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

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

A highly sensitive photoelectrochemical
immunosensor for cancer antigen (CA 125) based
on a nanoplatform of carbon dots and cadmium
sulphide

i ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 34322

Ezinne U. Ekwujuru, Cornelius C. Ssemakalu, Michael J. Klink
and Moses G. Peleyeju @*

The prognosis for ovarian cancer is often poor due to late diagnosis. This is because the disease rarely
presents with any specific symptoms in the early stage. There is therefore a need to develop a sensitive
device for the routine screening of CA 125, the most widely used biomarker for detecting and
monitoring ovarian malignancy. Herein, we report the development of a photoelectrochemical (PEC)
immunosensor based on a screen-printed carbon electrode (SPCE) modified with a carbon nanodot/
cadmium sulphide (CND/CdS) heterostructure for the sensitive detection of CA 125. Using a drop-
casting technique and a self-assembly process, the immunosensor was constructed by the successive
immobilization of CND, CdS, an N-hydroxysuccinimide/1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(NHS—-EDC) complex, anti-CA 125, and the blocking agent bovine serum albumin (BSA) on the SPCE.
CND and CdS nanoparticles provided adequate surface area for electrochemical processes and served as
photoactive materials, working synergistically to amplify signals and enhance the sensitivity of the sensor.
The NHS-EDC complex activated the carboxyl groups on the modified electrode and served as a linker
for antibody attachment. Under optimized conditions, the developed PEC immunosensor exhibited good
sensitivity, selectivity, repeatability and reproducibility for CA 125 over a linear range of 100-0.0001 pg
mL~%, with a detection limit of 2.7 pg mL™. It also showed excellent short- and long-term stability and
successfully detected CA 125 in serum samples. The excellent performance of the biosensor makes it
a potential diagnostic tool for the real-time detection of CA 125 and other physiologically important
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1 Introduction

Ovarian cancer (OC) is a malignant disease that affects the
ovaries, fallopian tubes and primary peritoneal cavity, and it
poses a huge global health burden."? It is the seventh most
occurring female-related malignancy worldwide but has the
highest mortality-to-case ratio among all gynecological
cancers.”® With about 239 000 cases and 152 000 mortalities
yearly, OC prevalence is predicted to increase sharply by 2040."*
Late detection, caused by non-specific symptoms and the lack of
proper screening, makes treatment difficult.”* Therefore, early
diagnostic devices are crucial to improve treatment outcomes.

Traditional diagnostic approaches, such as pelvic examina-
tions and transvaginal ultrasonography, are performed on
symptomatic patients, leading to late diagnosis.”> CA 125,
a biomarker highly associated with OC, is valuable for early
detection.® Its levels are elevated in about 90% of OC patients’
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and in 50-60% of those with early-stage disease.®*® However, its
lack of specificity to OC makes it more useful as an initial
screening measure.’

CA 125 detection has been carried out using immunoassays
such as enzyme-linked immunosorbent assay and radioimmu-
noassay, which provide high specificity."* However, they are
costly, complex, time-consuming, and require technical exper-
tise.”” These methods are also unreliable in detecting early-stage
ovarian cancer biomarkers at low levels, further stressing the
need for a highly reliable, cost-effective, non-invasive, and
point-of-care diagnostic tool.»**?

Photoelectrochemical (PEC) immunosensing is a modern,
advanced assay that uses light irradiation coupled with
electrochemical methods for the sensitive detection of analy-
tes.”>'* The excitation source, which is separated from detection
signals, helps reduce undesirable background noise, thereby
enhancing its sensitivity and enabling low detection limits.">**
In addition to this, PEC systems are easy to operate, less
expensive and easily miniaturized.'> The PEC system normally
consists of a working electrode modified with semiconductors

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that are photoactive, coupled with a reference and counter
electrode.*®'” A light source of medium wavelength is used for
irradiation."™' When a certain voltage is applied to the working
electrode, a photocurrent is generated, which varies with time.
The change in photocurrent correlates with the analyte
concentration. PEC analysis to a large extent depends on the
photoactive materials, typically, semiconductors, which serve as
light-harvesting material to generate signals and as substrate
for the immobilization of biomolecules.”® Semiconductors are
employed in PEC sensing due to their ability to generate charge
carriers upon light irradiation, enabling effective detection.*
The ideal semiconductors should exhibit biocompatibility to
maintain the integrity of biomolecules and the sensor as
a whole while providing mechanical stability to ensure accurate
and reliable sensing.*>**

PEC sensing is relatively new; however, a few reports have
been published on PEC sensors for CA 125. Wang et al. devel-
oped a PEC biosensor for CA 125 on a platform of a hetero-
structured material comprising CdS, Bi,S, and NiS. The
synergistic interaction of these materials led to a low limit of
detection (LOD) of 0.85 pg mL " and a wide linear detection
range of 1 pg mL ™" to 50 ng mL ™. To achieve a more sensitive
platform for CA 125 sensing, sandwich-type PEC systems have
also been developed. Xue and colleagues utilized core-shell
SiO, nanoparticles and CdTe QDs as photoactive materials to
detect CA 125. The PEC immunosensor produced an ultralow
LOD of 0.3 mU mL™" with a linear concentration range of 1 mU
mL ™" to 100 U mL ™. Similarly, Zou et al. employed a CuO-
ZnO heterojunction as a signal source with near-zero back-
ground noise in a sandwich PEC sensing platform for CA 125.
The platform detected CA 125 in the range of 1 x 10° to 100 U
mL ™' and an LOD of 3.16 U mL '.?® In short, photoactive
materials employed for the construction of a PEC biosensor
have a huge influence on the sensitivity of the sensor.””*® This
work utilised a combination of CdS and carbon nanodots
(CNDs) to exploit their unique properties in the development of
a PEC sensor for CA 125.

Cadmium sulphide is a semiconductor that has received
tremendous attention over the years due to its unique proper-
ties, which include a narrow band gap of 2.42 eV, low potential
oxidation, high electrical conductivity and low production
cost.”>** CdS is also biocompatible and is well-known for its
high quantum confinement effects and high electron mobility.**
CdS nanoparticles possess high surface-to-volume ratio that
promotes electroactivity and improves the loading of biomole-
cules.**** Despite these excellent properties, CdS has the
problem of photogenerated electron and hole recombination.*
Adding other semiconductors or doping with metals can
improve photoelectric conversion efficacy and enhance charge
transfer.>***

Carbon nanodots (CNDs) are zero-dimensional with a quasi-
spherical shape. They are biocompatible and exhibit good
electrical conductivity, a large surface-to-volume ratio, excellent
tunability, chemical stability and high water solubility.***® They
have excellent electronic and optical properties, with high
photostability and photocatalytic properties.>”** Their optical
properties  that have attracted scientists includes
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chemiluminescence, electro-chemiluminescence, size-
dependent photoluminescence, up-conversion luminescence,
and photo-induced electron transfer.*® In addition, CNDs have
a wide range of light absorption spectra, basically in the UV and
visible light regions.**** The band-edge position permits elec-
tron transfer from the surface of semiconductors, promoting
charge separation, thereby blocking recombination.****

Reports on the use of CdS and CND composite as an
immobilization layer for cancer antibodies are limited.* It has
however been used for the sensitive detection of chromium (vi)
ions.* It was able to detect ions within a dynamic range of 2-
120 uM with a low detection limit of 2.07 uM. The hetero-
structure has also been employed in the detection of the organic
compound benzaldehyde over a range of 0.1 nM to 1.0 mM, with
an ultralow LOD of 2.2 £+ 0.1 pM.**

In this work, a heterostructure of CdS and CND was used to
construct a new, sensitive PEC immunosensor for CA 125
detection. The synergistic interaction between the nano-
materials significantly enhanced the sensitivity of the
immunosensor.

2 Experimental
2.1 Fabrication of the PEC immunosensor

2.1.1 Preparation of SPCE/Carbon nanodot electrode. To
prepare the CND-modified screen-printed carbon electrode
(SPCE), 2-10 mg of CND was dispersed in 1 mL of dimethyl
formamide (DMF) and ultrasonicated for 1 h. Thereafter, 5 uL of
the dispersion was drop-casted onto the bare SPCE surface and
then allowed to air-dry at room temperature.* The modified
electrode was denoted as SPCE/CND.

2.1.2 Preparation of SPCE/carbon nanodots/CdS electrode.
The SPCE/CND/CdS electrode was prepared by drop-casting 5
uL of a dispersion of CdS NPs (containing 10 mg of CdS NPs in
1 mL of DMF) onto the surface of the previously prepared SPCE/
CND electrode. The resulting electrode was then allowed to dry
at room temperature to enhance self-assembly of the particles.*

2.1.3 Antibody immobilization on SPCE/CND/CdS elec-
trode. The SPCE/CND/CdS electrode was modified with 5 pL of
a solution containing 20 mM EDC and 10 mM NHS in a 2:1
ratio of ethanol and PBS. This was allowed to incubate for
30 min according to a modified method of Hayat et al.*” The
EDC-NHS complex activates the carboxylate groups on the
SPCE/CND/CdS electrode and serves as a crosslinker for the
antibody.*”** Ethanol was used to improve the solubility of the
EDC-NHS complex and facilitate the crosslinking process.*
However, ethanol can denature proteins and impair the ability
of antibodies to bind to antigens, thereby negatively impacting
the output signal.*>** Hence, after the immobilization of the
complex, the electrode was left to dry at room temperature (to
vaporize the ethanol), and prior to immobilization of the anti-
body, it was rinsed with PBS (pH 7.4) to remove any residual
ethanol. Subsequently, 5 uL of a 10 pg per mL CA 125 antibody
solution, freshly dissolved in 1 mL of 10 mM PBS (pH 7.4), was
applied to the electrode and incubated for 30 min to allow for
covalent bonding with the activated carboxyl group on the
surface of the modified electrode. Unattached antibody was
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washed with PBS (pH 7.4). Thereafter, the electrode was incu-
bated with 5 pL of 1% BSA for 20 min. Excess BSA was removed
by washing with 100 pL of PBS. The electrode was allowed to dry
at room temperature. The fabricated immunosensors were then
incubated with varying concentrations of CA 125 antigen,
ranging from 100 to 0.00001 ug mL™'. A diagrammatic repre-
sentation of the fabrication process and the electron transfer
mechanism are presented in Fig. 3 and 4 respectively in the SI.

3 Results and discussion
3.1 Fourier transform infrared spectroscopy of CdS and CND

The FTIR spectrum of CdS in Fig. S5 shows many vibrational
peaks that are similar to those in the literature.”*® The band at
~618 cm ' is assigned to Cd-S stretching vibrations, which
confirms the successful synthesis of the nanomaterial.®*>*
Vibrational bands at 1636 cm™ "' and 3480 cm™" represent OH
bending and O-H stretching vibrations of absorbed water on
the surface of CdS.** The FTIR spectrum of CNDs (Fig. S5)
displays peaks at ~3065, 1558, 1012, and 779 cm™!, corre-
sponding to O-H stretching vibrations of carboxylic acids; C=0
and C=C stretching vibrations; and C-H vibrations, respec-
tively. This result is consistent with the findings reported in
other works.**3%%¢

3.2 Ultraviolet-visible spectroscopy of CdS and CND

The UV-vis absorption spectra of the synthesized CND and CdS
NPs are shown in Fig. S6. The peaks at 276 nm, 347 nm and
414 nm are characteristic of CNDs, with its high energy tail
extending further into the visible region. This indicates the
presence of excited electrons.*® The absorption band positions
of CNDs can be affected by the starting materials and the
synthesis method.*” The peak at around 276 nm comes from the
-1t* energy transition of conjugated C=C bonds, which indi-
cates the presence of aromatic 7-system in the core of the CNDs.
The absorption peak at 347 nm represents the n-m* energy
transition of C=0 bonds, which originates from the surface of
the CNDs.*>*”® The peak at around 414 nm is assigned to n-m*
energy transitions of functional groups on the carbon dot
surfaces.”® These peaks yield strong fluorescence emission as
a result of the excited state energy trapping by surface states.>

The broad absorption band of CdS NPs at 498 nm indicates
that their electrons are excited in the visible light region and is
similar to those reported in the literature.”>*® The absorption
spectrum of the nanocomposite maintained the peaks of the
individual components with a well-defined broad peak in the
visible light region.

3.3 X-ray diffraction patterns of CdS and CND

XRD patterns of the synthesized materials are shown in Fig. S7.
The patterns of CdS NPs show strong diffraction peaks at 26.5°,
30.6°, 43.9°, 51.9° and 54.5°, corresponding to the xkl planes of
(111), (200), (220), (311) and (222), respectively.®* These peaks
indicate a cubic crystal structure. The XRD pattern of CNDs
shows broad peaks from ~16.6° to 24.9° with low intensity,
which reveals an amorphous phase.®” The XRD pattern of the
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nanocomposite maintained the strong diffraction peaks of CdS
NPs. Peak identification was carried out using the Joint
Committee on Powder Diffraction Standards (JCPDS) card no.
01-075-1546.

The average crystallite size of CdS NPs was obtained using
the Debye-Scherrer formula.®*

D = KB cos 0, (1)

where D: crystallite size; K: Scherrer's constant = 0.9; A: wave-
length of Cu Ko radiation (A = 1.54060 A); 8: full width at half
maximum (FWHM); §: Bragg's angle.

The average crystallite size was calculated to be 3.7 nm,
which differs from the particle size calculated from TEM (8.477
nm). This difference was as anticipated because of the
agglomeration of particles observed in the TEM image
(Fig. S8Db).

3.4 Transmission electron microscopy analysis of CdS and
CND

The TEM images of the synthesized CNDs, CdS NPs and their
composite are shown in Fig. S8. The TEM image of the carbon
nanodots (Fig. S8a) shows small, quasi-spherical particles.
CNDs are known to have zero dimension and are quasi-
spherical in shape.®*** The TEM image of CdS NPs (Fig. S8b)
shows aggregates of fine, spherical, crystalline-like particles,
which is consistent with observations in a previous work.** The
TEM image of the nanocomposite of CND and CdS NPs is
shown in Fig. S8c. The nanodots and CdS NPs are evenly
distributed. The average particle size of CdS NPs, calculated
from the TEM image using Image] software, is 7.153 nm. The
particle size distribution and the corresponding Gaussian fit are
shown in Fig. S8d.

3.5 Scanning electron microscopy of CdS and CND

The SEM image of CNDs is shown in Fig. S9a. The image reveals
that the CND particles are granular and tightly packed. This
observation has been reported elsewhere.®® Fig. S9b shows the
SEM image of the synthesized CdS NPs; the nanoparticles
appear to be spherical and are well distributed in clusters.’>*’
These agglomerations are linked to the small particle sizes of
the nanomaterials.

3.6 Energy dispersive X-ray spectroscopy analysis of CdS and
CND

The elemental composition and purity of the synthesized
materials were checked using EDX. Fig. S10 shows the EDX
spectra. Optical absorption peaks at 3-4 keV, attributable to
surface plasma resonance, correlate with the metallic CdS
nanocrystallites. The EDX spectrum of CdS (Fig. S10a) confirms
Cd and S as the major elements. The weight percentages of
these elements are 77.8% and 22.2%, relatively comparable to
their respective average atomic mass percentages, indicating
that the synthesized CdS NPs are pure. The presence of Cl is
attributable to byproduct from the synthesis process. The EDX
spectrum of CNDs (Fig. S10b) shows C as the predominant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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element, confirming the purity of the nanomaterial. As ex-
pected, minor elements detected are due to the source (corn
cob) used to prepare the CNDs.®”® The EDX spectrum of the
nanocomposite (Fig. S10c) confirms the presence of both
nanomaterials.

4 Electrochemical and
photoelectrochemical
characterizations of the developed
immunosensors

Electrochemical characterization of the immunosensor was
performed under optimized conditions (Fig. S11) using cyclic

voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) in a 10 mM [Fe (CN)¢]*~"*~ redox probe containing 0.1 M

View Article Online
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KCl. In EIS, the semicircular diameter of the Nyquist plot
represents the charge transfer resistance (R.); the wider it is,
the higher the electron transfer resistance, and the smaller it is,
the lower the electron transfer resistance.® Fig. 1a shows the
EIS curves of the fabrication process. Curve (a) represents the
unmodified electrode, which demonstrates a high R.; of about
111 Q. This high charge transfer resistance is due to the binders
(polymers such as polyvinylidene fluoride, N-methyl-2-
pyrrolidone, polystyrene, polyaniline and nitrocellulose) used
during its production, which impedes electron transfer by
blocking electron flow.” Modification with CNDs (curve b)
lowered the charge transfer resistance to around 101 Q due to
their conductivity and large surface area, which provides
adequate sites for electrochemical reactions.” Further coating
with CdS NPs (curve c) reduced the R to about 86 Q. This
further reduction in R.. demonstrates faster electron transfer
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Fig.1 Stepwise CA 125 immunosensor fabrication process: (a) EIS in the presence of 10 mmol L™ [Fe(CN)g]* /4~ solution containing 0.1 M KC;

(b) cyclic voltammograms of the fabrication process in the presence of 10 mmol L™ [Fe(CN)

61>~/4~ solution containing 0.1 M KCL; and (c)

corresponding photocurrent-time curves in 10 mmol L™ [Fe(CN)¢* /4~ solution containing 0.1 M KCl and 0.01 M AA. Electrode notations: (a)
SPCE, (b) SPCE/CND, (c) SPCE/CND/CdS, (d) SPCE/CND/CdS/NHS-EDC, (e) SPCE/CND/CdS/NHS-EDC/Anti-CA 125, and (f) SPCE/CNDs/CdS/

NHS—-EDC/anti-CA 125/BSA.
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rate and ion diffusion, which is due to the increased surface
area provided by CdS NPs and their synergistic interaction with
CNDs, enhancing the redox reaction of ferrocyanide mole-
cules.” Additional coating with the EDC/NHS complex (curve d,
158 Q) increased R, due to the insulating effect of the non-
conductive organic linker.” Subsequent coatings of anti-CA
125 (curve e, 193 Q) and BSA (curve f, 270 Q) on the electrode
surface progressively increased R.; and is attributable to the low
conductivity and steric hindrance of proteins.**

These observations confirm the successful stepwise
assembly of the immunosensor. To further validate the fabri-
cation process, cyclic voltammetry was used to analyze the
electron transport properties of each modified electrode. Fig. 1b
shows the voltammogram recorded during the fabrication
process of the CA 125 immunosensor. The bare screen-printed
carbon electrode exhibited a low anodic peak current of 0.005
mA and a higher AE, of 229.7 mV (curve a) due to its limited
light absorption ability, which hinders electron excitation, and
the presence of some components such as polymers that
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impede electron transfer.”” Upon modification with CND, the
peak current improved to approximately 0.007 mA while AE,
dropped to 199.2 mV (curve b) as a result of the large surface
area provided by the CNDs, which enhances the electron
transfer reaction of ferrocyanide molecules.”” Further modifi-
cation with CdS NPs increased the peak current to 0.0092 mA
and decreased AEj, to 130.3 mV (curve c). This enhancement in
photocurrent and reduction in AE, is due to the increased
surface area provided by CdS NPs and the matching energy level
between CdS NPs and CND, which facilitates charge trans-
fer.”*”®> With the introduction of the EDC/NHS complex, the
photocurrent reduced slightly to 0.0086 mA, and AE, became
243.7 mV (curve d) due to the insulating effect of the organic
linker molecules.” With successive immobilization of anti-CA
125 (curve e) and BSA (curve f), the photocurrent further
reduced to 0.0071 and 0.0033 mA, while the AE, further
increased to 261.2 and 276.3 mV, respectively. This decrease in
photocurrent is due to the insulating properties of biomole-
cules, which hinder electron transfer,”” and the increase in AE,
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Fig. 2 (a) Cyclic voltammograms at scan rates of 30, 40, 50, 60, 70, 80, 90, 100, and 120 mV s~*: (b) plot of anodic peak current (Ipa) versus the
scan rate (V); (c) plot of anodic peak current (/o) versus the square root of the scan rate (VM3),
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signifies a lower electron transfer rate.” The I/, ratio at each
fabrication stage was close to 1. This suggests that the electro-
chemical process is reversible and confirms that the reaction is
not an adsorption process.”®

The photocurrent-time response at each fabrication step was
further analyzed (Fig. 1 c) to authenticate the successful fabri-
cation process. The bare screen-printed carbon electrode (SPCE)
displayed a smaller photocurrent (curve a; 0.0101 mA) due to its
limited intrinsic photoactivity.”” Upon modification with CNDs,
the photocurrent increased significantly to approximately
0.0116 mA (curve b), attributable to the photoexcitation of
electrons from the valence band to the conduction band and
their subsequent transfer to CdS under light irradiation.®
Further modification with CdS NPs increased the photocurrent
to 0.0143 mA due to the enhanced electron transfer from the
valence band of CdS to its conduction band and their subse-
quent transfer to the SPCE.*

When the electrode surface was modified sequentially with
the EDC/NHS complex, anti-CA 125 and BSA, the photocurrent
intensity reduced to 0.0135 mA (curve d), 0.0124 mA (curve e)
and 0.00091 mA (curve f), respectively. This reduction in
photocurrent is attributable to the blocking effect of the mate-
rials on electron transfer between ascorbic acid (electron donor)
and CdS.°® These photocurrent trends clearly demonstrate the
successful assembly and functionality of the photoelectro-
chemical immunosensor.

4.1 Effect of scan rate

To investigate the electrochemical reaction mechanism of CA
125 detection, the effect of the scan rate was investigated using
CV at scan rates ranging from 30 to 120 mV. The resulting cyclic
voltammograms are shown in Fig. 2a. The regression curves of
peak current vs. scan rate (Fig. 2b) and peak current vs. the
square root of scan rate (Fig. 2c) show linear relationships, with
the following regression equations: I,,, (mA) = 1.11819 x 10 °x
+1.79896 x 10 > (R* = 0.98866) and I,, (mA) = 1.83082 x 10 ’x
—5.37855 x 10 2 (R* = 0.97885), respectively. The slope is close
to the theoretical value (0.5) for a diffusion-controlled reaction
mechanism; hence, the type of reaction at the electrode/
reactant interface is diffusion-controlled.®

The relationship between the anodic peak current and the
square root of the scan rate was used to determine the elec-
trochemically active surface area of the unmodified and modi-
fied electrodes in 10 mM [Fe(CN)q]*~/[Fe(CN)s]*~ solution using
the Randles-Sevcik equation.®*

I, = 2.691 x 10°2*2D"?1'"24C, (2)

where A is the electrochemical activity surface area, C is the
electrolyte concentration (0.01 M), D is the diffusion coefficient
(D=7.6x10"°cm?s "), vis the scan rate (Vs ') (60 mV s~ ), I,
is the peak current (A), and n is the number of electrons involved
in the charge transfer (n = 1). The effective surface area was
determined to be 0.0181 cm? for the bare SPCE, 0.08633 cm? for
the SPCE/CND electrode and 0.1054 cm? for the SPCE/CND/CdS
electrode. This improvement in active surface area is due to the
extremely high surface area-to-volume ratio of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanomaterials, which promotes fast electron transfer kinetics
and ion diffusion within the SPCE/CND/CdS system.”

4.2 Detection of CA 125

The detection of CA 125 was carried out using differential pulse
voltammetry (DPV) under optimized experimental conditions.
The photocurrent response of the developed BSA/anti-CA 125/
EDC-NHS/CdS/CND/SPCE immunosensor towards detection of
various concentrations of CA 125 (100, 10, 0.1, 0.01, 0.001,
0.0001 and 0.00001 pg mL ") is shown in Fig. 3.

The photocurrent intensity decreased as the concentration
of CA 125 increased, which is consistent with the literature.””:5>
This decrease in photocurrent is due to the inhibitory effect of
the increased concentration of CA 125 antigen on the immu-
nosensor platform.”” The inset (Fig. 3) shows the calibration
curve, which shows good linearity between CA 125 concentra-
tion and the peak photocurrent change (A, = I, — I), where ‘Iy’
is the anodic peak current before CA 125 biorecognition event,
and ‘T is the anodic peak current after CA 125 biorecognition.
This was observed in the range of 100 to 0.00001 ug mL ™, with
a linear regression equation of AI, (4) = 5.2979 x 10 ° X +
3.14227 x 1072 (R*> = 0.97656) and a low limit of detection
(LOD) of 0.0000027 pg mL ™" (S/N = 3). This LOD is below the
healthy human CA 125 concentration of 35 pg mL™".** Hence,
this sensor can detect lower and higher concentrations of
CA 125 relative to healthy human serum concentrations.
Therefore, the immunosensor has the potential for early
detection of gynaecologic malignancies including ovarian
cancer (when the CA 125 concentration is low) and for moni-
toring treatment progress (when CA 125 concentration is high).

The proposed CA 125 immunosensor was compared with
other reported immunosensors for CA 125 detection, as listed in
Table 1. The limit of detection and linear range achieved in this
study surpass those reported in most of the works,

.
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Fig. 3 The DPV voltammograms (in the presence of light) of the
fabricated immunosensor incubated with different CA 125 concen-
trations: 100, 10, 0.1, 0.01, 0.001, 0.0001 and 0.00001 pg mL™* of

CA 125 in 10 mmol L™t [Fe(CN)g*~/4~ solution containing 0.1 M KCl
and 0.01 M AA.
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Table 1 Comparison of the present study with other reported methods for CA 125 detection®?¢

Sensing platform Analytical method Linear range (ug mL ™) LOD (ug mL ™) References
PANI/Gr EC 0.00092 to 15.2 0.923 83

ZnO NRs-Au NPs EC 2.5 to 1000 2.5 84
CdS/Bi,S;/NiS PEC 0.000001 to 0.05 0.00000085 24
FA@H-PANI@CS-HCl/Ag@Co030, EC 0.000001 to 0.025 0.00000025 85
CdS/CND PEC 100 to 0.00001 0.0000027 This work

“ EC: electrochemical sensing; PEC: photoelectrochemical sensing; PANT: polyaniline; Gr: graphene. © NRs: nanorods; H-PANI: HCl-doped PANT; FA:
ferrocenecarboxylic acid; CS: chitosan. ¢ NiS: nickel sulfide.

demonstrating the superior performance and sensitivity of the

proposed PEC immunosensor for CA 125 detection.

4.3 Selectivity/sensitivity studies

In the selectivity study, the developed CA 125 immunosensor
was incubated with various interfering substances, including of
10 pg mL™" PSA, CEA, p-glucose and HE4. The developed
immunosensor exhibited excellent selectivity for CA 125, as

seen by the significantly high photocurrent generated for the CA
125 antigen (10 pg mL ') compared to the interfering
substances (<23% interference) (Fig. 4a). These results show
that the immunosensor possesses good selectivity for CA 125.

4.4 Reproducibility studies

Fig. 4b shows the results of the reproducibility study, which was
carried out using five identical immunosensors each to detect
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Fig.4 (a) Selectivity test in the presence of interferents; (b) reproducibility studies; (c) repeatability studies by DPV in the presence of 10 mmol L™
[Fe(CN)gl* /4~ solution containing 0.1 M KCl and 0.01 M AA.
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acid.

CA 125 at concentrations of 100, 0.1 and 0.0001 pg mL™". The
relative standard deviation was <6%, indicating excellent
reproducibility.

4.5 Repeatability studies

Repeatability studies were performed by running the developed
immunosensor for five runs at time interval of 20 s each for the
detection of CA 125 antigen at concentrations of 100, 0.1 and
0.0001 ug mL " (Fig. 4c); the relative standard deviations were
2.28%, 1.52% and 2.79%, respectively. These values are very
low, which signifies good repeatability.

4.6 Stability studies

The short-term (15 seconds) and long-term (21 days) stability of
the PEC immunosensor was studied by detecting 0.1 pg of
CA 125. For the 15-second stability test, photocurrent responses
were recorded over multiple on/off irradiation cycles for 450
seconds at an interval of 15 seconds (Fig. 5a). The photocurrent
decreased progressively up to around 100 s before stabilization,
indicating that the developed PEC immunosensor exhibits
a stable photocurrent response for CA 125 detection. The 21-day
storage stability was also evaluated by storing the immuno-
sensors at 4 °C for 7, 14, and 21 days, after which the photo-
current intensity was evaluated using DPV. Fig. 5b shows the
photocurrent responses of the immunosensors. The immuno-
sensor retained 99%, 95% and 90% of its initial photocurrent
on Day 7, 14 and 21, respectively, which shows a gradual

fluctuation over the storage period. With only 10% signal loss
after 21 days of storage, the immunosensor demonstrates good
stability. The slight reduction in photocurrent is caused by
some loss of sensor activity over the storage time, which might
be linked to minor degradation of biomolecules and environ-
mental factors during storage.®*® Generally, this finding suggests
that the immunosensor can be used for long durations, making
it suitable for extended practical use.

4.7 Serum sample analysis

To validate the practical application of the immunosensor, fetal
bovine serum was used in this study. The serum sample was
diluted in phosphate-buffered saline solution (0.1 M; pH, 7.4) at
a dilution ratio of 1:100 and examined using the standard
dilution method.*” CA 125 antigen was spiked into the diluted
serum samples at concentrations of 10, 0.1 and 0.0001 ug mL ™",
which were then analyzed three times each. Table 2 shows the
results obtained. The percentage relative standard deviations
(4.09, 4.27 and 1.26) and percentage recoveries (95.2, 96 and
99%, respectively) confirm possible real-time clinical applica-
tion of the developed immunosensor.

The developed PEC immunosensor has the advantages of
being cost-effective with simple preparation steps and a quick
response time of 30 min. It is also very sensitive towards the
detection of very low concentrations of CA 125. It may, however,
be susceptible to biomolecular degradation because of the
significant reduction in signal over a long period of time.
Additionally, the potential toxicity of CdS remains a concern.

Table 2 Determination of CA 125 antigen in fetal bovine serum (dilution factor = 1:100)

Amount of CA 125

antigen added (ug mL™") CA 125 antigen detected (ug mL™")

Standard error of mean RSD (% n = 3) Recovery (%)

10 9.929, 9.635, 8.996
0.1 0.091, 0.101, 0.097
0.0001 0.000098, 0.000101, 0.000099

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

0.225 4.09 95.2
0.002 4.27 96
0.0000007 1.26 99
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5 Conclusion

In summary, an SPCE/CND/CdS NP-based immunosensor was
developed and used for the detection of CA 125. The interaction
between CND and CdS NPs and their matching energy levels
improved the sensitivity of the sensor. The sensor detected
CA 125 over a range of 100 to 0.00001 pug mL~ " with a low
detection limit of 0.0000027 pg mL~'. The immunosensor
exhibited excellent sensitivity, repeatability and reproducibility
with good short- and long-term stability. It also performed well
in detecting CA 125 in the serum environment with a good
percentage recovery. Therefore, the developed sensing platform
can be used in real-time biosensing of CA 125 and other disease-
related biomarkers.
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