nature communications

Article

A nanoMIP sensor for real-time in vivo
monitoring of levodopa pharmacokinetics in
precision Parkinson’s therapy

https://doi.org/10.1038/s41467-025-65853-2

Received: 3 June 2025 Yue Zhou', Junhao Li', Zhongyi Xu', Yixin Zhao', Shanshan Zhang', Tong Liu®’,

Yelan Yao', Lu Fang? Yu Cai®, Xuesong Ye' - & Bo Liang ®"3

Accepted: 23 October 2025

Published online: 01 December 2025 ) . . 3 . 3
Real-time in vivo monitoring of levodopa pharmacokinetics is essential to

address its narrow therapeutic window in Parkinson’s disease (PD) therapy.
However, current methods require excessive sample volumes, suffer low
sampling frequencies, and fail to capture complete pharmacokinetic profiles.
Here, we present an in vivo monitoring system for real-time tracking of levo-
dopa levels in interstitial fluid (ISF) using a spindle-shaped carbon nanotube
(CNT) fiber electrochemical sensor functionalized with a nanoscale molecu-
larly imprinted polymer (nanoMIP) on single electroactive CNTs. The core-
shell (CNT-nanoMIP) nanostructures provide sensitive, selective detection of
levodopa, along with resistance to both biofouling and chemical fouling in
continuous ISF detection. The system was validated for monitoring complete
pharmacokinetic profiles and assessing temporal correlations between ISF/
plasma levodopa pharmacokinetics in both PD rat models and healthy rats. We
also demonstrated optimized and adjustable pharmacokinetic profiles
through in vivo experiments with rationally designed levodopa dosing regi-
mens, highlighting the system’s potential for personalized PD
pharmacotherapy.

M Check for updates

Parkinson’s disease (PD) is the second most prevalent neurodegen-
erative disorder, associated with dysregulated motor and nonmotor
symptoms, and currently affecting more than 8 million people
worldwide'. It is characterized by the irreversible depletion of dopa-
minergic neurons in the substantia nigra and a subsequent progressive
loss of the neurotransmitter dopamine®. Levodopa (L-Dopa), which has
served as the gold-standard anti-parkinsonian medicine since its dis-
covery in the 1960s*, can cross the blood-brain barrier and is meta-
bolized into dopamine, thus helping PD patients restore and enhance
dopamine levels in the brain and recover most motor function®®.
However, with long-term L-Dopa treatment, PD patients suffer from
severe motor complications, such as dyskinesias and off-time epi-
sodes, due to the complex dose-response relationship related to L-
Dopa’s short half-life and narrow therapeutic window’®

(Supplementary Fig. S1). Real-time continuous monitoring of drug
pharmacokinetics (PK) holds immense potential for enabling accurate
and personalized drug treatment by providing clinicians with critical
and quantitative pharmacological information®™.

In therapeutic drug monitoring (TDM), gold-standard detection
of L-Dopa levels is typically performed in laboratory settings using
high-performance liquid chromatography (HPLC) or liquid
chromatograph-mass spectrometer (LC-MS) analysis of plasma sam-
ples. The implementation of these approaches for at-home monitoring
and timely medical intervention is hindered by challenges related to
intensive labor requirements, complex instrumentation, and long
turnaround times. Furthermore, issues such as rapid degradation of
L-Dopa during sample transmission', frequent sampling demands,
and the absence of continuous dynamic information restrict the
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clinical adoption of L-Dopa PK monitoring. The development of elec-
trochemical sensing technologies has facilitated the continuous
monitoring of health-related and disease-specific biomarkers across
various human biological fluids at the individual level*°. However,
current electrochemical sensors for L-Dopa are largely limited to
point-of-care detection, relying on blood"** or sweat samples** and
requiring intermittent sampling. Recent advances in active ionto-
phoresis stimulation have shown some promise for continuous sweat
monitoring in PD patients? but are unable to support long-term and
uninterrupted sweat analysis. Alternatively, implantable sensors offer
considerable promise for real-time, continuous, and on-site monitor-
ing of L-Dopa” . Yet, their practical use in in vivo PK monitoring
remains limited by challenges such as low target analyte concentration
and severe electrode passivation caused by biofouling and L-Dopa’s
self-polymerization®’. What's more, few of the existing L-Dopa sensors
have been validated against the gold-standard method of plasma HPLC
quantification. Therefore, the pharmacological relationship between
L-Dopa levels in ISF and circulating blood remains unclear to date.

Here, we present a continuous L-Dopa sensing system for real-
time and in vivo monitoring of L-Dopa PK in ISF (Fig. 1a, b). The system
integrates a fiber-assembled implantable electrochemical sensor for
sensitive and selective L-Dopa detection, along with a flexible circuit
patch coupled with a Bluetooth module for wireless data transmission
(Supplementary Figs. S2, S3). The key sensing fiber, referred to as
the nanoMIP fiber sensor, is constructed by functionalizing
nanoscale molecularly imprinted polymers (nanoMIP) onto individual
carbon nanotubes (CNTs) from a spindle-shaped carbon nanotube
fiber (SSCNTF)*'. The CNT-core/nanoMIP-shell nanostructure imparts
the nanoMIP fiber with L-Dopa-specific recognition via imprinted
sites within the nanoMIP-shell and facilitates efficient electrochemical
redox signal transduction through the electroactive CNT-core
(Fig. 1c, d). The specific binding of L-Dopa results in an increased
peak current in differential pulse voltammetry (DPV), while non-target
analytes were excluded by the target-specific MIP shell due to their
non-complementary structures. The design of core-shell nanos-
tructures also offers multiple advantages for continuous L-Dopa
monitoring in ISF, including resistance to both biofouling and chemi-
cal fouling, as well as good biocompatibility. Moreover, the nanos-
tructures confer structural (Fig. le) and electrochemical (Fig. 1f)
stability to the nanoMIP fiber sensor under strain conditions that
mimic typical skin deformation®.

By addressing critical challenges in ISF-based L-Dopa monitoring
through functional sensing electrodes, this system extends to in vivo
PK monitoring in various rat trials (Fig. 1g). Prior to in vivo application,
the sensing accuracy was validated using a commercial electro-
chemical workstation (Fig. 1h). When subcutaneously implanted in a
rat model, the nanoMIP fiber sensor enables sensitive and selective
detection of L-Dopa level changes (Fig. 1i), as well as continuous
monitoring over a full PK cycle (Fig. 1j). In addition, we showcase the
potential of the system for accurate PK profiling by examining corre-
lations between dynamic L-Dopa concentrations and key PK para-
meters obtained from ISF (via the sensor) and blood (via HPLC). To
further support the development of precise PD therapies, we char-
acterized L-Dopa PK in both healthy and 6-hydroxydopamine (6-
OHDA)-induced PD rat models and analyzed PK variations across dif-
ferent L-Dopa dosing regimens, including low-dose intermittent
injection and variable-rate continuous infusion.

Results

Fabrication and characterization of the nanoMIP fiber electrode
The L-Dopa nanoMIP fiber was fabricated by co-electropolymerizing
functional monomers with L-Dopa template molecules on the spindle-
shaped CNTF (SSCNTF) electrode and then electrochemically remov-
ing the template L-Dopa molecules. In this work, we used an expanded
SSCNTF as the electrode substrate that enables high electrochemical

activity (Supplementary Fig. S4) with increased accessible CNT sites
and enlarged network pores for mass diffusion®****. The substantial
individual CNT networks obtained in SSCNTF can provide sufficient
surface area for MIP deposition on each electroactive CNT (Supple-
mentary Fig. S5). The expanded SSCNTFs exhibited consistent redox
capability toward the Ks[Fe(CN)gl/K4[Fe(CN)g] redox couple (Sup-
plementary Fig. S6). The fabrication process is illustrated in Fig. 2a. In
detail, the nanoMIP layer was first deposited onto the CNT surface by
electropolymerization in a mixed solution of pyrrole, resorcinol, and
L-Dopa using cyclic voltammetry (CV, —0.2V to +0.8 V)*. The L-Dopa
template was subsequently eluted from the nanoMIP shell by
applying a potential of 0.6 V in 0.1 M NaOH. These approaches could
accelerate the electrochemical oxidation of the bound L-Dopa and
disrupt its non-covalent interactions within the polymer matrix. The
bound L-Dopa thus rapidly desorbs from the MIP layer, generating
specific binding cavities with a complementary conformation to
L-Dopa. This process effectively exposed the CNT core to the target
drug molecule.

The electrochemical polymerization of the nanoMIP fiber was first
characterized and compared with non-imprinted polymer (NIP) (Sup-
plementary Fig. S7), which was electropolymerized without the tem-
plate molecule. In the polymerization CV curves, no oxidation signal of
L-Dopa was observed in the NIP, while the MIP efficiently polymerized
the L-Dopa template, showing a distinct oxidation peak in the first scan
(Supplementary Fig. S8). Following polymerization, fourier transform
infrared spectroscopy (FTIR) analysis was conducted to elucidate the
interactions between the functional monomers and the template
molecule. The results revealed that the binding was mainly governed
by O-H--O-H and O-H--N-H hydrogen bonds, while additional
N-H--O-H hydrogen bonding was also identified between the two
functional monomers (Supplementary Fig. S9). These non-covalent
interactions provide the selective recognition of L-Dopa within the
monomer matrix. Moreover, the representative electroactivity of the
MIP/NIP fiber was analyzed before and after template removal (Sup-
plementary Fig. S10). Prior to L-Dopa elution, a larger double-layer
current was observed in the MIP compared to the NIP. This difference
is primarily attributed to the presence of L-Dopa, which leads to var-
iations in the thickness and purity of the conductive polypyrrole (PPy)
matrix. After elution, decreased double-layer current was identified in
nanoMIP fiber, indicating the restoration of conductive pathways for
redox electron transfer in MIP. These results confirm the successful
incorporation of L-Dopa molecules into the nanoMIP layer before
chronoamperometry (CA) elution and their effective removal
afterward.

To further verify the extraction of the templates, the surface
chemistry of the MIP and NIP was performed. As shown in SEM and
TEM images (Fig. 2c), the MIP fiber exhibited a dense network of core-
shell nanostructures, each comprising an individual CNT core and an
encircling polymer shell. The elution process led to distinct morpho-
logical changes in the core-shell nanostructures. The MIP shell exhib-
ited a significant reduction of -20nm in thickness after the
detachment of L-Dopa from the polymeric matrix (Fig. 2d), whereas
the NIP retained an intact shell with an almost unchanged thickness,
showing only a slight decrease of ~4 nm (Supplementary Figs. S11, S12).
XPS analysis of this shell revealed a decreased carbon content (Sup-
plementary Fig. S13) and the emergence of nitrogen (N) signals char-
acteristic of PPy (Fig. 2e) in the SSCNTF after MIP deposition. The MIP
composition was further validated by Raman spectroscopy, confirm-
ing the presence of PPy with its characteristic peaks at 925, 981, and
1039 cm™! (Supplementary Fig. S14). In addition, the MIP shell con-
tained a higher oxygen (O) content than the NIP, which was attributed
to the incorporation of L-Dopa templates (Fig. 2f). After removing the
templates, O content in NIP showed a significant increase, likely
resulting from the introduction of oxidative functional groups under
the overpotential of 0.6 V*. In contrast, the decreased O content
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Fig. 1| L-Dopa sensing system for in vivo PK monitoring. a Schematic of the
in vivo L-Dopa sensing system, including a nanoMIP fiber sensor implanted sub-
cutaneously for real-time ISF monitoring and a wearable flexible printed circuit
board (FPCB) patch for DPV detection. The fiber sensor consists of a nanoMIP-
coated spindle-shaped CNT fiber (SSCNTF), a CNT fiber (CNTF), and an Ag/AgCl-
coated CNTF. b Schematic of PK optimization through timely dosage intervention
guided by real-time L-Dopa monitoring. ¢ Sensing mechanism: the nanoMIP shell
specifically binds L-Dopa molecules, while the CNT core transduces the redox
signal during L-Dopa oxidation. d TEM showing the core-shell nanostructure
composed of a nanoMIP shell and CNT core. e Three-dimensional structure char-
acterization of the nanoMIP fiber by X-ray tomography scanning (left). X-ray

tomography of the nanoMIP fiber under 0% and 20% strain, with reconstructed
images and surface area comparisons. f Electroactive surface area characterization
before and after 20% stretching. g Photo of a rat model undergoing real-time
L-Dopa PK monitoring using the sensing system. Inset: flexible printed circuit board
(FPCB) patch. h Correlation between the nanoMIP fiber sensor and an electro-
chemical working station. Current signals were measured by differential pulse
voltammetry (DPV) in simulated body fluid containing 20-80 pM L-Dopa. i DPV
curves detected before (0 min) and after L-Dopa injection (40 min). Oxidation peak
currents were used to calculate L-Dopa concentration. j L-Dopa PK profile following
0.12mg-g* dosing.

observed in the MIP reflected a diminished level of bound L-Dopa. The
FTIR spectra of the MIP showed decreases in the broad band at
3200-3600 cm™! after template removal, due to the loss of -OH and
-NH; groups from L-Dopa, whereas no such change was observed for

the NIP (Supplementary Fig. S15). In addition, at ~1600 cm™! (C=0 and
aromatic C=C stretching), the MIP exhibited a clear decrease after
elution, indicating the elimination of C=0 groups from L-Dopa. These
observations indicated the selective extraction of template molecules,
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Fig. 2 | Fabrication and characterization of nanoMIP fiber electrode.

a Schematic illustration of the fabrication process of the nanoMIP fiber electrode
and the corresponding structural changes in the CNT. b Scanning electron micro-
scopy (SEM) image of MIP polymerized on CNTF (CNTF/MIP). Surface and internal
structure of SSCNTF/MIP before (c) and after (d) template molecule extraction.
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Left: SEM image of SSCNTF/MIP; right: TEM image showing the nanoMIP structure.
Raman spectra of SSCNTF, SSCNTF/MIP, and SSCNTF/NIP before and after tem-
plate extraction, showing characteristic peaks of N 1s (e) and O 1s (f). a.u., arbitrary
units. g DPV curves of SSCNTF/MIP and SSCNTF/NIP in response to 100 uM L-Dopa.
h DPV curves of SSCNTF/MIP and CNTF/MIP in response to 10 uM L-Dopa.

which may help to generate specific cavities embedded within non-
specific polymer layers.

Toillustrate the specific recognition of L-Dopa, we applied DPV to
determine 10-100 puM L-Dopa in both MIP/SSCNTF and NIP/SSCNTF
electrodes. No oxidation peak was found on the NIP even at a high
concentration of 100 uM (Fig. 2g). However, detection with MIP/
SSCNTF enables well-defined L-Dopa oxidation peaks with a flat
baseline across all concentrations, indicating the successful fabrication
of an L-Dopa-specific MIP electrode (Supplementary Fig. S16). Beyond
specificity, high sensitivity is also important for drug sensing featuring
alow in vivo concentration. CNTF-based MIP sensors (CNTF/MIP) have
been previously reported for cortisol and lactate detection®”*, typi-
cally consisting of an electroactive CNTF as a redox core and a selective
polymeric shell. Following a similar strategy, we fabricated a CNTF-
based L-Dopa MIP electrode (CNTF/MIP) by replacing SSCNTF with
CNTF. The CNTF/MIP exhibited a microscale MIP shell coating on the
CNTF surface, referred to as microMIP (Fig. 2b). We evaluated its
electrochemically active surface area and sensing performance
towards L-Dopa with a low concentration (10 uM). This microMIP
exhibited a smaller active surface area (-0.0099 cm? than nanoMIP
(-0.0496 cm?) (Supplementary Fig. S17) and limited sensitivity for
L-Dopa sensing, with no detectable oxidation current (Fig. 2h). The
comparison of the DPV responses of CNTF/MIP with SSCNTF/MIP
electrodes demonstrates the benefits of the nanoscale core-shell

sensing structures in enhancing molecular binding and signal trans-
duction, which are crucial for in vivo monitoring of L-Dopa.

The sensitivity and selectivity of the nanoMIP electrode exhibit an
inverse relationship, determined largely by the structure of the MIP
shell, which is influenced by both electropolymerization and template
extraction conditions (Supplementary Fig. S18). These parameters
were evaluated by comparing the L-Dopa response between MIP and
NIP electrodes. The response of NIP represents a non-specific elec-
trochemical reaction on the CNT surface, which is exposed to the
target sample due to an incomplete or degraded shell structure. An
optimal condition should be characterized by a strong MIP response
combined with little signal from the NIP. Here, we show that electro-
chemical template extraction using chronoamperometry (CA) at 0.6 V
in 0.1 M NaOH enabled more efficient elution, yielding a greater signal
difference between MIP and NIP compared to extraction using CV
(0-0.6V, Supplementary Fig. S19) or extraction in 0.1 M PBS (Supple-
mentary Fig. S20), 0.1M NH3-H»0, and 0.1M KOH (Supplementary
Fig. S21). Following these extraction conditions, the number of CV
polymerization cycles (Supplementary Fig. S22), the duration of CA
elution (Supplementary Fig. S23), the template concentration (Sup-
plementary Fig. S24), and the incorporation of resorcinol in MIP
polymerization (Supplementary Fig. S25) were further optimized. The
results showed that the resorcinol-incorporated MIP prepared with 18
CV cycles, 30s CA extraction, and 15mM template concentration

Nature Communications | (2025)16:10796


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65853-2

enabled an L-Dopa-specific current 12.2-fold greater than that of
ascorbic acid®*, a common bio-interferent analyte. In conclusion, a
favorable trade-off between sensitivity and selectivity has been
achieved in the nanoMIP fiber sensor, thereby improving the accuracy
of L-Dopa quantification.

In vitro evaluation of the implantable nanoMIP fiber sensor

We tested the sensing performance of the nanoMIP fiber sensor in a
series of in vitro and in vivo experiments. We first established an
optimized DPV method for detecting L-Dopa, using a modulation time
of 0.015s and a step voltage of 0.005V (Supplementary Fig. S26). In
vitro DPV measurements of the nanoMIP fiber sensor in PBS showed a
clear current gain in response to increasing L-Dopa concentrations
(0.5-100 pM) (Supplementary Fig. S27). The physiological concentra-
tion range of L-Dopa in humans typically falls between 0 and 30 pM™.
DPV measurements (Fig. 3a) and calibration curve (Fig. 3b) within this
range demonstrate an experimentally determined detection limit of
0.5uM and an ultra-high sensitivity of 6.45 pA-uM?, which surpass
those reported by most voltammetric methods for L-Dopa detection
(Supplementary Table S1). We next evaluated the selectivity of the
nanoMIP fiber sensor by monitoring the changes in current response
to 100 pM L-Dopa upon the sequential addition of potential biological
interferents, including glucose (Glu), urea (Urea), lactic acid (Lac),
creatinine (Cre), cortisol (Cor), ascorbic acid (AA), uric acid (UA), the
commonly used adjuvant drug carbidopa, and another interfering
drug, acetaminophen (Fig. 3¢), as well as various essential amino acids
(Supplementary Fig. S28). These interferents produced negligible
changes in the oxidation current of L-Dopa, demonstrating the excel-
lent anti-interference capability of the nanoMIP sensor for in vivo
monitoring. The reversibility of the MIP between high (30 pM) and low
(0O M) L-Dopa concentrations was also evaluated both in vitro (Fig. 3d
and Supplementary Fig. S29) and under simulated in vivo conditions
(Supplementary Fig. S30). The nanoMIP sensor exhibited reliable
reversibility over 40 switching cycles, showing stable peak current
differences (ACurrent) with relative standard deviations of 9.8%
in vitro and 6.7% in vivo. This reversibility results from the electro-
chemical oxidation of L-Dopa and its subsequent desorption from the
MIP within the DPV window (0-0.6 V)®. We also observed consistent
sensing performance of the nanoMIP fiber sensor after 7 days of sto-
rage in deionized water at 4 °C, suggesting its excellent storage sta-
bility and convenience (Supplementary Fig. S31).

Chemical fouling of the electrode surface poses a major challenge
in the long-term electrochemical detection of phenolic analytes such as
dopamine, serotonin, and L-Dopa, resulting from the excessive accu-
mulation of their oxidation by-products***2. In the case of L-Dopa
oxidation (Fig. 3e), not only is L-dopaquinone produced, but undesir-
able derivatives, including 5,6-dihydroxyindole-2-carboxylic acid
(DHICA) and 5,6-dihydroxyindole (DHI), are also generated®. These
species can spontaneously polymerize into oligomers and adsorb onto
the electrode surface, forming a chemical fouling layer. This fouling
layer can significantly reduce the sensitivity, response rate, and
detection stability of the L-Dopa sensor, thereby limiting its applic-
ability in continuous monitoring. We next assessed the changes in
current response during continuous L-Dopa detection (100 pM) over
50 successive DPV scans on both nanoMIP fiber and SSCNTF electrodes
without MIP modification. As a result, the current response from the
nanoMIP fiber retained 99% of its initial current after 50 consecutive
scans. In contrast, the bare SSCNTF electrode retained only 26% due to
the severe chemical fouling (Fig. 3f and Supplementary Fig. S32). To
verify this, we characterized the surface morphology of the tested
electrodes using SEM. As observed in Fig. 3g, clusters of polymeric by-
products were adsorbed on the CNT surface within the SSCNTF elec-
trode, whereas no such aggregation was found on the nanoMIP fiber.
Furthermore, Raman spectra before and after 50 consecutive L-Dopa
detections were examined (Supplementary Fig. S33). The SSCNTF

electrode exhibited an H-C-H wagging deformation band at
1400 cm™, indicative of the formed L-Dopa polymerization products,
and its Ip/Ig ratio—a parameter reflecting surface defects and structural
disorder—increased from 0.32 to 0.65 (Supplementary Fig. S33a)". In
contrast, the nanoMIP showed nearly unchanged Ip/lg values, con-
firming its resistance to chemical fouling (Supplementary Fig. S33b).
These findings suggest that the nanoMIP shell structure effectively
mitigates the self-polymerization and adsorption of the by-products on
the electroactive CNT surface. This effect may be attributed to the
spatially confined oxidation of individual L-Dopa molecules within the
imprinted cavities, which suppresses subsequent polymerization
reactions of the oxidation products (Supplementary Fig. S34). With its
high resistance to chemical fouling, the nanoMIP fiber sensor is cap-
able of achieving stable and precise continuous monitoring,.

Implantable sensors are exposed to dynamic biological fluids with
complex components and are susceptible to rapid biofouling or
degradation in such in vivo environments*. On the basis of anti-
chemical fouling capability, we anticipated that the nanoMIP fiber
sensor would also provide protection against biofouling during in vivo
monitoring, owing to the sequestration of reactive sites within the
nanoMIP shell. For this purpose, we subcutaneously implanted the
nanoMIP fiber and SSCNTF electrodes into a live rat and measured
their in vitro sensing signals before and after implantation (Supple-
mentary Fig. S35). After a 2-h incubation, the SSCNTF electrodes
exhibited a drastic loss in sensitivity in subcutaneous ISF, dropping
from 24.38 pA-uM? to 0.24 pA-uM? (Fig. 3h), while the nanoMIP fiber
sensor retained most of its electrochemical sensing capability
(2.67 pA-pM? from an initial 4.02 pA-pM?) (Fig. 3i). Furthermore, the
sensitivity of the nanoMIP sensor was assessed after 1, 2, 3, and 4 h of
in vitro incubation in simulated body fluid, yielding values of
0.93-1.07 pA-pM?  with no statistically significant differences
(p=0.8389) (Supplementary Fig. S36). These comparative results
suggest that the nanoMIP fiber sensor possesses biofouling resistance
to a certain extent owing to its protective nanoMIP shell, demon-
strating suitability for ISF-based in vivo monitoring.

We also investigated the biocompatibility of the nanoMIP fiber
sensor. Cytocompatibility was first evaluated by culturing NIH/3T3
mouse fibroblast cells in the extract media incubated with 1, 4, and 7
nanoMIP fibers. After five days of culture, cells were stained with
Calcein-AM and propidium iodide (PI) to visualize live/dead cell dis-
tribution (Fig. 3j). Quantitative analysis of cell viability, based on the
ratio of Calcein-AM- to Pl-positive areas, demonstrated consistently
high viability (>99%) in both the experimental and control groups
(cells cultured in untreated medium), indicating good cytocompat-
ibility of the sensor (Fig. 3k). To further evaluate tissue compatibility,
we subcutaneously implanted the sensor on the dorsal skin of rats for 1
and 4 days before collecting the skin tissues for histological analysis.
Representative hematoxylin and eosin (H&E) staining (Fig. 3I) and
Masson’s trichrome staining (Supplementary Fig. S37) presented no
apparent inflammatory response at the implantation site, compared to
control skin without implantation. Collectively, these results confirm
the suitability of the nanoMIP fiber sensor for safe, stable, continuous
in vivo monitoring of low-concentration L-Dopa in ISF.

In vivo validation of the L-Dopa sensor for PK monitoring

We assessed the real-time, continuous detection capabilities of the
nanoMIP fiber sensor in living rats. We first assembled the nanoMIP
fibers, together with counter and reference electrode fibers, into a
three-electrode electrochemical sensor and tested their current
response to gradient concentrations of L-Dopa in simulated body fluid
(SBF) for calibration curve fitting. These curves were used for the
calibration of L-Dopa concentration from the DPV data in all in vivo
measurements described throughout the manuscript. We then sub-
cutaneously implanted the developed nanoMIP fiber sensor on the
backs of two healthy rats to continuously monitor changes in L-Dopa
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Fig. 3 | Characterization of the sensing performance of the nanoMIP fiber. a DPV
curves for L-Dopa detection using the nanoMIP fiber. b Corresponding calibration
plot with linear fitting. (n =3 independent samples, mean + SD). ¢ Selectivity of the
sensor for 30 uM L-Dopa against 1 mM glucose (Glu), 1 mM urea, 1 mM lactic acid
(Lac), 100 puM creatine (Cre), 1 pM cortisol (Cor), 100 pM ascorbic acid (AA), 100 uM
uric acid (UA), 30 pM carbidopa (C-Dopa), and 100 pM acetaminophen (Ace). /i popa
and fipcerference represent the L-Dopa response and signal change with interferents,
respectively. (n =3 independent samples, mean + SD). d Representative reversible
sensing behavior of the nanoMIP sensor. The nanoMIP was alternately tested in
30 uM L-Dopa and O uM L-Dopa in 0.1 M PBS for 40 switching cycles. e Schematic of
chemical fouling during the electrochemical oxidation of L-Dopa to dopaquinone.
Oligomerization of oxidation byproducts, 5,6-dihydroxyindole-2-carboxylic acid
(DHICA) and 5,6-dihydroxyindole (DHI), causes a fouling layer on the electrode

surface. f Change in oxidation current over 1-50 DPV scans in 100 uM L-Dopa. Ip:
the peak current at each cycle; Iig: initial peak current. (n =3 independent samples,
mean + SD). g SEM images of nanoMIP fiber and SSCNTF electrodes after 50 DPV
scans. Calibration plots of SSCNTF (h) and nanoMIP fiber (i) in PBS before and after
subcutaneous implantation in rats for 2 h. (n =3 independent samples, mean + SD).
The insets were created with BioRender.com/fifwmcd and BioRender.com/
cshw283. j Fluorescence images of NIH/3T3 cells cultured for 5 days in extract
solutions from 1, 4, or 7 nanoMIP fibers. Live cells (green: calcein acetoxymethyl
ester, Calcein-AM), dead cells (red: propidium iodide, PI). k Cell viability quantified
by Calcein-AM/PI ratio. (n = 4 independent samples, mean + SD). | Representative
hematoxylin and eosin (H&E) staining of rat dorsal skin after 1 and 4 days of sub-
cutaneous nanoMIP fiber implantation.

concentration in ISF following intraperitoneal injection of L-Dopa at
doses of 0.06 mg-g™” and 0.12mg-g”, respectively*** (Fig. 4a). The
sensors responded to the L-Dopa dosing in real time and exhibited
similar kinetic profiles—characterized by a rapid increase followed by a

gradual decline—although the detected concentrations differed
between the two administered doses (Fig. 4b).

In parallel, we collected blood samples from the retro-orbital
venous plexus at intermittent time points during the on-site sensor
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Fig. 4 | Validation of the nanoMIP fiber sensor for the monitoring of

L-Dopa PKs. a Experimental scheme for real-time monitoring of L-Dopa level in ISF
in a healthy rat model, with simultaneous blood sampling for HPLC analysis. L-Dopa
was administered via intraperitoneal injection. Created with BioRender.com/
41h623j. b Variation of L-Dopa levels from the sensor (ISF) and HPLC (blood) fol-
lowing L-Dopa injection at doses of 0.06 mg-g~! (i) and 0.12 mg-g* (ii).

c Correlation of L-Dopa levels between ISF and blood at (i) 0.06 mg-g~* and (ii)
0.12mg-g1, considering data within 0-240 min after injection. d Schematic of a
two-compartment pharmacokinetic model and representative PK curves of the
central (blood) and peripheral compartment (ISF), including key PK parameters:
AUC (area under curve), C,,,, (maximum concentration), T ., (time to C,,,), and

Time (min)

T,), (elimination half-life). Created with BioRender.com/tiym1by. Comparisons of
AUC (e) and C,,, () at two doses. g Schematic of targeted injection of
6-hydroxydopamine (6-OHDA) into the medial forebrain bundle (MFB) to induce a
PD rat model. Created with BioRender.com/7bbvnmy. h Confocal fluorescence
images of brain sections from saline-injected (control) and 6-OHDA-injected (PD)
rats, stained with 4/,6-diamidino-2-phenylindole (DAPI, blue FL) and cyanine 3 (Cy3,
red FL). i Quantification of mean red fluorescence intensity of dopaminergic neu-
rons (n =3 independent rats, mean + SD). j Experimental scheme of PK monitoring
in healthy/normal and PD rat models. Created with BioRender.com/dOvupnd.
L-Dopa PK profiles from normal rats (k) and PD rat models (I).

monitoring. L-Dopa concentrations in these blood samples were sub-
sequently quantified using standard HPLC analysis conducted in an
analytical laboratory. During the long-distance transport of blood
samples, L-Dopa is susceptible to degradation and oxidation, which

can lead to inaccurate HPLC readouts™. To alleviate these problems,
we implemented pretreatment of blood samples involving stabiliza-
tion in an acidic solution and removal of proteins, as detailed in Sup-
plementary Fig. S38. As a result, we observed typical L-Dopa kinetics in

Nature Communications | (2025)16:10796


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65853-2

Table 1 | Pharmacokinetic parameters of levodopa from normal and PD rat models

Group PK parameters

AUC (mg-min-L™) C.ax (Mg-L?) T ax (Min) Ty (min) Ti/2q (min) Ty (min)
Normal rats (n = 6) 388.67+208.05 (53.65%) 4.51+2.22 38.33+4.08(10.7%) 30.98+4.08 (13.2%) 20.48+3.11(15.2%) 69.32 (0%)

(49.2%)

PD rat mod- 376.91+291.29 (77.3%) 4.01£3.36 42.5+16.04 (37.8%) 35.29+15.93(45.2%) 23.66+5.99 49.54+19.04 (38.4%)
els (n=6) (83.9%) (25.4%)
p-value 0.9375 0.7677 0.5514 0.5355 0.2755 0.029
Significance n.s. n.s. n.s. n.s. n.s. *

Values are presented as mean + standard deviation (coefficient of variation, %). AUC represents the area under the plasma concentration-time curve, reflecting overall drug exposure. C,,,, is the
maximum observed drug concentration, and T, is the time toreach C,,. T , denotes the apparent half-life, defined as the time required for the ISF concentration to decrease by half. Ty ,, refers to

the distribution phase half-life (initial rapid decline), and T, 55 indicates the elimination phase half-life (slower terminal decline). Statistical comparisons were performed using a two-tailed unpaired

Student’s t test. Significance was defined as p <0.05 (*).
n.s. not significant.

the HPLC readouts, aligned with those obtained from the sensor sig-
nals, with clear absorption and elimination phases present in both
measurements. Moreover, both methods consistently showed higher
L-Dopa concentrations following the 0.12 mg-g™ dose compared to the
0.06 mg-g* dose. We noted that ISF L-Dopa exhibited delayed (average
delay of ~13.5 min) and attenuated kinetics (average retention of ~14%)
relative to blood. These differences may be attributed to the hetero-
geneous distribution and transport of L-Dopa molecules from blood to
ISF. To validate the physiological relevance of L-Dopa in ISF, sensor
signals were correlated with blood readouts from the two dosing
experiments. Strong positive correlations were observed with Pear-
son’s r ranging from 0.95 to 0.96 (Fig. 4c). Hence, the nanoMIP fiber
sensor that enables real-time in vivo L-Dopa profiling may serve as a
viable tool for PK study.

Next, we extended this study to investigate the PK characteristics
of L-Dopa in relation to the administered doses using a compartment
PK model. In this model, blood was considered the central compart-
ment, with ISF serving as the peripheral compartment (Fig. 4d). We
derived the key PK parameters (AUC and C,,,,) for both blood (central)
and ISF (peripheral) by fitting their concentration-time profiles to the
model (Supplementary Fig. S39). In pharmacokinetics (PK) studies,
AUC reflects the total drug exposure, and C,, describes the maximum
drug concentration; both are meaningfully associated with therapeutic
efficacy and safety. As shown in Fig. 4e, the AUC values in ISF were
higher in the high-dose PK compared to the low-dose PK, showing a
trend consistent with the AUC results from blood samples. Likewise,
higher C,,, values were observed at the high dose condition in both ISF
and blood PK profiles (Fig. 4f). Despite differences in absolute values,
ISF and blood PK parameters exhibited comparable dose-dependent
trends. Notably, AUC and C,,,, values were not directly proportional to
the administered dose, showing only 1.38-fold and 1.51-fold increases
from the low to high dose, respectively, suggesting a nonlinear
dose-response relationship that may complicate L-Dopa therapy.

To investigate L-Dopa PK under pathological conditions, we
established a Parkinson’s disease (PD) rat model by unilaterally
injecting the neurotoxin 6-hydroxydopamine (6-OHDA) into the
medial forebrain bundle (MFB) (Fig. 4g and Supplementary Fig. S40).
The neurotoxin 6-OHDA can selectively induce dopaminergic neuro-
degeneration in the lesioned hemisphere, thereby modeling the
pathological features of primary Parkinson’s disease. Two weeks
post-surgery, we observed a significant reduction in the number of
dopaminergic neurons—immunostained for tyrosine hydroxylase (TH;
red fluorescence)—in the substantia nigra (Fig. 4h) and striatum
(Supplementary Fig. S41) of 6-OHDA-lesioned rats compared to saline-
injected controls. Quantification of TH fluorescence intensity revealed
a significant difference between the two groups (p < 0.05), confirming
the successful establishment of the PD rat model (Fig. 4i).

We then demonstrated the capability of our L-Dopa sensing sys-
tem to monitor complete PK profiles in both PD rat model and healthy
rats. In the in vivo experiments (Fig. 4j), all rats were implanted with the
nanoMIP fiber sensor for continuous monitoring over a 4-h period to
enable full capture of the PK profiles, including both absorption and
elimination phases. L-Dopa was administered intravenously at a dose
of 0.12 mg-g~1. The recorded ISF PK profiles for the PD rat models and
healthy/normal rats are displayed in Fig. 4k and I, respectively. We
derived the PK parameters using the same fitting method described
above (Supplementary Figs. $42, $43), including AUC, C .y, T max (time
to reach Cp,,), Ty, (apparent half-life), T, (distribution half-life),
and T, (elimination half-life) (Table 1). In normal rats, both C,,, and
AUC showed considerable inter-individual variability, with C,,,, ran-
ging from 1.97 to 7.81mg-L™" and AUC ranging from 188.32 to
716.49 mg-min-L". Similar variability was observed in PD rat models,
with Cp,, ranging from 1.85 to 10.4 mg-L™" and AUC from 119.6 to
895.37 mg-min-L™.. The comparison between normal and PD rat models
revealed no significant differences in AUC, Cnay, Tmaxr T1/2, @nd Ty)p4,
indicating that the PD pathology does not markedly affect the overall
absorption quantity and early distribution of L-Dopa in vivo. However,
a significant difference was observed in T3 between PD and normal
rats. The reduced values in the PD group suggest an accelerated
elimination of L-Dopa, potentially induced by disease-related physio-
logical changes. Nonetheless, nearly all PK parameters appeared to be
more strongly influenced by individual physiological variability than
by PD pathology itself, underscoring the importance of real-time,
individualized monitoring of L-Dopa dynamics. Furthermore, we con-
firmed the short half-life of L-Dopa, with mean T, values of 30.98 min
in normal rats and 35.29 min in PD rats. This short half-life restricts
sustained therapeutic efficacy, suggesting the need for more frequent
dosing to maintain consistent drug levels.

PK optimization using adaptive dosing regimens

L-Dopa administration with frequent and low-dose regimens is pre-
ferred in clinical practice to maintain a stable and effective therapeutic
concentration, avoid excessively high or low plasma levels, and
thereby reduce dyskinesia-related adverse effects (due to suprather-
apeutic levels) and the risk of off-time episodes (due to subtherapeutic
levels) in PD therapy*’*%. On the basis of the L-Dopa-sensing system, we
demonstrated the capability to manage and optimize in vivo L-Dopa
PK using intermittent dosing regimens. We monitored the PK profiles
of L-Dopa in a single healthy rat following two or four intermittent
injections at doses of 0.06 mg-g™! or 0.03mg-g™! per injection,
administered at ~30-min intervals based on the drug’s half-life (Fig. 5a).
The two regimens were separated by a 24-h washout period to ensure
complete clearance and excretion of residual L-Dopa. In the two-dose
intermittent injection regimen, two absorption peaks were observed at
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a Intermittent L-Dopa dosing scheme in a normal rat: two doses (0.06 mg-g~* each) infusion rates: ultra-high-speed (4 pg-g~1-s71), high-speed (4 pg-g *-min1),
or four doses (0.03 mg-g~* each) at 30 min intervals, total 0.12 mg-g~1. Created with  medium-speed (2 pg-g~*-min~1), and low-speed (1 pg-g-1-min-1) continuous infu-

BioRender.com/qrwgwmo. L-Dopa PKs under two-dose (b) and four-dose (c) sion. i Comparison of L-Dopa PK parameters under the four infusion rates. j Box and
injection regimens. Box and distribution plots show fluctuations of L-Dopa con- distribution plots show fluctuations of L-Dopa concentration monitored under four
centration (d) and L-Dopa variation rate (e) monitored under two-dose and four- infusion rates. k Compilation of data on L-Dopa concentration and its variation rate
dose regimens. The variation rate, calculated as the difference quotient of con- in response to progressively increasing infusion rates within a single PK monitoring
centration, reflects the extent of change in L-Dopa levels. f Continuous drug session. The mean variation rate was calculated at 30, 60, 90, 120, 180, 210, and
administration scheme using an infusion pump. Created with BioRender.com/ 240 min. All box plots: mean (center), box = 25th-75th percentiles,

cuxc20n. g Continuous drug infusion scheme in a normal rat: four rates, total whiskers =1.5 x IQR.

50 min and 110 min, responding to the first and second injections, until a relatively steady state was reached at 110 min (Fig. 5c). These
respectively (Fig. 5b). In contrast, under the four-dose intermittent results indicate that multiple doses can lead to a more stable L-Dopa
regimen, a single absorption peak appeared at 20 min in response to  PK, achieving a steady state that is desirable for maintaining ther-
the initial injection, followed by a gradual increase in L-Dopa levels apeutic efficacy.
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We also analyzed the distribution characteristics of L-Dopa con-
centration data under the two dosing regimens (Fig. 5d). The four-dose
regimen showed a narrower distribution and a lower mean con-
centration (0.31mg-L™") compared to the two-dose regimen (mean
concentration of 0.62 mg-L™), demonstrating that high-frequency and
low-dose administration can reduce PK fluctuations. To verify this, we
calculated the first-order derivative of the L-Dopa concentration over
time, which we defined as the L-Dopa variation rate. As shown in
Fig. Se, the four-dose regimen yielded a more concentrated distribu-
tion of L-Dopa variation rate, whereas the two-dose regimen exhibited
greater variability. These comparisons suggest that L-Dopa dosing with
higher frequency can maintain a relatively stable L-Dopa level. We
noted that the two regimens achieved comparable average steady-
state concentrations between 140 and 240 min (0.41 mg-L" for the
two-dose and 0.406 mg:L™" for the four-dose regimen). These results
strongly support that the high-frequency intermittent L-Dopa admin-
istration is capable of enhancing therapeutic efficiency and offer
valuable insights into the practical and clinical application of in vivo
L-Dopa PK in the management of PD.

Multiple daily intakes pose practical challenges for PD patients
due to considerable inconvenience and poor compliance. Continuous
L-Dopa infusion pumps have been widely proposed to address these
challenges; however, their clinical application remains limited’. To
investigate its potential for optimizing PK, we conducted in vivo
L-Dopa monitoring in a rat receiving continuous intraperitoneal infu-
sion at different rates via a syringe pump (Fig. 5f, g)**. The sensor
implantation methods and drug washout periods followed the same
procedures as those in the above experiments. Four continuous PK
profiles were obtained at ultra-high-speed (4 pg-g=1-s1), high-speed
(4 pg-gtmin1), medium-speed (2pg-g':min~!), and low-speed
(1pg-g -min~1) infusion rates (Fig. Sh). From these profiles, we cal-
culated three PK indicators—AUC, C,,, and T ,.,—which meaningfully
represent the medication’s bioequivalence (Fig. 5i). We demonstrated
that these indicators vary significantly in relation to the infusion rate.
Specifically, both AUC and T, increased as the infusion rate
decreased, displaying a positive PK-rate relationship. Conversely, Cp,.
exhibited a negative relationship with infusion rates, as rapid infusion
led to supratherapeutic peak concentrations that may result in unsafe
L-Dopa therapy. Of these parameters, AUC, C,.,, and T,,,, which are
known to affect the drug bioavailability in vivo, could be quantitatively
measured from continuous PK data using our L-Dopa sensing system.

Next, we set out to assess the fluctuation degree of drug con-
centration in relation to different infusion rates. To this end, we calcu-
lated the L-Dopa variation rate from concentration profiles
(Supplementary Fig. S44). Box plots of L-Dopa concentration (Fig. 5j) and
variation rate (Supplementary Fig. S45) were used to visualize the impact
of infusion rate on concentration fluctuation. Ultra-speed infusion
(within 30 s) resulted in the greatest fluctuation, while slower infusion
rates produced tighter distributions in both L-Dopa concentration and
variation rate*. To further verify this, we analyzed the coefficient of
variation (CV) and degree of fluctuation (DF) for L-Dopa concentration
data (Supplementary Fig. S46). Compared with the ultra-high-speed
infusion, medium- and low-speed infusion markedly reduced L-Dopa
level variability, with CV and DF decreasing by an average of 55.9% and
68.0%, respectively (from 88.7% to 39.1% for CV and from 232.5% to
74.3% for DF). This analysis demonstrated the feasibility of continuous
L-Dopa administration at low or medium infusion rates for maintaining
stable L-Dopa levels and may help alleviate motor fluctuations.

Finally, we performed a continuous L-Dopa delivery with a pro-
gressively increasing infusion rate over 90 min in the same rat. Chan-
ges in L-Dopa concentration were accurately detected using the
implanted nanoMIP fiber sensor (Fig. 5k). The L-Dopa concentration
exhibited a markedly slow increase during the first 60 min (corre-
sponding to infusion rates of 1 and 2 pg-g~1-min~1), followed by a more
rapid rise under the higher infusion rate of 4 pg-g~'-min-1, reaching its

peak at 130 min (T ,,, = 130min), eventually stabilizing during the final
120 min. In the L-Dopa variation rate profile, three distinct peaks were
observed during the infusion period, each corresponding to a different
infusion rate. Meanwhile, the average L-Dopa variation rate also
increased with higher infusion rates. To further assess the influence of
infusion rate, we also conducted the reverse experiment in the same
rat, in which the rate was decreased from high to low (Supplementary
Fig. S47). In this case, the L-Dopa concentration showed a rapid and
sustained rise, reaching a maximum at 90 min (7 ,,,, = 90min). The
average L-Dopa variation rate was highest at 4 pg-g 'min ! and
declined progressively as the infusion rate decreased. Notably, in both
the low-to-high and high-to-low infusion models, the high-speed
infusion produced a larger variation rate compared to the low- or
medium-speed phases. This rate-adjustable continuous delivery
demonstrates the ability to modulate in vivo L-Dopa PK, which can be
monitored in real time to guide feedback-based dosing, and offers
valuable insights into the preclinical application of PK-guided therapy.

Discussion

Continuous L-Dopa monitoring provides insights into pharmacoki-
netic profiles, facilitating data-driven dosage individualization. How-
ever, current ISF-based sensors often lack sufficient in vivo validation
and face biofouling issues. These limitations hinder their clinical
translation, particularly for real-time dose adjustment to mitigate
motor complications in Parkinson’s disease.

To address these challenges, we developed a nanoMIP fiber sen-
sor featuring a rationally designed core-shell nanostructure in which a
functional MIP shell is coated on a single CNT. This unique core-shell
nanostructure enables the specific and sensitive detection of target
L-Dopa, along with resistance to both biofouling and chemical fouling,
thereby achieving continuous and accurate monitoring of a complete
PK cycle in subcutaneous ISF. Chemical fouling resistance is pivotal for
longitudinal and accurate monitoring, yet this critical phenomenon
remains understudied in L-Dopa sensors. A key challenge arises from
the polymerization of catechol groups and quinone intermediates
during the detection/oxidation of L-Dopa, which leads to severe elec-
trode passivation***%, Resistance to the chemical fouling has been well
established in our nanoMIP fiber sensor. Nevertheless, the chemical
fouling mechanism needs to be further investigated at the molecular
dynamics level. In addition, cytotoxicity and tissue inflammation tests
confirmed its favorable biocompatibility.

We validated the accuracy of the nanoMIP fiber sensor by com-
paring its output with HPLC, the gold standard for L-Dopa
quantification’. In vivo experiments using the nanoMIP fiber sensor
validated a strong correlation between L-Dopa levels in ISF and blood
and revealed a lag time of 12-15 min between the two compartments.
This delay is closely matching the 10-min delay previously reported
between plasma L-Dopa levels and motor symptom performance in PD
patients, suggesting the pharmacodynamic relevance of ISF mon-
itoring. When fitted with a compartmental model, the PK character-
istics of ISF and blood also exhibited consistent trends in relation to
drug dosage, further confirming the capability of the nanoMIP fiber
sensor for rapid and accurate PK analysis.

We applied the nanoMIP sensor to investigate pharmacokinetic
characteristics in both healthy and Parkinson’s disease (PD) model rats.
The nanoMIP fiber sensor provided accurate PK profiles in both heal-
thy and PD rat models, capturing rapid absorption and short half-life
characteristics of L-Dopa. In PD rat models, statistical analysis of PK
parameters indicated delayed absorption and accelerated elimination,
likely attributable to disease-induced physiological alterations. In
addition, substantial inter-individual variability was observed within
each group, in line with clinical observations®. These results empha-
size the need for personalized L-Dopa therapy, particularly through
low-dose, high-frequency dosing regimens to maintain stable ther-
apeutic effects.
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Using this real-time PK monitoring system, we explored various
L-Dopa delivery regimens, including intermittent injection and con-
tinuous infusion. Our results showed that increasing the dosing fre-
quency in intermittent injection reduced L-Dopa fluctuations and
prolonged stable drug levels, while continuous infusion allowed fine-
tuned control over C,,,, and therapeutic duration by adjusting infu-
sion rates. Moderate-speed infusion achieved higher AUCs than fast
infusion, likely due to reduced clearance and prolonged systemic
exposure. These findings offer insight into optimizing L-Dopa PK while
minimizing risks of supratherapeutic peaks or off-time episodes.
Clinically, controlled-release formulations and adjunct therapies—such
as oral tablets and intestinal gels—are used to maintain stable L-Dopa
levels®*>3, while inhalable formulations like CVT-301 offer rapid
symptom relief during off periods®. Our sensing system combined
with L-Dopa continuous infusion could support both strategies by
enabling real-time, personalized adjustment of dosing.

Despite these promising outcomes, the study has several lim-
itations. All experiments were conducted in rat models, which may
not fully represent the pharmacokinetics or symptom dynamics of
human PD patients. Long-term variation of PK dynamics over days or
weeks should be further evaluated. Moreover, the clinical translation
of ISF-based L-Dopa sensors will require further validation of ther-
apeutic thresholds and dynamic correlations with motor symptom
changes.

Our findings support the feasibility of combining real-time PK
monitoring with adaptive drug delivery systems to further implement
a closed-loop strategy for L-Dopa therapy. Future work should focus
on the development of responsive dosing algorithms, expansion to
multi-drug treatment regimens that enhance L-Dopa bioavailability,
and clinical validation in human patient populations. Beyond Parkin-
son’s disease, this sensing system may also be applied to neurological
and psychiatric research, where L-Dopa is also used to probe dopa-
minergic function. Overall, our L-Dopa sensing system provides a
foundation for in vivo therapeutic drug monitoring and enables per-
sonalized, feedback-driven pharmacotherapy, potentially improving
treatment precision and quality of life.

Methods

Fabrication of the nanoMIP fiber electrode

Spindle-shaped carbon nanotube fibers (SSCNTFs) were fabricated
from carbon nanotube fibers (CNTF, Suzhou Tanfeng Graphene
Technology, China) via electrochemical expansion®. Briefly, half of the
CNTF was immersed in 1M H»SO4, while the other half was kept in air.
In a two-electrode configuration with CNTF as the cathode and a Pt
plate as the anode, a voltage of -6 V was applied to the CNTF until a
spindle-shaped expansion formed at the liquid-air interface. The MIP
layer was electropolymerized onto SSCNTFs by cyclic voltammetry
(CV, -0.2V to 0.8V) in a mixed solution containing 15 mM pyrrole
(Aladdin Biochemical Technology, China), 15 mM L-Dopa, and 5 mM
resorcinol (Sinopharm Chemical Reagent, China). L-Dopa templates
were extracted by chronoamperometry at 0.6 V for 30 sin 0.1 M NaOH.
After extraction, the electrodes were thoroughly rinsed with deionized
water (DI water) for ~I min to obtain the MIP-modified electrode,
referred to as SSCNTF/MIP. All the chemicals were purchased from
Sigma-Aldrich (USA) unless otherwise specified.

Optimization of the fabrication of nanoMIP

To achieve both high sensitivity and selectivity of the SSCNTF/MIP
electrode toward L-Dopa, several key parameters were optimized,
including the electrochemical protocol and solution used for template
extraction, the number of electropolymerization cycles, the duration
of template extraction, and the concentration of the template mole-
cule. The L-Dopa response (100 uM) of SSCNTF/MIP and SSCNTF/NIP
electrodes was measured to evaluate electrode sensitivity. In addition,
the response of both electrodes to ascorbic acid (AA) was assessed to

determine selectivity. In this way, a SSCNTF/MIP electrode with
simultaneous high sensitivity and selectivity could be acquired.

Characterization of nanoMIP fiber electrode

Electrochemical characterization. Electrochemical activity was eval-
uated by CV (0 V to 0.6 V) in a solution containing 1 mM K3[Fe(CN)s]
and 1 mM K4[Fe(CN)¢] as the redox probe. Electrochemical impedance
spectroscopy (EIS) was also performed in the same solution over a
frequency range of 10 kHz to 0.1 Hz. Sensing performance was asses-
sed by differential pulse voltammetry (DPV) using the following para-
meters: 5mV step potential, 0.1V modulation amplitude, 0.01s
modulation time, and 0.5 s interval. All electrochemical measurements
were carried out using a pAutolab Il electrochemical workstation
(Metrohm, Switzerland) with a three-electrode system: a platinum wire
as the counter electrode (CE) and a standard Ag/AgCl electrode as the
reference (RE).

Chemical and physical characterization. X-ray photoelectron spec-
troscopy (XPS, Escalab 250Xi, Thermo Fisher Scientific, U.K.) was used
to analyze the elemental composition (C, N, O) of SSCNTF, SSCNTF/
MIP, and SSCNTF/NIP electrodes. Raman spectroscopy (LabRAM HR
Evolution, HORIBA, France) was employed to investigate the chemical
structure of bare SSCNTF and SSCNTF/MIP before and after template
extraction. Fourier-transform infrared spectroscopy (Nicolet iS50,
Thermo Fisher) was used to analyze the compositional and bonding
changes of SSCNTF/MIP before and after extraction, as well as the
interactions between monomers and between monomers and the
template.

Surface morphology of SSCNTF/MIP and SSCNTF/NIP was
observed using scanning electron microscopy (SEM, Nova NanoSEM
450, FEI, Eindhoven, Netherlands) and transmission electron micro-
scopy (TEM, HT-7700, Hitachi, Japan). The three-dimensional mor-
phology of SSCNTF/MIP was characterized by X-ray computed
tomography (ZEISS Xradia 610 Versa). To enhance imaging contrast,
SSCNTF/MIPs were stained with 5% potassium iodide (KI) for 1h.
Reconstructed tomograms were visualized using Avizo software
(Thermo Scientific).

Sensing performance of nanoMIP fiber electrode

The sensing performance of the nanoMIP fiber sensor was evaluated in
0.1M PBS (pH 6.7, Beyotime Biotechnology, China) containing
1-100\uM L-Dopa. Selectivity was assessed by measuring the response
of the sensor to 100 uM L-Dopa with sequential additions of potential
interfering species: 1 mM glucose (Glu), 1mM urea, 1 mM lactic acid
(Lac), 100 pM creatine (Cre), 1 uM cortisol (Cor), 100 uM ascorbic acid
(AA), 100 uM uric acid (UA), 30 pM carbidopa (C-Dopa), 100 pM
acetaminophen (Ace), 50 uM valine (Val), 50 pM leucine (Leu), 50 pM
l-isoleucine (lle), 50 uM lysine (Lys), 50 pM methionine (Met), 50 pM
phenylalanine (Phe), 50 uM threonine (Thr), and 50 uM histidine (His).
C-Dopa was purchased from Shanghai Bepharm Science & Technology.

Anti-fouling performance was evaluated under two conditions.
For chemical fouling, 50 consecutive differential pulse voltammetry
(DPV) scans were performed in 100 pM L-Dopa. For biofouling, the
sensor was implanted subcutaneously in a live Sprague-Dawley rat for
2h, and DPV measurements were recorded before and after
implantation.

Sensing stability was assessed over 7 days of storage at 4 °C in
deionized water. Cytocompatibility was evaluated using NIH/3T3
mouse embryonic fibroblast cells (Mus musculus, male embryo;
adherent morphology), which were authenticated by short tandem
repeat (STR) profiling (CL-0171, Wuhan Procell Life Science & Tech-
nology, China). Culture medium was replaced with nanoMIP fiber
soaking solutions, prepared by incubating1, 4, and 7 fibers in complete
medium for 5 days, with daily medium refreshment. After 72h of
incubation, cell viability was evaluated using the Calcein
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acetoxymethyl ester/propidium iodide (Calcein-AM/PI) Live/Dead
Viability/Cytotoxicity Kit (Dojindo, Japan). Tissue biocompatibility
was assessed via histological analysis. Skin tissues containing
implanted sensors (1 and 4 days post-implantation) were excised
(-1.5cm x1.5cmx 0.5 cm) after euthanasia of SD rats. Samples were
rinsed with 0.9% NaCl, fixed in 10% paraformaldehyde (v/v) in PBS at
25°C for 24 h, and sectioned into ~3 um slices. Sections were stained
with hematoxylin and eosin (Pinocell Biotechnology, China) and
Masson’s trichrome kits (Pinocell Biotechnology, China) to assess tis-
sue morphology. Stained slices were mounted with neutral resin and
imaged using a light microscope (ECLIPSE Ci, Nikon, Japan).

Design of the flexible DPV circuit

The flexible DPV circuit integrates an STM32F412RET6 MCU (ARM
Cortex-M4, 100 MHz, 64-pin LQFP, 10 mm x 10 mm) for system con-
trol. An AD5941 analog front-end (AFE; Analog Devices) performs sig-
nal excitation, acquisition, and processing for DPV detection. Data are
wirelessly transmitted to a PC via a dual-mode Bluetooth SoC (BK3432)
interfaced through UART. Power is regulated to 3.3V by an RT9013
LDO, supporting stable operation despite a 250 mV drop from a 3.7V
lithium battery.

In vivo validation of nanoMIP fiber sensor for PK monitoring
Ethics statements. All animal experiments were conducted in com-
pliance with institutional guidelines, and all animal procedures were
approved by the Institutional Animal Care and Use Committee of
Zhejiang University (ZJU20250146).

In vivo experiment protocol

Male Sprague-Dawley rats (wild-type, 8-10 weeks old, 300-400g,
Experimental Animal Center of Zhejiang University) were anesthetized
with isoflurane and positioned on a surgical table (RWD Life Science,
China). The dorsal area was shaved, cleaned, and disinfected with 75%
ethanol. A 0.2 cm incision was made for subcutaneous implantation of
the nanoMIP fiber electrode. A 30-min incubation was selected to allow
baseline stabilization of the nanoMIP sensor before L-Dopa injection.
L-Dopa (0.12 or 0.06 mg-g™') was administered via intraperitoneal
injection. DPV measurements (-0.2V to 0.4 V) were recorded every
10 min over 240 min. Prior to implantation, electrode performance
was evaluated in simulated body fluid (SBF, Yuanye Bio-Technology,
China) for calibration. Blood samples (0.3-0.5 mL) were collected from
the retro-orbital vein at predefined time points.

High-performance liquid chromatography analysis

L-Dopa concentrations in blood were quantified using high-
performance liquid chromatography with fluorescence detection
(HPLC-FLD; Agilent 1100). Blood samples were centrifuged at ~720 x g
for 10 min to obtain serum. For protein precipitation, 50 pL of 6%
perchloric acid (Sinopharm Chemical Reagent, China) was mixed with
50 pL of serum, vortexed, and centrifuged again for 10 min. Approxi-
mately 60 pL of the supernatant was collected for analysis.

Pharmacokinetics analysis

The pharmacokinetic profile of L-Dopa was obtained by fitting its
blood and ISF concentration data to a classic extravascular compart-
mental model (Eq. (1)) using the DAS 2.0 software.

C=Ae ™ +Be Pt + Ge Kt 6))

Here, A, B, and G are weighting coefficients related to the volume
of distribution and the administered dose; a and S represent the rate
constants for the distribution and elimination phases, respectively,
corresponding to the initial rapid decline and the subsequent slower
decline in drug concentration; K, is the absorption rate constant; and
C denotes the drug concentration.

The area under the concentration-time curve (AUC) from time O
to t was calculated using the trapezoidal rule (Eq. (2)).

n.C.,+C:
AUCy_ = Z% (ti—tia) )

i=1

The maximum plasma concentration (C,,,,), the time to reach
Cinax (Tmax), and the apparent elimination half-life (T;,,) were deter-
mined directly from the concentration-time data. The distribution
half-life (T, /,,) and elimination half-life (T;,,) were calculated using
the following Eqgs. (3) and (4).

_0.693

Tyaa=—— )
0.693
Typ= B “4)

The fluctuation degree (DF) of L-Dopa concentration at steady
state was calculated using Eq. (5).

— Css_max — Css_min
DF Cave 5)

Where Cg_avg, Ci; maxr and Cg min represent the average, maximum,
and minimum steady-state concentrations, respectively. Steady state
was considered to be reached at 120 min post-administration.

L-Dopa variation rate (dC/dt), representing the rate of change in
drug concentration, was calculated using Eq. (6).

dC\ Gy -G
<E>i Tt ©

Studies of L-Dopa PKs on PD rat models

Establishment of PD rat model. A unilateral Parkinson’s disease (PD)
rat model was established using male Sprague-Dawley rats (wild-type,
8-10 weeks old, 300-400 g, Experimental Animal Center of Zhejiang
University). The animals received a stereotaxic injection of
6-hydroxydopamine (6-OHDA, 20 ug; MedChemExpress, USA) into the
right medial forebrain bundle (MFB). Control rats received equal
volumes of saline. All procedures were performed under anesthesia.

Validation of PD rat model (Immunohistochemistry)

Two weeks after 6-OHDA lesioning, rats were anesthetized and
decapitated for brain extraction. Brain tissues were fixed, sectioned,
and processed for immunohistochemistry. Sections were permeabi-
lized with 0.5% Triton X-100 in PBS (pH 7.4, Yuanye Bio-Technology,
China) for 10 min at room temperature, then blocked with 5% bovine
serum albumin (BSA, Yuanye Bio-Technology, China) at 37°C for
30 min. Slices were incubated overnight with rabbit anti-tyrosine
hydroxylase (TH) antibody (AF6113, 1:200, Affinity Biosciences Tech-
nology, China), washed with PBS, and incubated with Cyanine
3-conjugated goat anti-rabbit immunoglobulin G (AS007, 1:200,
ABclonal Technology, China) at 37 °C for 45 min. Nuclei were coun-
terstained with 4,6-diamidino-2-phenylindole (DAPI, Beyotime Bio-
technology, China) for 3 min. Fluorescence images were captured
using a confocal microscope (BX53, Olympus, Japan) and analyzed
with ImageJ 1.54p software (NIH, USA).

Studies of L-Dopa PK based on different drug administration

Two dosing strategies were tested in healthy rats. For intermittent
dosing, one rat received either two doses of 0.06 mg-g~! or four doses
of 0.03mg-g™!, with 30 min intervals between injections. For con-
tinuous dosing, another rat was administered L-Dopa intraperitoneally
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via infusion pump at four rates: low (1pg-g'-min~!), medium
(2 pgrg -min1), high (4 pg-g *'min1), and ultra-high (4 pg-g1-s1). A
24-h washout period was implemented between in vivo trials to ensure
complete drug clearance.

Statistics and reproducibility

All data visualization was performed using Origin 2021. Statistical
comparisons between two groups were conducted using a Student’s ¢
test (two-tailed, unpaired). Statistical comparisons between multiple
groups were conducted using one-way ANOVA. For all analyses, a
p-value <0.05 was considered statistically significant. All statistical
calculations were performed using GraphPad Prism v10. For the
representative TEM image of the nanoMIP core-shell nanostructure
shown in Fig. 1 and the SEM and TEM images of CNTF/MIP and
SSCNTF/MIP before and after template extraction shown in Fig. 2, all
experiments were repeated three times with similar results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for infor-
mation can be directed to, and will be fulfilled by, the corresponding
authors. Source data are provided with this paper.
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