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Conductive polymers are crucial for improving the performance of electrochemical sensors due to their
tunable electronic properties and functional versatility. Poly(m-aminophenol) (PmAP), a conductive
polymer, serves as an electroactive interface for the development of a disposable point-of-care (POC)
electrochemical sensor for a-lipoic acid (LA) detection, a potential etiological trigger of neural epidermal
growth factor-like 1 protein-associated membranous nephropathy (NELL-1 MN). Synthesized via
oxidative polymerization of diphenylamine-cross-linked m-aminophenol, PmAP exhibits a hierarchically
porous morphology and intrinsic redox activity, enabling efficient electron transfer. Immobilization onto
screen-printed gold electrodes (Au-SPEs) provides a cost-effective and scalable sensing platform.
Electrochemical impedance spectroscopy (EIS) reveals that PmAP significantly reduces charge-transfer
resistance and enhances electron transfer kinetics. Differential pulse voltammetry (DPV) confirms that LA
selectively interacts with PmAP, leading to a concentration-dependent attenuation of oxidation peak
current across a 1-300 pM range. The PmAP/Au-SPE sensor achieves a sensitivity of 4.77 pA cm™2 Mt

Received 16th May 2025, and a detection limit of 430 nM, demonstrating high selectivity with minimal interference from

Accepted 30th October 2025 biologically relevant analytes. Additionally, the sensor achieves a recovery rate of 101% + 6.32% in
human serum, validating its clinical applicability. The integration of PmAP as a versatile polymeric

interface offers a highly robust, stable, and selective platform for real-time renal function assessment
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Introduction

Neural epidermal growth factor-like 1 protein-associated mem-
branous nephropathy (NELL-1 MN) is the second most prevalent
antigen among patients with primary membranous nephropathy.
Patients with NELL-1 MN typically present with nephrotic syn-
drome, characterized by heavy proteinuria, hypoalbuminemia,
and edema, leading to chronic kidney disease or kidney failure
if not treated effectively.® NELL-1 MN has been found in the
context of several diseases, including sarcoidosis, de novo MN in a
kidney transplant, autoimmune disease, hematopoietic stem cell
transplant, infections, and NELL-1 associated with malignancy.’
In adults, the annual prevalence of NELL-1-associated membra-
nous nephropathy is estimated at roughly 10-12 cases per million
in North America and 2-17 cases per million in Europe.” Due to
the increasing global impact of NELL-1 MN and its potential for
acute complications like renal vein thrombosis as well as its
association with malignancies, it increases the burden on health-
care systems.” It is essential to develop an economical and
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and early-stage NELL-1 MN monitoring.

portable point-of-care (POC) testing method for routine
monitoring.

Recent studies suggest that a-lipoic acid (LA) supplementa-
tion may trigger the onset of NELL-1 MN, making it a potent
cause of this condition.® Although its specificity against other
conditions associated with NELL-1 MN requires further large-
scale validation, emerging evidence suggests that NELL-1 MN
is characterized by increased LA concentration in body fluids
like serum and saliva, making LA a promising candidate for
monitoring NELL-1 MN.*’ Nonetheless, the most common
traditional methods for LA determination involve the spectro-
photometric detection of LA with reagents like palladium(u)
chloride, resulting in a measurable change in color due to
the formation of an LA complex with palladium(n) chloride.®
However, the efficiency of the spectrophotometric method can
suffer from various factors such as interference by the other
compounds present in the sample, low sensitivity compared to
other advanced techniques, and the need for extensive sample
preparation.’ This leads to the development of new substi-
tutes based on high-performance liquid chromatography
(HPLC),"° gas chromatography (GC),'* and electrochemical
methods."”
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Fig.1 A schematic representation of the synthesis of poly(m-aminophenol) (PmAP) and the fabrication of disposable PmAP/Au-SPE sensors for

portable, wireless electrochemical detection of LA.

Unlike the traditional analytical techniques, electrochemical
sensors stand out as perfect substitutes due to their advantages
such as high sensitivity and selectivity, simplicity, portability,
cost-effectiveness, robustness, ease of operation, and faster
response.’*™*® For instance, Marin et al.'® developed a selective
electrochemical sensor to determine LA in human serum using
a platinum electrode in an acetate buffer solution with a
13.15 pM detection limit and high sensitivity. Gungor et al."’
reported an electrochemical chitosan-based polyurethane
membrane-modified biosensor for practical, sensitive, and fast
measurement of LA. The sensor exhibited high sensitivity with
a detection limit of 4.93 pM and a wide linear detection range
of 5-200 uM. Duran et al'® designed an electrochemical
sensor based on a polyvanillin-modified platinum electrode
to detect LA in the Britton-Robinson buffer solution and
reported a detection limit of 25 pM. Recently, Karabozhikova
and Tsakova'® developed a poly(3,4-ethylenedioxythiophene)
(PEDOT) based electrochemical sensor for the detection of LA
that demonstrated a 6 M detection limit and linear response
in the 8-200 uM LA concentration range.

Despite recent advancements, point-of-care (POC) diagnos-
tic technologies continue to encounter difficulties related to
sensitivity, selectivity, and stability, which impede their wide-
spread commercial adoption. Consequently, there is a pressing
need to create a cost-effective and practical point-of-care device
that can accurately measure LA concentration in physiological
fluids. This represents a considerable challenge, given the
requirements for precision, reliability, and affordability in such
devices. In this study, we present the development of a selective
and cost-effective non-enzymatic electrochemical sensor utiliz-
ing a conductive interface based on diphenylamine-cross-
linked poly(m-aminophenol) (PmAP) for the detection of LA
in human serum. Conductive polymers, such as PmAP and
polyaniline (PAni), facilitate rapid electron transfer and provide
numerous active sites for interactions with target molecules,
resulting in improved detection limit and response time.>*>?

While more conductive polymers like polyaniline exist,
PmAP is specifically selected as the electroactive sensing inter-
face in this work because its unique structural features provide
both electronic and chemical advantages. First, the conjugated
backbone of PmAP, structurally analogous to polyaniline,
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confers intrinsically high conductivity, enabling efficient elec-
tron transport across the sensing layer and thereby improving
signal transduction and sensitivity.*>” Second, the pendant
hydroxyl (-OH) groups distributed along the polymer chain
introduce abundant sites for hydrogen bonding and other
non-covalent interactions, which enhance the affinity toward
a-lipoic acid (LA) and stabilize the analyte-polymer com-
plex.”®*® This dual functionality makes PmAP particularly
attractive for electrochemical recognition processes. Further-
more, recent work by Mohanty et al.** demonstrated that PmAP
can act as an efficient solid-state electron mediator in photo-
catalytic systems, highlighting its versatility in facilitating
charge-transfer reactions. Therefore, we employed PmAP to
fabricate disposable sensors by depositing cross-linked PmAP
layers onto screen-printed gold electrodes (Au-SPEs) (Fig. 1).
Electrochemical measurements were performed using a porta-
ble, wireless, hand-held potentiostat, employing techniques
such as cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and electrochemical impedance spectroscopy (EIS).
This innovative sensor effectively addresses the challenges in
modern point-of-care (POC) diagnostics, while aligning with
the ASSURED standards,*" for reliability, affordability, and ease
of use.

Experimental section
Synthesis of poly(m-aminophenol)

The synthesis of poly(m-aminophenol) (PmAP) was carried out by
chemical oxidative polymerization of the monomer, m-amino-
phenol (mAP, 98%, Sigma-Aldrich), and a cross-linker, diphenyl-
amine (DPA, ACS reagent, >99%, Sigma-Aldrich). This procedure
was derived from a previously reported method for oxidative
polymerization of mAP by Kar et al.>* Briefly, 160 mg mAP and
248 mg DPA were dissolved in 10 mL of 0.1 M hydrochloric acid
(HCl, locally obtained), and the solution was homogenized by
ultrasonication for 30 min. Meanwhile, another solution was
prepared by dissolving 410 mg of the initiator ammonium
persulphate (APS, ACS reagent, >98.0%, Sigma-Aldrich) in
10 mL of 0.1 M HCI. Subsequently, the APS solution was
added dropwise into the monomer and cross-linker solution.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This initiates the polymerization process, resulting in the
formation of a black-colored reaction mixture, i.e., a visual
indication of PmAP formation. The resulting reaction mixture
was stirred for 4 hours without heating. Afterward, the pre-
cipitates of PmAP formed were separated through centrifuga-
tion. The PmAP precipitates were washed multiple times with
deionized water to remove unreacted species and HCI. Finally,
the product was dried in air. A schematic showing the synthesis,
fabrication, and application of a cross-linked PmAP/Au-SPE
sensor is presented in Fig. 1.

Fabrication of disposable electrochemical devices

To obtain selective coatings on the electrode surface, 1 mg mL ™"
of PmAP fine powder was dispersed in 0.5% polystyrene solution
in THF. Polystyrene served as a binder to create stable coatings
on the electrode surfaces. To ensure that the polymer powder was
distributed uniformly throughout the mixture, the mixture was
sonicated for 30 min. The PmAP suspension was applied on the
screen-printed gold electrode, featuring gold working electrodes
(WE), to develop a disposable PmAP/Au-SPE sensor. The gold WE
disc had a diameter of 3 mm and a geometric area of 7.07 mm?.
The electrode surface was first cleaned by washing with water and
methanol. Then, the surface of WE was drop-coated with 5 pL of
PmAP suspension using a micropipette to fabricate the desired
electrochemical LA sensor. The drop volume was optimized
empirically to ensure full coverage of the working electrode and
the formation of a uniform, adherent film. The fabricated devices
were allowed to dry in air to evaporate the solvent, leaving behind
a uniform PmAP film. Subsequently, the coated PmAP film was
washed with deionized water to remove any residual impurities.

Characterization

The structural characterization of the polymer coating was
conducted using an Agilent Technologies Cary 630 Fourier
transform infrared (FTIR) spectrophotometer. The FTIR spectrum
was recorded in the 4000-650 cm™" range. The microstructure
and surface morphology of the PmAP coating were investigated
using an FEI Inspect S50 scanning electron microscope (SEM),
and the images were further analyzed and processed using WSxM
4.0 Beta 9.3 software.*?

Electrochemical sensor measurements

The electrochemical measurements were conducted by con-
necting an Au-SPE to a portable Sensit Smart potentiostat
(PalmSense BV, The Netherlands). It offers wireless operation
via the PSTouch app for Android smartphones or PSTrace
software for Windows. To analyze the electrode coated with a
PmAP layer, a standard redox solution in PBS buffer (pH = 7.4)
was prepared by dissolving equimolar concentrations (2.5 mM)
of K4[Fe(CN)s]-3H,0 (ACS reagent, 98.5-102.0%, Sigma-Aldrich)
and K;[Fe(CN)q] (ACS reagent, >99.0%, Sigma-Aldrich) as the
redox probe and 0.05 M KCl (ACS reagent, 99.0-100.5%, Sigma-
Aldrich) as the electrolyte. Then, the standard redox solution
was used to prepare a 1 mM stock solution of LA. Multiple
analyte solutions with varying concentrations (1-500 uM) of LA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were also prepared by the standard dilution method. A small
amount of sodium hydroxide (NaOH, pellets, Sigma-Aldrich)
was also added to help dissolve the LA. Similarly, solutions
of various interfering analytes, such as glucose, glutamine,
guanine, spermine, urea, uric acid, cholic acid, cholesterol,
etc., were also prepared for selectivity measurements.

Electrochemical impedance spectroscopy (EIS) was used to
characterize the fabricated LA sensor and to determine the
electrochemical characteristics of the corresponding polymeric
coating. The impact of the scan rate (10-200 mV s~ ') was also
investigated by cyclic voltammetry (CV) measurements. CV and
differential pulse voltammetry (DPV) were employed to examine
the electrochemical sensor response of disposable LA sensors.
Voltammetric measurements were carried out in the potential
range of —0.4 to +0.4 V at an optimized scan rate of 100 mV s~ .
A shift in the anodic peak currents (I,,) as a function of the
analyte concentration was used to determine the sensor
response. The slope of the calibration curves was used to
calculate the sensitivity of the PmAP/Au-SPE sensor. The limit
of detection (LOD) and limit of quantification (LOQ) were then
calculated using standard methods.** Afterward, the sensor’s
selectivity and operational stability were analyzed under iden-
tical conditions. All measurements were performed at 25 °C
and in triplicate (at least) to obtain precise results along with
the standard deviation.

Analysis of human serum

The PmAP/Au-SPE sensor was tested for its ability to detect LA
in spiked blood serum samples to determine its real-world
sensing applications. For this purpose, 2 mL samples of the
blood serum were obtained from the University of the Punjab
Health Centre. All the necessary protocols and institutional
regulations were followed after the informed consent of the
participating volunteers for the collection of serum samples.
The study’s ethical approval was obtained from the Institu-
tional Ethics Review Board, University of the Punjab (Ref.
D/111/FIMS). The serum samples were diluted to 6 mL using
deionized water. The samples were centrifuged for 3 min at
4000 rpm, and the supernatant was recovered, followed by
filtration using a sterile syringe filter (0.22 pm pore size).
Centrifugation was used to separate the cellular components,
such as red blood cells, white blood cells, and platelets, from
serum, while filtration was employed to remove proteins and
other biomacromolecules that could adsorb onto the sensor
surface and block the active sites. Subsequently, further dilu-
tion (to 18 mL) of this pretreated serum solution was performed
by the addition of a standard redox solution containing equi-
molar [Fe(CN)s]**~ to set their overall concentration to
2.5 mM and KCI to set their concentration to 0.05 mM. The
actual LA concentration (Cinitia)) was measured in each pre-
treated serum sample. Subsequently, each serum sample was
spiked with 100 pM LA (Cgpixea) for 5 serum samples, followed
by measurements of the spiked serum samples to calculate
the total concentrations (Cia) using CV at a scan rate of
100 mV s '. The recovery (%) was calculated as follows:
{recovery (%) = (Ctotal — Cinitial) X 100/Cspirea}- The mean values,
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along with the standard deviation, are reported after the
analysis of serum samples from five different volunteers.

Results and discussion
Spectroscopic characterization

The FTIR spectrum (Fig. 2a and b) exhibits sharp and intense
peaks at 690 and 744 cm ', corresponding to out-of-plane
bending vibrations of aromatic C-H bonds,** which confirms
the presence of substituted benzene rings. Peaks at 1039 and

View Article Online
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1165 cm™ " were attributed to C-O stretching vibrations from
phenolic groups,*® while the peaks at 1458, 1491, 1508, and
1560 cm ™" correspond to C—C stretching in aromatic rings and
possible C=N stretching from imine linkages.>*” Less intense
but well-defined peaks in the range of 874-1363 cm ' are
assigned to additional C-H bending, C-O, and C-N stretching
vibrations.?® The peaks at 3019 and 3038 cm ™" indicate aromatic
C-H stretching.® A broad peak in the range of 3400-3100 cm ' is
observed, characteristic of O-H and N-H stretching vibrations,
which confirms the presence of hydroxyl and amine groups
involved in intermolecular hydrogen bonding.*®**°
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Fig. 2 Structural and morphological characterization of the synthesized PmAP. (a and b) FTIR spectra of the monomer (mAP) and the polymer (PmAP).
Key spectral changes indicate successful polymerization: diminishing intensity of monomer peaks (red dashed lines), appearance of new vibrational
modes (green dashed lines), and retained vibrations (black dashed lines). (c) and (d) Representative SEM images of the PmAP layer at (c) 16 000x and
(d) 30000 x magnification, revealing a uniform and hierarchically porous morphology. Scale bars: (c) 10 pm and (d) 5 pm. (e) 2D and (g) 3D textured
micrographs derived from SEM data, visualizing surface topography and porosity over a 15 x 15 pm? area. (f) A higher magnification view (3.75 x
3.75 um?). (h) Quantitative surface topography map corresponding to (g). (i) and (j) Surface height profiles along the (i) horizontal and (j) vertical lines
passing through the center of (e), enabling quantitative analysis of surface roughness and pore dimensions.
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The successful formation of PmAP was confirmed by the
comparative FTIR spectrum of the mAP monomer, as presented
in Fig. 2a and b. The spectrum of mAP shows characteristic
sharp peaks, including O-H/N-H stretching (~3680 and
3075 cm™ ') and ring vibration modes (~1636 and 955 cm™%).
The diminishment of these monomer signatures and the
emergence of new peaks in the PmAP spectrum provide direct
evidence of polymer formation. The band at ~1040 cm ' is
attributed to C-O stretching of the phenolic group within the
polymer chain. The features between 1450 and 1600 cm ',
notably at ~1560 and ~1590 cm™ ', are assigned to the C—=C
and C=N stretching vibrations of the quinoid and benzenoid
rings, confirming the development of a conjugated polymer
structure.”*®3> These spectral features confirm the successful
polymerization and cross-linking of PmAP, which highlights the
presence of aromatic, hydroxyl, amine, and imine functional

groups.

Microstructure and surface morphology

The SEM analysis (Fig. 2¢ and d) provides a detailed visualiza-
tion of the surface morphology of the PmAP interface layer
fabricated on the Au-SPE. The micrographs reveal a uniform
and hierarchically porous structure, characterized by the
presence of both small and large pores, which appear as dark
voids in the images (Fig. 2e and f). These pores likely form due
to the evaporation of solvent molecules during the fabrication
process. The presence of this interconnected porous network
significantly enhances the effective surface area and is expected
to promote greater interaction with the analyte and facilitate
electron transfer.*! To further explore the surface architecture, a
3D textured SEM image (Fig. 2g) offers an enhanced visualization
of the microstructure, highlighting variations in topography. The
roughness analysis (Fig. 2h) quantifies these variations, revealing
a root-mean-square roughness of 50.0 nm. Additionally, a high
kurtosis value of 4.76 indicates a leptokurtic surface, which
suggests sharper peaks and deeper valleys, contributing to an
increased electrochemically active surface area and improved
analyte adsorption.”” Furthermore, the surface profile analysis
(Fig. 2i and j) confirms the presence of a well-distributed porous
morphology, which may promote enhanced mass transport
and efficient electron transfer at the electrode interface. This
structural integrity and surface roughness collectively enhance
the sensor’s sensitivity and performance in electrochemical
applications.

Electrochemical characterization

The EIS response of the unmodified Au-SPE is characteristic of
a single, non-ideal interfacial relaxation superimposed on a
low-frequency diffusion-like process (Fig. 3a). In the Nyquist
representation, a depressed semicircle at mid-high frequencies
(Ree & 3589 + 123 Q; 4> = 0.0091) is observed after a small
solution resistance (R; ~ 87.6 Q), while the low-frequency
region shows the upward tail that was modelled by a finite
Warburg element (W; ~ 1.65 kQ2) in a modified Randles circuit.
The fitted constant-phase element (Q; ~ 0.586 uS s") has an
exponent n =~ 0.943, indicating that the capacitive behavior is

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

View Article Online

Paper
a c
@ ° Raw Data Fit (Bare) ( 2000 —— Bare
6000 F o Raw Data Fit (PmAP) e PmAP
]
64000 4000
g S
A N
N
I 2000 2000
0°°°
0 0
0 2000 4000 6000 1 100 10000
(b) 7' (Q) Frequency (Hz)

R3 R4

G Al

(d) 80 —— Bare (e) 40
- PmAP

60 ~ 2
@ 40 é
o -

@ = 0
8 5]
5 5

—20
0 S}

-20 —40

1 100 10000 -04 -02 0 02 04
Frequency (Hz) Potential (V)

Fig. 3 EIS analysis: (a) Nyquist plots of the bare and PmAP-modified
electrodes and (b) the modified Randles circuit model employed to model
EIS data of the PmAP-modified electrode. (c) Bode magnitude plots and
(d) Bode phase angle plots of the bare and PmAP-modified electrodes.
(e) CV scans of the bare and PmAP-modified electrodes. The electro-
chemical measurements were conducted in a standard redox solution
containing 0.05 M KCl and 2.5 mM [Fe(CN)g]*~"*>~ in PBS (pH 7.4) at 25 °C.

close to ideal but still subject to modest surface heterogeneity.
The Bode plots corroborate this assignment (Fig. 3c and d): a
single dominant phase maximum (broadened rather than sharp)
and a gradual decay of |Z| with frequency point to distributed
interfacial capacitance together with mass-transport limitations
at long times.

The EIS analysis provides deeper insights into the interfacial
charge transport processes and the role of the porous polymeric
film in governing electron transfer dynamics. The Nyquist plot
of the PmAP-modified Au-SPE (Fig. 3a) exhibits a well-defined
semicircular domain at high to mid frequencies, followed by a
steep rise at lower frequencies, indicative of the coexistence of
charge-transfer resistance, capacitive elements, and diffusion
contributions. Fitting of the data to the selected equivalent
circuit model (Fig. 3b), which incorporates resistive, constant
phase, and transmission line elements, yielded excellent agree-
ment with a x> value of 0.0086, confirming the robustness of
the fit. The uncompensated solution resistance (Rs = 38.2 Q) is
reasonably low, reflecting good ionic conductivity of the elec-
trolyte and efficient cell configuration.*®* The dominant charge
transfer resistance associated with the PmAP/Au-SPE interface
is reflected in R, = 1074 £ 12 Q, a value that, while significant,
is much smaller than that of the bare Au-SPE (R ~ 3589 + 123 Q)
discussed earlier, suggesting that the porous PmAP film provides

Mater. Adv., 2025, 6, 9829-9840 | 9833
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efficient pathways for charge transport across the electrode/
electrolyte boundary.**

The equivalent circuit also incorporates constant phase
elements (Fig. 3b), which account for the non-ideal capacitive
response arising from surface roughness and the heteroge-
neous distribution of active sites within the PmAP matrix. The
depressed semicircle observed in the Nyquist spectrum and the
non-integer values of the n ~ 0.675 exponents associated with
the CPEs confirm that the interface cannot be described as an
ideal capacitor but rather exhibits distributed capacitance
linked to the hierarchical porosity of the polymer.** In parti-
cular, Q,, coupled with the large transmission line element (T7}),
captures the porous, thin-film nature of the PmAP coating,
consistent with the morphological evidence of highly porous
domains from SEM.

The Bode plot further supports this interpretation (Fig. 3c
and d). The gradual decay of impedance magnitude with
frequency and the broad phase angle response, which does not
approach an ideal —90°, reflect the coexistence of capacitive and
resistive elements distributed across the porous interface. The
broadening of the phase peak is diagnostic of multiple relaxation
processes arising from electron transfer at different domains of
the PmAP network and the ionic transport through its porous
structure.*® The inclusion of transmission line elements in the
circuit fitting reinforces this notion, as such elements are typi-
cally associated with porous electrodes where distributed ionic
conduction and interfacial charging occur simultaneously.

The CV comparison between the bare and PmAP-modified
Au-SPEs in 2.5 mM [Fe(CN)q]>~"*~ (0.05 M KCI, PBS, 100 mV s %)
highlights the pronounced role of the polymeric film in facilitat-
ing interfacial charge transfer (Fig. 3e). The bare electrode
exhibits an anodic peak current (I,) of 32.39 LA, serving as the
baseline for comparison. This relatively low current reflects the
unmodified electrode’s limited active surface area and less effi-
cient electron transfer kinetics. Upon modification with PmAP,
the I, increases significantly to 41.28 pA, indicating enhanced
electrochemical activity, which is attributed to the increased
effective surface area and improved electron transfer rate.

Mechanism of redox processes

The nature of the electrochemical processes at the electrode-
electrolyte interface can be assessed using the CV scans
obtained at different scan rates (v), spanning 10-200 mV s *
(Fig. 4a). With increasing scan rates, the PmAP/Au-SPE sensor
shows a successive increase and decrease in anodic (I,,) and
cathodic (I,c) peak currents, respectively, demonstrating a linear
dependence of the redox process on the applied v (Fig. 4b), with
an R? value of 0.995. This refers to the adsorption-controlled
redox processes.”” The correlation between the peak currents and
the square root of scan rates (+*/?) is also linear with R* equal to
0.971 for the PmAP/Au-SPE sensor, as shown in Fig. 4c, which
reflects the diffusion-controlled mechanism,*®*° especially in the
lower scan rate range. The log-log plot (Fig. 4d) provides further
evidence for the mechanism of the redox processes occurring
at the electrode-electrolyte interface. The linear relationship
between log(I,,) and log(v) with a slope value of 0.81 suggests
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Fig. 4 (a) Cyclic voltammograms of the PmAP/Au-SPE sensor at different
scan rates (10-200 mV s%) in a standard redox solution. (b) and (c) Linear
regression plots, showing the relationship of redox peak currents with (b)
the scan rate (v) and (c) the square root of the scan rate (v2). (d) Log-log
plot: the logarithm of I, plotted as a function of the logarithm of v. The
corresponding linear regression equations are also provided in (b)—(d). All
measurements were conducted in a standard redox solution containing
0.05 M KCl and 2.5 mM [Fe(CN)gl*~"*~ in PBS (pH 7.4) at 25 °C.

mixed redox mechanisms, ie., the redox processes are predomi-
nantly adsorption-controlled with little contribution from the
diffusion-controlled process.”*>*

This interpretation is further supported by the peak-to-peak
separation (AEp), which was 81.7 mV and, unusually, decreased
with increasing v. Unlike classical diffusion-controlled systems,
where AE, broadens at higher scan rates, this trend is char-
acteristic of thin-layer or surface-confined electrochemistry.
The hierarchical porous PmAP architecture (Fig. 2¢c and d) likely
entraps [Fe(CN)s]> "~ species, facilitating their rapid access to
electroactive sites and accelerating electron-transfer kinetics.
Together, these results indicate that PmAP modification drives
the system toward quasi-reversible to nearly reversible beha-
vior, with surface-confined contributions becoming increas-
ingly dominant at higher scan rates.

Electrochemical properties

The electroactive surface area (Ae.) of the PmAP-modified
electrodes was estimated from EIS data. The double-layer
capacitance (Cqef) Was obtained by fitting the EIS data to a
modified Randles equivalent circuit, containing a constant
phase element (CPE), to account for the surface inhomogeneity
and porosity of the PmAP film (Fig. 3b). The effective Cq cr was
calculated from the fitted CPE parameters (Q and n) and the
charge-transfer resistance (R.) using Brug’s formula for a non-
ideal interface (eqn (1)):**

1 (1—n)
Calerr = OnR " (1)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where Q is the CPE constant, n is the CPE exponent (0 < n < 1),
and R is the charge-transfer resistance. The specific capaci-
tance (Cs) for a perfectly smooth, unmodified polycrystalline
gold electrode was taken as a standard literature value of 20 pF

em?®.*®%% A .. was then calculated using the relation (eqn (2)):>*
Caleft
Aelec = —— 2
elec Cs ( )

This method yields a value of 0.564 cm? which is signifi-
cantly larger than the geometric area (0.071 cm?). This notable
difference, corresponding to a roughness factor of ~7.94,
indicates that the PmAP modification creates a highly rough
and porous surface structure that greatly facilitates charge
transport.

The apparent surface coverage (I'ypp, mol cm ?) of the
electroactive [Fe(CN)s]* />~ species was estimated using Lavir-
on’s equation for adsorbed species (eqn (3)).>>>°

I, = W’F’Aciecl appV/ART (3)

While the redox probe is not permanently immobilized, its
interaction with the porous PmAP film at slower scan rates exhi-
bits adsorption-like behavior, justifying the use of this model.
For the calculation, the number of electrons transferred () was
1, the Faraday constant (F) was 96485 C mol ', the universal
gas constant (R) was 8.314 J mol ' K™%, and the temperature (7)
was 298 K. The calculated I',pp was 4.85 x 10~'° mol em 2,
indicating a high density of accessible redox-active sites. For
redox-active species immobilized or adsorbed on an electrode,
this value is typically interpreted as a dense and effective
surface coverage.””*® This suggests that the modification
process successfully immobilized a significant number of elec-
troactive sites, further supporting the large electroactive area
observed.

The heterogeneous electron transfer rate constant (K°, cm s ')
was calculated from the charge-transfer resistance (R.) obtained
from the fitted EIS data (Fig. 3b), the electroactive area (4ejec), and
the concentration of the redox probe (C, mol cm ®) using
.59,60

eqn (4):
K® = RT/*F*ReAciecC (4)

The concentration (C) of the [Fe(CN)s]* >~ solution was
2.5 mM (2.5 x 10~ ° mol cm3). The value of K° was determined
to be 1.76 x 10™* cm s, indicating moderately fast electron
transfer kinetics.°™®> This improvement is attributed to the
increased electroactive surface area, efficient charge transfer
pathways, and the conductive nature of the polymer. The rough
and porous structure of the modified electrode also provides
more active sites, reducing charge transfer resistance and
facilitating faster electron exchange.

Electrochemical sensor measurements

CV analysis was performed to investigate the electrochemical
response of the PmAP/Au-SPE sensor across a range of LA
concentrations (1-400 uM) in a standard redox solution (pH
7.4) at a scan rate of 100 mV s~ '. The results, presented in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Cyclic voltammograms of the PmAP/Au-SPE sensor towards

different LA concentrations (1-400 pM) in a standard redox solution.
(b) A calibration plot of current response (/o) vs. LA concentration. The
corresponding linear regression equation is given in (b). All measurements
were conducted in a standard redox solution containing 0.05 M KCl and
2.5 mM [Fe(CN)gl*">~ in PBS (pH 7.4) at 25 °C and at 100 mV s %,

Fig. 5, reveal a progressive decrease in anodic peak current (Ip,)
with increasing LA concentration (Fig. 5a). This trend suggests
that LA actively modulates the redox behavior of the electrode
surface, likely through specific interactions with the PmAP
interface, which influences charge transfer dynamics and alters
the electrochemical response, as discussed later. The calibra-
tion curve (Fig. 5b) demonstrates a linear relationship between
the I, and LA concentration, with a strong correlation coeffi-
cient (R*> = 0.988). The slope of the calibration curve is calcu-
lated to be 0.03 pA uM ™, highlighting the sensor’s sensitivity to
LA concentration changes. This high degree of linearity and
electrochemical responsiveness suggest the strong capability of
the PmAP/Au-SPE sensor for precise and reliable LA detection.

LA sensing mechanism

The detection of LA is achieved through an indirect ““blocking”
mechanism, as revealed through CV measurements. The pro-
cess is as follows: (i) the PmAP/Au-SPE sensor provides a strong,
stable current response from the reversible oxidation and
reduction of the [Fe(CN)s]'~">~ probe in solution. (ii) When
LA is added, its molecules selectively adsorb onto the active
sites of the porous PmAP interface. We propose that this occurs
via hydrogen bonding between the pendant -OH groups of
PmAP and the functional groups of LA. (iii) The adsorbed LA
molecules act as a non-conductive layer, physically blocking the
access of the [Fe(CN)s]* ">~ anions to the electroactive surface
of the sensor.®*®* (iv) This blockage impedes the electron
transfer process, leading to a quantifiable decrease in the peak
current. (v) The degree of current attenuation is directly pro-
portional to the amount of LA adsorbed, which in turn is
dependent on its concentration in solution. This relationship
provides the calibration curve shown in Fig. 5b.

The mixed adsorption-diffusion controlled process of the
redox probe at the PmAP interface (as established in Fig. 4) is a
crucial prerequisite for this mechanism. The significant con-
tribution from surface-confined species indicates that the
sensor’s response is highly sensitive to any obstruction of the
active sites, amplifying the blocking effect caused by LA adsorp-
tion. This phenomenon is presented in Fig. 6, which illustrates

Mater. Adv., 2025, 6, 9829-9840 | 9835


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00501a

Open Access Article. Published on 31 October 2025. Downloaded on 1/18/2026 3:31:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
(@ [Fe(CN)g* [Fe(CN)(J*
Response in a standard solution containing [Fe(CN),]*73~ only
(b)

Lipoic acid (LA)

Active sites
blocked by LA

PmAP layer

H-bonding between
LA and PmAP

Gold electrode

Response in a standard solution containing [Fe(CN)]**~ and 500 uM LA

Fig. 6 LA sensing mechanism: (a) when LA is absent, the PmAP/Au-SPE
sensor shows a high peak current in a standard redox solution containing
[Fe(CN)el*~"3~ due to the increased accessibility of [Fe(CN)el*~">~ to the
surface. (b) In the presence of LA in the same redox solution, the PmAP/
Au-SPE surface is blocked by the selective binding of LA, which limits the
accessibility of [Fe(CN)gl*™/*~ to the surface, thereby hindering charge
transfer and decreasing the current.

the unimpeded electron transfer in the absence of LA and the
restricted electron transfer when LA is present in the redox
solution.

Differential pulse voltammetry

DPV analysis was performed to further validate the sensitivity of
the PmAP/Au-SPE sensor, as it offers more reliable results.®®
The results are presented in Fig. 7a and b, showing a decrease
in peak current with increasing LA concentration. From the
slope of the calibration plot of current density vs. LA concen-
tration (Fig. 7c), the sensitivity of the PmAP/Au-SPE sensor is

(a)
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Fig. 8 (a and b) Calibration plots showing the current response of the
PmAP/Au-SPE sensor toward different concentrations (1-500 uM) of (a)
cholesterol, and (b) cholic acid, in comparison with LA. Normalized
response of the PmAP/Au-SPE sensor, estimated from the respective (c)
CV and (d) DPV scans, toward different metabolites, including LA (lipoic
acid), GLU (glucose), GLN (glutamine), GUA (guanine), SPE (spermine),
urea, and CRE (creatinine). All measurements were conducted in a stan-
dard redox solution containing 0.05 M KCl and 2.5 mM [Fe(CN)g]*~/3~ in
PBS (pH 7.4) at 25 °C and 100 mV s~ 1.

determined to be 4.77 pA em > pM ™' (~0.36 pA uM !
linear detection range of 1-300 uM and 1.47 pA cm > pM ™"
(~0.11 pA uM ) in the detection range of 300-500 pM. This
higher sensitivity suggests that the PmAP/Au-SPE sensor is
more effective at detecting changes in LA concentration due
to the enhanced interaction between LA and the PmAP inter-
face, as discussed above. A decrease in sensitivity at higher

) in the

concentrations also suggests the saturation of sensor response,
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(a) DPV scans of the PmAP/Au-SPE sensor towards different LA concentrations (1-500 pM) in a standard redox solution. (b) A calibration plot of

current response (/,5) vs. LA concentration. (c) A calibration plot of current density vs. LA concentration. The corresponding linear regression equations
are given in (b and c). All measurements were conducted in a standard redox solution containing 0.05 M KCland 2.5 mM [Fe(CN)¢l*~">~ in PBS (pH 7.4) at
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likely due to the blockage of interaction sites for [Fe(CN)q]* >~
redox species by LA adsorption, thereby inhibiting charge
transfer.®® Hence, it also validates the LA sensing mechanism,
as discussed above. The limit of detection (LOD) and limit of
quantification (LOQ) are calculated using the following for-
mula:*® LOD = 3.3 ¢/S and LOQ = 100/S. Thus, the LOD and
LOQ of the PmAP/Au-SPE sensor are found to be 0.43 uM and
1.30 pM, respectively. These parameters were evaluated against
the findings from recent studies on electrochemical LA sensors,
as discussed later.

Selectivity experiments

The selectivity of the PmAP/Au-SPE sensor is examined using
1-500 pM concentrations of competitor analytes: cholesterol
(Fig. 8a) and cholic acid (Fig. 8b). Compared to LA, the sensor
displays negligible current response toward cholesterol and
cholic acid, with 7-fold and 36-fold lower sensitivity toward
cholesterol and cholic acid, respectively. In addition, to assess
selectivity, the sensor’s response is tested against several meta-
bolites present in human serum, including glucose, glutamine,
guanine, spermine, urea, and creatinine. These analytes were
selected to represent the complex matrix (serum) in which LA
detection is critical for diagnosing NELL-1 MN. The bar graph
illustrated in Fig. 8c and d demonstrates the PmAP/Au-SPE

Human serum

Serum collection Pretreatment

(b)

~
()
-’

¢
/‘ Centrifugation Filtration
Xy 0T
' 4000 1:pm 0.22 um
» 3 min

Serum sample
spiked with 100 pM LA
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sensor’s normalized response toward the highest concentra-
tions of these analytes. The sensor exhibits a significantly
higher response to LA compared to other analytes, highlighting
its excellent selectivity and specificity toward LA. This selectivity
of the PmAP/Au-SPE sensor can be attributed to the effective
interaction between the functional groups in LA and the active
sites present on PmAP, enabling the selective recognition of
LA and minimizing interference from other analytes. These
findings confirm the sensor’s excellent specificity for LA and
its compatibility with applications requiring precise detection
of LA.

Analysis of human serum samples

The analysis of LA in real samples, such as human serum, is
critical for the development of cost-effective diagnostic tools.
Human serum, being an ideal physiological fluid for LA detec-
tion, provides valuable insights into normal kidney function
and related metabolic processes. To explore the potential of the
PmAP/Au-SPE sensor for practical applications, a disposable
PmAP/Au-SPE sensor was employed for LA quantification in
serum samples obtained from five different individuals. Fig. 9a
presents a schematic of the human serum collection, pre-
treatment, and analysis using a disposable PmAP/Au-SPE sen-
sor. The human serum samples were pretreated and diluted to
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(a) A schematic showing serum collection, pretreatment, and analysis using a disposable PmAP/Au-SPE sensor for LA detection. (b) The analysis of

Fig. 9

serum samples, obtained from five different individuals, before and after spiking with a known concentration (100 uM) of LA. (c) The calculated percent
recovery for five samples, along with their mean, after spiking 100 uM LA. (d) The operational stability of the PmAP/Au-SPE sensor toward 500 uM LA over
5 days of continuous electrochemical sensor measurements.
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Table1l Recovery data for the determination of a-lipoic acid (LA) in spiked
human serum samples using the PmAP/Au-SPE sensor (n = 3)

Concentration (C, uM)

Human serum Initial Spiked Total found Recovery (%)
Sample 1 1076 100 1178 102 £+ 5.0
Sample 2 1077 100 1171 94 £+ 4.8
Sample 3 1046 100 1156 110 + 5.4
Sample 4 1129 100 1225 96 + 4.7
Sample 5 1112 100 1215 103 £ 5.1

mitigate potential matrix effects. The complex serum matrix,
containing proteins and other biomacromolecules, can cause
electrode fouling and alter diffusion kinetics, suppressing the
electrochemical signal. Dilution reduces the concentration of
these interferents and the sample viscosity, thereby minimizing
fouling and facilitating mass transport of the analyte to the
electrode surface.

The pretreated serum samples were directly tested for the
quantification of LA, yielding 1.088 £ 0.033 mM LA. This
insight allows the assessment of the sensor’s ability to accu-
rately detect and recover LA in a complex biological fluid.
Subsequently, five different serum samples were spiked with
a 100 uM concentration of LA, and the recovery results are
reported in Fig. 9b and c and Table 1. The recovery (%) of
spiked LA concentrations is calculated by using the following
formula (eqn (5)):%”

Ciotal — Cinitial

Recovery (%) = x 100 (5)

Cipiked

The PmAP/Au-SPE sensor demonstrates excellent recovery of
spiked LA concentrations, showing a mean value of 101 +
6.32%, which indicates its high precision and reliability for
LA quantification in real-world applications. It is important to
note that the interpretation of LA levels can be complicated by
exogenous intake from nutritional supplements and variations
due to other metabolic conditions. Therefore, clinical correla-
tion and patient history are essential for contextualizing LA
measurements. The primary utility of this sensor lies in long-
itudinal monitoring of LA trends in patients to track disease

View Article Online
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onset, activity, and/or treatment response, rather than in a
standalone diagnostic application.

Repeatability and operational stability

The inter-electrode reproducibility (repeatability) was evaluated
by testing three independently prepared PmAP/Au-SPE sensors
against a 100 pM LA solution. The resulting current responses
showed a relative standard deviation (RSD) of 4.1%, demon-
strating excellent manufacturing consistency. Furthermore, the
operational stability of the PmAP/Au-SPE sensor was assessed to
realize the robustness of the PmAP interface under continuous
operation. The sensor’s performance was analyzed by testing a
500 pM LA concentration over five consecutive days using CV.
As presented in Fig. 9d, the sensor retained approximately 74%
of its initial response after five days of reuse. This stability is
attributed to the robust nature of the PmAP interface, offering
structural integrity and resistance to contamination and degra-
dation even after prolonged operation. These findings corrobo-
rate the PmAP/Au-SPE sensor’s suitability for diagnostic
applications, particularly NELL-1 MN, through LA analysis.

State-of-the-art comparison

The PmAP/Au-SPE sensor demonstrates strong analytical per-
formance, as highlighted by its wide detection range, competi-
tive sensitivity, and low detection limit when compared with
previously reported electrochemical sensors for LA quantifica-
tion (Table 2). These advantages, along with good selectivity
and practical applicability, position it as a promising alterna-
tive to conventional detection methods. However, a limitation
of the present study lies in the relatively sparse data points used
for calibration curve construction, which, while still yielding
excellent linearity and correlation coefficients, could be further
strengthened by higher data density to enhance statistical
confidence in the linear ranges. Despite this, the high recovery
rates in human serum confirm the sensor’s robustness and
practical potential for reliable LA quantification, and the col-
lective results establish PmAP/Au-SPE as a viable and scalable
platform for future biosensing applications.

Table 2 A comparison of the PmAP/Au-SPE sensor’s performance with previously reported electrochemical LA sensors

Materials Method Detection range (uM) Sensitivity (uA pM ) LOD (uM) Ref.
PV-CS/f-MWCNTs/GCE DPV 0-3000 0.0466 0.012 68
Diamond spray-polished GCE DPV 2.5-75 0.0012 1.8 69
B-doped diamond electrode DPV 0.3-105 0.0236 0.088 70
CoPc/PG Ccv 1.99-263 — 0.25 71
DPV 0.499-19.6 0.0034
SnO,-CTPPB/GCE DPV 0.5-50 0.034 0.13 72
50-400 0.8 0.43
MWCNTs/GCE LSV 26-180 17.7 19.0 73
MWCNT/PIN/Ti,0;/GCE DPV 0.39-115.8 0.460° 0.012 74
PmAP/Au-SPE Ccv 1-400 0.031 0.193 This
DPV 1-300 0.360 0.430 work

Note: Au-SPE - screen-printed gold electrode; CoPc - cobalt phthalocyanine; CTPPB - cetyltriphenylphosphonium bromide; CV - cyclic
voltammetry; DPV - differential pulse voltammetry; GCE - glassy carbon electrode; LSV - linear sweep voltammetry; MWCNTs — multi-walled
carbon nanotubes; PG - pyrolytic graphite; PIN - polyindole; PmAP - poly(m-aminophenol); PV-CS - poly(vanillin-co-chitosan). “ Converted from
6.39 pA cm™ > uM ™' using the area of the electrode (0.0721 cm?).”*
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Conclusion

In summary, this study reveals the development and analysis of
a disposable, cost-efficient electrochemical LA sensor based on
the conducting PmAP polymer. The electrochemical evaluation,
including CV, DPV, and EIS techniques, shows the sensor’s
exceptional properties. EIS shows excellent charge transfer with
minimal resistance at the electrode-electrolyte interface. DPV
reveals high sensitivity (4.77 pA em™> puM ™) with a limit of
detection (LOD) of 0.43 uM, offering the rapid identification of
trace LA levels in human serum. In addition, it shows consider-
able selectivity, allowing minimal interference from common
metabolites. Although designed as a disposable device, the
sensor maintains over 74% of its initial response after 5 days
of continuous reuse, indicating the robustness of PmAP. The
sensor enables meticulous LA recovery in real serum samples,
yielding a 101 + 6.32% recovery of LA. However, the key
challenges that remain unresolved include using PmAP/Au-
SPE sensors in untreated serum samples and ensuring long-
term storage stability. Nonetheless, the PmAP/Au-SPE sensor is
an outstanding POC diagnostic device for monitoring trace LA
levels and routine monitoring of kidney function through
serum droplet analysis.
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