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The escalating misuse of ephedrine in sports doping and illicit drug synthesis underscores
the critical need for advanced detection platforms. In this paper, we describe in detail the
development of a highly sensitive and selective electrochemical sensor for ephedrine, based on a
molecularly imprinted polymer (MIP) integrated with conductive multiwalled carbon nanotubes
(MWCNTs) and a conductive polymer layer onto a glassy carbon electrode. The fabrication
involved functionalizing MWCNTSs to enhance dispersibility, followed by the in situ
polymerization of an ephedrine-imprinted acrylamide and N,N’-methylenebisacrylamide matrix.
Extensive material characterization, including SEM and TEM, confirmed the formation of a
porous, interconnected composite film with MWCNTs uniformly embedded within the MIP,
featuring a polymer coating of approximately 10 nm, which is crucial for creating accessible
molecular recognition sites. Electrochemical assessments via cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) verified significantly improved electron transfer
kinetics and successful template imprinting, as evidenced by changes in redox behavior and
charge transfer resistance. The sensor demonstrated exceptional analytical performance for
ephedrine detection across a linear range of 0.05 to 50 uM, achieving an impressively low limit
of detection (LOD) of 15 nM and a sensitivity of 26.03 uA/nM. It exhibited marked selectivity
against structurally analogous interferents, notably pseudoephedrine (K = 5.6). The sensor’s
practical viability was robustly established with recovery rates between 95.4 and 103.5% in
spiked human serum and urine. This MIP-CNT-based electrochemical sensor presents a
significant advancement for rapid, cost-effective, and reliable ephedrine monitoring in clinical
diagnostics and forensic science.
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1. Introduction

The monitoring of stimulant drugs, particularly those with high abuse potential such as
ephedrine, has become a pressing concern in the fields of public health, forensic science, and
clinical diagnostics.() Ephedrine, a naturally occurring alkaloid® and synthetic stimulant,® is
widely utilized for its bronchodilatory™® and sympathomimetic effects.®) However, its misuse in
sports doping, illicit drug synthesis,®) and unregulated weight loss regimens® has raised
significant legal and health-related challenges. The accurate, rapid, and reliable detection of
ephedrine in biological fluids and pharmaceutical preparations is therefore paramount for
regulatory enforcement and clinical monitoring. Conventional analytical methods for detecting
ephedrine, including high-performance liquid chromatography, gas chromatography-mass
spectrometry, and capillary electrophoresis, have been the gold standard in laboratory settings.
While these methods offer high sensitivity and specificity, they often require complex sample
preparation, expensive instrumentation, and highly skilled personnel.”) Additionally, their
operational constraints render them unsuitable for on-site or point-of-care testing, where rapid
decision-making is critical.® In this context, the development of portable, cost-effective, and
highly selective sensing platforms is an urgent technological need.

Electrochemical sensors have emerged as promising alternatives to conventional analytical
techniques owing to their inherent advantages, such as high sensitivity, low cost, ease of
miniaturization, and compatibility with real-time and in-field monitoring.’”) These sensors
translate chemical information into measurable electrical signals,1? offering the quantitative
detection of target analytes within complex matrices.!) However, despite their significant
promise, the practical deployment of electrochemical sensors for stimulant drug detection faces
critical challenges, primarily associated with sensor selectivity and stability under physiological
conditions. To overcome these limitations, the integration of molecularly imprinted polymers
(MIPs) into electrochemical sensor designs has attracted substantial attention.!>-!3) MIPs are
synthetic polymers with highly specific recognition sites formed through a templating process
involving the target molecule.(!¥) During polymerization, functional monomers interact with the
target analyte, creating a complementary cavity that retains the memory of the analyte’s size,
shape, and functional groups after template removal.(!>) These “artificial receptors” exhibit high
selectivity and affinity toward the target molecule, even in the presence of structurally similar
compounds.!®) Such molecular recognition capabilities position MIPs as ideal candidates for
enhancing the selectivity of electrochemical sensors in complex environments such as biological
fluids.(17)

Despite their advantageous properties, traditional MIP-based sensors often suffer from poor
electrical conductivity and limited electron transfer efficiency, which restricts their sensitivity
and responsiveness.® To address these shortcomings, recent advances in nanomaterials have
opened new avenues for augmenting the performance of MIP-based electrochemical sensors.(1)
Among these, carbon nanotubes (CNTs) have emerged as one of the most effective nanomaterials
for electrode modification.?%-2) CNTs exhibit exceptional electrical conductivity,*? high
surface area,? chemical stability,?® and mechanical strength,(3-29) making them ideal
platforms for facilitating electron transfer processes and enhancing the sensitivity of
electrochemical sensors.?”) When combined with MIPs, CNTs serve a dual purpose: they not
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only improve the electrical conductivity of the sensing interface but also provide a high-surface-
area scaffold for the uniform deposition of the imprinted polymer.?$29 This hybridization
significantly increases the density of recognition sitesG? and facilitates rapid electron transport,
leading to improved signal-to-noise ratios and lower detection limits. Furthermore, the unique
tubular structure of CNTs offers additional pathways for analyte diffusion, enhancing mass
transport kinetics and reducing response time.

The design of conductive polymer-CNT composite films represents further refinement in the
development of high-performance electrochemical sensors.®") Conductive polymers such as
polyaniline, polypyrrole, and polythiophene have been widely employed in sensor applications
owing to their tunable electrical properties®? and ease of functionalization.®3 These polymers
can form strong interactions with both the CNT framework and the functional monomers used
in molecular imprinting, resulting in robust composite materials with enhanced mechanical
integrity and chemical stability. The synergistic effects of conductive polymers and CNTs not
only facilitate effective signal transduction but also create a favorable microenvironment for the
formation of highly selective molecular recognition sites. In the specific case of ephedrine
detection, the application of MIP-CNT composite film-modified electrodes offers a strategic
approach to overcome the challenges associated with low selectivity and the poor analytical
performance of traditional sensors. By imprinting the sensor surface with ephedrine as the
template molecule, the resulting cavities exhibit high binding affinity and selectivity toward
ephedrine molecules, even in the presence of interfering compounds commonly found in
biological fluids. The incorporation of CNTs further enhances the sensitivity and detection limit
of the sensor, enabling the reliable quantification of ephedrine at trace levels.

In this study, we present the design, synthesis, and comprehensive evaluation of an
electrochemical sensor based on a molecularly imprinted polymer-conductive polymer-carbon
nanotube composite film for the highly sensitive and selective detection of ephedrine. The
developed sensor leverages the molecular recognition capability of MIPs, the superior
conductivity of CNTs, and the functional versatility of conductive polymers to achieve
outstanding analytical performance. Extensive material characterization using Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), SEM, TEM, mapping analysis (MAP),
and X-ray photoelectron spectroscopy (XPS) has been conducted to validate the structural
integrity and functionalization of the composite materials. Electrochemical performance
metrics, including sensitivity, selectivity, stability, repeatability, and real-sample applicability,
are systematically explored.

2. Materials and Methods
2.1 Chemicals and reagents

Ephedrine hydrochloride (purity > 99%) was obtained from Shanghai Aladdin Biochemical
Technology Co., Ltd. Acrylamide (AAM), serving as the functional monomer, and N,N’-
methylenebisacrylamide (MBA), employed as the cross-linking agent, were purchased from
Sinopharm Chemical Reagent Co., Ltd. Ammonium persulfate (APS), used as the radical
initiator, and sodium dodecyl sulfate (SDS), applied in the template removal process, were also
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acquired from Sinopharm. Multiwalled carbon nanotubes (MWCNTs) with an outer diameter of
20-30 nm and a length of 10—-15 pum, functionalized with carboxyl groups (-COOH), were
purchased from Chengdu Organic Chemicals Co., Chinese Academy of Sciences. Conductive
polymer polyaniline (emeraldine base, analytical grade) was supplied by Macklin Biochemical
Co., Ltd.

Other supporting chemicals included glacial acetic acid, sodium chloride, potassium
ferricyanide [KsFe(CN)g], potassium ferrocyanide [KsFe(CN)e], and phosphate-buffered saline
(PBS), all procured from Tianjin Kemiou Chemical Reagent Co., Ltd. Ultrapure water with a
resistivity of 18.2 MQ-cm, produced by a Millipore Direct-Q water purification system, was
used throughout the experiments.

2.2 Fabrication of MIP-CNT composite film-modified electrodes

MWCNTs were first functionalized to introduce carboxyl groups, enhancing their
dispersibility®® and facilitating covalent interactions with the polymer matrix.®> Briefly, 100
mg of MWCNTs was refluxed in a mixed acid solution containing concentrated sulfuric acid and
nitric acid (3:1 v/v) at 80 °C for 6 h.(®) The resulting suspension was washed repeatedly with
ultrapure water until pH become neutral®”) and then dried in a vacuum oven at 60 °C for 24 h. A
homogeneous dispersion of MWCNTs was prepared by ultrasonically dispersing 1 mg/mL
functionalized MWCNTs in deionized water containing 0.1% SDS for 1 h. Five microliters of the
MWCNT dispersion was drop-cast onto the pretreated GCE surface and allowed to dry under an
infrared lamp for 30 min.

The MIP film was subsequently synthesized on the MWCNT-modified electrode surface
through in situ radical polymerization. The pre-polymerization mixture consisted of 0.1 mmol
acrylamide (AAM) as the functional monomer, 0.02 mmol MBA as the cross-linker, and 1 mM
ephedrine hydrochloride as the template molecule, dissolved in 10 mL of PBS (pH 7.0). After
stirring the solution for 30 min to establish pre-polymerization interactions, 0.01 g of APS was
added to initiate polymerization. The electrode was immersed in this solution, and
polymerization was carried out at room temperature in nitrogen atmosphere for 4 h to prevent
oxidative side reactions. After polymerization, the template molecule was removed by immersing
the modified electrode in a 10% (v/v) acetic acid solution containing 0.1% SDS and gently
stirring for 2 h. The electrodes were then rinsed thoroughly with ultrapure water and dried under
nitrogen gas. For comparison, non-imprinted polymer (NIP) electrodes were prepared using the
same procedure but omitting the addition of ephedrine hydrochloride in the pre-polymerization
mixture. A schematic representation of the overall fabrication procedure is provided in Fig. 1.

2.3 Electrochemical measurements

The electrochemical performance of the fabricated sensors was evaluated using CV, DPV,
and EIS in a 5 mM [Fe(CN)s]*7# solution containing 0.1 M KCI. For CV measurements, the
potential was swept between —0.2 and +0.6 V at a scan rate of 50 mV/s. DPV measurements were
carried out under optimized conditions with a pulse amplitude of 50 mV and a pulse width of
0.05s.
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Fig. 1.  Fabrication of MIP-CNT composite film-modified electrodes. The process involves electrode pretreatment,
the carboxylation of MWCNTs via mixed acid treatment, the drop-casting of functionalized MWCNTSs onto the
GCE surface, followed by the in situ polymerization of the MIP layer in the presence of the template molecule
(ephedrine hydrochloride). Finally, template removal using acetic acid/SDS solution yields the selective MIP-CNT@,
GCE sensor.

Calibration curves for ephedrine detection were established by immersing the MIP-modified
electrodes in standard solutions of ephedrine with concentrations ranging from 0.1 to 10 puM.
The limit of detection (LOD) was calculated on the basis of a signal-to-noise ratio of 3.
Selectivity studies were conducted using structurally related compounds such as
pseudoephedrine, norephedrine, and phenylephrine, each at a concentration of 1 uM, to evaluate
potential interference.

Stability, repeatability, and reproducibility assessments were conducted by measuring the
sensor response over multiple cycles and after storage at 4 °C for up to 14 days. Real sample
analysis was performed by spiking urine samples with known concentrations of ephedrine. The
samples were diluted 10 times with PBS before analysis, and recovery rates were calculated to
evaluate the practical applicability of the sensor.

3. Results and Discussion
3.1 Structural and morphological characterization
The structural and morphological properties of the synthesized MIP-CNT composite films

were systematically analyzed to confirm the successful fabrication and functional integration of
the composite materials. Comparative evaluations were performed against NIP films and



4352 Sensors and Materials, Vol. 37, No. 10 (2025)

pristine MWCNTs to elucidate the modifications introduced through the imprinting and
composite formation processes.

FTIR was employed to investigate the functional groups present in the MIP-CNT composites
and to verify the interactions between the polymer matrix and the incorporated carbon
nanotubes.®® As shown in Fig. 2(a), the spectrum displayed a broad absorption band in the
region of 3400-3450 cm™, corresponding to the O—H and N-H stretching vibrations,3%)
indicating the presence of hydroxyl and amine groups from the acrylamide monomer.#? A
distinct peak appeared at 1660 cm™, corresponding to the C=0O stretching vibration of the
carboxyl functional groups introduced via the acid treatment of MWCNTs, confirming the
effective integration of functionalized CNTs into the MIP matrix.*”) Additionally, a sharp peak
at 1558 cm™ observed in the MIP-CNT spectrum was assigned to the C=N stretching of imine
bonds, suggesting successful cross-linking between the functional monomer and the CNT
framework.) Notably, the intensity of the C—N stretching vibration at 1380 cm™ increased
significantly in the MIP-CNT sample compared with both MIP and NIP, further corroborating
the formation of a robust polymer-CNT hybrid network.? The characteristic peaks at 1100
cm’, attributed to the C—O—C stretching vibration, confirmed the presence of the polymer
backbone.®)

The crystallinity and phase structure of the MIP-CNT were examined by XRD.#4%) As
illustrated in Fig. 2(b), pristine MWCNTs exhibited a strong diffraction peak at 20 = 26.4°,
corresponding to the (002) plane of graphitic carbon, and a secondary peak at 43.2°, associated
with the (100) plane.®) These peaks are indicative of the highly ordered graphitic structure of
the MWCNTs.#7) The MIP-CNT sample showed a broad, less intense peak centered at 20 =
21.8°, characteristic of the amorphous nature of the polymer matrix.484% The (002) diffraction
peak of the CNTs was still visible but with reduced intensity, suggesting the partial dispersion of
the nanotubes within the polymer matrix®? and the possible disruption of their long-range order
due to polymer coating.®D This observation confirms the successful embedding of CNTs within
the MIP structure without significant aggregation.?)
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~
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Fig. 2. (Color online) (a) FTIR spectra of MIP-CNT composites, confirming functional group modifications and
successful polymer-CNT integration. (b) XRD patterns of pristine CNTs and MIP-CNT composites showing
changes in crystallinity after composite formation.
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The surface morphologies of the bare GCE, MWCNT-modified GCE, MIP-modified GCE,
and MIP-CNT composite-modified GCE were characterized by SEM.®® As shown in Fig. 3(a),
the bare GCE displayed a smooth and featureless surface.®® After modification with MWCNTs
[Fig. 3(b)], a network-like structure consisting of entangled nanotubes was observed,®>)
providing a high surface area conducive to polymer deposition.®® The MIP-modified electrode
[Fig. 3(c)] exhibited a homogeneous but dense polymer film with limited porosity, indicating
poor mass transport channels for analyte diffusion.®”) In contrast, the MIP-CNT composite film
[Fig. 3(d)] presented a porous, interconnected network where CNTs were embedded within the
polymer matrix, creating accessible cavities ideal for analyte binding. This morphological
configuration is essential for efficient molecular recognition and rapid electron transfer,
explaining the superior performance of the MIP-CNT sensors.*®)

TEM was further employed to explore the internal morphology and nanoscale dispersion of
CNTs within the polymer matrix.(7) Figure 3(¢) shows that in the MIP-CNT composite, the
CNTs were uniformly dispersed without significant aggregation and tightly coated by the
polymer network. The presence of a thin polymer layer (~10 nm thickness) surrounding the
CNTs was evident, which plays a critical role in providing selective molecular recognition while
maintaining high electrical conductivity. The tubular structure of the CNTs remained intact after
functionalization and polymerization, ensuring effective electron transport throughout the
composite material.**%9 The uniform distribution of polymer-coated CNTs also confirms the
efficiency of the in situ polymerization approach used in this work.(!

Elemental mapping analysis using EDS confirmed the spatial distributions of carbon, oxygen,
and nitrogen elements across the MIP-CNT composite surface. As shown in Fig. 4, carbon was
homogeneously distributed, verifying the presence of the CNT framework.(2:93) The distribution

Fig. 3. SEM images of (a) bare GCE, (b) MWCNT-modified GCE, (c) MIP-modified GCE, and (d) MIP-CNT
composite film. (¢) TEM images illustrating the uniform dispersion of CNTs within the polymer matrix and the
formation of thin polymer coatings.
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Fig. 4. (Color online) MAP images of carbon, oxygen, and nitrogen distributions across the MIP-CNT composite
surface.

of oxygen was slightly enriched around certain regions, corresponding to the carboxyl-
functionalized CNTs and polymer carbonyl groups. Nitrogen was uniformly distributed,
indicating the successful incorporation of amine functional groups from the polymer network.(¢%
This uniform elemental distribution supports the successful synthesis of a chemically
homogeneous composite material, which is essential for reproducible and selective sensing
performance.(©)

XPS was employed to further investigate the surface chemical composition and bonding
states of the MIP-CNT composites. The survey spectra [Fig. 5(a)] revealed the presence of
prominent peaks corresponding to C s, O 1s, and N 15,9 confirming the successful
incorporation of oxygen- and nitrogen-containing functional groups from the MWCNTs and
polymer.¢”) High-resolution C 1s spectra [Fig. 5(b)] were deconvoluted into four components:
the dominant peak at 284.6 eV assigned to C—C/C=C bonds,®® a peak at 285.7 ¢V corresponding
C-N bonds, %79 a peak at 286.9 eV attributed to C—O bonds, and a peak at 288.4 €V representing
O=C-N bonds. The increased intensity of the C—N and O=C-N peaks in the MIP-CNT
composite compared with the NIP film directly indicates the formation of imine bonds and
cross-linked polymer structures associated with the molecular imprinting process.’) The N 1s
spectrum [Fig. 5(c)] showed peaks at 399.5 and 401.0 eV, corresponding to amine (-NH,) and
imine (—C=N) groups, respectively.(’? The presence of these functional groups is critical for the
specific binding interactions with ephedrine molecules.

3.2 Electrochemical behavior analysis

Electrochemical characterization is critical for evaluating the electron transfer capabilities,
surface reactivity, and molecular recognition behavior of modified electrodes.(’374 In this study,
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were employed
systematically to investigate the electrochemical properties of the fabricated sensors at various
stages of electrode modification.(’® The CV responses of the electrodes during the stepwise
modification were recorded in a 5 mM [Fe(CN)s* /*~ solution containing 0.1 M KCI at a scan
rate of 50 mV/s. As illustrated in Fig. 6(a), the bare GCE exhibited well-defined redox peaks at
0.18 and 0.32 V, corresponding to the reversible redox behavior of the ferri/ferrocyanide
couple.’® The peak-to-peak separation (AEp) was calculated to be 140 mV, indicative of a
moderately fast electron transfer.(’”)
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Fig. 5. (Color online) (a) XPS survey spectra showing the elemental composition of the MIP-CNT composite, (b)
high-resolution C 1s spectra, and (c) N 1s spectra indicating the chemical states of nitrogen species.
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Fig. 6. (Color online) (a) CV and (b) Nyquist plots recorded at various stages of electrode modification in 5 mM
[Fe(CN)q]*/* containing 0.1 M KCI: bare GCE, MWCNT-modified GCE, MIP-CNT before template removal, and
MIP-CNT after template removal.

Upon modification with functionalized MWCNTs, the redox peak currents significantly
increased and AEp decreased to 135 mV, suggesting a notable improvement in electron transfer
rate due to the high electrical conductivity and surface area provided by the CNT network.
When the MIP layer was polymerized onto the MWCNT-modified electrode, the redox peak
currents decreased substantially and AEp increased to 158 mV. This phenomenon can be
attributed to the insulating nature of the polymer film, which partially hinders electron transfer
between the redox probe and the electrode surface.(®)

Following template removal, the CV curve of the MIP-CNT-modified electrode showed the
partial recovery of the redox peak currents. This improvement is attributed to the formation of
recognition cavities within the polymer matrix,(”” which facilitated mass transport®? and
improved the accessibility of the redox probe to the electrode surface.®") These findings confirm
the successful fabrication of the molecularly imprinted polymer with accessible recognition
sites.

Electrochemical impedance spectroscopy was conducted to further analyze the interfacial
electron transfer resistance at each electrode modification stage. The Nyquist plots obtained in 5
mM [Fe(CN)s]>7#~ solution are depicted in Fig. 6(b). The bare GCE exhibited a semicircular
region at high frequencies, reflecting moderate electron transfer kinetics. After modification
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with functionalized MWCNTs, the diameter of the semicircle decreased markedly and Rct was
also decreased, indicating a significant improvement in charge transfer at the electrode
interface.®? This observation is consistent with the excellent conductivity of MWCNTSs and
their role in facilitating fast electron transport.(33-8%)

The deposition of the MIP film on the MWCNT-modified electrode caused a substantial
increase in peak-peak separation, demonstrating that the insulating polymer matrix restricted
electron transfer. However, following the template removal process, Rct decreased, confirming
the formation of recognition cavities and the restoration of effective electron pathways. These
results collectively validate the successful fabrication of a highly conductive and selectively
permeable MIP-CNT composite film, capable of enhancing electron transfer while providing
specific molecular recognition functionality for ephedrine.

3.3 Analytical performance of the sensor

The analytical performance of the developed MIP-CNT composite sensor was systematically
evaluated to determine its sensitivity, detection limit, linear working range, and overall
suitability for practical application in ephedrine detection. These parameters were compared
with conventional sensors reported in the literature to assess the technological advantages of the
developed system.

DPV was employed to establish the calibration curve for ephedrine detection using the MIP-
CNT composite-modified electrode. Measurements were performed in 0.1 M PBS (pH 7.0)
under optimized electrochemical parameters. For each concentration, triplicate measurements (n
= 3) were performed, and the resulting data are presented in Fig. 7(b) with error bars representing
the standard deviation. As shown in Fig. 7, the oxidation peak current decreased linearly with
increasing ephedrine concentration over a range of 0.05 to 50 uM, demonstrating excellent
reproducibility across repeated measurements (relative standard deviation < 3%).

The regression equation obtained from the calibration plot was expressed as

Ip (RA) =—26.0322 X LOZCephedrine MM) +223.558 (R*= 0.989).

210 200
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Fig. 7. (Color online) (a) DPV curves and (b) calibration curve for ephedrine detection using the MIP-CNT
composite sensor obtained by DPV in 0.1 M PBS (pH 7.0) (mean = SD, n = 3). Error bars indicate standard deviation
across triplicate measurements
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The sensor exhibited excellent linearity (R* = 0.998), indicating a strong correlation between
the ephedrine concentration and the measured peak current. The LOD calculated on the basis of
a signal-to-noise ratio of 3 (S/N = 3) was determined to be 15 nM. The high sensitivity of 26.03
pA/nM reflects the excellent electron transfer capability and effective molecular recognition
provided by the MIP-CNT composite.3%37) This superior performance is attributed to the
synergistic effect of the highly conductive CNTs®®) and the selective binding cavities introduced
by molecular imprinting.(®)

To further demonstrate the advancement provided by the MIP-CNT composite sensor, its
analytical performance was compared with those of previously reported electrochemical sensors
for ephedrine detection. It is evident from the comparison that the MIP-CNT composite sensor
outperforms conventional electrodes such as unmodified carbon paste electrodes, glassy carbon
electrodes modified with metal nanoparticles, and previously reported MIP-based sensors
without conductive nanomaterial integration. While prior works reported LOD values ranging
from 0.1 to 0.5 uM, the sensor presented in this study achieves an ultralow LOD of 15 nM.
Similarly, the sensitivity of the current sensor surpasses the majority of reported values,
highlighting its potential for the trace-level detection of ephedrine in complex matrices. A
detailed quantitative comparison is provided in Table 1. The developed sensor exhibits the
widest linear range (0.05-50 uM), low LOD (15 nM), and high sensitivity (26.03 pA/nM). These
results demonstrate the considerable advantage of combining molecular imprinting technology
with conductive nanomaterials, which leads to both high selectivity and excellent electron
transfer efficiency.

3.4 Selectivity and interference studies

Selectivity is a critical performance parameter for molecularly imprinted sensors, especially
when applied to complex sample matrices where structurally similar substances and coexisting
species may interfere with target analyte detection. To evaluate the selectivity of the MIP-CNT
composite sensor toward ephedrine, DPV measurements were performed in the presence of
potential interfering compounds commonly found in biological and pharmaceutical samples.

Figure 8 shows the DPV responses of the MIP-CNT sensor to 10 uM ephedrine and an
equimolar concentration of structurally related compounds, including pseudoephedrine,
norephedrine, phenylephrine, and dopamine.®* While all analytes produced detectable current
responses, the oxidation peak current corresponding to ephedrine was significantly higher,
demonstrating the superior binding affinity of the imprinted cavities for ephedrine molecules.(®)

Table 1
Comparative analysis of the developed MIP-CNT composite sensor with previously reported electrochemical
sensors for ephedrine detection.

Sensor type Linear range (uM) LOD Reference
MWCNT/Nafion/MIP/GCE 0.18-75 72nM 90)
Fe304@SiO>@TiO,-MIP 0.009-2.8 3.6nM On
Poly (4-amino—3-hydroxynaphthalene sulfonic acid)/GCE 8-1000 0.78 uM 92)
C18 bonded silica gel/CPE 2.2-76 — 93)

MIP-CNT composite (this work) 0.05-50 0.015 This work
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Fig. 8. (Color online) DPV responses of the MIP-CNT composite sensor to ephedrine (10 uM) and common
interfering compounds (10 uM each): pseudoephedrine, norephedrine, phenylephrine, and dopamine.

As summarized in Table 2, the highest K value of 5.6 was obtained for pseudoephedrine,
indicating that although structurally similar, pseudoephedrine binding was significantly less
favored. Lower K values for norephedrine (4.3), phenylephrine (3.1), and dopamine (2.7) further
support the high selectivity of the MIP-CNT sensor.(°® These results confirm that the fabricated
molecular recognition sites exhibit high shape and functional group complementarity for
ephedrine, effectively discriminating against common interfering species.(®”)

3.5 Repeatability, reproducibility, and stability

The practical applicability of a sensor relies heavily on its operational repeatability,
reproducibility across multiple fabrications, and long-term stability. These factors were
systematically evaluated for the developed MIP-CNT composite sensor. The repeatability of the
sensor was assessed by five consecutive measurements of 10 uM ephedrine under identical
experimental conditions. As shown in Fig. 9(a), the current responses remained highly consistent,
with a relative standard deviation (RSD) of 2.1%, indicating excellent short-term measurement
stability.

To evaluate reproducibility, five independent MIP-CNT-modified electrodes were fabricated
using the same preparation protocol, and the current response to 10 pM ephedrine was recorded
for each electrode. The RSD for these measurements was calculated to be 3.4%, confirming the
reproducibility and robustness of the fabrication process.

The long-term stability of the sensor was examined by measuring its response to 10 uM
ephedrine after storage at 4 °C for up to 30 days. As shown in Fig. 9(b), the current response
retained 95.2% of its initial value after 15 days and 91.3% after 30 days. This minor reduction in
response is attributed to the gradual surface fouling and potential partial degradation of the
polymer matrix over time. These results demonstrate that the developed sensor maintains high
stability over a reasonable storage period, making it suitable for practical deployment in field
applications.
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Table 2
Selectivity coefficients (K values) of the MIP-CNT sensor for ephedrine against common interfering substances.
Interfering compound Oxidation peak current (LA) K (selectivity)
Ephedrine 18.3 1.0 (reference)
Pseudoephedrine 33 5.6
Norephedrine 4.2 43
Phenylephrine 59 3.1
Dopamine 6.8 2.7
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Fig. 9. (Color online) (a) Repeatability study showing consistent DPV responses of the MIP-CNT sensor for five
consecutive measurements of 10 uM ephedrine. (b) Long-term stability of the MIP-CNT sensor measured over 30
days at 4 °C.

3.6 Real sample analysis

To verify the practical applicability of the developed MIP-CNT sensor, real sample analysis
was conducted using spiked human serum and urine samples. These biological matrices were
selected owing to their complex composition and relevance in clinical and forensic drug
monitoring. Prior to analysis, the collected serum and urine samples were centrifuged at 4000
rpm for 10 min to remove particulates and diluted tenfold with 0.1 M phosphate-buffered saline
(pH 7.0). Known concentrations of ephedrine were then added to the diluted samples to assess
recovery performance.

The recovery results summarized in Table 3 indicate that the developed sensor achieved
excellent recovery rates ranging from 96.3 to 103.5% in serum samples and from 95.4 to 102.8%
in urine samples. The RSDs for all measurements were below 4%, indicating high precision and
reliability. These recovery values fall well within the acceptable range for bioanalytical method
validation, confirming the accuracy and robustness of the sensor in real-world sample testing.
These findings highlight the strong potential of the MIP-CNT sensor for application in clinical
diagnostics and anti-doping control, where the reliable detection of trace amounts of stimulant
drugs in biological fluids is critical.
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3.7 Proposed sensing mechanism

The enhanced electrochemical performance of the MIP-CNT sensor can be attributed to the
synergistic combination of the molecularly imprinted polymer and the conductive carbon
nanotube framework. The proposed sensing mechanism is illustrated schematically in Fig. 10.
During fabrication, ephedrine molecules act as the template to form specific recognition sites
within the polymer matrix. These cavities exhibit complementary shape, size, and functional
group orientation to the target molecule, facilitating selective rebinding during the sensing
process. Upon exposure to ephedrine, the molecules diffuse through the porous polymer network
and bind specifically to the imprinted cavities. This selective binding process effectively
concentrates the analyte near the electrode surface, enhancing the local analyte concentration
and facilitating electron transfer.

Simultaneously, the integrated MWCNTs provide highly conductive pathways, accelerating
electron transfer from the analyte to the electrode surface. The interconnected nanotube network
not only improves conductivity but also offers additional adsorption sites, contributing to signal

Table 3

Recovery results of ephedrine in human serum and urine samples.

Sample type Added concentration (uM)  Found concentration (uM)  Recovery (%) RSD (%)
Serum 5.0 5.18 103.5 32
Serum 10.0 9.75 97.5 2.8
Serum 20.0 19.26 96.3 2.5
Urine 5.0 5.14 102.8 35
Urine 10.0 9.85 98.5 3.0
Urine 20.0 19.08 95.4 2.7
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Fig. 10. (Color online) Schematic illustration of the proposed sensing mechanism. Formation of molecularly
imprinted cavities specific to ephedrine. Selective binding of ephedrine and facilitated electron transfer through the
CNT network during electrochemical detection.
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amplification. When a potential is applied, the bound ephedrine molecules undergo oxidation at
the electrode surface, resulting in a measurable current response. The combination of selective
molecular recognition and efficient charge transport leads to high sensitivity and low detection
limits, even in the presence of structurally similar interfering substances. This dual-functional
mechanism ensures both the selectivity provided by the MIP layer and the signal enhancement
offered by the CNT framework, making the sensor highly effective for real-world analytical
applications.

4. Conclusions

We successfully engineered and rigorously evaluated a novel electrochemical sensor for
ephedrine detection, leveraging a MIP-CNT composite film on a GCE. Comprehensive
characterization using FTIR, XRD, SEM, TEM, MAP, and XPS confirmed the effective
synthesis and synergistic integration of the MIP and CNT components, highlighting a porous,
interconnected network with uniformly dispersed CNTs coated by a polymer layer approximately
10 nm thick, which facilitated enhanced analyte interaction and signal transduction.
Electrochemical analyses via CV and EIS demonstrated improved electron transfer kinetics,
with the AEp for the redox probe decreasing to 135 mV on the MWCNT-modified GCE from 140
mV on the bare GCE, and successful template removal was evidenced by favorable changes in
redox currents and Rct. The developed MIP-CNT sensor exhibited outstanding analytical
performance for ephedrine, achieving a wide linear detection range from 0.05 to 50 uM, an
ultralow LOD of 15 nM, and a high sensitivity of 26.03 pA/nM. Crucially, the sensor
demonstrated excellent selectivity against common interfering substances such as
pseudoephedrine (selectivity coefficient K = 5.6), norephedrine (K = 4.3), phenylephrine (K =
3.1), and dopamine (K = 2.7). The sensor also showed marked operational characteristics, with
RSDs of 2.1% for repeatability and 3.4% for reproducibility. Furthermore, it maintained 91.3% of
its initial response after 30 days of storage at 4 °C. Real sample analysis in spiked human serum
and urine yielded excellent recovery rates, ranging from 95.4 to 103.5% with RSDs below 4%,
underscoring its practical applicability. These results collectively affirm that the synergistic
combination of MIPs’ molecular recognition capabilities with CNTs’ superior electrical
properties provides a robust and highly effective platform for the sensitive and selective
determination of ephedrine in complex biological samples.
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