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Introduction

MWCNT-Au/Pt-modified screen-printed electrode
for electrochemical detection of secondary
metabolites in Ganoderma-infected oil palms

Arda Fridua Putra,? Fadlilatul Taufany,® Rio Akbar Yuwono,*® Chusnul Knhotimah,*®
Fu-Ming Wang, &2 Chi-Hsien Huang® and Ruri Agung Wahyuono () *af

Ganoderma boninense infection affects nearly half of Indonesia’s palm oil plantations, which leads to severe
economic losses. Conventional detection methods like PCR are limited by cost and complexity, while
electrochemical detection offers a promising alternative by targeting plant-derived metabolites. This
study focuses on developing a low-cost, custom fabricated screen-printed electrode (SPE) modified with
MWCNTs and Au/Pt nanoparticles to enable practical, scalable early detection of G. boninense in oil
palm plantations using various electrochemical techniques. The SPE was fabricated using conductive
carbon ink on sticker paper and modified with MWCNT-Au/Pt nanocomposites to enhance performance.
Pt nanoparticles (2.5, 5, and 10 mM) were synthesized hydrothermally, while Au (5 mM) was prepared via
citrate reduction. The nanocomposites were formed by sonication and applied via drop-casting.
Characterization was performed using UV-vis, FTIR, XPS, SEM, contact angle, four-point probe, CV, and
EIS. Electrochemical detection of phytol, quinoline, and stigmasterol was conducted using DPV and
chronoamperometry in phosphate buffer saline. The results indicate that surface modification enhances
conductivity and hydrophilicity, improving the charge transfer process in electrochemical detection. The
best combination for SPE modification was the 3:1 ratio and 5 mM Pt concentration. The best detection
results using DPV were achieved for phytol, quinoline, and stigmasterol, with respective R? and LOD of
0.98 and 2.85 mM, 0.95 and 2.36 uM, and 0.98 and 1.36 pM. Repeated testing on the SPE demonstrated
good stability, despite being designed as a disposable test kit. Further, the SPEs demonstrate low
detection limits and high sensitivity, highlighting their potential for early diagnosis and rapid screening of
Ganoderma-infected oil palm trees as an accessible alternative for disease prevention.

Ganoderma species. Infected young oil palm trees typically die
within 6-24 months after the onset of symptoms, while older

Indonesia and Malaysia are the leading producers of palm oil,
contributing approximately 84% of global output. However, this
high production is accompanied by significant economic losses,
estimated at up to USD 500 million annually, due to infection by
the pathogenic fungus Ganoderma boninense.*® This species is
particularly aggressive and transmissible compared to other
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trees may survive for 2-3 years.” In Indonesia, it is estimated
that up to 45% of oil palm plantations have been affected,
primarily through root contact with infected stem and root
residues.>® Therefore, early detection is essential as visible
symptoms often do not appear until the infection has pro-
gressed to approximately 60-70%.°

Several detection methods have been developed, including
laboratory-based techniques such as polymerase chain reaction
(PCR) and immunoassays.>”® However, their application is
limited due to high equipment costs, procedural complexity,
and the requirement for skilled personnel. As an alternative,
electrochemical detection offers a more accessible approach
with advantages including lower cost, portability, and simpli-
fied instrumentation.®™ This technique can be deployed to
detect secondary metabolites produced by oil palm trees as part
of their defence response to G. boninense, e.g., o-tocopherol,
phytol, stigmasterol, and quinoline.”>** Phytol, a diterpene
alcohol released during chlorophyll degradation, has been
shown to be a potential indicator of plant stress and disease
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progression. Its concentration is closely associated with chlo-
rophyll breakdown and can therefore reflect the severity of
infection, particularly at advanced stages when leaf physiology
is affected.™'* Despite its relevance, electrochemical detection
of phytol has not been widely reported. In addition, quinoline
and stigmasterol have been individually correlated with Gano-
derma boninense infection in oil palm, however, studies
addressing their simultaneous electrochemical determination
in real plant matrices are still scarce. These gaps highlight the
need for a multi-analyte sensing approach capable of moni-
toring phytol alongside established biomarkers to improve the
assessment of G. boninense infection.

In recent years, screen-printed carbon electrodes (SPEs) have
been widely developed for electrochemical sensors due to their
disposability, portability, and low fabrication cost.*>"” The
performance of SPEs can be enhanced through surface modifi-
cation using nanocomposites.**'”** Carbon-based nanomaterials
such as multi-walled carbon nanotubes (MWCNTS) and reduced
graphene oxide (rGO) are commonly used for their high surface
area, electrical conductivity, and the ability to support nano-
particle immobilization."”**** Compared with other carbon allo-
tropes, MWCNTs exhibit higher stability and a larger surface
area, which enhances charge-transfer performance and makes
them widely used as electrode layers to facilitate electron trans-
port. MWCNTSs can also be activated using oxidizing agents,
improving their electrochemical properties by introducing func-
tional groups such as -OH and -COOH that enable binding with
other compounds or reagents.*>* Metal nanoparticles, including
gold (Au), silver (Ag), and platinum (Pt), are frequently incorpo-
rated to carbon-based matrix to improve electrocatalytic activity.
Gold nanoparticles are known for their high conductivity,
biocompatibility, and redox properties, while platinum nano-
particles exhibit better electrocatalytic efficiency.**” Despite
their favourable properties, Pt-based nanocomposites have not
been extensively investigated in the context of palm oil disease
detection.

In addition to detection performance, fabrication simplicity
and practical usability are important considerations for SPE
development as rapid test devices. Electrochemical methods
such as cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and linear sweep voltammetry (LSV) have been utilized in
similar diagnostic applications.'®***®* However, many prior
studies employed commercial SPEs modified via electrodepo-
sition, a method that, while effective, is less suitable for mass
production.’®'” Therefore, alternative modification techniques
such as drop-casting should be evaluated for their practicality
and scalability.

This study aims to develop a low-cost, custom fabricated SPE
modified with MWCNTs and Au/Pt nanoparticles for the
electrochemical detection of G. boninense infection through
analysis of secondary metabolites. Additionally, the study
compares different electrochemical techniques to evaluate their
potential for practical, rapid detection applications. This study
also showcases the validation of custom fabricated SPEs
modified with MWCNT-Au/Pt nanocomposite for rapid and
cost-effective detection of G. boninense-infected oil palm tree for
the first time.
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Method

Materials and components

SPE fabrication requires transparent glossy sticker paper and
PET film as the substrate, both purchased from local supplier,
carbon paste (p = 1.05 g mL ") as the base electrode material
obtained from MG Chemicals (Canada), and silver-silver/
chloride (Ag/AgCl) paste (p = 2.83 g mL™') as the reference
electrode material obtained from Merck (Germany). The catalyst
precursors consist of -COOH functionalized multi-walled
carbon nanotubes (MWCNT) purchased from Ossila (UK),
hexachloroplatinic acid (H,PtCls) purchased from SmartLab
(Indonesia), gold chloride (HAuCl,) purchased form Merck
(Germany). Other chemicals used in nanoparticle synthesis are
tri-sodium citrate dihydrate, iron(u) acetylacetonate (Fe(acac)s),
sodium chloride (NaCl), ethylene glycol (EG), all purchased
from Merck (Germany), potassium iodide (KI) purchased from
Merck (Germany), and polyvinylpyrrolidone 30 000 (PVP K30)
purchased from BASF (Germany).

Secondary metabolite biomarkers of stigmasterol, quinoline,
and phytol were purchased from Merck (Germany). Healthy and
infected palm leaves sample were obtained from private palm
oil plantation in Pemali District, Bangka Island, Indonesia.
Whatman no. 1 filter papers were obtained from local supplier.
Methanol and ethanol were purchased from Merck (Germany).
Cold Spring Harbor protocol was used as reference to prepare
1x phosphate buffer saline (1x PBS) using sodium chloride
(NaCl), potassium chloride (KCl), potassium dihydrogen phos-
phate (KH,PO,), and disodium hydrogen phosphate (Na,HPO,),
all purchased from Merck (Germany). Methylene blue trihydrate
(C16H15CIN3S-3H,0) for electrochemical analysis were also
purchased from Merck (Germany). All the chemicals were
analytical grade without further purification. Ultra-pure deion-
ized water purchased from local supplier was used for synthesis.

Synthesis of MWCNT-Au/Pt

Au nanoparticles (Au NPs) were prepared by adapting a previ-
ously reported polyol-assisted synthesis method originally
developed for Ag,* with modifications that included using
citrate as the reducing agent.** 5 mM of HAuCl, precursor
solution were prepared in 6 mL EG. The reducing agent was
0.34 M tri-sodium citrate in 3 mL of EG. The stabilizing agent
for Au NPs synthesis was prepared using 96 mg PVP, 1 mg NaCl,
and 1 mg Fe(acac); in 6 mL of EG. All of the precursors, reducing
agent, and stabilizing agent were added in 10 mL pre-heated EG
at 160 °C. The mixture was then stirred for 2 minutes and then
cooled down into room temperature.

Pt nanoparticles (Pt NPs) were synthesized hydrothermally
using H,PtCls as the precursor.** H,PtCls varied from 2.5 to
10 mM and was mixed with KI in a mole's ratio of 1: 4. Subse-
quently, 4.5 grams of PVP were added as the capping agent in
10 mL of distilled water. The solution was then heated in Teflon-
lined autoclave at 180 °C for 90 minutes. Both the Au and Pt
suspensions were centrifuged at 6000 rpm for 60 minutes,
washed with ethanol, dried, and then redispersed in 5 mL of
distilled water. The Au and Pt suspensions were subsequently

© 2026 The Author(s). Published by the Royal Society of Chemistry
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combined ata 1: 1 (v/v) to form an Au/Pt mixture. Subsequently,
a 1.2 mg mL~' MWCNT suspension was prepared using a DI
water-methanol solvent mixture (7 : 3, v/v), followed by sonica-
tion for 5 minutes. Au/Pt mixture were added into the MWCNT
suspension at MWCNT to Au/Pt ratiosof 6:1,5:1,4:1,and 3:
1. The resulting mixtures were sonicated for 2 hours at room
temperature to obtain MWCNT-Au/Pt. The synthesized Pt NPs
were labelled as Pt Y, where Y = 25, 50, and 100 correspond to Pt
precursor concentrations of 2.5, 5.0, and 10.0 mM, respectively.
The synthesized nanocomposites were labelled as X/Y, where X
represents the volume ratio of MWCNT to Au/Pt, and Y (25, 50,
100) indicates the Pt precursor concentration (2.5, 5.0, and 10.0
mM).

Fabrication of screen-printed electrode

Transparent glossy sticker papers used as media for SPE were
peeled and attached to PET film. The sticker side of the film was
then washed with ethanol. Subsequently copper tape was
added. The SPE pattern, following the design of the previous
study, with the modification of working electrode diameter into
0.4 cm and electrode length into 3 cm as seen in Fig. 1, was cut
using a Jinka YS-360 sticker cutting machine.*” To assist with
the deposition of carbon ink via the doctor blade method, 2 mm
tapes were placed on both edges of the film. The film was then
cured in an oven at 120 °C for 30 minutes. The reference elec-
trode pattern was then applied, with Ag/AgCl ink deposited
using the same doctor blade technique, followed by another
heating step at 120 °C for 20 minutes. Unnecessary parts of the
SPE were removed using tweezers. For modification, 10 pL of
MWCNT-Au/Pt suspension was drop-casted onto the working
electrode area and then the SPE was heated at 120 °C for 15
minutes.

Characterization

FTIR with attenuated total reflection add-on JASCO 6700 were
carried out to study the functional group of Au, Pt, and
MWCNT-Au/Pt through infrared spectra. UV-vis absorption
spectra of Au, Pt, and MWCNT-Au/were collected using Ther-
moScientific Genesys 150. X-Ray Photoelectron Spectroscopy
(XPS) were also conducted using PHI 5000 VersaProbe III with
a monochromated Al-Ka. source. JEOL JSM-6500F Field Emis-
sion Scanning Electron Microscope (FESEM) was carried out to
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study surface morphology of SPE. Transmission Electron
Microscope (TEM) and Energy Dispersive X-Ray (EDX) were
carried out using Philips Tecnai F20 G2 FEI-SEM. Resistivity and
conductivity of SPE surface were assessed using Four Point
Probe (Ossila). Surface roughness of the SPE were analyzed from
digital microscope images using open-sourced image process-
ing tool Image]. Electrochemical measurements were per-
formed using EmStat4S HR potentiostat and PSTrace 5.11
software from PalmSens with 1x PBS pH 7.4 as the supporting
electrolyte. Cyclic voltammetry scans were conducted using
methylene blue solution within the potential range of —1to+1V
with scan rate of 100 mV s~ ' and accumulation time of 10
seconds. Electrochemical Impedance Spectroscopy (EIS) was
carried out within frequency of 0.1 Hz-100 kHz under 0.01 V
open circuit condition.

Detection of secondary metabolites

Given the limited water solubility of the secondary metabolites,
stock solutions of 150 mM phytol, 1.5 mM quinoline, and
1.5 mM stigmasterol were prepared in 0.1 M of methanol. The
resulting stock solutions were stored at 14 °C until required for
further use. To achieve the desired concentration, the stock
solution was diluted using 1x PBS. For electrochemical detec-
tion the concentration range of phytol within 0.005-50 mM,
quinoline within 0.1-200 uM, and stigmasterol within 0.1-200
uM were used. Detections were performed using Differential
Pulse Voltammetry (DPV) within the potential range of —0.8 V to
+0.6 V with scan rate of 0.025 V s~ '. Detections were also per-
formed using chronoamperometry (CA) with E4. of 1.0 V, time
interval of 0.05 s, equilibration time of 10 s, and running time of
90 s.

The obtained results were then used to obtain calibration
curve along the sensing performance parameter, i.e., sensitivity
which obtained from the slope of the calibration curve,
repeatability which obtained from averaging the relative stan-
dard deviation (RSD) of six measurement replicates across all
concentrations, limit of detection (LOD), and limit of quantifi-
cation (LOQ). RSD were calculated as follows:

RSD = ? x 100%
x

where SD is the standard deviation and x is the mean. LOD and
LOQ were calculated using the following equation:
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Fig. 1 Schematic design and fabrication steps of SPE.
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S
LOD =33 (Z)

s
LOQ = 10 (Z)

where S is the standard deviation of the y-residuals and y-
intercepts of the linear regression line, and b is the slope of the
calibration curve.

Evaluation of multi-analyte detection

The potential of the fabricated SPEs for simultaneous detection
of multiple analytes was evaluated using multivariate analysis
and interference studies. Principal component analysis (PCA)
was employed to assess selectivity, while linear discriminant
analysis (LDA) was used to evaluate specificity. PCA was per-
formed using Python-based scripts on datasets consisting of
peak current and peak potentials obtained from DPV
measurements of individual metabolites. Subsequently, LDA
classification was conducted using the same features with 5-fold
stratified cross-validation to assess classification performance.
Interference tests were carried out by recording DPV responses
of binary mixtures of the metabolites, each at a concentration of
50 uM, to validate the selectivity and specificity of the SPEs
under simultaneous detection conditions.

Detection of palm leaves extracts

The performance of the SPEs in real samples was evaluated
using the standard addition recovery method. Two healthy and
two infected oil palm leaf samples were dried in a vacuum oven
at 45 °C for three days, cut into small pieces, and ground into
fine powder. 200 mg of powder of each sample was dissolved in
400 mL of 80% methanol, followed by sonication for 30 minutes
at room temperature. The mixture was filtered using Whatman
filter paper, and the filtrate was centrifuged to collect the solid
residue. The residue was dried and redispersed in 0.1 M
methanol prepared in 1x PBS to obtain a leaf extract solution
with a final concentration of 10 mg mL .

A sample of 10 mL of each extract was first analyzed by DPV.
The extracts were then spiked individually with phytol, quino-
line, and stigmasterol at two concentration levels (high and low)
by adding the metabolite directly followed by thorough mixing.
The high-level spikes were 20 mM phytol, 80 uM quinoline, and
50 pM stigmasterol, while the low-level spikes were 6 mM
phytol, 20 uM quinoline, and 20 pM stigmasterol. The spiked
extracts were subsequently reanalyzed using the same DPV
procedure as the previous metabolite test. The obtained results
were then used to calculate the percentage recovery of each
metabolite. Each sample was repeated three times.

Results and discussion
Characterization of MWCNT-Au/Pt

The FTIR spectra in Fig. 2(a) reveal distinct absorption peaks for
the synthesized nanoparticles. Au NPs exhibit peaks at 1726,
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1446, 1236, 1151, and 1070 cm ', while Pt NPs exhibit peaks at
1669, 1422, and 1285 cm™'. As metallic bonds are IR-inactive,
no direct metal-related bands are observed. The formation of
Au and Pt NPs is indirectly supported by the presence of ligand-
related vibrations and ligand-metal interactions on the nano-
particle surface. These absorption features are attributed to the
capping and reducing agents used during nanoparticle
synthesis, such as PVP and trisodium citrate, and correspond to
their characteristic functional group vibrations. This interpre-
tation is consistent with the previous report, where the presence
of nanoparticles was confirmed using complementary tech-
niques.** MWCNT used as the nanocomposite precursor exhibit
several sharp peaks attributed to C-H, C-O, and O-H functional
groups at 1024, 1081, 1156, 1217, 1349, and 1453 cm™ . MWCNT
also shows a C=C stretching peak around 1670 cm '.* A
notable peak at 1536 cm ™", associated with C=C-C stretching,
further confirms the prominent characteristic of MWCNTs.**%*
Upon formation of the MWCNT-Au/Pt nanocomposites,
a noticeable decrease in absorbance at 1536 cm ™ is observed,
indicating the disassociation of C=C-C bonds and subsequent
interaction with either Au or Pt NPs.*! In addition, the spectra
show a trend of increasing absorbance at the characteristic Au
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Fig. 2 (a) FTIR and (b) UV-vis absorbance spectra of MWCNT and
synthesized Pt NPs, Au NPs, and MWCNT-Au/Pt.
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and Pt peak positions as the volume ratio of MWCNT to Au/Pt
decreased, suggesting higher nanoparticle interactions with
the MWCNT.

The electronic properties of the synthesized nanoparticles
are further confirmed using UV-vis absorption spectroscopy, as
presented in Fig. 2(b). The absorbance spectrum reveals distinct
peaks corresponding to each type of nanoparticlee. MWCNT
shows a peak at around 265 nm, while Pt NPs exhibit a charac-
teristic absorption peak at 198.5 nm which appears as absorp-
tion shoulder. Absorption spectrum of Au NPs shows prominent
peaks at 204 nm and 527 nm, along with a shoulder at 257 nm.
These spectral features are consistent with previous reports,
confirming the synthesis of the respective
nanoparticles.****

The UV-vis absorption spectrum of the MWCNT-Au/Pt
nanocomposites is presented in Fig. 3. A trend consistent with
the FTIR findings is observed in Fig. 3(a), where increasing Au
content leads to an increase of absorbance at 527 nm, while the
characteristic MWCNT peak at 265 nm shows a decrease in
intensity as the volume ratio of MWCNT to Au/Pt decreases. The
absorbance peak observed at 265 nm corresponds to w-7*
electronic transitions associated with carbon bonding.** In
comparison between the various MWCNT ratios, a high differ-
ence of absorbance between 5/25 and 4/25 compared to the 4/25
to 3/25 is present which may be due to the agglomeration of Au/
Pt on MWCNT surface.

successful
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Similarly, Fig. 3(b) shows that an increase in Pt concentra-
tion is accompanied by an increase in absorbance at ~198 nm.
The consistent peak position at this wavelength, without any
observable shift, suggests a uniform particle size distribution,
indicating that PVP effectively functioned as a capping agent to
control the size of the Pt nanoparticles. However, a prominent
peak appears at ~215 nm, particularly at higher Pt concentra-
tions. This absorbance at 215 nm is likely attributed to residual
PVP encapsulating NPs from the synthesis process.*»** The
observed redshift and increase in intensity at this wavelength
further support the presence of higher residual PVP at higher Pt
concentrations due to the increase of Pt NPs.

Formation of MWCNT-Au/Pt nanocomposite is further
examined by EDX elemental mapping, as shown in Fig. 3(c). The
EDX maps confirm the presence of carbon (C), gold (Au), and
platinum (Pt) within the composite, with carbon forming the
continuous matrix and Au and Pt appearing as finely dispersed
features across the MWCNT surface. The relatively uniform
spatial distribution of Au and Pt indicates successful deposition
of both metals onto the MWCNTSs without pronounced phase
segregation.

Quantitative EDX analysis shows atomic contributions of
approximately 10.34% for Pt and 9.13% for Au, supporting the
formation of a bimetallic nanocomposite. The comparable
particle sizes of Au (0.76 nm) and Pt (0.68 nm) further suggest
controlled nucleation and growth during synthesis, consistent
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Fig. 3 UV-vis absorption spectra of various MWNCT-Au/Pt with (a) MWCNT to Au/Pt volume ratio and (b) Pt concentration variations, with the
inset image normalized to 475 nm to obtain better clarity in Au spectral changes at ~525 nm, (c) EDX mapping of the 3/100 nanocomposite, and
(d) XPS spectrum of the 3/100 nanocomposite variation.
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Fig. 4

with the role of PVP as a stabilizing and capping agent. These
EDX results complement the UV-vis observations of controlled
nanoparticle formation.

Further analysis to investigate the interatomic bonding
within the nanocomposite is conducted using XPS, as shown in
Fig. 3(d). The XPS spectra reveal a dominant presence of carbon
(C 1s) and oxygen (O 1s) atoms, primarily originating from the
MWCNT matrix, which contains active carboxylic acid (-COOH)
functional groups. In contrast, Au (Au 4f) and Pt (Pt 4f) signals
are detected at very low concentrations (~0.1%), likely due to
the relatively small molar fraction of Au and Pt (~3% of the total
molar content). Despite these limitations, the detection of Au
and Pt albeit in small amounts supports the findings from
previous characterizations, thereby confirming the successful
formation of the MWCNT-Au/Pt nanocomposite.

Surface characteristic of fabricated SPE

The screen-printed electrode was successfully fabricated on
a commercial-grade sticker paper as shown in Fig. 4(a). Subse-
quently, nanocomposite modification of the SPE was achieved
using the drop-casting method. The fabricated SPE exhibits
a relatively uniform thickness of 35.87 £ 1.57 um, while the
modified working electrode area reaches a thickness of 77.5 +
5.59 um. As shown in the SEM image in Fig. 4(b), carbon flakes
from the carbon conductive paste are clearly visible with an
average flake diameter of 28.36 £ 4.19 um. At higher magnifi-
cation in Fig. 4(c), clusters of MWCNTSs are observed with an
average diameter of 4.90 & 1.33 um. Further magnification in
Fig. 4(d) reveals individual MWCNTSs with diameters averaging

oo |
e —

(a) A photograph of fabricated SPE and (b—d) SEM images of the working electrode under different magnification.

31.09 £ 6.94 nm, which aligns with the specified diameter range
of 40 nm provided by the manufacturer. However, using SEM at
this magnification level, the presence of Au and Pt nano-
particles could not be visually confirmed.

TEM image in Fig. 5(a) was acquired at a higher magnifica-
tion with a 100 nm scale bar, where individual MWCNTs are
observed in projection. The MWCNTs do not appear as
continuous fibers but rather as globular or cluster-like features
from carbon that are connected to form elongated structures.
Such TEM observations are consistent with previously reported
studies.®® The present nanoparticles on the MWCNT are
confirmed to be the Au and Pt with EDX as seen in Fig. 5(b), with
the average diameter of 4.44 £+ 0.66 nm and 4.26 + 0.79 nm,
respectively. Larger Au/Pt aggregates were also observed, with
several clusters located outside the MWCNTSs. This aggregation
is likely caused by sonication process, during which elevated
solution temperatures provided sufficient energy for nano-
particle growth and clustering. Gold nanoparticles exhibit
a prism-like morphology as seen in Fig. 5(c), indicating distinct
growth characteristics, and are observed to grow individually up
to ~20 nm or aggregate into larger clusters of ~40 nm.
Observing only the platinum nanoparticles as seen in Fig. 5(d),
the nanoparticles maintain an average size of 4.81 & 0.96 nm,
consistent with the EDX mapping result.

The surface morphology of the SPE plays an important role
in determining its wettability, and it is desirable that nano-
composite modification does not increase the SPE's hydropho-
bicity. As shown in the contact angle measurements in Fig. 6(a),
a decreasing trend in contact angle is observed with lower

Fig. 5 TEM images of synthesized (a) MWCNT-Au/Pt with (b) the element analysis, and TEM of (c) Au aggregate and (d) Pt NPs.
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volume ratio of MWCNT to Au/Pt, indicating an increase in
surface hydrophilicity. This trend can be attributed to the
inherent hydrophobic nature of MWCNTSs. Therefore, as the
proportion of Au/Pt increases, a larger portion of the electrode
surface is covered by Au and Pt rather than MWCNTs. Inter-
estingly, even at the highest ratio of 6:1, the modified SPE
remains more hydrophilic than the bare SPE, suggesting that
the nanocomposite modification enhances the surface proper-
ties of the SPE. A similar pattern is observable with increasing Pt
concentration. The increased Pt content may further improve
hydrophilicity by filling the porous surface of the SPE.

The effects of nanoparticles on surface roughness of SPE is
shown in Fig. 7(a), where a lower MWCNT-to-Au/Pt ratio led to
a reduction in the average roughness of the SPE surface.
Compared to bare SPE with the average roughness of 25.76 +
1.64 um, the modified SPE shows smoother surface. This effect
is attributed to the filling of surface pores by the nano-
composites, thereby reducing surface roughness. Although the
4/25 variation appeared less porous compared to 6/25 and 5/25,
the colour map revealed a greater presence of dark regions.
Specifically, the 6/25 and 5/25 variations exhibited roughness
deviations of 0.97 pm and 0.88 um, respectively, while the 4/25
variation showed a higher standard deviation of 1.04 pm,
indicating localized areas of increased roughness. This may be
related to the agglomeration of the 4/25 variation, as supported
by the relatively high absorption observed for the 4/25 variation
in previous UV-vis characterization. In contrast, the 3/25 varia-
tion showed fewer dark regions, suggesting a more homoge-
neous surface morphology with a lower roughness deviation of
0.77 pm. Overall, the surface roughness results correlate with
the contact angle measurements as seen in Fig. 7(b), both of
which decreased as the ratio of MWCNT to Au/Pt reduced.

In addition to enhancing surface hydrophilicity, nano-
composite modification of the SPE also significantly improves

© 2026 The Author(s). Published by the Royal Society of Chemistry
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its surface conductivity. Sheet resistance measurements
revealed that the bare SPE exhibited relatively high resistance
with considerable variability, i.e., 29.75 £ 13.42 Q/[]. Incorpo-
ration of MWCNTSs reduces both resistance and the deviation,
yielding 22.55 & 7.41 Q/[. Further modification with MWCNT-
Au/Pt nanocomposites results in a substantial decrease in
resistance along with very low deviation down to 16.44 + 0.77 Q/
(1. As shown in Fig. 8, a clear trend of decreasing sheet resis-
tance is observed as the volume ratio of MWCNT to Au/Pt
decreased, reaching 9.84 + 1.38 Q/[J. This highlights the role
of Au and Pt nanoparticles in enhancing the electrical
conductivity of the SPE surface. However, an increase in sheet
resistance is observed with higher Pt concentrations. This may
be attributed to residual PVP which forms a thin layer around
the working electrode, therefore hindering electrical conduc-
tivity. To address this issue, more rigorous and repeated post-

> b 8 L
=17.255 ym

SRR g
0.25 mm
e

L
65 -
o
-
9
2
g 60 -
B AAA
© 3:1 Ratio
8
5
O 557 .t
A/ ——Pt25
50+ ——Pt50
—— Pt 100
T T T T T T T T T
12 14 16 18 20

Roughness / ym

Fig. 7 (a) Surface roughness map of (i) 6/25, (i) 5/25, (iii) 4/25, and (iv)
3/25 MWCNT-Au/Pt variations and (b) correlation of surface rough-
ness with contact angle results.
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synthesis cleaning procedures are recommended to ensure
thorough removal of PVP residues.

Electrochemical characteristic of fabricated SPE

Electrochemical characterization using cyclic voltammetry of
10 mM methylene blue solution with 1x PBS for SPEs modified
with various MWCNT-Au/Pt ratios is presented in Fig. 9. The
results show a clear trend in which bare SPEs exhibit lower peak
currents compared to modified SPEs. Furthermore, as shown in
Fig. 9(a), peak current increases with decreasing volume ratio of
MWCNT to Au/Pt. This increase is attributed to the character-
istic of each nanocomposite precursors, where MWCNTSs
increase the electroactive surface area, while Au and Pt nano-
particles enhance conductivity and serve as surface catalysts. In
addition, increased Au/Pt nanoparticle concentrations also
improve the hydrophilicity of SPE, and therefore helping the
adsorption of methylene blue.

a) b)

View Article Online

Paper

Another notable trend observed in Fig. 9(b) is the increase in
current with increasing Pt concentration up to 5 mM. However,
further increases in Pt concentration beyond this point lead to
a decline in peak current. This decrease is in a good agreement
with earlier conductivity results. Notably, at lower Pt concen-
trations, such as 5 mM, the catalytic effects of Pt as surface
catalyst to adsorb the methylene blue overcome the low
conductivity property, resulting in improved electrochemical
performance. Previous results show that the best conductivity
was obtained with lower Pt concentrations and lower MWCNT
to Au/Pt ratios, whilst higher Pt concentrations combined with
lower MWCNT to Au/Pt ratios provided the best hydrophilicity.
CV measurements further indicate that lower ratios produced
better results, with the 3 :1 ratio determined as the most suit-
able for further use. As comparison, 5 mM of Pt is considered
better alternative since it provided the best CV performance
while maintaining acceptable conductivity and offering more
consistent hydrophilicity compared to 2.5 mM of Pt. Therefore,
the optimal variation is determined to be a 3:1 volume ratio
with a Pt concentration of 5 mM which later being used for
subsequent testing of secondary metabolites.

Electrochemical impedance spectroscopy (EIS) was per-
formed to evaluate both the bare SPE and the MWCNT-Au/Pt-
modified SPE as seen in Fig. 10. The Nyquist plot shows two
semicircles which corresponded to the charge transfer reaction
at high and medium frequency. The impedance data, ie.
Nyquist plot is fitted using an equivalent circuit model con-
sisting of three resistors, where R, and R; are each connected in
parallel with a constant phase element (CPE), as illustrated in
Fig. 10(c). In this model, R, represents the resistance of the
electrochemical cell. The R,Q, represents the charge transfer at
the counter electrode occurring at high frequency, while the
R;Q; represents the charge transfer reaction at working elec-
trode interface. The exponent n in the CPE reflects the surface
characteristics of the electrode with n approaching 1 suggest
a smooth surface, while n ~ 0.5 indicates a more porous
surface.”® Compared to bare SPE, the results show that the n
increased with nanocomposite modification. This trend is
consistent with the surface roughness, where the n rose from
0.93 to 0.96 as the surface became more homogeneous with
decreasing MWCNT ratios.
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Fig.9 CV result of (a) bare and modified SPEs with different ratios, (b) modified SPEs with different Pt concentrations, and (c) summarized result.
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Fig. 10 Nyquist plot of impedance analysis result of bare and modified
SPE along with the equivalent circuit model.

The fitted impedance parameters are summarized in Table 1,
showing good-fit results with errors below 10%. The R, and R,
show slight difference across the different SPE variations, likely
due to the carbon paste conductivity, as previously observed in
the four-point probe measurements. Notably, the incorporation
of MWCNT-Au/Pt nanocomposites lead to a significant reduc-
tion in R;, indicating improved charge transfer at the working
electrode. Among the SPE variations, the volume ratio of 3:1
shows the lowest R;, consistent with the earlier CV results. This
reduction in resistance suggests an enhancement in the
electroactive surface area and surface conductivity, primarily
attributed to the conductive properties of Au and Pt.

The stability test of the SPE, conducted through continuous
immersion in electrolyte with periodic CV measurements, is
presented in Fig. 11. Both the modified and bare SPEs maintain
relatively stable anodic peak current during the initial 2 hour
period. No significant current fluctuations are observed, with
the average current variation across five different SPEs for both
bare and modified SPEs remaining below 10 pA. However,
a gradual increase in standard deviation is noted over time,
indicating growing variability among the samples during pro-
longed immersion. At extended immersion durations, notable
degradation is observed. The calculated time constants show
significant performance drops at approximately 57.1 hours for
the bare SPE and 34.5 hours for the 6/50 variation of MWCNT-

Table 1 Fitting parameter of EIS
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Fig. 11 Current result of periodic CV measurement of continuously
immersed SPEs.

Au/Pt-modified SPE. Lower MWCNT ratios further reduces
stability, with time constants of 33.49 hours for the 5/50 varia-
tion and 30.91 hours for the 3/50 variation. The 4/50 variation
shows the shortest time constant of 26.49 hours, likely due to
notable nanocomposite agglomeration as indicated in previous
discussion, which may weaken adhesion to the electrode
surface. At these degradation points, the recorded currents
decrease to less than 50% of their initial current. Overall, the
results suggest that SPEs exhibit stable performance within the
first 2 hours of operation, allowing limited reuse within this
timeframe. However, the reduced long-term stability highlights
their suitability as single-use, disposable sensing devices,
consistent with their intended design.

Secondary metabolites detection

The detection result of secondary metabolites was obtained
through DPV current as seen in Fig. 12. The DPV results show
a decreasing current trend with increasing phytol concentration
from 5 uM to 50 mM. This decline is attributed to the adsorp-
tion of phytol onto the surface of the SPE. Phytol, a chlorophyll-
derived diterpene alcohol, is highly hydrophobic and nonpolar
due to its long carbon chain.**** As non-electroactive analyte,
phytol does not actively participate in electron transfer but
instead adsorbs onto the similarly hydrophobic carbon surface
of the electrode. This interaction, primarily driven by van der
Waals forces, leads to surface blocking, which hinders electron

SPE R, (Q) R, (Q) Q, (WFs'™) N, R; (kQ) Q; (WFs'™) n3 Error (%)
Bare 327 126.7 0.67 0.55 61.59 0.28 0.83 3.09
6/50 319 115.2 0.10 0.56 45.46 0.36 0.93 4.81
5/50 313 131.1 0.10 0.58 41.79 0.39 0.94 9.43
4/50 318 122.4 0.12 0.54 28.54 0.36 0.96 6.75
3/50 309 1371 0.11 0.58 19.44 0.37 0.96 9.92
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stigmasterol.

transfer between the electrode and the PBS electrolyte, resulting
in a reduced electrochemical current.”®*

A contrasting pattern is observed in the detection of
secondary metabolite quinoline, as shown in Fig. 12(c and d).
The results demonstrate an increasing current response with
rising quinoline concentrations from 100 nM to 250 pM. Unlike
phytol, quinoline (2,3-benzopyridine) is electroactive and
undergoes electrooxidation to form quinolinic acid (pyridine-

View Article Online

Paper

2,3-dicarboxylic acid), which contributes to the increase in
current.”

The detection of different secondary metabolite stigmasterol
showed a current response similar to that of phytol. As shown in
Fig. 12(e and f), increasing stigmasterol concentrations from
100 nM to 200 pM results in a gradual decrease in current. In
plant metabolism, stigmasterol acts as a transport inhibitor,
affecting the movement of ions and hormones within cells.*
Similar to phytol, stigmasterol is also a nonpolar and non-
electroactive compound. Stigmasterol can also adsorb onto
the hydrophobic carbon surface of the electrode, forming weak
interactions that block active sites and hinder electron transfer,
therefore decreasing the current.”®

Linear regression is applied to the DPV peak currents for the
detection of each compound, with the resulting calibration
curves presented in Fig. 13 and the corresponding regression
parameters summarized in Table 2. For phytol detection, the
fitting results indicate good model fits, with R* exceeding 0.95.
Compared to bare SPEs, the modified SPE exhibits better
performance across all parameters. The best result is obtained
with an R* of 0.98 and a LOD of 2.85 mM.

For quinoline detection, the fitting shows good linearity,
although the bare SPE showed much lower linearity compared
to the modified SPE. Consistent with earlier findings, the
MWCNT-Au/Pt-modified SPEs exhibits better performance,
achieving the best result with an R* of 0.95 and an LOD of 2.36
puM. Although previous study has reported quinoline detection
down to the nanomolar range, those approaches often
employed electrodeposition techniques with multilayer coat-
ings to achieve highly uniform and optimized surfaces.”>*
While such methods yield higher sensitivity, they are less suit-
able for scalable, low-cost fabrication. Additionally, the detec-
tion utilized commercial SPEs, whereas the SPEs in this study
were manually fabricated and modified using a drop-casting
method. Therefore, achieving an LOD in the low micromolar
range remains a commendable result and demonstrates the
viability of the approach used in this work.

For stigmasterol detection, although the compound was
tested over a concentration range of 0.1-200 puM, regression is
only performed over the linear range of 0.1-100 pM to obtain
the highest linearity. The results also demonstrate good model
fits, with R* exceeding 0.95 for both bare and modified SPE. As
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Table 2 Calibration curve parameter of secondary metabolites detection using DPV

Phytol Quinoline Stigmasterol
Parameter Bare Modified Bare Modified Bare Modified
R* 0.970 0.984 0.901 0.945 0.968 0.976
Sensitivity —1.166 pA mM ! —1.794 pA mM ! 0.083 pA uM ! 0.100 pA pM~* —0.765 pA pM ! —1.000 pA pM !
RSD (%) 13.84 9.88 5.65 4.26 14.38 9.63
LOD 4.85 mM 2.85 mM 16.63 uM 2.36 UM 4.86 uM 1.36 uM
LOQ 17.73 mM 8.64 mM 50.39 uM 7.15 uM 14.72 uM 4.12 M

with the previous detections, the modified SPEs consistently
exhibit better performance in all parameters. The best result is
obtained with an R* of 0.98 and an LOD of 1.36 uM. This
performance slightly surpasses that reported in a previous
study, which achieved an LOD of 1.5 uM using commercial
SPEs.”® Although the linearity achieved in this study is
marginally lower than previous study, the use of accessible, low-
cost, manually fabricated SPEs highlights the potential of this
method as an effective alternative for electrochemical detection
of secondary metabolites, offering comparable sensitivity to
that of commercial platforms.

In addition to DPV measurements, chronoamperometry is
conducted for comparative analysis, with the results presented
in Fig. 14(a-c). The current response trends observed are
consistent with those obtained from DPV, ie. a decrease in
current with increasing concentrations of phytol and stigmas-
terol and an increase in current with rising quinoline concen-
trations. Exponential fitting is used to determine the time
constant as the average current decay times for each compound.

18.26 + 2.3 seconds, while the MWCNT-Au/Pt-modified SPE
reached a stable current more quickly, with time constant of
17.44 £ 2.2 seconds. In the case of quinoline, the bare SPE is
characterized by a time constant of 19.01 + 3.2 seconds,
whereas the modified SPE shows improved response speed with
a time constant of 15.72 £ 2.5 seconds. Similarly, for stigmas-
terol detection, the time constant for the bare SPE is 19.43 + 2.5
seconds, compared to 17.44 £ 2.9 seconds for the MWCNT-Au/
Pt-modified SPE. These results suggest that nanocomposite
modification not only enhances sensitivity but also improves
the electrode's response time, supporting its effectiveness in
electrochemical sensing applications.

Linear regression is performed on the lowest current ob-
tained from chronoamperometry, with the resulting calibration
curves presented in Fig. 14(d-f) and the corresponding regres-
sion parameters are summarized in Table 3. For phytol detec-
tion, the results are consistent with those obtained from DPV,
showing strong linearity with R > 0.95 across all SPE types.
Similar with the DPV analysis, the detection using chro-

For phytol detection, the bare SPE exhibits a time constant of noamperometry with MWCNT-Au/Pt-modified SPEs
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Fig. 14 Chronoamperometry results (top) and calibration curve results (bottom) for the detection of (a and d) phytol, (b and e) quinoline, and (c

and f) stigmasterol.
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Table 3 Calibration curve parameter of secondary metabolites detection using chronoamperometry
Phytol Quinoline Stigmasterol
Parameter Bare Modified Bare Modified Bare Modified
R* 0.955 0.958 0.859 0.908 0.972 0.973
Sensitivity —1.230 pA mM ™ * —1.750 pA mM ™ * 0.072 pA pM* 0.080 pA pM ! —0.462 pA pM ™ * —0.688 pA pM ™ *
RSD (%) 14.05 9.74 11.42 4.07 9.17 7.04
LOD 4.91 mM 3.03 mM 15.30 uM 3.98 uM 4.85 uM 2.32 uM
LOQ 14.88 mM 9.18 mM 46.36 UM 12.06 pM 14.70 pM 7.03 UM

demonstrate superior performance, achieving the best result
with an R* of 0.96 and a limit of detection (LOD) of 3.02 mM.
Quinoline detection follows a similar trend, though with
slightly lower performance compared to DPV. The bare SPE
exhibited a notably lower R* of 0.86, while the MWCNT-Au/Pt-
modified SPEs again showed better performance, achieving an
R* of 0.91 and an LOD of 3.98 uM. For stigmasterol, chro-
noamperometry results also aligned with DPV findings. The
regression models displayed good fits, with R* > 0.95 for both
electrode types. The modified SPEs maintain their advantage,
delivering the best performance with an R* of 0.97 and an LOD
of 2.32 uM.

The average RSD across the concentration ranges used for
calibration shows the improvement of measurement precision
with the modification of SPE for both DPV and chro-
noamperometric techniques. In DPV measurement, the modi-
fied SPE exhibits lower RSDs for phytol (9.88% vs. 13.84%) and
stigmasterol (9.63% vs. 14.38%) compared to the unmodified
SPE, indicating enhanced stability, while quinoline shows
consistently low RSD for both electrodes, with a slight
improvement after modification (4.26% vs. 5.65%). A similar
trend is observed for chronoamperometry, where the modified
SPE yields lower average RSDs for all analytes, particularly for
quinoline (4.07% vs. 11.42%) and stigmasterol (7.04% vs.

9.17%). These results align with the previous result that the
modification of SPE improves the repeatability and reduces
measurement variability.

The comparison between DPV and CA can be seen in Fig. 15.
Overall, the DPV method exhibited better performance
compared to chronoamperometry. This advantage stems from
DPV's ability to scan a broad potential range (—0.8 V to 0.6 V)
and suppress capacitive current through pulsed measurements,
thereby enhancing signal clarity and producing more distinct
peaks.*”® However, DPV analysis typically requires additional
data processing, such as baseline subtraction. In contrast,
chronoamperometry offers a more straightforward, direct
output without post-processing, making it more practical for
rapid screening. Furthermore, the time constants for current
stabilization across all three analytes were under 20 seconds,
reinforcing chronoamperometry's suitability for rapid detection
applications. While DPV offers greater analytical sensitivity,
chronoamperometry presents an alternative method for rapid,
low-complexity measurements. The performance of the fabri-
cated SPEs is comparable to that reported in previous studies on
the detection of Ganoderma-related secondary metabolites. In
certain cases, the results even surpass those of earlier works,
despite the use of manually fabricated SPEs and a simple drop-
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Table 4 Comparison of detection performance with previous studies in Ganoderma-related detection using SPE

Analyte Electrode material Method Range LOD Ref.
Quinoline AuNPs-aMWCNTs/CTSNPsaMWCNTSs CV, LSV 0.0004-1.0 uM 3.75 nM 39
Palmitic acid rGO/AuNPs LSV 0.1-0.83 mM 0.015 mM 41
Crude leaf extract ZnO-NPs/rGO DPV 10-40 mg L™ 1.75mg L™" 13
Stigmasterol B-CD-rGO/AuNPs DPV 2-30 uyM 1.5 uM 25
Phytol MWCNT-Au/Pt DPV 0.005-50 mM 2.85 mM This work
Phytol cA 3.03 mM

Quinoline DPV 0.1-250 pM 2.36 uM

Quinoline CA 3.98 uM

Stigmasterol DPV 0.1-250 pM 1.36 uM

Stigmasterol CA 2.32 uM

casting method for modification in this study. A summary of the
performance comparison is presented in Table 4.

Evaluation of multi-analyte detection

The sensor selectivity was obtained through PCA analysis with
the result as shown in Fig. 16(a). The result showed that PC1 is
the dominant discrimination axis, representing the direction of
maximum variance or the largest data spread, accounting for
68.8% of the total variance. PC2 represents the secondary
modulation or the next most significant direction, contributing
31.2% of the variance. In the PCA score plot, phytol and quin-
oline appear more distinctive compared to stigmasterol. Stig-
masterol is distributed near the center with a broad spread and
overlaps with the regions occupied by phytol and quinoline.
Phytol is located mostly in the negative PC1 region, whereas
quinoline is strongly positioned in the positive PC1 region,
which makes these two metabolites highly distinctive from each
other. Overall, the PCA plot still demonstrates clear separation
among the metabolites along PC1.

The PCA loading (weighting) shows that the current
contributes a positive value of 0.707107 to PC1, while the
voltage contributes negatively of —0.707107 to PC1l. When
correlated with the PCA score plot, this indicates that phytol
exhibits relatively low current with higher potential behavior,
quinoline shows relatively higher current with lower potential
behavior, and stigmasterol displays intermediate electro-
chemical behavior without a distinct characteristic trend. For
PC2, both current and voltage contribute positively of 0.707107,
indicating that PC2 represents the overall electrochemical
response intensity.

Subsequently, the result of LDA analysis for the sensor
specificity was obtained as shown in Fig. 16(b). The histogram
represents LD1, which is the linear combination of current
responses across voltage that maximizes between-class separa-
tion relative to within-class variance. LD1 captures the domi-
nant electrochemical differences among phytol, quinoline, and
stigmasterol, where separation along LD1 reflects differences in
peak shape, peak intensity distribution, and/or peak position,
rather than merely voltage location.

Quinoline is strongly clustered in the LD1 range of approx-
imately —2.5 to —1, showing a narrow distribution that indi-
cates high specificity of quinoline detection and low intra-class
variance, with minimal overlap with other classes. Stigmasterol

© 2026 The Author(s). Published by the Royal Society of Chemistry

is broadly distributed between approximately LD1 —1.5 to 3 and
partially overlaps with phytol at positive LD1. The low frequency
across LD1 indicates that stigmasterol is less distinct for clas-
sification. Phytol is less distinctive than quinoline and is mainly
distributed between LD1 of approximately 1 to 3, overlapping
with stigmasterol in the LD1 range of about 0.5 to 2.5. Overall,
the specificity is good but not absolute, particularly with respect
to stigmasterol.

The LDA classification accuracy is 0.83, while the five-fold
random cross-validation accuracy is 0.74. Fig. 16(c) shows the
normalized confusion matrix obtained from the LDA compu-
tation. This matrix clearly demonstrates the specificity of phytol
and quinoline, as both were classified with 100% correctness,
indicating that they are electrochemically distinctive. In
contrast, stigmasterol shows lower specificity, with only 35%
correctly classified, while 30% are misclassified as phytol and
35% as quinoline, suggesting that stigmasterol shares partial
electrochemical features with the other two metabolites.

The interference study assessed the quantitative accuracy of
phytol, quinoline, and stigmasterol determination in binary
mixtures by comparing the measured concentration in the
mixture to the concentration of the individual metabolite, with
the results shown in Fig. 16(d). Low interference values (<10%)
were observed when each target metabolite was quantified in
the presence of palmitic and linoleic acids. Phytol exhibited
moderate interference in the presence of quinoline (~15%), and
similarly, quinoline showed moderate interference when
combined with phytol (~17%). In contrast, both phytol and
quinoline showed strong interference when combined with
stigmasterol (>20%), suggesting partial overlap in electro-
chemical response, which aligns with the previous analysis.

The high interference can be attributed to the similar
electrochemical detection mechanisms of these metabolites on
the SPE surface. When two metabolites are present simulta-
neously, shifts in peak potential toward closer values were
observed, often resulting in partial or complete peak overlap.
This peak convergence leads to a single broadened or merged
DPV signal, which affects peak assignment and causes devia-
tions in the measured concentrations. In contrast, the addition
of linoleic acid or palmitic acid does not significantly affect
either the peak potential or peak current of quinoline, phytol, or
stigmasterol. The electrochemical responses of these fatty acids
occur outside the potential window of the target metabolites,
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interference test of binary mixture of metabolites.

minimizing electrochemical cross-talk and resulting in negli-
gible interference.

Furthermore, the direction of current change differs among
the target metabolites. Increasing quinoline concentration
increases the current response, whereas phytol and stigmas-
terol reduce the current. Consequently, when quinoline is
present with phytol or stigmasterol, the obtained concentration
of phytol or stigmasterol is lower than expected. Similarly, the
mutual current suppression between phytol and stigmasterol
further increases quantification errors when both metabolites
coexist.

Detection of oil palm leaves extract

Additional evaluation of SPE performance was conducted using
real samples of healthy and infected oil palm leaf extracts. The
recovery study results are shown in Table 5. Overall, the method
demonstrates good repeatability, with RSD ranging from 4.16%
to 8.35%. Recoveries of phytol in healthy samples are found
higher than 100%. This overestimation is likely due to over-
lapping contributions of quinoline and stigmasterol, similar
with the interference test. In contrast, phytol recoveries in
infected samples decreases to 87.63% and 79.23%. This
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reduction is presumably due to higher interference of other
metabolites, e.g., stigmasterol which present at higher concen-
trations in infected samples and contributes to current
suppression. In addition, the comparison between spiked and
measured concentrations shows that phytol levels in healthy
leaves are substantially higher than the spiked values, with
differences of more than 10 mM.

A previous study reported phytol levels of 29.21% in healthy
seedlings and 14.10% in infected seedlings at 30 days old.
Considering the extract concentration used in this work, these
levels correspond to approximately 9.85 mM phytol for healthy
leaves and 4.75 mM phytol for infected leaves. Therefore, phytol
concentrations above 9.85 mM may indicate a healthy oil palm,
whereas concentrations below 4.75 mM may suggest infection.
The higher concentration observed in unspiked sample as seen
in Fig. 17(b) may be attributed to the older plant age or inter-
ference. Infected leaves, by contrast, exhibits much lower phytol
concentrations. This significant reduction is likely attributed to
the severity of infection in the affected tree, which exhibited
visible basidiocarp formation of Ganoderma as seen in
Fig. 17(a), indicating advanced disease progression that has
already affected and necrotized the leaves.* This finding is
consistent with diseased conditions in previous work."

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Biomarker Sample Added conc. Found conc.” RSD* (%) Recovery® (%)
Phytol Healthy 20 mM 32.72 mM 6.63 111.01
6 mM 17.97 mM 7.01 125.11
Infected 20 mM 21.10 mM 4.58 87.63
6 mM 8.35 mM 8.02 79.23
Quinoline Healthy 80 uM 67.86 uM 6.10 96.41
20 uM 7.48 uM 6.70 89.10
Infected 80 uM 76.94 pM 8.35 97.77
20 uM 20.28 uM 6.79 109.63
Stigmasterol Healthy 50 pM 71.77 uM 6.53 121.42
20 uM 39.67 uM 9.79 124.90
Infected 50 uM 96.93 M 4.50 127.73
20 uM 62.35 uM 5.82 131.95

% Found concentration, RSD, and recovery are obtained from the average of 6 replicates.

Stigmasterol shows low accuracy in healthy matrices, with
recoveries of around 120%, indicating high matrix interference
that causes discrepancies between the added and recovered
concentrations. Higher recoveries (127-131%) are observed in
infected samples, suggesting even greater interference from
other metabolites besides phytol present in the leaf extracts.
Nevertheless, the precision of stigmasterol measurements
remains satisfactory, with RSD values lower than 10%, con-
firming good method reproducibility. In addition, a similar
trend is observed for stigmasterol, with healthy leaf extracts
showing a difference of more than 15 puM compared to the
spiked concentration. By comparison, the reported stigmasterol
concentration in infected oil palm trees is 5.37 uM in 3.5
month-old plants.”® While the much higher concentration
observed in this study can be attributed in part to interference
effects, it may also reflect the severity of infection, similar to the
trend observed for phytol. As shown in Fig. 17(b), infected leaves
exhibit higher stigmasterol concentrations than healthy leaves,
consistent with previous findings.

Quinoline exhibits the most consistent performance among
the three biomarkers studied here. The recovery in both healthy
(89.10-96.41%) and infected (97.77-109.63%) matrices are close
to the ideal condition of 100%, demonstrating minimal matrix
interference. This aligns with previous LDA result which shows
that quinoline has narrow and high frequency of LD1 feature.
The consistently low RSD (6.10-8.35%) further supports the
high stability of quinoline detection. However, the measured
concentrations in both healthy and infected extracts are
consistently lower than the spiked amounts, resulting in nega-
tive unspiked concentrations, as shown in Fig. 17(b). This
underestimation may be attributed to the presence of other
interfering metabolites that reduce the overall current response,
consistent with the interference study, which shows stable but
lower quinoline signals. Nevertheless, infected leaves exhibit
slightly elevated quinoline levels compared to healthy leaves, in
good agreement with earlier reports.*>*”

Overall, the fabricated SPEs exhibited limited selectivity.
Selectivity could be improved by incorporating modifiers such
as B-cyclodextrin, which forms host-guest inclusion complexes
with stigmasterol.?® The sensing is based on a competitive

© 2026 The Author(s). Published by the Royal Society of Chemistry

binding mechanism, where the analyte and an electroactive
indicator compete for the same binding sites within the host
cavity during electrochemical measurement. Upon addition of
the target analyte to a solution containing host-indicator
complex, the analyte displaces the indicator from the binding
site, leading to a measurable change in the electrochemical
signal. Cyclodextrins are cyclic oligosaccharides characterized
by a hydrophobic inner cavity and a hydrophilic outer surface,
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Fig. 17 (a) Real sample test of: (i) healthy and (ii) infected palm tree
with (ii) Ganoderma boninense and (b) summary of secondary
metabolites detection in palm leaf extracts.
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enabling selective encapsulation of hydrophobic guest mole-
cules. By exploiting these host-guest interactions, f-
cyclodextrin-modified SPEs could enhance molecular recogni-
tion and reduce cross-interference, thereby improving selec-
tivity toward stigmasterol and related hydrophobic metabolites
in complex matrices. Despite these challenges, the lower LOD
relative to metabolite levels in both healthy and infected leaves
highlight the potential of SPEs for detecting secondary metab-
olites, especially phytol and stigmasterol.

Conclusions

This study successfully demonstrated the fabrication and
modification of screen-printed electrodes using multi-walled
carbon nanotubes combined with Au and Pt nanoparticles for
the electrochemical detection of secondary metabolites associ-
ated with Ganoderma boninense infection. The simple and cost-
effective fabrication and modification processes offer an alter-
native method for potential large-scale production. Two
electrochemical detection methods were evaluated, each
offering distinct advantages. The modified electrodes showed
improved detection performance compared to bare SPEs,
comparable, or some even exceeding, that of commercial SPEs
reported in previous studies. The modified SPEs showed good
linearity (R* > 0.9) across all detections, with the best detection
limits achieved being 2.85 mM for phytol, 2.36 pM for quino-
line, and 1.36 uM for stigmasterol.

Evaluation with real oil palm leaf extracts further validated
the applicability of the developed SPEs. Phytol and stigmasterol
were successfully detected, with concentrations in healthy and
infected leaves reflecting expected physiological differences.
Quinoline detection, however, remained unreliable due to
interference effects, underscoring the current limitation in
selectivity. While establishing a definitive metabolite profile for
G. boninense infection may require analysis of additional
biomarkers, the metabolites investigated in this study demon-
strate potential as early indicators of abnormal physiological
responses. The low LOD relative to metabolite concentrations in
the leaves highlight the potential of the modified SPEs for
practical secondary metabolite detection, particularly phytol
and stigmasterol. Overall, the MWCNT-Au/Pt-modified SPE
presents a promising alternative for the practical, rapid, and
cost-effective detection of G. boninense-related biomarkers.
These findings support its further development as a disposable
biosensor for early disease diagnosis in oil palm plantation.
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