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ABSTRACT: Homovanillic acid (HVA) is a major dopamine metabolite, and blood HVA is considered as central
nervous system (CNS) dopamine biomarker, which reflects the progression of dopamine-associated CNS diseases
and the behavioral response to therapeutic drugs. However, facing blood various active substances interference,
particularly structurally similar catecholamines and their metabolites, real-time and accurate monitoring of blood
HVA remains a challenge. Herein, a highly selective implantable electrochemical fiber sensor based on a molecularly
imprinted polymer is reported to accurately monitor HVA in vivo. The sensor exhibits high selectivity, with a
response intensity to HVA 12.6 times greater than that of catecholamines and their metabolites, achieving 97.8%
accuracy in vivo. The sensor injected into the rat caudal vein tracked the real-time changes of blood HVA, which
paralleled the brain dopamine fluctuations and indicated the behavioral response to dopamine increase. This study
provides a universal design strategy for improving the selectivity of implantable electrochemical sensors.
KEYWORDS: high selectivity, implantable fiber sensor, real-time monitoring, molecularly imprinted polymer, homovanillic acid

1. INTRODUCTION
Homovanillic acid (HVA), a major metabolite of the pivotal
central neurotransmitter dopamine, has the ability to cross the
blood−brain barrier and enter the blood circulatory system,
unlike dopamine.1,2 Consequently, the fluctuation of blood
HVA is closely related to dopamine activity in the central
nervous system (CNS).3−5 Clinically, CNS dopamine
detection needs labor-intensive cerebrospinal fluid analysis or
complex neurosurgery to implant the device which is prone to
cause infection and permanent CNS function damage.6,7 In
contrast, blood samples are easy to collect and less invasive to
implant, positioning the dynamic profile of blood HVA as a
potent complement to existing methods for studying dopamine

activity.4,8 Furthermore, blood HVA is used as an indicator to
assess the progression of schizophrenia and the effectiveness of
related therapeutic drugs.9,10 It has also been implicated in the
pathogenesis of neurodegenerative diseases such as Parkinson’s
and Alzheimer’s disease.11−13 Therefore, real-time monitoring
of blood HVA is of great significance for the study of central
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dopamine activity, disease pathogenesis, and drug efficacy
evaluation.
However, real-time monitoring of HVA in vivo has not yet

been achieved. The main challenge arises from the presence of
numerous active substances in the blood, particularly catechol-
amines of the same type and their metabolites,14 which have
very similar molecular structures to HVA, even with a
difference of only one functional group. It is difficult to
distinguish them from HVA and to achieve accurate
monitoring of blood HVA. Although clinical detection of
blood HVA can currently be achieved by high-performance
liquid chromatography or enzyme-linked immunosorbent assay
(ELISA),15−17 real-time monitoring remains challenging due
to limitations in the frequency and quantity of blood sampling
and the need to analyze collected samples in the laboratory for
an extended period of time. Therefore, a tool for real-time
monitoring of HVA in vivo remains an unmet need.
Herein, we have developed a highly selective implantable

electrochemical fiber sensor for real-time monitoring of blood
HVA. The high selectivity for HVA is accomplished by
carefully designing the molecularly imprinted polymer (MIP),
which allows only molecules that precisely match the
recognition binding site to pass through, thus providing the
sensor with in vivo selectivity for HVA. As a result, the sensor
exhibited selectivity with a response to HVA 12.6 times greater
than that to catecholamines and their metabolites, achieving an
accuracy of 97.8% in vivo. In addition, the biocompatibility of
the sensor was evaluated with no obvious thrombus,
bioadhesion, or inflammation observed. After minimally

invasive injection into the rat caudal vein, the sensor
successfully monitored parallel changes in blood HVA
concentration induced by CNS dopamine fluctuations and
indicated excitatory behavior in rats in the meantime.

2. RESULTS AND DISCUSSION
2.1. Fabrication and Characterization of the HVA

Fiber Sensor. Figure 1a shows the structure of the HVA fiber
sensor, which consists of a working electrode and a reference
electrode. Aligned carbon nanotube (CNT) fiber18−20 was
selected as the electrode material (Supporting Information
(SI), Figure S1) due to its high flexibility with a bending
stiffness of 1.96 × 10−7 nN·m2 and high conductivity of 104 S·
cm−1. Then, a carefully designed MIP layer with binding sites
of specific recognition was electrochemically deposited on the
surface of the CNT fiber to produce the working electrode (SI,
Figure S2). Here, pyrrole was chosen as the functional
monomer because polypyrrole has been widely used in vivo
and is considered safe.21−23 The scanning electron microscope
image of the working electrode clearly showed the aligned
structure of the CNT fiber uniformly covered by a polymer
film (Figure 1b). Meanwhile, characteristic elements N and B
of the functional monomer pyrrole and the cross-linker 3-
aminophenylboric acid appeared in the X-ray photoelectron
spectroscopy, and characteristic peaks of polypyrrole were also
found in the Fourier transform infrared spectroscopy (peaks at
1547, 1324, and 1032 cm−1 corresponded to the stretching
vibration of C�C in the polypyrrole ring, C−N stretching
vibration, and N−H in-plane deformation),24−26 indicating the

Figure 1. Schematic illustration and structural characterization of a highly selective implantable electrochemical HVA fiber sensor. (a)
Schematic illustration of an integrated system for wireless monitoring of HVA signals in blood using the implantable fiber sensor. (b) SEM
images of the CNT and the CNT-MIP electrode. Scale bar, 1 μm. (c) High-resolution N 1s and B 1s XPS spectra of the CNT and the CNT-
MIP electrode. (d) Fourier transform infrared spectroscopy of the CNT and the CNT-MIP electrode (from left to right 1547, 1324, and
1032 cm−1, corresponding to the peaks of polypyrrole). (e) SEM image of the HVA sensor coated with an encapsulating layer of PDMS.
Scale bar: 200 μm. (f) Optical image of the HVA fiber sensor wrapped around a glass rod. Scale bar: 5 mm.
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successful modification of MIP on the CNT fiber (Figure
1c,d). During the fabrication process, the ratio of template,
cross-linker, and monomer was specifically set to 1:2:4 for the
optimal sensitivity of HVA detection (SI, Figure S3). For the
reference electrode, Ag/AgCl was deposited on the CNT fiber
followed by polyvinyl butyral coating (SI, Figure S4). Finally,
the HVA fiber sensor was fabricated by twisting the working
and reference electrodes together to form a two-ply fiber
configuration with polydimethylsiloxane (PDMS) as the
encapsulation layer to ensure stable signals and prevent
current crosstalk (Figure 1e, and SI, Figure S5). The HVA
fiber sensor exhibited soft mechanical properties (Figure 1f)

with a Young’s modulus of 175 kPa (SI, Figure S6), which was
in the same order of magnitude as skin and muscle tissue.27,28

2.2. Electrochemical Sensing Performance of the
HVA Fiber Sensor in Vitro. To test the electrochemical
sensing performance of the HVA fiber sensor, the response
curves were first measured by differential pulse voltammetry
(DPV) for HVA concentrations ranging from 10 nM to 2 μM
(Figure 2a). A linear relationship between the peak current at
+0.22 V and the HVA concentration (calibration curve) was
obtained with a detection sensitivity of 410 pA·nM−1 (Figure
2b). Moreover, chronoamperometry at +0.7 V was used to
obtain a linear relationship ranging from 2 to 100 μM with a
detection sensitivity of 83.7 pA·nM−1 (SI, Figure S7), further

Figure 2. Electrochemical sensing performance of the HVA fiber sensor in vitro. (a) Response peak current of the sensor at different HVA
concentrations performed by DPV (detection range: 0−2000 nM). (b) Linear relationship between response currents and HVA
concentration (0−2000 nM). n = 3. (c) Selectivity measurement of the HVA sensor: current response with the additions of HVA and a series
of interfering substances at the same concentration (1 μM). Inset: Structural formula of the homovanillic acid molecule and its structurally
similar molecule. MHPG, 3-methoxy-4-hydroxyphenylglycol; DOPAC, 3,4-dihydroxyphenylacetic acid; VMA, vanillylmandelic acid; 3-MT,
3-methoxytyramine; DHPG, 3,4-dihydroxyphenylethanol; DA, dopamine; EP, epinephrine; NP, norepinephrine; UA, uric acid; 5-HT, 5-
hydroxytryptamine; AA, ascorbic acid; Glu, glutamic acid; Pyr, pyruvic acid. n = 3. (d) Comparison of normalized current of the CNT and
the CNT-MIP electrode toward HVA and interfering substances. The concentration of each substance is 1 μM. (e) Selectivity measurement
from 0 to 4 weeks. Data are shown as the mean ± standard deviations. n = 3. All tests were carried out in PBS electrolyte.
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Figure 3. Biocompatibility of the HVA fiber sensor. (a) Representative blood flow color Doppler ultrasound images of the rat caudal vein of
the control and implanted group after 28 days. Scale bar, 250 μm. (b) Blood flow velocity results of the control and implanted group after 28
days. (c) Representative H&E staining sections of the rat caudal vein from the control and implanted group after 28 days. Scale bar, 50 μm.
(d,e) Visualization of inflammation and blood vessels by immune-staining with macrophage cell marker CD11b (green) and endothelial cell
marker CD31 (red), in caudal vein with or without implantation for 28 days, respectively. DAPI, blue. Scale bar, 50 μm. (f) The changes of
average counts of white blood cell (WBC), lymphocyte (Lymph), red blood cell (RBC), hemoglobin (HGB), hematocrit (HCT), and platelet
(PLT) after implantation for 28 days. (g) The serum levels of aspartate transaminase (AST), alanine transaminase (ALT), total bilirubin
(TBIL), urea (UREA), and creatinine (CREA) after implantation for 28 days. (h) Representative H&E staining sections of the major organs,
including the heart, liver, spleen, lung, and kidney of rats with or without implanted HVA sensor for 28 days. Scale bar, 200 μm. Data are
shown as the means ± standard deviations. n = 6.
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extending the response range of the sensor and enabling it to
detect the concentration of HVA in human blood under both
normal and pathological conditions (48.3 nM to 6.9 μM).29

For users of this sensor, the DPV method is performed first. If
the concentration exceeds 3 μM (SI, Figure S8), then
automatic switching to chronoamperometry will take place
through a decision-making program for continuous monitor-
ing. The detection limit of the sensor was calculated to be as
low as 4.58 nM based on the calibration curve. This was
attributed to the electrocatalytic effect of the CNT fiber on
HVA (SI, Figure S9a), the peak current of which was at +0.17
V, slightly lower than the oxidation potential of the sensor due
to the semiconductor nature of MIP, and the high electro-
chemical active surface area of the CNT fiber measured at 850
cm2·g−1 (SI, Figure S9b). The sensor also showed good
repeatability with a standard deviation of only 3.5% between
different samples (SI, Figure S10). Compared with the
previously reported methods,30−33 including fluorescence,
high-performance liquid chromatography, and electrochemis-
try, the HVA fiber sensor demonstrated the lowest detection
limit and widest response range at physiological pH (SI, Table
S1), making it a promising candidate for real-time HVA
monitoring.
Blood contains a large variety of bioactive molecules

especially catecholamines of the same type and their
metabolites, which have a very similar molecular structure to
HVA, even differing by only one functional group.14

Distinguishing them from HVA is essential for the accurate
monitoring of HVA in vivo. The MIP membrane of the HVA
sensor is highly selective for target molecules in interferents
because it contains binding sites that are complementary to the
target molecules.34−37 The binding sites were further
characterized by DPV and electrochemical impedance spec-
troscopy (SI, Figure S11). The subsequent decreased peak
current height in DPV and increased resistance in Nyquist
plots indicated that the MIP without a target molecule
extracted impeded the charge transfer at the electrode−
solution interface due to the increased surface coverage by the
polymer. Extraction of the template molecule HVA led to the
formation of selective binding sites in the polymer layer and
increased the exposure of the CNT fibers to the sample matrix
(details of the extraction process are provided in the Materials
and Methods), resulting in a significant increase in peak
current in DPV and a decrease in resistance in the Nyquist
plot. In contrast, there was little sign of a pick-up in the peak
current for the CNT-nonimprinted polymer after the
extraction procedure (SI, Figure S12), further revealing the
formation of binding sites in the MIP.
The selectivity of the HVA fiber sensor was then evaluated

by adding catecholamines and their metabolites and common
interfering agents in the blood into the analytical solution.
Benefiting from the specific recognition ability of MIP, the
response of the sensor to the target molecular was more than
12.6 times that of the interference response, showing excellent
selectivity to HVA (Figure 2c). Additionally, the CNT-MIP
electrode showed a specific response to HVA compared to the
CNT electrode, which displayed a response to most of the
interferents, further verifying the function of MIP as a
recognition element (Figure 2d).
The stability of the HVA sensor was also evaluated by

immersion in PBS solution at 37 °C for 4 weeks, during which
the response current remained nearly unchanged with a
fluctuation of less than 3.96% (SI, Figure S13). Moreover, as

shown in Figure 2e, the result revealed that only HVA induced
a large response current over 4 weeks, while the response to
interferents was still negligible. These results showed that the
stability of the sensor benefited from the essence of MIP as a
cross-linked polymeric matrix. Finally, the binding sites of the
HVA sensor can be regenerated repeatedly in situ without any
washing step by applying a reverse potential for 30 s to repel
bound HVA (SI, Figure S14), which is essential for continuous
monitoring in vivo (SI, Figures S15 and S16).
In addition, the interference from physical activities was

simulated to confirm the feasibility of the sensor for stable
monitoring in vivo. After 1000 bending cycles, the impedance
of the sensing fiber over a specific frequency remained stable
with a fluctuation of 5.07% (SI, Figure S17), reflecting not only
the stability of the internal structure of the electrode but also
the stability of the electro−analyte interface. The response
signals also showed no significant fluctuation during various
simulated movements, including walking, shaking, sitting,
jumping, and stooping (SI, Figure S18). These results
demonstrated that the HVA sensor was electrochemically
stable under physical activities, thus meeting the demand for
stable monitoring in vivo. To minimize the size of the
implanted sensors, a two-electrode system was used in vivo to
monitor HVA (SI, Figure S19).

2.3. Biocompatibility of the HVA Fiber Sensor. To
evaluate the biocompatibility of the HVA fiber sensor,
cytotoxicity was first studied, and no significant differences in
cell morphology, cell viability, and cell proliferation were
observed compared to the control group after coculturing the
HVA sensor with rat fibroblasts L929 and human umbilical
vein endothelial cells (HUVEC) for 2 days (SI, Figure S20).
Blood compatibility was then validated by plate adhesion,
hemolysis, dynamic coagulation, and fibrin deposition
tests.38,39 The platelet adhesion behavior of the HVA sensor
was not significantly different from that of the medical
implantable titanium (Ti) wire (SI, Figure S21). The
hemolysis rate of the sensor was only 0.57% (SI, Figure
S22), and the dynamic coagulation time was consistent with
that of the blank control group and Ti wire group (SI, Figure
S23). The fibrin deposition and network formation were not
significantly different between the sensor and Ti wire,
suggesting that the two share a similar level of antifouling
performance (SI, Figure S24). Due to the blood compatibility
of the sensor, blood flow color Doppler ultrasound images and
velocity results further validated that no thrombosis was
formed on the 1st and 28th day of implantation compared to
the control group (Figure 3a,b, and SI, Figure S25).
The inflammatory response of the caudal vein was evaluated

by hematoxylin and eosin (H&E) and immunofluorescence
staining after implantation for 28 days. H&E staining images
showed that the tissue around the HVA sensor was similar to
the control group, indicating no intimal hyperplasia and
vascular plug formation (Figure 3c). Meanwhile, immuno-
fluorescence-staining sections labeled with antibodies CD11b
and CD31 showed that implantation of the sensor did not
cause significant inflammatory cell infiltration or vascular
proliferation (Figure 3d,e, and SI, Figure S26). After 14 and 28
days of implantation, there was no significant increase in the
expression levels of serum proinflammatory cytokines (SI,
Figure S27), indicating that the implantation of the sensor
does not induce a noticeable immune response.
Chronic toxicity of the HVA fiber sensor implanted in the

body was tested by blood analysis and characterization of
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major organs. Then 28 days after implantation in rats, the
average counts of white blood cells, lymphocytes, red blood
cells, hemoglobin, and platelets and the level of hematocrit
showed no significant difference between the implanted and
control groups (Figure 3f). Besides, blood levels of enzymes
and electrolytes, which served as indicators of organ-specific
diseases, also fell within the confidence intervals of control
values (Figure 3g). Moreover, the H&E staining tissue sections
of the major organs, e.g., heart, liver, spleen, lung, and kidney,
were analyzed and no noticeable pathological change was
observed, indicating that the HVA sensor had no evident
systemic side effects on the rats (Figure 3h). All of these results
indicated that the HVA sensor demonstrated high blood
compatibility and biosafety, thus meeting the demand for
continuous monitoring in vivo.

2.4. Electrochemical Sensing Performance of the
HVA Fiber Sensor in Vivo. The sensing performance in vivo
of the HVA fiber sensor was tested after minimally invasive
injection into the caudal vein of rats. The sensor was integrated
with a flexible chip attached to the rat’s back, which collected,
processed, and wirelessly transmitted data to a Bluetooth-

enabled mobile handset (SI, Figure S28). A freely behaving rat
was tested, and the real-time electrochemical signal obtained
from the mobile handset successfully reflected the normal
fluctuations of blood HVA. As shown in Figure 4a, the data
obtained from the sensor matched well with ex situ
measurements of blood samples by a commercial ELISA kit
with an accuracy of up to 97.8% (SI, Figure S29). Moreover,
the real-time response of the sensor to changes in higher
concentrations of HVA was studied by injecting a high
concentration of HVA solution into fresh anticoagulant
peripheral blood of rats, which also matched well with the
results determined by the ELISA kit (SI, Figure S30). These
results showed that the HVA sensor was both accurate and
timely, serving as a continuous monitoring tool without the
need for complex sampling procedures and cumbersome
equipment.
The HVA sensor was retained in freely behaving rats for 4

weeks to validate its potential for long-term application in vivo.
The sensitivity was found to be well maintained after chronic
implantation in vivo for weeks compared to that of the in vitro
test proceeding simultaneously (Figure 4b). The impedance

Figure 4. Electrochemical sensing performance of the HVA fiber sensor in vivo. (a) Comparison between ex situ calibration data for HVA
from collected blood samples and on body readings from the HVA fiber sensor. (b) The stable sensitivity of the HVA sensor in vitro for 28
days (blue dots). Another HVA fiber sensor was implanted in a rat caudal vein for 28 days and then tested in vitro (red dot). The red dot
showed no obvious difference compared with the blue dots, indicating stable sensitivity in vivo. (c) The stable impedance magnitude of the
HVA fiber sensor in the caudal vein of a rat during implantation for 28 days. (d) Schematic illustration of intracranial injection of levodopa
and corresponding metabolic pathways. HIP: hippocampus. (e) Changes of dopamine concentration in the hippocampus (ex situ data from
collected brain tissue) and HVA concentration in blood (on body reading from the integrated system using the HVA fiber sensor) after
intracranial injection of levodopa. (f) Representative traces of the elevated plus maze (EPM) of the rats in the control and model group. n =
6. Control, rats were injected intracranially and in the caudal vein with equal amounts of sterile PBS as in the model group; model, rats were
injected intracranially with levodopa and implanted with HVA fiber sensors in the caudal vein. (g−j) EPM test statistics. The total distance
during the EPM (g), distance in open arms (h), entries in open arms (i), and time spent in open arms (j). Data are shown as the means ±
standard deviations. n = 6 * P ≤ 0.05, ** P ≤ 0.01, and ***P ≤ 0.001.
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magnitude of the sensor also remained stable throughout
continuous monitoring (Figure 4c). Furthermore, the structure
of the sensing fiber electrodes was well preserved after being
implanted for 4 weeks, which accounted for the long-term
electrochemical stability (SI, Figure S31). These results
indicated a promising route with real-time monitoring of
HVA in the blood over a continuous period of time.
Subsequently, the HVA sensor was applied to research on

activity of dopamine in the CNS and presented as a proof of
concept. Intracranial dopamine induction in rats was carried
out by a target injection of levodopa (a medication commonly
used to treat neurodegenerative diseases) into the hippo-
campus to prevent the influence of peripheral dopamine on
experimental results (Figure 4d).40,41 The levodopa was
initially converted to dopamine, which caused the intracranial
dopamine to rise afterward to the peak (30.41 ng/mg) after 30
min determined by ex situ measurements of brain tissue
supernatant by commercial ELISA. Then, dopamine was
gradually metabolized to HVA which entered the blood
circulation through the blood−brain barrier. The concen-
tration of HVA in the blood, monitored in real time by an
HVA fiber sensor implanted in the rat caudal vein, increased
gradually and peaked (2.7 μM) after 104 min, with a delay of
74 min compared to dopamine in the CNS (Figure 4e).
Furthermore, along with the increase in HVA concentration in
the blood, the rats exhibited excited behavior, which was
verified by the elevated maze test (Figure 4f). As shown in
Figure 4g−j, the moving trajectory, total distance, distance in
the open arm, entries in the open arm, and time in the open
arm of the model group presented significant differences
compared to those of the control group, confirming the
excitability of rats. The results validated the feasibility of
assessing the trend of dopamine changes in the CNS and
evaluating the behavioral response to therapeutic drugs
through real-time monitoring of blood HVA by the sensor,
avoiding the high trauma and risks caused by multiple
craniotomy detection. Compared to the existing clinical
dopamine detection techniques, the sensor demonstrated
significant advantages in real-time continuous monitoring
and ease of use (SI, Table S2).

3. CONCLUSIONS
In summary, we have developed an implantable electro-
chemical HVA fiber sensor by taking advantage of molecularly
imprinted polymer to achieve highly selective (>12.6-fold),
accurate (97.8%) and real-time monitoring of HVA in vivo.
This work not only provides a promising tool for real-time
monitoring of HVA concentration in blood, which is
meaningful for the study of central dopamine activity with
less invasiveness, disease diagnosis, and drug efficacy
evaluation, but also demonstrates a universal strategy for
improving the selectivity of implantable electrochemical
sensors, thus broadening the monitoring range of biochemical
substances in vivo.

4. MATERIALS AND METHODS
4.1. Materials and Reagents. Silver nitrate (AgNO3, 99.8%),

polyvinyl butyral (PVB, P105915), levodopa (99.0%), 3-amino-
phenylboric acid (APBA, 98.0%), homovanillic acid (HVA, >98.0%),
ferric trichloride hexahydrate (FeCl3·6H2O, ≥99.0%), 3,4-dihydrox-
yphenylacetic acid (98.0%), 3-methoxy-4-hydroxymandelic acid
(98.0%), 4-(2-aminoethyl)-2-methoxyphenol (≥95.0%), ascorbic
acid (>99.0%), uric acid (99.0%), norepinephrine (98.0%), 4-

hydroxy-3-methoxyphenylethanol (≥95.0%), ethanol (≥99.9%),
pyruvic acid (96.0%), and glutamic acid (≥99.9%) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. L-Lactate
(98.0%), D-(+)-glucose (99.5%) and Nafion (5 wt % in a mixture of
lower aliphatic alcohols and water) were acquired from Sigma-
Aldrich. Phosphate buffer saline (PBS, pH = 7.4), potassium chloride
(KCl, ≥99.5%), sodium bisulfite (NaHSO3, AR), sodium chloride
(NaCl, 99.5%), hydrogen chloride (HCl, AR), and potassium
ferricyanide (K3Fe(CN)6, ≥99.9%) were obtained from Sinopharm
Chemical Reagent Co., Ltd. Sodium thiosulfate (Na2S2O3, 99.0%),
pyrrole (99.0%), epinephrine (99.0%), 3,4-dihydroxyphenylethanol
(98.0%), dopamine (98.0%), and potassium ferrocyanide (K4Fe-
(CN)6, 99.0%) were purchased from Shanghai Macklin Biochemical
Co., Ltd. Polydimethylsiloxane (PDMS, including a SYLGARD 184
silicone elastomer base and its curing agent) was purchased from Dow
Corning. Serotonin (≥99.9%), vanillin (99.5%), rat homovanillic acid
ELISA kit, bovine serum albumin (BSA, 20 mg·mL−1), Triton X-100
(99.0%), human fibrinogen (FBG), and goat antihuman fibrinogen/
fluorescein isothiocyanate (FITC) were purchased from Nantong
Feiyu Biological Technology Co., Ltd. Rat dopamine (DA) ELISA kit
was obtained from Meimian Industrial Co., Ltd. (Jiangsu, China).
Sodium tetraphenylborate buffer (pH = 9.18) was obtained from Leici
(Shanghai, China). Whole pig blood was purchased from Shanghai
Yuanye Bio-Technology Co., Ltd. Human umbilical vein endothelial
cells (HUM-iCell-e005) and mouse fibroblast cells L929 (iCell-
m026) were purchased from iCell Bioscience Inc. (Shanghai, P. R.
China). Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine
serum (FBS), and trypsin-EDTA were purchased from Gibco
(Shanghai, P. R. China). Enhanced Cell Counting Kit-8 and
Calcein/PI Live/Dead Viability/Cytotoxicity Assay Kit were
purchased from Beyotime Biotechnology Technology Co., Ltd.

4.2. Preparation of HVA Working Fiber Electrode. The CNT
fiber was immersed into the polymerization solution, which was
prepared by dissolving 2.5 mM HVA, 6.25 mM APBA, and 18.25 mM
pyrrole into phosphate-buffered saline (pH = 7.4), and the imprinted
polymer was electrochemically synthesized on the CNT fiber
electrode with CV deposition (0−1 V for three cycles, 50 mV·s−1).
Subsequently, the target molecules (HVA) were extracted by soaking
the electrode into a sodium tetraphenylboride buffer (pH = 9.18)
with arbitrary constant potential step wave at 0.2 V for 60 s, 0.7 V for
60 s, 1.2 V for 60 s, 0.7 V for 60 s, and 0.2 V for 60 s for 10 cycles, and
this process took 50 min. The HVA working fiber electrode was
acquired after being rinsed with deionized water and dried at room
temperature. For nonimprinted polymer (NIP), the electrode was
prepared following the same procedure as MIP except that no
template molecule HVA was added to the polymerization solution.

4.3. Preparation of Ag/AgCl Reference Fiber Electrode. The
CNT fiber was coated with Ag nanoparticles in a solution containing
0.25 M AgNO3, 0.75 M Na2S2O3, and 0.5 M NaHSO3 by multicurrent
electrodeposition at −0.01 mA for 150 s, −0.02 mA for 50 s, −0.05
mA for 50 s, −0.08 mA for 50 s, and −0.1 mA for 350 s. Subsequently,
a chlorination process was implemented by dipping the fiber into a 0.1
M FeCl3 solution for 30 s. Finally, the Ag/AgCl reference fiber
electrode was obtained by drop-coating 4 μL of PVB solution, which
was prepared by dissolving PVB (79.1 mg) and NaCl (50 mg) into 1
mL of ethanol.

4.4. Fabrication of HVA Fiber Sensor. The HVA working fiber
electrode and Ag/AgCl reference fiber electrode were coated with
PDMS (PDMS was prepared with the silicone elastomer base and its
cross-linking agent at a weight ratio of 10:1) and solidified at 80 °C
for 1 h as the insulating layer. Then, the sensing fiber and the
reference fiber were arranged in parallel. Subsequently, one end was
fixed by a rotating motor shaft and the other was fixed by adhesive
tape, with the motor operating at a speed of 200 rad·min−1 to form a
helical structure. Finally, the PDMS was coated again to fix the helical
structure, and the HVA fiber sensor was acquired.

4.5. Characterization of the HVA Fiber Sensor. The
morphology of the HVA fiber sensor was characterized by scanning
electron microscopy (SEM, Hitachi FE-SEM S-4800). Gold nano-
particles were deposited at 110 mA for 30 s on the surface of the
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sensor by a sputter coater (Leica, EM ACE600). X-ray photoelectron
spectroscopy (XPS) was carried out with a K-Alpha X-ray
photoelectron spectrometer (ThermoFisher). The spectra were
calibrated using the C 1s peak at 284.8 eV. Fourier-transform infrared
spectroscopy (FTIR) was carried out using a Nicolet IS50
spectrometer (ThermoFisher). Tensile tests were carried out with a
HY-0580 tensile tester (Hengyi) at a rate of 10 mm·min−1.

4.6. Electrochemical Performance Testing in Vitro. The
electrochemical performance of the sensor was carried out with a
three-electrode system. HVA sensing fiber electrode, Ag/AgCl
electrode, and Pt electrode were used as working, reference, and
counter electrodes, respectively. Cyclic voltammetry (CV) was carried
out for the study of the catalyst effect of the CNT fiber, with the CV
condition as follows: range, 0−1 V; scanning rate, 20 mV·s−1.
Differential pulse voltammetry (DPV) analysis was performed for
sensor characterization in PBS (pH = 7.4), with the DPV conditions
as follows: range, 0−1 V; incremental potential, 0.01 V; pulse
amplitude, 0.05 V; pulse width, 0.05 s; pulse period, 0.5 s. Open
circuit potential−electrochemical impedance spectroscopy (vs
frequency) was performed for the study of the electrochemical
stability of the HVA sensor, with a frequency range of 1−100000 Hz,
alternating current amplitude, 10 mV. All the electrochemical
measurements were carried out using a CorrTest CS350 electro-
chemical workstation and repeated at least three times. The
repetitions for every described experiment were different sensors,
each tested once. Gas protection was maintained by using Ar gas
throughout the test. The limit of detection (LOD) was calculated by
using the following formula:

=
× S
k

LOD
3 b

Where k was the slope of the calibration curve and Sb was the
standard deviation of the intercept of the calibration curve.

4.7. Implantation of the HVA Fiber Sensor and Wireless
Continuous Monitoring. The HVA fiber sensor was threaded into a
syringe prefilled with sterilized normal saline with the sensing site kept
in the needle and the other parts left in the syringe body. Then, the
SD rats were given with 1% isoflurane at an airflow rate of 1000 cc·
min−1 for anesthesia induction and 2.5% isoflurane at an airflow rate
of 800 cc·min−1 for anesthesia. After the rat’ tail was cleaned with
iodophor and 75% (v/v) alcohol, the sensor was implanted into the
caudal vein through intravenous injection. The end of the sensor was
connected to a commercial flexible (E104-BT02-V4.2) fixed on the
back of the rat by 3 M tape, which prevented scratching of the rats.
The electrical signals detected by the sensor were converted to
concentration signals, which were wirelessly transmitted to a mobile
phone via Bluetooth and displayed on the screen in real time.

4.8. Electrochemical Performance Testing and Calibration
in Vivo. First, the rats were anesthetised with amobarbital sodium
solutions (1%, 40 mg·kg−1), and the HVA fiber sensor was injected
into the caudal vein. Next, the electrochemical test in vivo was
performed with a two-electrode system. Meanwhile, the blood
samples were collected and measured by a commercial enzyme-
linked immunosorbent assay (ELISA), which was conducted to
evaluate the accuracy of the sensor by comparing it with the data
acquired continuously in vivo. The accuracy is defined as follows:

=
| |

×
C C

C
accuracy(%) 100%in ex

ex

Cin was the data acquired from the sensor, and the Cex was the data
measured by the commercial ELISA.

4.9. Enzyme-Linked Immunosorbent Assay. The blood was
collected from the caudal vein of each rat and was centrifuged (3000
rpm, 4 °C, 10 min) to acquire plasma for the HVA test at different
time points. The 15% hippocampi were isolated and blotted dry and
then weighed and prepared as a 5% tissue homogenate in ice-cold
0.9% saline solution. After centrifugation (1500g, 4 °C, 10 min), the
supernatant was obtained for the dopamine test at different time
points. The concentrations of dopamine and HVA were measured by

rat dopamine and HVA ELISA kits according to the manufacturer’s
instructions. The absorbance at an optical density of 450 nm was
determined by a Synergy 2 microplate reader.

4.10. Blood Flow Color Doppler Ultrasound Imaging. Blood
flow color Doppler ultrasound imaging (Mindray, Vetus 8) was used
to evaluate the blood flow velocity and the presence of thrombosis.
Rats were anesthetized with (1.5−2.5) % isoflurane and kept supine
on a heated platform during imaging. The tail was cleaned with an
iodophor and 75% (v/v) alcohol.

4.11. Techniques for Intracranial Dopamine Induction in
Rats. First, a 50 mg portion of levodopa was dissolved in 10 μL of 0.1
M HCl and 10 mL of glucose solution (50 mg/mL) was added to
obtain levodopa injection. Then, the rats were anesthetized with 2%
isoflurane mixed with oxygen and fixed on a stereotactic brain frame.
After marking a scalp incision, the connective tissue and periosteum
were carefully removed using a scalpel to expose the brain’ skull. A 0.3
mm diameter hole was drilled at the skull, and 10 μL of sterilized
levodopa was slowly injected into the designated brain regions with
the help of a micro pusher on the brain stereotaxic instrument
(hippocampus: AP, −4.16 mm; DV, 7 mm; ML, 5 mm; Paxinos−
Watson map).

3.12. The Elevated Plus Maze Test. The rats were released from
the central platform individually and allowed to explore the maze
freely for 5 min with a camera positioned overhead. The total distance
and the time spent, the distance traveled, and the number of entries in
the open arms were recorded.
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