) which was used in the
following experiments (Figure 1G).
Working Principle of Implantable Aptamer-Graphene
Microtransistors. The binding of dopamine to aptamer
causes a conformational change of the aptamer that anchors on
the graphene surface, resulting in the increase/decrease of
carriers (electrons or holes) in the graphene channel and the
generation of a measurable change in the source-drain current
(Ids) of aptamer-graphene microtransistors (Figure 1H). This
current change is proportional to the target concentration. To
quantify the sensing performance of implantable aptamergraphene microtransistors for monitoring dopamine, the Ids
was recorded (the graphene microtransistors were biased at
100 mV source-drain voltage and a gate voltage of 50 mV was
applied) when the probes were exposed to the targeted
neurochemical with various concentrations. The electrical
response in this study is deﬁned as ΔIds/I0, where ΔIds and I0
are the change of the source-drain current in the presence of
dopamine and the initial signal without the dopamine,
respectively. The current modulation is expressed as a function
of the change in the carrier density (Δn) in the graphene
channel, which is proportional to the number of targets (N)
captured by the aptamer37,38
ΔIds =

w
·e·μ·Vds·Δn ∝ N
l
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Figure 2. Real-time monitoring of dopamine with implantable
aptamer-graphene microtransistor probe. (A) Transfer characteristics
of graphene microtransistors functionalized with dopamine aptamer.
(B) I−V curves of graphene microtransistors and dopamine aptamer
functionalized graphene microtransistors. (C) Transfer characteristics
of a representative dopamine sensor before and after exposure to
dopamine. DA: dopamine. (D) The real-time current response of the
aptamer-graphene microtransistors upon exposure to aCSF solution
containing dopamine with diﬀerent concentrations. The probe was
biased at 100 mV (Vds), and a gate voltage (Vg) of 50 mV was applied.
(E) The responses of dopamine sensors for monitoring dopamine
from 10 fM to 1 mM (n = 3). (F) The responses when the dopamine
sensor was exposed to dopamine with low concentrations (10 fM, 100
fM, 1 pM,10 pM, and 100 pM). ***p < 0.001, *p < 0.05.

which is attributed to the attachment of the negatively charged
aptamer on the graphene surface and the resulting increase of
hole carrier density due to the electrostatic eﬀect.
A positive shift of the transfer curve is observed after the
exposure of the dopamine sensor to dopamine (Figure 2C),
suggesting that more hole carriers are induced on the graphene
channel due to the conformational change of aptamer in the
presence of dopamine. With a ﬁxed gate voltage of 50 mV, the
electrical current of aptamer-graphene microtransistors increases with the increase of dopamine concentration (Figure
2D). For sensitivity, the dopamine sensor shows a limit of

(2)

where w is the width of the graphene channel; l is the length of
the graphene channel; e is the elementary charge (1.602 ×
C
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detection in aCSF of 10 pM (Figure 2E and F, p < 0.05),
attributed to the high carrier mobility of graphene. The
dopamine sensor shows a dynamic range of 10 pM to 100 μM.
The relationship between the electrical response of the
dopamine sensor and dopamine concentration can be modeled
by the Langmuir adsorption isotherm,37 in which Kd represents
the equilibrium dissociation constant that can indicate the
binding aﬃnity of the aptamer−target complex. The dopamine
sensor shows a Kd of 6.19 nM (Figure 2E), indicating a high
aﬃnity of the aptamer toward dopamine.
Reversibility and Temporal Resolution of Implantable Aptamer-Graphene Microtransistor Probe. We ﬁnd
that the responses of dopamine sensors are reversible, as
veriﬁed by recording the electrical response for changing the
concentration of dopamine in aCSF (Figure 3A and B). The
dopamine sensors show continuous signal-on and signal-oﬀ
after exposure to the target with various concentrations and the
subsequent aCSF buﬀer solution. The electric response
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switches on after the dopamine binding (from 1 nM to 10
μM), while the response switches oﬀ after the exposure to fresh
aCSF buﬀer solution (95% recovery). Subsequently, the
response turns on after exposure to dopamine again (1 nM
and 10 μM, >95% recovery) (Figure 3B). This reversible
response is attributed to the reversible conformational
rearrangement of aptamer upon the binding to dopamine.39
The reversible response of the aptamer-graphene microtransistor involves multiple recognition events rather than a
single sensing event which is commonly observed for
antibodies, allowing for monitoring local neurotransmitter
and stimulation-evoked neurotransmitter release in vivo. The
response time was measured by immersing the aptamergraphene microtransistors into microchambers containing
dopamine solution with diﬀerent concentrations. The dopamine sensor exhibits a rapid dynamic response when the
target concentration is changed; the probes reached 95% peak
response within 2.09 s on time when increasing dopamine
concentration from 10 nM to 100 nM and then returned to
within 95% of the baseline when decreasing dopamine
concentration back to 10 nM by 5.38 s oﬀ time (Figure 3C).
Nevertheless, future work on tuning the aptamer-dopamine
aﬃnities and aptamer-dopamine kinetics, through changing
stem lengths31 and stem destabilization,40 is needed to push
the temporal resolution down to subsecond scale.
Selectivity of Implantable Aptamer-Graphene Microtransistor Probe. To investigate the molecular speciﬁcity of
aptamer-graphene microtransistors for dopamine detection,
the electrical response was recorded when exposed to diﬀerent
neurochemicals such as dopamine (DA), serotonin, norepinephrine (NE), and gamma-aminobutyric acid (GABA)
(Figure 3D). A signiﬁcantly higher response (17.29%) is
observed when the dopamine sensors were exposed to
dopamine (100 nM) compared to the exposure to 3 orders
of magnitude higher concentrations (100 μM) of NE (0.91%),
serotonin (0.31%), and GABA (0.23%). Thus, the dopamine
sensor is less sensitive to 100 μM norepinephrine (NE),
serotonin, and GABA than to 100 nM dopamine by factors of
19, 56, and 75, respectively.
Comparison and Benchmarking of Implantable
Aptamer-Graphene Microtransistor Probe. The overall
comparison between implantable aptamer-graphene microtransistors and other representative techniques for in vivo
neurochemical monitoring can be found in Table S1. When
compared with the FSCV,41 organic electrochemical transistor,17 and genetically encoded ﬂuorescent sensors,30,42 it
oﬀers an at least 100-fold improvement of sensitivity. It also
provides the capability to distinguish structurally similar
neurochemicals such as dopamine and norepinephrine. This
spatial precision and selectivity are comparable to the state-ofthe-art genetically encoded ﬂuorescent sensors,30,42 which,
however, require complicated genetic encoding of neurons and
a ﬂuorescent imaging system (ﬁber photometry or ﬂuorescence
microscope) for the signal recording. The aptamer-graphene
microtransistors show the response time on the order of
seconds (2.09 s on time and 5.38 s oﬀ time), compared with
subsecond or milliseconds temporal resolution of genetically
encoded ﬂuorescent sensors and FSCV.
To further benchmark and evaluate the accuracy of
implantable aptamer-graphene microtransistors, the as-prepared dopamine sensor was ﬁrst calibrated in aCSF solution
containing physiologically relevant concentrations of dopamine
(Figure 3E). Then we used both calibrated aptamer-graphene

Figure 3. Reversibility, response time, selectivity, and benchmarking
of implantable aptamer-graphene microtransistor probe. (A) Reversible response of dopamine sensors when the probes were exposed to
aCSF solution and the dopamine with diﬀerent concentrations. (B)
The signal recovery of dopamine sensors. (C) Temporal response of
the probe to dopamine. The probe was exposed to 10 nM dopamine,
then 100 nM, and ﬁnally 10 nM to calculate the response time
reaching 95% of peak response or baseline response. (D) Selectivity of
dopamine sensors. Dopamine samples were kept at 100 nM. The
concentration of other neurotransmitters as the interfering group was
3 orders of magnitude higher, which was 100 μM. DA: Dopamine.
NE: Norepinephrine. GABA: Gamma-aminobutyric acid. Results are
given as mean ± standard derivation (SD), n = 3, ****p < 0.0001.
(E) The calibration curve between electrical response and dopamine
concentration. (F) Comparison of dopamine concentration in aCSF
measured from calibrated dopamine sensor with those obtained from
FSCV carbon ﬁber electrode.
D
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Figure 4. Stability in CSF, ex vivo studies in harvested mouse brain tissue, and real-time monitoring of dopamine release with pharmacological
stimulation in vivo in the striatum of mice. (A) The stability of implantable aptamer-graphene microtransistors in rat CSF (BioIVT) at 37 °C for 4
days, 1 week, and 2 weeks. (B) Schematic illustration and (C) an optical image of an aptamer-graphene microtransistor probe implanted into a
mouse brain tissue. Blue spot indicates the approximate site of infusing dopamine solution. (D) Real-time response of an aptamer-graphene
microtransistor probe implanted in the harvested mouse brain tissue upon the injection of dopamine solution (10 μM in aCSF, 2 μL). (E) Timesequential sweeping of transfer curves when dopamine solution (10 μM in aCSF, 2 μL) was injected to the harvested brain tissue implanted with
aptamer-graphene microtransistors. (F) The plot of source-drain current response upon the injection of dopamine solution (10 μM in aCSF, 2 μL)
at Vg = 50 mV. (G) Image of a mouse implanted with a neural probe for monitoring the dopamine release evoked by pharmacological
neuromodulation. (H) Representative response traces of aptamer-graphene microtransistors in the striatum after the local delivery of 60 mM
potassium chloride (KCl, 0.5 μL) through the integrated microﬂuidic channel. (I) Representative response traces of aptamer-graphene
microtransistors in the striatum after local delivery of 15 mM bicuculline (0.5 μL) through the integrated microﬂuidic channel. (J) The changes of
electrical responses (compared with basal level) caused by the release of dopamine in the striatum upon KCl and bicuculline stimulations. Six data
points from three mice in KCl experiments. Twelve data points from three mice in bicuculline experiments. The in vivo studies were performed 3 h
after the implantation of neural probes. The inﬂuence of local infusion of (K) potassium chloride (60 mM) and (L) bicuculline (15 mM) on the
performance of implantable aptamer-graphene microtransistors in vitro. Vds= 100 mV, Vg = 50 mV.

microtransistors and gold-standard carbon ﬁber electrodes
(with FSCV) to measure unknown dopamine levels in the
aCSF solution. The dopamine concentration measured with
aptamer-graphene microtransistors shows good agreement
with those measured with FSCV, conﬁrming the accurate

measurements of physiologically relevant concentrations of
dopamine in aCSF solution (Figure 3F).
Stability in CSF and ex Vivo Studies in Harvested
Mice Brain Tissue. The developed neural probe needs to be
stable in biological environments. Continuous exposure of the
E
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Figure 5. Impact of neural probe implantation on the mouse brain. (A) Schematic of neural probe implantation in the dorsal striatum. (B)
Representative changes in intensity within ROI as the distance from device increases for both Iba1 (red) and GFAP (blue) at 1 week (closed circle)
and 6 weeks (open square). (C−H) Representative confocal ﬂuorescence images of horizontal striatal slices show immunohistochemical staining
for DAPI (blue), astrocytes (GFAP, red), and activated microglia (Iba1, green) and overall lesion from neural probe implantation after 1 week (C−
E) and 6 weeks (F−H). All histological and confocal settings were kept consistent across groups, 20× (Scale bars, 100 μm).

dopamine sensor to rat CSF (BioIVT) at 37 °C for 2 weeks
produced stable concentration-dependent electrical responses
at the physiologically relevant range of 1 nM to 10 μM
dopamine (Figure 4A), suggesting the potential application for
in vivo monitoring of dopamine. Nevertheless, various
biofouling-resistant surface coatings, including polyethylene
glycol (PEG) and its derivatives,43 zwitterionic polymers,44 or
polyacrylamide hydrogels,45 are needed to minimize the
biofouling in a complicated in vivo environment for longterm monitoring. Furthermore, the covalent bonding between
graphene and aptamers, through electrografting with diazonium salts46 and EDC/NHS reactions,47,48 is needed to enable
the application in the complex biological environment.
Therefore, this study focuses on short time dopamine
monitoring in harvested brain tissue and in acute experiments.
We ﬁrst tested the implantable aptamer-graphene microtransistors in harvested brain tissue from wild-type C57BL/6J
mice (Figure 4B and C). The sensor response rapidly increases
upon the infusion (10 μM, 2 μL) and diﬀusion of dopamine
into the implantation site, to mimic evoked dopamine release,
and then slowly decreases (Figure 4D). Similar results were
obtained via continuously monitoring the transfer curves of
aptamer-graphene microtransistors (Figure 4E and F). In our
control experiments, the increases of sensor signal resulting
from infusing aCSF (2 μL) are much smaller than those caused
by dopamine infusion (Figure S2). These ex vivo studies in
mice brain tissue illustrated the potential for monitoring
dopamine release in vivo.
Real-Time Monitoring of Dopamine Release with
Pharmacological Stimulation in Vivo. Motivated by the
results of stability and ex vivo studies, we then monitored
dopamine release evoked by local infusion of high concentration potassium or bicuculline through an integrated
microﬂuidic channel in the striatum of the anesthetized mice
(C57BL/6J) (Figure 4G). The determination of the absolute
concentration of dopamine in vivo (i.e., basal concentrations)
has been challenging due to the need of background

subtraction for FSCV, though studies reported fast-scan
controlled-adsorption voltammetry (FSCAV)49 or the multiple
square wave voltammetry (M-CSWV)50 to get tonic levels of
dopamine. For our implantable aptamer-graphene microtransistors, the complex biological environments could cause
the inaccuracy of pre- and/or postcalibrations. Because of that,
we report the sensor signal changes (compared with basal
response) instead of absolute concentrations. This data
analysis is consistent with other recently reported biosensors,
including genetically ﬂuorescent sensors30,42 and aptamerIn2O3 ﬁeld-eﬀect transistors,18 for real-time monitoring of
dopamine and/or serotonin release in vivo, in which a change
of ﬂuorescent signals or calibrated ﬁeld-eﬀect transistor
response was reported.
In our study, the neural probe with an integrated
microﬂuidic channel was ﬁrst implanted into the striatum.
Three hours later, KCl or bicuculline (0.5 μL; 60 mM KCl or
15 mM bicuculline) was delivered at a ﬂow rate of 0.5 μL/min
for 1 min through the integrated microﬂuidic channels.
Bicuculline, a GABA antagonist, can competitively antagonize
the inhibition of the target neurons, as a result, promoting
dopamine release.51,52 A customized ampliﬁer circuit was
designed to integrate with the neural probe for in vivo
monitoring dopamine release (Figures S3−S6). After 60 s
application of 60 mM K+ or 15 mM bicuculline, a rapid change
of the sensor signal was observed, and the signal rapidly
vanished within several seconds (Figure 4H−J), indicating that
the implantable aptamer-graphene microtransistors with a
dopamine-speciﬁc aptamer detected the release of dopamine
after K+ or bicuculline stimulation. To assess the inﬂuence of
local ﬂuid delivery on the performance of aptamer-graphene
microtransistors, we studied the sensor signal change upon the
local delivery of potassium chloride (60 mM) or bicuculline
(15 mM) in vitro to aptamer-graphene microtransistors (Figure
4K and L). Minimal sensor signal changes were observed,
indicating the transient sensor signal changes in Figure 4H and
I are caused by the dopamine release instead of the sensor
F
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interferences. We did not validate the evoked release of
dopamine in vivo using FSCV due to the technical challenge of
implanting aptamer-graphene microtransistors or microﬂuidics
with gold-standard carbon ﬁbers in the same brain site
(striatum). Overall, these studies indicate the capability of
neural probes for monitoring dopamine release in vivo.
Distinct from the electrolyte-gated graphene microtransistors that rely on the modulation of channel resistance of
graphene by an electrophysiological signal through the gateelectrolyte capacitance,25 our implantable aptamer functionalized graphene microtransistors rely on the conformational
rearrangement of aptamers in the presence of target neurochemical, which results in the increase/decrease of carriers
(electron or hole) in the graphene channel. In addition, the
electrophysiological signals and neurochemical release can be
distinguished due to the diﬀerent time scales (∼100 ms vs
several seconds) (Figure 4H and I, Figure S7).
Finally, to assess the inﬂuence of device implantation on
brain tissue, the neural probes were implanted for 1 week and 6
weeks in the dorsal striatum of mice (Figure 5A). Using the
same confocal microscope settings, we determined that the
immune response for astrocytes and activated microglia at 1
week and 6 weeks (Figure 5B). These results suggest that the
immune response to device implantation decreases over time
(Figures 5C−H). In addition, the immune response and area
of lesion tissue caused by our neural probes are consistent with
those induced by other state-of-art thin-ﬁlm deep brain
implants.53−55
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DISCUSSION AND CONCLUSION

In summary, the implantable neural probe demonstrated here
delivers an adaptable technical platform for dopamine
monitoring with high sensitivity (10 pM for dopamine),
molecular speciﬁcity (dopamine sensor: >19-fold over
norepinephrine), and spatiotemporal precision (nearly cellular
scale; 2.09 s on time and 5.38 s oﬀ time). The reversibility and
high spatiotemporal resolution allow for the real-time
monitoring of transient ﬂuctuations of dopamine concentrations at the cellular level in vivo. Furthermore, the in vivo
studies in mice model demonstrate the real-time monitoring of
dopamine release evoked by pharmacological stimulation,
creating new opportunities to study neurochemically driven
changes in behaviors or neural activities. Our neural probe is
distinct from the recently reported implantable aptamer-In2O3FET for monitoring serotonin18 in two ways: (1) Diﬀerent
from the aptamer-In2O3-FET that is reported to monitor
serotonin, we demonstrate the real-time monitoring of
pharmacological stimulation evoked dopamine release in vivo.
(2) Our implantable aptamer-graphene microtransistors use
graphene as the channel layer, which has a much higher carrier
mobility of 1370.18 cm2/V·s than that of In2O3 (17.8 ± 1.8
cm2/V·s).18,19 Areas for future development include (1)
investigating various surface coatings43−45 to minimize the
biofouling for long-term monitoring in freely moving animals,
(2) detecting the release of dopamine in nucleus accumbens
(NAc) upon the optogenetic stimulation of ventral tegmental
area (VTA) for DAT-Cre mice expressing ChR2,56 and (3)
validating the dopamine release in NAc using FSCV or
genetically encoded ﬂuorescent dopamine sensors.
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