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Molecularly imprinted sensor for lipoic acid
quantification in serum: a proof-of-concept for
diagnosis of NELL-1 membranous nephropathy
and kidney failure

Kanwal Bashir,® Amir Habib,” Imran Shakir,® Tajamal Hussain® and Adeel Afzal (2 *

Sensitive quantification of a-lipoic acid (LA) in human serum is essential for early detection and
monitoring of kidney disorders but remains challenging due to interference from complex biological
matrices. Here, we report an electrochemical sensor using a molecularly imprinted poly(aniline-co-m-
aminophenol) (MIP) copolymer engineered with porous morphology and low interfacial resistance to
enhance charge transfer and selective analyte recognition. Cyclic voltammetry, differential pulse
voltammetry, and electrochemical impedance spectroscopy confirm efficient charge transfer, diffusion-
controlled kinetics, and a clear analytical response toward LA across 0-500 pM, achieving high sensitivity
(2.04 pA cm™2 pM™Y and a detection limit of 189 nM. The sensor demonstrates a mean recovery of
102 £+ 7.07% in spiked human serum, validating reliable performance under clinically relevant conditions.
This work establishes a practical platform for rapid, accurate, and sensitive LA detection, supporting

rsc.li/materials-advances

1. Introduction

Lipoic acid (LA), an organosulfur compound derived from caprylic
acid, plays a critical role in aerobic metabolism and is widely
recognized for its potent antioxidant properties. It has been
extensively used to treat oxidative stress-related conditions,
including diabetic neuropathy and liver ailments.’ However, while
LA is generally considered safe, excessive intake has been asso-
ciated with adverse effects, most notably nephrotoxicity. Emerging
studies have implicated high-dose LA in the development of
neural epidermal growth factor-like 1 (NELL-1) associated mem-
branous nephropathy (MN), a kidney disorder marked by immune
complex deposition in the glomerular basement membrane,
leading to proteinuria, edema, and hypoalbuminemia.”” Given
these clinical concerns, regular and precise monitoring of LA
concentrations in biological fluids is essential for early diagnosis
and ongoing management of related conditions.

Various analytical methods have been developed for LA detec-
tion. Spectrophotometric techniques based on complex formation
with 3-methyl-2-benzothiazolinone hydrazone (MTBH) or ferric
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point-of-care diagnostics and continuous monitoring in biomedical applications.

chloride offer relatively simple analysis, with linear detection
ranges between 4.0-20.0 pg mL ' at 515 nm.® However, such
methods suffer from limitations like low sensitivity, poor selectiv-
ity, and susceptibility to interference.”® To overcome these draw-
backs, chromatographic techniques, such as high-performance
liquid chromatography (HPLC),” and gas chromatography (GC),"°
have been employed, offering enhanced accuracy and sensitivity.
Nevertheless, these methods typically require expensive instru-
mentation, complex sample preparation, and longer analysis
times, limiting their suitability for point-of-care (POC) diagnostics.

In contrast, electrochemical sensors offer a promising alter-
native due to their low cost, high sensitivity, fast response, and
ease of miniaturization.""™® Non-enzymatic electrochemical
sensors, in particular, have gained attention as they bypass
the instability, cost, and storage limitations associated with
enzyme-based biosensors. Recent advances in this domain
include the use of nanostructured modifiers such as metal
oxides and nanoparticles to enhance sensor performance. For
example, Charoenkitamorn et al.'* employed MnO,-modified
screen-printed graphene electrodes for the simultaneous detec-
tion of coenzyme Q10 and LA, achieving a detection limit of
0.088 pg mL ™', Similarly, Ziyatdinova and Gimadutdinova
reported a CeO,-Fe,O; nanoparticle-modified glassy carbon
electrode with a detection limit of 0.053 uM.'> Gungor et al.'®
developed a chitosan—polyurethane membrane-based biosen-
sor with a detection range of 5-200 umol L ™" and a limit of
4.931 umol L.
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Conducting polymers such as polyaniline (PANI), polypyr-
role (PPY), and polythiophene (PTP) have been widely explored
for biosensor development due to their excellent electrical
conductivity, chemical stability, and biocompatibility.'”°
Their structural flexibility allows facile functionalization and
efficient electron transfer, enhancing biosensor sensitivity.>' To
further improve selectivity, molecular imprinting technology
has been introduced. Molecularly imprinted polymers (MIPs)
possess highly specific binding cavities complementary in
shape and functional groups to the target molecule.””>* These
biomimetic materials provide enzyme-like selectivity along with
superior robustness, reusability, and long-term stability, mak-
ing them ideal candidates for non-enzymatic electrochemical
sensing platforms.?*2°

Despite these advances, few studies have combined the
advantages of conducting polymers and molecular imprinting
in a unified sensor system specifically designed for LA detection.
To the best of our knowledge, no electrochemical sensor has yet
utilized a poly(aniline-co-m-aminophenol) (PAni-PmAP, or sim-
ply referred to as MIP) copolymer matrix, functionalized through
molecular imprinting, to detect LA. The use of m-aminophenol
as a co-monomer introduces hydroxyl functionality into the
polymer backbone, enhancing hydrogen bonding and facilitat-
ing stronger template interactions during imprinting.

In this study, we report the fabrication and evaluation of a
novel molecularly imprinted electrochemical sensor based on
PAni-PmAP for the selective and sensitive detection of lipoic
acid. The sensor was constructed by coating molecularly
imprinted (MIP) and non-imprinted (NIP) polymer films onto
screen-printed gold electrodes (SPGEs), enabling low-cost,
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Proposed mechanism of lipoic acid (LA) sensing: (black circle) In the absence of LA, the MIP sensor exhibits a high peak current in [Fe(CN)
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(left) Schematic illustration of the synthesis and fabrication of the PAni—PmAP MIP on a disposable screen-printed gold electrode (SPGE). (right)
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disposable, and portable sensing. The MIP layer functions as a
selective recognition matrix, where the imprinted cavities bind
lipoic acid molecules and hinder redox probe diffusion, leading
to a measurable decrease in current response as illustrated in
Fig. 1. The MIP-based sensor exhibits high sensitivity, reprodu-
cibility, and excellent selectivity toward LA in the presence of
biologically relevant interferents. This work demonstrates the
potential of combining conducting copolymers with molecular
imprinting for point-of-care LA diagnostics, aligning with the
ASSURED criteria for accessible healthcare technologies.*”

2. Experimental section

2.1. Synthesis of poly(aniline-co-m-aminophenol)

Molecularly imprinted poly(aniline-co-m-aminophenol) copolymer
(PAni-PmAP, MIP) was synthesized via in situ oxidative polymer-
ization using m-aminophenol as the primary monomer, aniline as
the co-monomer, o-lipoic acid (LA) as the template, and dipheny-
lamine (DPA) as the cross-linker. Specifically, 80 mg of m-
aminophenol, 66 UL of aniline, and 248 mg of DPA were dissolved
in 10 mL of 0.1 M HCI. The mixture was sonicated for 30 minutes
using a 250 W, 450 kHz ultrasonic bath to ensure thorough
homogenization. Then, 30 mg of LA was added as the template,
followed by another 30 minutes of sonication for uniform disper-
sion. Separately, an oxidant solution was prepared by dissolving
410 mg of ammonium persulfate (APS) in 10 mL of 0.1 M HCL
This APS solution was added dropwise to the monomer solution
under constant stirring at 2000 rpm, initiating the polymerization.
The reaction was continued for 4 hours at room temperature
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unhindered access of redox species to the electrode surface. (red circle) Following exposure to 500 uM LA, selective binding at the imprinted sites
restricts probe diffusion, reducing the current response. (blue circle) DPV profiles of the MIP sensor recorded before and after LA addition, demonstrating

the signal suppression associated with analyte binding.
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under ambient conditions, with black coloration indicating suc-
cessful polymer formation. The resulting MIP was collected by
centrifugation at 4000 rpm for 5 minutes, washed three times with
10 mL of deionized water, and dried overnight in an oven at 60 °C.
A non-imprinted polymer (NIP) was synthesized using the same
procedure but without the addition of LA. A schematic of the
synthesis process is presented in Fig. 1, along with the LA
detection mechanism.

2.2. Sensor fabrication

To fabricate electrochemical sensors, 1 mg mL ™' suspensions
of both MIP and NIP were prepared by dispersing the polymers
in a 1% w/w polystyrene (PS) solution in tetrahydrofuran (THF),
followed by 30 minutes of sonication. Screen-printed gold
electrodes (SPGEs; ItalSens Gold, PalmSens BV, The Nether-
lands) were cleaned with ethanol and deionized water before
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modification. A 2 pL aliquot of the polymer suspension was
drop-cast onto the working electrode area (3 mm diameter;
7.07 mm?® surface area) and allowed to dry under ambient
conditions for 30 minutes. To remove residual template mole-
cules, the coated electrodes were rinsed 3-5 times with 0.01 M
NaOH solution before electrochemical measurements. Addi-
tional experimental details on analytical and electrochemical
characterization, sensor measurements, and the collection, pre-
treatment, and analysis of human serum samples are provided
in the SI Experimental section.

3. Results and discussion
3.1. Analytical characterization

The FTIR spectra of MIP, NIP, and LA (Fig. 2a and b) provide
insight into the structural features and successful imprinting of
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Fig. 2 Structural and morphological characterization. (a) FTIR spectra of PAni—PmAP copolymers (MIP and NIP), and lipoic acid (LA). (b) Enlarged
fingerprint region highlighting the 1(C=—0) peak shifts. Surface morphology of PAni—PmAP films: (c) SEM micrograph of the copolymer at 10 000x
magnification (scale bar: 10 um); (d) corresponding 3D surface topology; (e) surface height profiles extracted along the horizontal and vertical centerlines

of (d).
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the polymer matrix. As shown in Fig. 2a, both MIP and NIP display
characteristic peaks of the poly(aniline-co-m-aminophenol) back-
bone, including C=N stretching at 1492 cm ™, C-N stretching at
1299 cm™ ', C-H in-plane bending at 1157 ecm™*, and C-H out-of-
plane bending at 739 cm ™", consistent with literature values for
aromatic amines and substituted aniline derivatives.”®*° The
broad absorption band in the 3376-3000 cm ™" range corresponds
to overlapping N-H and O-H stretching vibrations, suggesting the
presence of intermolecular hydrogen bonding within the copoly-
mer network.>® Importantly, the MIP spectrum shows additional
weak absorption bands at 2925 cm ™, 1690 cm™ ', and 1415 cm ™",
attributed to aliphatic C-H stretching, carbonyl C=O stretching,
and symmetric C-O stretching, respectively.*’**> These bands are
absent in NIP, indicating that they arise from residual LA
entrapped during the polymerization process (Fig. 2b). Their
presence in MIP but not NIP confirms successful template
incorporation and supports the creation of selective recognition
sites. Hence, the spectral differences between MIP and NIP,
despite having identical monomer compositions, reflect the spe-
cific molecular imprinting of LA and validate its interaction with
the functional monomers during synthesis.

3.2. Surface analysis

The SEM micrographs display the surface morphology of the
selective PAni-PmAP copolymer (MIP) (Fig. S1 and Fig. 2c-e).
The lower magnification SEM images (500-5000x) establish
overall coating uniformity and the general porous structure
(Fig. S1), whereas the highest magnification (10000x) allows
for the visualization of finer morphological details and potential
cavity-like features (Fig. 2c). The polymer demonstrates good
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surface uniformity, with minimal macroscopic defects. Notably,
the dark regions observed in the micrographs correspond to
porous features and cavity-like structures, likely representing
imprinted sites formed by the removal of template LA molecules.
These features are essential for selective target recognition.
Further surface characterization using WSxM-processed®>® SEM
data provides enhanced topographical insights (Fig. 2d and e).
The pseudo-3D renderings confirm rough and porous morphol-
ogy (Fig. 2d), attributed to the growth of MIP nanostructures and
imprinting-induced surface heterogeneity.

The calculated root-mean-square roughness (Ry,s) of
45.79 nm reflects the nanoscale texture of the surface, which
is advantageous for increasing the electroactive area and facil-
itating analyte diffusion. The height distribution and lateral/
vertical surface profiles (Fig. 2e) corroborate the existence of
well-distributed surface features and a reasonably uniform
morphology. Moreover, the surface kurtosis (Sg) value of 3.7
indicates a leptokurtic distribution,®* suggesting a balanced
surface profile with enhanced surface contact area, favorable
for consistent and efficient electrochemical interactions. These
morphological traits validate the effectiveness of the electro-
polymerization and imprinting strategy in producing a structu-
rally and functionally optimized MIP layer.**>>

3.3. Electrochemical characterization

EIS was applied to elucidate the interfacial properties of bare,
NIP-, and MIP-modified SPGEs. The Nyquist plots and corres-
ponding fits (Fig. 3a-c) in combination with the equivalent
circuit models (Fig. S2) provide quantitative insight, while the
Bode magnitude and phase spectra (Fig. 3d and e) reveal the
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Fig. 3 Electrochemical characterization of the sensors: (a)-(c) Nyquist plots of (a) the bare, (b) MIP-, and (c) NIP-modified electrodes; (d) Bode

magnitude plots; and (e) Bode phase angle plots of the bare, MIP-, and NIP-modified electrodes in a standard redox solution, with 2.5 mM [Fe(CN)
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and 0.05 M KCl in phosphate buffer (pH 7.4) at 25 °C. (f) CV scans of the bare, MIP-, and NIP-modified electrodes in a standard redox solution.
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dynamic relaxation processes across frequencies. The bare
SPGE exhibited the largest charge transfer resistance (R
19 kQ; error = 0.342%; %> = 0.0006), consistent with the large
semicircle diameter in the Nyquist space (Fig. 3a) and the high
low-frequency plateau of the Bode magnitude (Fig. 3d). Its
phase spectrum showed a broad, low-frequency maximum
(~80°), typical of sluggish electron transfer coupled with
diffusion control (Fig. 3e). This response was best described
by a simple Randles circuit with a Warburg element (Fig. S2,
bare), confirming that interfacial charge transfer and semi-
infinite diffusion dominate the bare electrode behavior.

The MIP electrode showed an intermediate R. of 4.7 kQ
(error = 3.5%; x> = 0.00004) (Fig. 3b), reflecting improved
conductivity compared with the bare electrode but partial
blocking relative to NIP due to the presence of imprinted
recognition cavities. In the Bode magnitude spectrum, the
MIP trace lay between bare and NIP electrodes. Its phase
response revealed a single, broad relaxation peak shifted to
intermediate frequencies. This broadened phase feature, sup-
ported by the fitted CPE exponent values (Fig. S2, MIP),
indicates a distributed interfacial process arising from the hetero-
geneity of the recognition cavities and their impact on local charge
transfer and capacitance.’*>® The MIP circuit (Fig. S2, MIP)
included a CPE-R branch in parallel with a finite-length Warburg
element, capturing the coupling between charge transfer and
analyte diffusion through imprinted cavities.

Modification with the NIP copolymer drastically lowered R,
1%; x> = 0.00006) (Fig. 3¢), which confirmed
enhanced interfacial conductivity and facilitated electron trans-
port due to the high conductivity of the polymer backbone.
In the Bode magnitude plot (Fig. 3d), the NIP electrode showed
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the lowest overall impedance at low frequencies. Importantly,
its phase spectrum contained two distinct relaxation features
(Fig. 3e): a high-frequency shoulder linked to fast charge
transfer through the polymer film, and a lower-frequency peak
associated with hindered diffusion across the dense, non-
specific polymer layer. This duality necessitated a more
complex equivalent circuit (Fig. S2, NIP), including two parallel
R-CPE branches and a Warburg element, consistent with two
overlapping interfacial processes: conductive polymer pathways
These findings highlight a clear
progression in electrode behavior: (i) the bare SPGE is domi-
nated by high charge transfer resistance and diffusion, (ii) the
MIP-modified SPGE balances conductivity with selective mole-
cular recognition, producing a broadened,
frequency relaxation and a coupled interfacial/diffusion pro-
cess, and (iii) the NIP-modified SPGE promotes facile electron
transfer but introduces a dense film that impedes diffusion,
requiring two distinct time constants in the equivalent circuit.

The electrochemical behavior of the bare and modified
electrodes (MIP and NIP) was evaluated using CV in a standard
redox solution, as shown in Fig. 3f. The bare SPGE, character-
ized by high interfacial resistance and a negligible faradaic

intermediate-

response, showed no measurable change in current upon the
addition of LA and was therefore not included in the analytical
calibration plots. Modification of the SPGE surface with PAni-

PmAP resulted in a marked enhancement of the redox response
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compared to the bare electrode. This behavior arises from the
redox-active nature of the PAni-PmAP backbone, which sup-
ports surface-confined faradaic processes, enhancing charge
transfer and ion accessibility.** The anodic peak current (I,,)
increased from 27.34 pA for NIP to 38.02 pA for the MIP
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Fig. 4 Effect of scan rate on electrochemical response: (a) and (b) CV scans of MIP and NIP sensors at scan rates of 10-200 mV s~ in a standard redox
solution containing 2.5 MM [Fe(CN)g]*~"*~ and 0.05 M KClin PBS (pH 7.4) at 25 °C. (c) and (d) The corresponding linear regression plots of anodic (/,,) and
cathodic (/) peak currents vs. the square root of scan rate, and (e) and (f) log—log plots: log(/,a) vs. log(v) for the MIP and NIP sensors, respectively.
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electrodes, which reflected improved electron transfer, attrib-
uted to the enhanced conductivity, electroactive surface area,
and accessible redox-active sites introduced by the polymeric
coatings. The superior response of the MIP compared to the
NIP further suggests the presence of binding sites, which
facilitate more effective interaction with the redox species.

3.4. Effect of scan rate

The effect of scan rate (10-200 mV s~ ') on the electrochemical
response of the modified electrodes was investigated using
cyclic voltammetry (CV). Both MIP and NIP sensors exhibited
a proportional increase in anodic peak current (I,,) and a
corresponding cathodic shift in the reduction peak (I,.) with
increasing scan rates (Fig. 4a and b), demonstrating that the
redox process is influenced by the applied potential sweep. To
elucidate the charge transfer mechanism, peak -currents
(Ipa and I,c) were plotted against both the scan rate (v) (Fig. S3)
and the square root of the scan rate (/) (Fig. 4c and d).**** The
excellent linearity observed in the I, vs. \/v plots (R* & 0.99 for both
MIP and NIP) confirms that the redox process is predominantly
diffusion-controlled at the electrode-electrolyte interface.***® The
corresponding linear regression equations further substantiate
this kinetic behavior. Additionally, log-log plots of I,, vs. scan
rate (logv) (Fig. 4e and f) yielded slopes of 0.40 for MIP and 0.50
for NIP, aligning closely with theoretical values for diffusion-
limited processes. These results validate that electron transfer at
both modified surfaces occurs via diffusion-controlled mechan-
isms, though slight variations in slope suggest minor contribu-
tions from adsorption or surface interactions in the imprinted
matrix.

3.5. Electrochemical properties

To quantitatively assess the electrochemical properties, the
electroactive surface area (A) and the heterogeneous electron
transfer rate constant (K°) were calculated. The electroactive
area was determined using the Randles-Sevéik equation

(eqn (1)):
m =2.69 x 10°n*?AD"*C (1)

where m is the slope of the I, vs. v"/* calibration plot (Fig. 4), n
is the number of electrons transferred, A is the electroactive
area, C is the concentration of the redox species, D is the
diffusion coefficient, and v is the scan rate.*® The calculated
electroactive areas were 1.95 x 10~2 cm? for the bare electrode,
increasing to 4.00 x 10~ % cm”* and 5.57 x 10> cm? for NIP and
MIP, respectively. This notable increase confirms that the
polymer layers significantly enhance the accessible surface for
redox activity.

The heterogeneous electron transfer rate constant (K°) was
estimated using the following equation (eqn (2)):>°

K° = RT/R.ACF” (2)

where R, is the charge transfer resistance obtained from EIS, R
is the gas constant, T is the temperature, and F is Faraday’s
constant. The K° values were found to be 1.76 x 10™* ecm s~ for
the bare electrode, increasing to 6.13 x 10~ * cm s~ * for NIP and

8484 | Mater. Adv,, 2025, 6, 8479-8489

View Article Online

Materials Advances

4.05 x 107* cm s ' for MIP. These values fall within the
expected range for polymer-modified electrodes probed with
[Fe(CN)e]*™"*~, where conductive NIP films typically exhibit
faster kinetics, while the presence of imprinted cavities intro-
duces interfacial heterogeneity and lowers the apparent rate
constant. These findings are consistent with the EIS data and
confirm that imprinting enhances electrode surface area and
molecular recognition at the expense of interfacial charge
transfer kinetics.

3.6. Sensor measurements

CV was performed at a fixed scan rate of 100 mV s~ " to evaluate
the response of the modified sensors across increasing LA con-
centrations (0-500 puM). As shown in Fig. S4a, b (SI), a progressive
decrease in anodic peak current (I,,) was observed with rising LA
levels. This inverse trend suggests effective binding of LA at the
electrode surface, which impedes electron transfer and alters the
redox activity. A comparative analysis between the MIP and NIP
sensors revealed markedly improved performance for the MIP
sensor. The MIP demonstrated strong linearity between I,,, and LA
concentration, with a coefficient of determination (R?) of 0.97 (Fig.
S4c, SI), outperforming the NIP sensor (R> = 0.93; Fig. S4d, SI).
This higher linearity reflects the enhanced specificity and affinity
of the imprinted polymer matrix for LA. The MIP sensor exhibited
43% greater sensitivity, calculated at 0.020 pA uM ™', across a
linear dynamic range of 0-500 uM. In contrast, the NIP sensor
showed a reduced sensitivity of 0.014 uA uM~". These findings
validate the enhanced recognition ability of the MIP sensor, which
arises from the presence of selective molecular cavities formed
during imprinting. These cavities enable specific binding interac-
tions with LA, contributing to the sensor’s high selectivity and
improved analytical performance.

To further validate the electrochemical performance of the
fabricated sensors, DPV measurements were carried out over a
broad concentration range of LA (0-500 uM). DPV is a sensitive
technique known for its high signal resolution and accuracy in
quantifying electroactive analytes, particularly in complex
matrices.’™*> The resulting DPV curves (Fig. 5a and b) exhibit
a consistent decline in peak current with increasing LA concen-
tration, mirroring the trend observed in CV studies and con-
firming effective LA interaction with the polymer-modified
electrode surfaces. Calibration plots (Fig. 5¢) demonstrate linear
current responses for both MIP and NIP sensors, with the MIP
sensor showing 71% higher sensitivity compared to the NIP
sensor. This superiority is consistent across techniques: analysis
of the CV data (Fig. S4, SI) shows that the MIP sensitivity is 43%
higher than NIP (0.020 vs. 0.014 pA uM '), while DPV shows a
71% advantage (0.144 vs. 0.084 pA pM ') (Fig. 5¢). The signifi-
cantly higher absolute sensitivity of DPV underscores its selec-
tion as the primary analytical method due to its superior
resolution and minimized capacitive contributions.

Furthermore, the sensitivity in terms of current density per
concentration (LA cm ™2 pM ') was determined from the slope
of the calibration curves (Fig. 5d), while LOD and LOQ were
calculated using the standard regression approach: LOD = 3.34/
S; and LOQ = 100/8;°"*? where ¢ is the standard deviation of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and 0.05 M KCl in phosphate buffer (pH 7.4) at 25 °C with a scan rate of 100 mV s™*. (c) Calibration plots of current response vs. LA concentration, and (d)

current density vs. LA concentration for the MIP and NIP sensors.

blank signal (y-intercept of the calibration curve) and S is the
sensitivity (slope of the calibration curve). Again, the MIP sensor
exhibited superior analytical performance, with a high sensitivity
of 2.04 pA ecm™? pM ™%, a low LOD of 189 nM, and an LOQ of
573 nM. The linearity was excellent across the tested concentration
range, with a correlation coefficient (R*) of 0.98, highlighting the
sensor’s robustness and precision at low analyte concentrations.
On the contrary, the NIP sensor demonstrated lower sensitivity and
less favorable detection limits, reaffirming the enhanced selectivity
and electrochemical efficiency of the MIP sensor. These results are
consistent with the EIS data, which exhibited that the NIP electrode
exhibited high Warburg impedance and distinct dual relaxation,
confirming the hindered mass transport through its compact non-
selective film. By contrast, the MIP electrode displays a finite
diffusion component coupled with charge transfer, reflected in
its single broad relaxation. This behavior indicates that the
imprinted cavities act as structured diffusion pathways that pre-
serve accessibility while conferring molecular selectivity.

3.7. Sensing mechanism

The electrochemical behavior of MIP and NIP sensors, studied
using CV in a [Fe(CN)s]* "~ redox system, indicates a diffusion-

© 2025 The Author(s). Published by the Royal Society of Chemistry

controlled redox process, as confirmed by the linear relationship
between peak current and the square root of scan rate (Fig. 4).>>
The redox probe undergoes surface electron transfer reactions,
and its access to the electrode determines the observed current
response. Upon exposure to LA, a concentration-dependent
decrease in peak current is observed in both the CV (Fig. S4)
and DPV (Fig. 5) profiles. This decline is attributed to the
binding of LA molecules within the imprinted cavities of the
MIP, which physically obstructs diffusion of the redox probe to
the electrode surface, thereby reducing the charge transfer
rate.”* The effect is more pronounced in MIP due to its specific
recognition sites, whereas NIP lacks such selective interactions
and exhibits a less significant current change. This selective
recognition mechanism is analogous to antigen-antibody bind-
ing, where analyte capture impedes redox probe accessibility.
Fig. 1 (right panel) schematically illustrates this concept, con-
trasting the unhindered redox process in the absence of LA with
the diffusion-blocking effect upon LA binding.

3.8. Cross-sensitivity and selectivity analysis

Selectivity is a critical parameter for sensor performance in
complex biological environments such as serum. DPV results

Mater. Adv,, 2025, 6, 8479-8489 | 8485
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(Fig. 5) confirmed the superior sensitivity of the MIP sensor
compared to the NIP, justifying its use in cross-selectivity
evaluations. This enhanced response is attributed to the
presence of molecularly imprinted cavities that enable selective
binding of LA, thereby reducing non-specific interactions.
Selectivity measurement was performed using DPV in the
presence of biorelevant compounds, such as cholesterol and
cholic acid, across concentrations ranging from 1 to 500 uM,
and the results were compared with lipoic acid. The MIP sensor
showed a sensitivity of 0.144 pA uM~' for LA, significantly
exceeding its responses to cholesterol (0.034 pA pM~ ') and
cholic acid (0.016 pA uM ™), as shown in Fig. 6a and b. This
clear difference reinforces the specificity of the MIP sensor and
highlights its potential for accurate LA detection in complex
biological samples. To further assess cross-sensitivity, the MIP
sensor was tested against common biomolecular interferents
including urea, uric acid, spermine, guanine, and glutamine.
As shown in Fig. 6¢, the MIP exhibited the highest response to
LA, while responses to other analytes remained below 40%
relative to LA, indicating strong molecular discrimination.

3.9. Analysis of human serum

Electrochemical detection of LA in complex biological fluids such as
human serum poses considerable challenges due to the presence of
potential interfering species. To evaluate the practical applicability
of the fabricated MIP sensor, both unspiked and LA-spiked (100 pM)
serum samples were analyzed. Following collection, the serum
samples underwent a pre-treatment protocol involving dilution,
centrifugation, and filtration (0.22 pum) to remove proteins and
other macromolecules (SI: Experimental section). This step ensures
the removal of biomacromolecules and protein-bound LA and
enables the quantification of the free (unbound) fraction of LA,
which is the pharmacologically active form most relevant for
assessing therapeutic efficacy and potential toxicity. It is important
because the molecularly imprinted cavities of the sensor are
designed for the specific recognition of this free LA molecule. A
schematic overview of the analysis protocol is shown in Fig. 7a.
The sensor exhibited a clear and measurable response in
both sample types (Fig. 7b and c), demonstrating its

View Article Online
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functionality in real-world biological matrices. Recovery analy-
sis was performed using five independent serum samples
spiked with a known concentration of LA. The percentage
recovery was calculated using the formula:>®

Ciotal — Cinitial

Recovery (%) = x 100

(3)

Cspiked

The MIP sensor achieved a mean recovery of 102 + 7.07%,
confirming its high accuracy and reliability in detecting LA
amidst potentially interfering serum constituents. These results
highlight the sensor’s suitability for point-of-care (POC) diag-
nostics, particularly in monitoring LA-related pathophysiologi-
cal conditions such as NELL-1 MN and renal dysfunction.

3.10. Solvent and chemical stability

The sensor’s operational stability and chemical stability of the
MIP layer in the solvent after repeated exposures were evaluated
over five consecutive days by monitoring its CV response toward
500 uM LA. As shown in Fig. 7d and e, the MIP sensor retained
85% of its initial response after five days of repeated measure-
ments, indicating excellent durability. The robust PAni-PmAP
imprinted layer maintained electrochemical performance with
minimal degradation, underscoring the sensor’s resilience
under prolonged usage. In summary, the PAni-PmAP-based
MIP sensor demonstrates high selectivity, sensitivity, and sta-
bility. These findings establish a practical platform for accu-
rate, rapid, and sensitive LA monitoring, offering potential for
early diagnosis and continuous management of kidney disor-
ders in point-of-care settings.

3.11. Batch-to-batch reproducibility

The reproducibility of the sensor fabrication process was
assessed by characterizing independently prepared electrodes
(n=2). As illustrated in Fig. S5, the electrochemical response of
these sensors showed a high degree of consistency. The anodic
peak currents for the [Fe(CN)s>"*~ redox probe clustered
closely around a mean value of 35.0 pA, with a relative standard
deviation (RSD) of 11.8%. This level of reproducibility is highly
competitive for laboratory-scale, hand-cast electrochemical
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Fig. 6 Cross-sensitivity and selectivity analysis: calibration plots for the MIP sensor’s response across 1-500 uM concentrations of (a) cholesterol and (b)
cholic acid in a standard redox solution compared to the same concentration range of lipoic acid. (c) Normalized response of the MIP sensor upon

exposure to different biomolecular analytes in a standard redox solution.
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is shown, demonstrating the sensor’s accuracy. For stability analysis, (d) cycli

c voltammetry (CV) scans and (e) the corresponding current responses of the

molecularly imprinted polymer (MIP) sensor toward 500 uM LA are recorded over five consecutive days of continuous electrochemical measurements.

sensors and underscores the robustness of the electrophysici-
zation and drop-casting protocol. The low RSD value confirms
that the procedure yields functionally equivalent sensor sur-
faces with minimal batch-to-batch variation, which is a critical
prerequisite for any reliable analytical application.

3.12. Comparative analysis

The analytical performance of the PAni-PmAP-based MIP/SPGE
sensor was compared with other reported methods for LA
detection, as summarized in Table S1. The developed sensor
demonstrates a competitive detection limit (0.189 uM), out-
performing several electrochemical platforms, including those

© 2025 The Author(s). Published by the Royal Society of Chemistry

based on Pt and glassy carbon electrodes (GCEs),”*™® and is
comparable to more complex systems utilizing cobalt phthalocya-
nine/pyrolytic graphite®® or boron-doped diamond electrodes.®
The key advantage of our sensor lies in its unique combination of
attributes: it achieves a high sensitivity (2.04 pA cm™> pM ") while
using a disposable, screen-printed gold electrode (SPGE) platform
functionalized with a selective MIP layer. This design offers a
practical, low-cost alternative to expensive HPLC-UV and HPLC-
ECD methods without sacrificing performance.®"*>

The developed MIP sensor, with 0.189 pM LOD, operates
within a 1-500 uM range, well-suited for monitoring physiolo-
gical and therapeutic levels of LA in serum, which typically

Mater. Adv, 2025, 6, 8479-8489 | 8487
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range from 0.1-5 pM, depending on the supplementation.’
While not as sensitive as centralized laboratory techniques,®>®
the sensor offers a practical combination of selectivity, cost-
effectiveness, and portability, making it ideal for point-of-care
monitoring and frequent testing in outpatient or resource-
limited settings. Its primary advantage lies in enabling decen-
tralized management of chronic conditions requiring LA supple-
mentation, where rapid, affordable measurements are more
critical than ultra-sensitive detection.

4. Conclusion

In conclusion, this work presents a novel, low-cost, and dispo-
sable electrochemical sensor for the sensitive detection of lipoic
acid (LA) in human serum, diagnosing the onset of NELL-1
membranous nephropathy (MN). The sensor employs a molecu-
larly imprinted cross-linked PAni-PmAP copolymer, featuring a
porous morphology with fine molecular cavities and low inter-
facial resistance, enabling enhanced electron transfer kinetics
and high selectivity toward LA. Electrochemical characterization
using CV, DPV, and EIS confirmed the sensor’s outstanding
performance. EIS measurements revealed efficient charge trans-
fer with minimal electrode-electrolyte resistance and diffusion-
controlled redox behavior. DPV demonstrated high sensitivity
(2.04 pA ecm™? uM ') within a linear detection range of
0-500 pM, achieving low LOD and LOQ values of 189 nM and
573 nM, respectively, facilitating trace-level detection of LA in
serum. The sensor exhibited excellent selectivity against com-
mon interferents and demonstrated robust operational stability,
retaining 85% of its initial response over five days of repeated
measurements. Importantly, the MIP sensor accurately quanti-
fied LA in spiked human serum samples, achieving a mean
recovery of 102 + 7.07%, underscoring its reliability for practical
applications. Hence, the PAni-PmAP-based MIP sensor offers a
promising and scalable platform for accurate, rapid, and sensi-
tive detection of LA, demonstrating significant potential for
clinical diagnostics and point-of-care monitoring in kidney-
related disorders.
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