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Flexible dopamine-sensing fiber based on potentiometric method
for long-term detection in vivo
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Achieving real-time, continuous and long-term monitoring of dopamine (DA) in vivo is essential for revealing brain functions
and preventing and treating neurogenic diseases. However, it remains challenging to achieve a low limit of detection (LOD) and
high neuron-compatibility at the same time for the current microsensors, resulting in the failure of long-term and accurate
detection of DA in vivo. A DA-sensing fiber was achieved by the potentiometric method to possess a low LOD of 5 nM, 1−3
orders of magnitude lower than amperometry and differential-pulse voltammetry. The sensing fiber showed a wide linear range
from 5 to 185 nM that well matched the DA concentration (26−40 nM) in vivo. After implantation, the sensing fiber showed no
influence on the firing rates of neurons with the potentiometric test, indicating high neuron-compatibility. It was then integrated
with electrophysiology to simultaneously monitor DA variation and electrical signal in the brain, with stable monitoring of DA
change in vivo for 8 weeks. The sensing fiber was flexible and stably worked after hundreds of bending, and it showed high
sensitivity even after protein adsorption, thus offering a reliable tool for neuroscience.
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1 Introduction

As a chemical messenger among neurons, dopamine (DA) is
related to motivation and learning behaviors, and its dis-
ruption is implicated in Parkinson’s disease and other neu-
rogenic disorders [1,2]. The DA transmission occurs within
milliseconds while operates over days to months along with
the neurodevelopment and neuropathology [3,4]. Conse-
quently, real-time, continuous and long-term monitoring of
DA in vivo is of great importance in clinical analysis and
physiological research.

The electrochemical microsensors that could be precisely
implanted into target brain regions for in-situ detection have
been widely investigated [5–7]. As DA affects the neuron
behaviors through its concentration changes on the nano-
molar level [8], a low limit of detection (LOD) is required for
microsensors. To this end, lots of electrochemical techniques
for DA have been developed, including differential-pulse
voltammetry, fast-scan cyclic voltammetry and constant-
potential amperometry [9–13]. Most of them relied on oxi-
dation-reduction reactions of DA under external voltages
(Figure S1a and b, Supporting Information online). How-
ever, the applied voltages generated currents that might af-
fect the activities of neurons, leading to inauthentic records

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021 chem.scichina.com link.springer.com

SCIENCE CHINA
Chemistry

*Corresponding authors (email: sunxm@fudan.edu.cn; penghs@fudan.edu.cn)

https://doi.org/10.1007/s11426-021-1039-7
https://doi.org/10.1007/s11426-021-1039-7
http://engine.scichina.com/doi/10.1007/s11426-021-1039-7
http://chem.scichina.com
http://link.springer.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11426-021-1039-7&amp;domain=pdf&amp;date_stamp=2021-06-21


[14–16]. Additionally, a few DA sensors based on the po-
tentiometric method were fabricated using selective mem-
branes [17,18], which generated near-zero current flowing
and showed high neuron-compatibility. However, they
worked on the basis of physical absorption of charged DA
molecules similar to the ion-selective electrode and thus
showed high LODs of micromolar level, which was not
suitable for DA changes on nanomolar level [8]. Therefore,
new DA microsensors with high sensing properties and good
neuron-compatibility at the same time are highly needed to
meet the requirements of real-time, continuous and long-
term monitoring in the brain.
Here, we present a flexible DA-sensing fiber (DSF) made

from carbon nanotube (CNT) fiber electrodes based on the
potentiometric method. The DSF performed a low LOD of
5 nM. The sensing property of DSF maintained stability even
after protein adsorption. After implantation, the DSF also
showed no influence on the firing rates of neurons for high
neuron-compatibility. Finally, the DSF was flexible and soft
to bear hundreds of bending cycles and demonstrated high
biocompatibility to realize continuous and real-time DA
detection for eight weeks, possibly paving the way for long-
term monitoring of biochemicals with low concentrations in
vivo.

2 Experimental

Fabrication. Carbon nanotube (CNT) fibers were prepared
by the dry-spinning process. For DSF, the CNT fiber as the
conductive electrode was composited with Pt nanoparticles
and Nafion. First, one end of CNT fiber was painted with
silver, and the other end was fixed with silicone rubber.
Second, Pt nanoparticles were deposited on the surface of
CNT fiber via the multi-potential method. The CNT fiber, Pt
wire and commercial Ag/AgCl electrode were used as
working, counter and reference electrodes. The electrolyte
was prepared by mixing 1 mM K2PtCl6 and 0.1 M KCl. The
deposition method was set at 0.5 V for 10 s and then changed
at −0.7 V for 10 s until the charge number was 0.02 C. Fi-
nally, Nafion solution (0.1 wt%) was obtained by diluting
with ethanol. Nafion solution (0.1 wt%, 2.5 μL) was uni-
formly coated on the CNT/Pt fiber three times. The DSFs
were fabricated and dried in the air before use.
Characterization. The structures were characterized by

scanning electron microscope (SEM) (Zeiss, Ultra 55). Au
nanoparticles were deposited on the Nafion layer by setting
10 mA for 120 s. Electrochemical impedance spectroscopy
(EIS) was tested every 20 cycles of bending. The EIS was
performed by setting the frequency from 1 to 100,000 Hz.
The properties of DSFs were tested by a two-electrode
system. DSF was used as the working electrode and
Ag/AgCl electrode was used as both counter and reference

electrode. For the potentiometric method, open circuit po-
tential-time was set by using the CHI660e electrochemical
workstation.
Animals Experiments. All mice (BALB/c, 6–8 weeks old)

were purchased from Shanghai SLAC Laboratory Animal
Co. The experimental protocols were approved by the Ani-
mal Experimentation Committee of Fudan University. All
animals were treated in accordance with guidelines for the
care and use of experimental animals described by the Na-
tional Institutes of Health and Fudan University. For the
long-term detection of DA in vivo, the DSF and fiber neural
electrode were implanted in the same hole located at the
striatum of mice. The Ag/AgCl reference electrode was
implanted into the opposite striatum. A skull nail was im-
planted into the after brain. All the devices were fixed by
using dental silicate cement. Based on the anesthesia model,
the real-time monitoring of DA was measured by the DSF
and electrophysiology was recorded at the same time. The
electrochemical properties were performed at 2rd, 4th and
8th week.

3 Results and discussion

The DSF was prepared by electrochemically depositing Pt
nanoparticles onto CNT fiber, followed by a uniform coating
of the Nafion layer (Figure S2). To verify the effectiveness of
DSFs, we tested the sensing properties by using multiple
electrochemical techniques. First, the DSFs were tested
based on differential-pulse voltammetry and showed a LOD
of ~μM (Figure S1c). By amperometry method under dif-
ferent voltages, significant background noises appeared
(Figure S3), and the data must be filtered to obtain current
signals of DA oxidation. After repeated filtering, the LODs
of DSF were 200, 200 and 50 nM under applied voltages of
0, 0.15 and 0.4 V, respectively (Figure S1d–f). Finally, a
potentiometric method was attempted on the same DSF only
when an open-circuit voltage (OCV) of two electrodes was
recorded without the pass of current during the test (Figure
1a). Unexpectedly, the DSF performed a LOD of 5 nM
(Figure 1b and Figure S4), 1–3 orders of magnitude lower
than the amperometry method and differential-pulse vol-
tammetry (Figure 1d). We also prepared the other sensing
fibers by electrochemically depositing Pt nanoparticles onto
carbon fiber and platinum wire electrodes to further verify
the reliability. Both showed LODs of 5 nM (Figure S5),
indicating high reliability of the potentiometric method to
detect the DA at low concentration.
We studied the reason for the lower LOD by the po-

tentiometric method than the voltammetry method. Owing to
faradaic currents and nonfaradaic interactions between the
electrode and the physiological salt buffer [19], we found the
voltammetry method usually had significant background
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noise, for instance, almost 30 nA in our experiments (Figure
S3). In contrast, the sensitivity of DSF was only nA/nM after
repeated filtering, which was too low and easily became lost
in the noise. There was no flow of electrons between two
electrodes for the potentiometric method, resulting in little
background noise, so the same DSFs showed lower LOD.
Besides, the DSF showed a broad linear range from 5 to 185 nM
(Figure 1c), which well matched the DA concentration (26
−40 nM) in vivo [8]. The slope of OCV change versus DA
concentration was calculated as the sensitivity, and the DSF
showed a sensitivity of 0.28 mV/nM. The response time of
this sensing fiber was investigated and calculated to be
~240 s (Figure S6). The sensing performance of the DSFs
was also highly repeatable (Figure S7).
Additionally, we investigated the working mechanism of

the DSF based on the potentiometric method. Previously, the
potentiometric method was reported for glucose sensors
through the oxidation of glucose catalyzed by glucose oxi-
dases [20]. In this work, Pt nanoparticles deposited on the
CNT fiber as hybrid nanomaterials could improve electrical
conductivity and specific surface area for the increased
electrocatalytic activity of DA. Therefore, through the po-
tentiometric method without current flow, DAwas catalyzed
by CNT/Pt nanoparticles into o-dopamine quinone to release
electrons [13], and the resulting electrons were gradually
accumulated on the DSF to decrease the OCV between the

DSF and reference electrode. Consequently, the OCV would
decrease along with increased DA concentrations, which was
verified by the fact that the voltage decreased from 0.26 to
0.15 V as the DA concentration rose from 5 to 185 nM.
Moreover, by modifying different active materials on the
CNT fibers, H2O2 and glucose sensing fibers were fabricated.
They could work based on the potentiometric method and
showed LODs of 0.2 and 0.5 μM, respectively (Figure S8),
demonstrating the reliability and universality of this method.
Different from the previous DA sensors relying on physical
adsorptions of DA molecules, the DSF here worked through
the specific oxide reaction of DA, which may contribute to
high selectivity and reversibility. We found that the OCVof
DSF changed immediately along with the separate addition
of DA and phosphate buffer saline (PBS), showing high
sensing reversibility (Figure 2a). This may be because only a
very small amount of DAwas oxidized on the surface of the
electrode without applied voltage, which would not cause
excessive accumulation of the oxidation product.
The anti-interference property is also important for accu-

rate and reliable detection, especially in the complex biolo-
gical environment such as the brain. Owing to the similar
oxidation voltage of DA to other interfering substances such
as ascorbic acid (AA) and uric acid (UA) [21], the electro-
chemical detection of DA is greatly affected in conventional
voltammetry methods. In this work, the sensitivity of DA

Figure 1 Sensing properties of DSFs based on the potentiometric method. (a) Schematic illustration of the potentiometric method, vs. Ag/AgCl reference
fiber electrode. (b) Sensing properties based on the potentiometric method. (c) Linear relationship between DA concentration and open-circuit voltage (OCV).
(d) The limit of detection of the same DSF based on different methods of potentiometric, direct current amperometry with different voltages and differential-
pulse voltammetry (color online).
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was ten times higher than those of AA and UA (Figure 2b).
The reason is probably due to the anionic Nafion that ex-
cluded negatively charged interferences while positively
charged DAwas not affected [22]. Also, the OCV changes of
the same DSF by adding other catecholamines such as nor-
epinephrine and epinephrine were studied. It was found that
the sensitivity of DSF to DAwas 1.80 and 1.41 times higher
than norepinephrine and epinephrine, respectively (Figure
S9), which was comparable to other research results [23,24].
Besides, proteins and cells would be nonspecifically ad-
sorbed and adhered to the device surface after implantation
[25], thus weakening the sensing performance, especially in
voltammetric systems with current outputs [26]. Therefore,
the anti-biofouling property of an implantable device is es-
sential for long-term detection in vivo. Here bovine serum
albumin (BSA) was used to mimic the protein adsorption.
After immersed in BSA/PBS solution for 2 h, the sensitivity
of DSF had been well maintained (Figure 2c and Figure
S10), which was attributed to the hydrophilic surface of
Nafion that minimized adsorption of proteins.
In a cerebrospinal fluid environment, the long-term sen-

sing stability of a microsensor relied on the structural, me-
chanical and electrical stability of the device and stable
interface between device and brain, which was further stu-
died with DSFs [27–29]. The sensitivity of DSF was tested
and well maintained for 4 weeks (Figure 2d and Figure S11),
indicating the structural robustness and electrical stability.
For mechanical property, Young’s modulus of CNT fiber was
measured by nano-indentation (Figure 2e), two orders of

magnitude lower than the other traditional electrodes in-
cluding carbon fiber, gold wire and silicon and comparable to
that of the brain (several to hundreds of kPa). This me-
chanical match would be beneficial to form a stable interface
between the CNT fiber and brain. The CNT fiber could also
be stable in structure even after being tied in knots (Figure
S12), and this high flexibility endowed the DSF with high
stability under deformation. For instance, as a typical in-
dicator of the structural and interface stability of sensors, the
impedance of DSF was well maintained during 200 bending
cycles (Figure S13 and Figure 2f). The above results showed
the DSF had low LOD, high selectivity and high stability,
offering a potential tool for long-term sensing applications in
vivo.
Abnormal concentration level of DA in striatum and sub-

stantia nigra could lead to Parkinson’s disease and other
neurological diseases, so real-time, continuous and long-
term monitoring of DA is important. To verify the avail-
ability of DSFs under the potentiometric method, DSFs were
implanted into the striatum of mice with Ag/AgCl reference
fiber electrodes implanted into the opposite striatum (Figure
3a). After implantation, the sensing fiber looked like the hair
of the animals owing to the tiny structure and mechanical
compliance (Figure S14). Due to the complex and multiple
chemicals in the brain, we first investigated the anti-
interference property of DSF in vivo. Then the DA and in-
terferences with the same dosage (2 μL, 5 μM) were injected
near the DSF, and the OCV signals were recorded. With DA’s
gradual diffusion, the OCV signal decreased accordingly,

Figure 2 Anti-interference property, electrochemical stability and mechanical property of DSFs. (a) Sensing reversibility test. (b) Sensitivity of the DSF in
response to DA, AA and UA to show anti-interference property. (c) Sensing property of the DSF before and after immersed in bovine serum albumin (BSA)
solution to show anti-biofouling property. (d) Long-term sensing performance of the DSF in PBS solution. (e) Young’s moduli of CNT fiber, carbon fiber,
gold wire (Au) and silicon wire (Si), measured by nano-indentation method. (f) Electrochemical impedance stability of the DSF during bending for 200 cycles
(color online).
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followed by a continuous increase to the initial level (Figure
3b). In contrast, there were no obvious OCV peaks after AA
and UA injection, demonstrating effective DA detection and
high selectivity of the DSF in vivo.
In addition, neuron activity is sensitive and might be dis-

turbed by current flow when an external voltage is applied,
which occasionally leads to unreliable results. To evaluate
the neuron-compatibility, the DSF and neural electrodes
were co-implanted in the mice’s visual cortex, and the che-
mical signal and electrophysiology were recorded simulta-

neously. The single-unit activities of neurons near the DSF
were recorded at three stages with the potentiometric test
switched on at the second stage and turned off at the first and
third stages, and each stage was sustained for 60 s (Figure
3c). The corresponding firing rates of neighboring neurons
were then counted and analyzed at each stage (n=5). There
were no statistically significant variations before, during and
after the DSF test (Figure 3d), indicating high neuron-
compatibility of the DSF.
Based on both high anti-interference property and neuron-

Figure 3 DA detection of DSF in vivo with both high selectivity and neuron-compatibility. (a) Schematic illustration of the implantation position of a DSF
and Ag/AgCl reference fiber electrode. (b) Response of the DSF to DA, AA and UA in vivo. Electrophysiological records (c) and statistical firing rates (d,
n=5) before (I, orange), during (II, red) and after (III, green) the potentiometric methods. There is no statistical significance. P > 0.05, and the statistical test
subjected to one-way analysis of variance. (e) Simultaneous recording of DA and electrophysiology by DSF and fiber neural electrode during anesthesia of a
mouse, and corresponding power spectral density was further calculated (color online).
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compatibility, the DSF could co-worked with electro-
physiological recording to obtain rich information about DA
dynamics in the brain. A flexible neural fiber electrode was
prepared in this work by depositing Pt nanoparticles on CNT
fiber and insulated by Parylene C for electrophysiology re-
cording. The DSF and neural fiber electrodes were co-
implanted in the striatum and an anesthesia model was built
by changing the concentration of isoflurane, which was used
to alter the activity of neurons. The corresponding power
spectral density based on raw electrophysiological data was
further calculated via Fourier to transform to offer the time-
frequency structure of anesthesia. As shown in Figure 3e,
minor OCV fluctuations (green line) were found when
neurons were excitatory by light anesthesia with 0.5% (v/v,
air) isoflurane. When isoflurane concentration was increased
to 2.0%, the neurons gradually became inhibitory, as shown
in electrophysiology and corresponding power spectral
density, and the OCV of the DSF started to rise (red line),
indicating the dropping of DA concentration. After de-
creasing isoflurane concentration to 0.5% (orange line), we
found the OCV signal dropped to the initial level. When
isoflurane concentration was increased to 2.0% again, the
OCV of the DSF still responded immediately. The OCV re-
sult of the DSF was consistent with the electrophysiology
and corresponding power spectral density, demonstrating the
effectiveness of the DSF in combination with electro-
physiological recording.

The neurophysiology and neuropathology of neurons
normally operate over months to years, so real-time and
long-term monitoring of neurotransmitters is important. To
verify the potential for long-term application, the DSFs were
implanted into the striatum and an anesthetize model was
utilized (Figure 4a). After wound healing, the implanted DSF
was tested in the second week. There was an obvious OCV
peak along with changing isoflurane concentration, indicat-
ing the consistency between the anesthesia model and DA
concentration change. After that, the DSF could still detect
DA changes during anesthesia in the fourth and eighth weeks
(Figure 4a).
Chronic immune response was usually used to indicate the

biocompatibility of an implantable device. Here the im-
munofluorescence staining of the brain slices with implanted
DSFs was performed. After implantation for 2 and 8 weeks,
the mice brains were cut into slices at the horizontal section.
The astrocytoma and microglia (labeled as red) were chosen
as the two main targets to monitor the possible immune re-
sponse, which was stained by glial fibrillary acidic protein
(GFAP) and anti-Iba1 antibody, respectively. In addition, all
the cell nucleus (labeled as blue) were stained by 4′,6-
diamidino-2-phenylindole (DAPI). The results based on GFAP
showed no significant differences in fluorescent signals be-
tween the brain tissues surrounding the implanted DSFs and
the control group without implantation (Figure 4b). Fur-
thermore, the quantitative analysis showed the fluorescent

Figure 4 The implanted DSF for long-term detection in vivo and its biocompatibility. (a) The DSF being implanted into striatum to stably detect DA for 8
weeks based on an anesthesia model. (b) Merged fluorescence images of mice brain slices with implanted DSFs for 8 weeks and control groups at horizontal
section. The nucleus was blue (DAPI) and glial fibrillary acidic protein (GFAP) was red. The astrocytoma was double stained by both DAPI and GFAP. The
white dotted line indicates the position of DSF. (c) Quantitative analysis of fluorescence intensity in the implantation group being measured across the orange
and red lines in (b), in comparison to the control group (green line) (color online).
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signs around the DSF were comparable to the control group
(Figure 4c). A similar conclusion could be drawn from the
comparison of fluorescent signals of microglia (Figures S15
and S16). The result revealed the DSFs owned high bio-
compatibility, probably due to the matching mechanical
properties between the DSF and brain.

4 Conclusions

In summary, we developed a DSF based on the potentio-
metric method for long-term monitoring in vivo. It showed a
low LOD of 5 nM, 1−3 orders of magnitude lower than the
amperometry method and differential-pulse voltammetry.
After implantation, this fiber sensor possessed high neuron-
compatibility and worked well in combination with elec-
trophysiology, which made it possible to monitor DA and
electrical signals in the brain simultaneously. Due to high
biocompatibility, anti-interference property and mechanical
matching with the brain, it could continuously and stably
monitor the DA level in mouse brains for 8 weeks. This work
may present a reliable, simple and low-powered route for
long-term monitoring of chemical and electrical information
in neuroscience.
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