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Abstract

Cadmium(Il) is recognized as a hazardous heavy metal with severe
implications for both the environment and human health. Traditional
detection techniques, including atomic absorption spectroscopy and mass
spectrometry, tend to be labor-intensive and require sophisticated
instrumentation. In this study, we introduce a new electrochemical
biosensor constructed from electrospun carbon nanofibers (CNFs) and gold
nanoparticles (AuNPs) for the rapid and sensitive identification of Cd(II).
The CNFs were synthesized from polyacrylonitrile (PAN) via a two-step
thermal process involving stabilization and carbonization, and their
structure was validated through X-ray diffraction and Raman
spectroscopy.The synthesized nanofibers were utilized to modify the surface
of a screen-printed carbon electrode (SPCE), followed by the
electrodeposition of AuNPs to enhance its electrochemical performance.
The surface morphology and elemental composition of the modified
electrode were characterized using field emission scanning electron
microscopy (FESEM) and energy-dispersive X-ray spectroscopy (EDS). A
cadmium-selective aptamer was immobilized on the electrode and assessed
using cyclic voltammetry (CV). The finalized aptasensor demonstrated a

linear detection range from 0.5 to 10 ppb for Cd(II), achieving a detection



limit of 0.05 ppb as measured by differential pulse voltammetry (DPV). The
relative standard deviation (RSD) values for repeatability and reproducibility were
about 3.2% and 3.5%, respectively.Therefore, this aptasensor can be
considered as a promising tool for accurate environmental monitoring of

Cd(I1).

Keywords: Cadmium, Aptamer, Electrochemical biosensor, Gold

nanoparticles, Carbon nanofibers

1. Introduction

Cadmium is a notorious envircimental pollutant, prevalent in water, soil,
and air, and is known for its high toxicity and tendency to accumulate in
living organisms!-5. Due to its harmful effects, strict international standards
have been established to limit Cd(II) concentrations in food and drinking
waterS. For example, the Joint FAO/WHO Expert Committee on Food
Additives has set a monthly intake limit of 25 mg/kg body weight, while the
Codex Alimentarius Commission restricts Cd(II) in polished rice to 0.4
mg/kg. The permissible concentration in drinking water is capped at 3.0

pug/L by national and international guidelines’-10,

Over recent years, multiple analytical approaches have been adopted to
detect and control Cd(II) contamination in environmental and biological

matrices. These include atomic absorption spectroscopy (AAS)!I,



fluorometryl213, inductively coupled plasma emission spectroscopy (ICP-
AES)!4, inductively coupled plasma mass spectrometry (ICP-MS)!5,
synchrotron radiation X-ray techniques!6. While these methods are
effective, they often demand advanced equipment and skilled personnel,
resulting in high costs and lengthy procedures. Consequently, there is a
critical need for rapid, cost-effective, and user-friendly alternatives for

Cd(IT) detection in diverse samples.

DNA's inherent ability to recognize and bind to a diverse array of chemicals
and ions has positioned it as a promising tool for the development of
sensitive and selective biosensors. Biosensors often employ DNA aptamers,
single-stranded DNA molecules with unique secondary structures, to bind
target analytes with high affinity selectively. This approach enables the
detection of specific molecules or ions within complex samples. Aptamers,
designed to recognize and bind target analytes, are crucial components of
biosensors. They offer high selectivity and sensitivity, allowing for the
detection of even trace amounts of target substances, such as Cd(II), in the
presence of interfering species. Electrochemical biosensors, incorporating
aptamers as recognition elements, provide a rapid and sensitive analytical
technique for detecting Cd(II) at the molecular level. The combination of
aptamers and electrochemical detection offers a promising approach to

developing reliable and efficient biosensors?.

The SELEX process has enabled the creation of aptamers, short, single-
stranded DNA or RNA molecules, with high specificity for their targets.

Recent advancements in SELEX methodology have resulted in aptamer



libraries with enhanced affinity and specificity, thereby facilitating faster
selection times and increased success rates. Furthermore, the incorporation
of nanomaterials onto electrode surfaces has significantly augmented the
sensitivity of biosensors. Nanomaterials such as carbon nanotubes, metal
nanoparticles, and graphene provide benefits like increased surface area,
improved electron transfer, and better biocompatibility. By modifying
electrode surfaces with these nanomaterials, researchers have achieved
lower limits of detection (LODs) for various analytes, making these sensors

more sensitive and reliable!7.18,

Biosensors utilize a diverse array of nanostructures, including metal
nanoparticles, nanotubes, nanocomposites, and nanowires!9.Among these,
AuNPs are particularly effective in electrochemical biosensing
applications29, Advances in nanotechnology have enabled the engineering of
materials with tailored properties, facilitating the development of innovative
biosensors21-25, A can self-assemble on AuNPs, making them ideal for
immobilizing bioreceptors. The strong interaction between adenine (A) and
AuNPs allows for the formation of dense and organized DNA monolayers.
This strategy leverages the programmable nature of single-stranded DNA
on noble metal surfaces, enabling the creation of stable and well-defined
biorecognition interfaces. The affinity of nucleotides for nanoparticles is
ranked as A = G = C > T. When gold is present, adenine (A) binds directly
to the Au-surface, while thymine (T) adopts vertically, facilitating direct

detection without additional labeling?26.27,



Electrospinning is a versatile method for fabricating micro- and nanofibers.
This straightforward technique uses a high-voltage power supply to charge
a polymer solution, which is then expelled from a nozzle toward a grounded
collector. As the charged jet travels, the solvent evaporates, stretching and
solidifying the polymer into fine fibers that are collected on the target
surface. Electrospun nanofibers possess desirable features such as high
surface-to-volume ratios, robust mechanical strength, and high
uniformity?27.28,

Innovative electrochemical sensors for Cd(II) detection exhibit significant
advancements in sensitivity and practical performance by integrating
nanomaterials and immobilization strategies2?®3°. We developed an
electrochemical aptasensor distinguishes itself by combining CNFs with
electrodeposited AuNPs to form a nanocomposite electrode that enhances
electron transfer and surface arca, resulting in a remarkably low detection
limit of 0.05 ppb for Cd(Il), outperforming many prior sensors. This
improvement is further supported by the use of a polyA tail in the aptamer
sequence, enabling direct, stable, and high-density immobilization on
AuNPs, which overcomes traditional thiol-based aptamer attachment
limitations such as desorption and steric hindrance. Compared to other
sensors such as those using AuNPson multilayer Nb4C3Tx-modified
electrodes (LOD 0.08 pg/L)3!, sulphur-doped carbon nanospheres (LOD
~14.4 uM)32, reduced graphene oxide/graphitic carbon nitride
nanocomposites with aptamers (LOD 0.337 nM)33, Fe304-PEI-Au
nanocomposites (LOD 0.01 nM)34, and dual amplification strategies

employing graphene oxide and AuNPs(LOD 0.15 pg/L)35, this integrated



CNF-AuNPs platform offers an optimal balance of sensitivity, robustness,
and practical applicability. While ultra-sensitive detection is valuable,
considerations such as fabrication ease, cost, and scalability remain crucial
for real-world deployment, positioning this novel sensor as a promising
candidate for environmental Cd(II) monitoring with enhanced operational
robustness. This study lies in the combination of electrospun CNFs and
AuNPs with a polyA-based aptamer immobilization strategy, enabling a
sensitive, selective, reproducible, and stable electrochemical sensor for
rapid cadmium detection with a very low detection limit and practical
sample requirements. It should be noted that combination of CNFs and
AuNPs together enhancing sensor sensitivity and stability and enable stable
aptamer immobilization via polyadenine binding. Fig. 1 presents a
schematic illustration of the SCPE surface modification process alongside

the corresponding electrochemical characterization.
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Fig.1. Schematic representation of the SCPE modification and

electrochemical analysis

2. Experimental

Materials

All chemicals, including potassium ferrocyanide (Ky[Fe(CN)g], =99.0%),
potassium ferricyanide (K3[Fe(CN)g], =99.0%), potassium dihydrogen
phosphate (KH;PO4, 99.5%), disodium hydrogen phosphate (NayHPOy,
99.99%), sulfuric acid (H,SO4, =98.0%), cadmium standard, nitrilotriacetic
acid (NTA, 99%), and poly(acrylic acid-co-maleic acid) (PMA, 50 wt.% in
H,0), were sourced from Sigma-Aldrich. The phosphate buffer solutions
(PBS) were prepared by 0.1 M Na;HPO,; and 0.1 M KH,;PO,4. Chloroauric
acid (HAuCly, 99.99%) and polyacrylenitrile (PAN, MW = 1.5 x 10° g/mol)
were obtained from Iranian Polyacrylic Corporation. The aptamer sequence
used was 5-
AAAAAAAAAATTTTITGGACTGTTGTGGTATTATTTTTGGTTGTGCAGTATG-3/,
featuring a 10-adenine and 5-thymine tail at the 5" end. All solutions were
prepared with ultrapure water.

Instrumentations

Electrochemical analyses were carried out wusing a pStat 400
Potentiostat/Galvanostat (Dropsens, Spain). Screen-printed carbon
electrodes (SPCEs), equipped with Ag/AgCl reference, working, and counter
electrodes, were purchased from MetrohmDropSens (Spain). The
dimensions of the SPCE are 34 mm in length, 10 mm in width, and 0.5 mm

in thickness. Carbon nanofibers (CNFs) were fabricated using an



electrospinning apparatus from Fanavaran Nano Meghyas Ltd., Co. (Iran).
The carbonization of fibers was performed in a tube furnace (Iran).

3. Method
Preparation of CNFs

PAN was dissolved in DMF at 40 °C with continuous magnetic stirring
(600rpm) for 12 hours to yield a homogeneous solution, which was then
transferred to 10 mL syringes fitted with 18-gauge needles. Electrospinning
was conducted by applying high voltage between the needle and a grounded
collector, resulting in the formation of nanofibers. The effects of
electrospinning parameters such as polymer concentration, needle-to-
collector distance, flow rate, applied voltage, and drum speed on fiber
morphology and diameter were systematically examined. The optimal
condition (solution 8) was identified as 10% (w/v) PAN, 16kV, 12cm
distance, 1 mL/h flow rate, and 250 rpm, which produced the finest fibers.
The collected PAN nanofibers were stabilized at 290 °C in air for 4 hours
(heating rate: 1.5 °C/min), then carbonized at 1000 °C for 1 hour under

nitrogen (heating rate: 4 °C/min)36,
Electrode modification of CNFs

A dispersion of CNFs (7 mg/mL in DMF) was sonicated for 2 hours and then
stirred magnetically for 1 hour to ensure uniformity. Next, 7L of this
dispersion was released onto the surface of SPCE and dried for 3 hours (at
60 °C). The electrode was rinsed with 0.1 M PBS to remove any unattached
nanofibers. AuNPs were then electrodeposited onto the CNF-coated SPCE

by applying a constant potential of -0.4V for 30 seconds.



Electrode modification of Poly (acrylic acid-co-maleic acid) (PMA)
Polymer solution

A 0.05M PMA solution was prepared in deionized water. A 7 uL aliquot was
placed on the SPCE and allowed to dry at room temperature for 3 hours.
The electrode was rinsed with 0.1 M PBS to eliminate excess PMA, and
AuNPs were electrodeposited at -0.4V for 30 seconds.

Characterization of the Synthesized Nanofibers and Modified
Electrodes

The surface morphology and elemental composition of the screen-printed
carbon electrodes (SPCEs) modified with bare CNFs and AuNPs-decorated
CNFs were analyzed using field emission scanning electron microscopy
(FESEM) coupled with energy-dispersive X-ray spectroscopy (EDX). The
average diameter of the nanofibers was determined wusing
SemAforesoftware. Structural characterization of the CNFs was carried out
via X-ray diffraction (XRD) using a Philips PW1730 diffractometer (Cu Ka
radiation, A = 1.5406 &, 40kV, 30 mA, scanning range 10°-80° 26, step size
0.05°). Raman spectroscopy was employed to evaluate the vibrational
modes and structural features of the carbon nanofibers.

Aptamer Immobilization on AuNPs/CNFs/SPCE

To immobilize the aptamer, 7 uL. of the aptamer solution was dropped onto
the modified (Apt/AuNPs/CNFs/SPCE) and incubated overnight at 4 °C.
After incubation, the electrode was thoroughly washed with 0.1 M PBS to
remove any unbound aptamer.

Electrochemical Characterization (CV and DPV)



The modified electrodes were evaluated by CV and DPV in a solution
containing 0.5M [Fe(CN)gl]3/*+ and 0.1M PBS (pH 7.4). The potential
window was set from -0.4V to 0.6V at a scan rate of 50mV/s. These
measurements assessed electron transfer kinetics, surface coverage, and

aptamer-target binding affinity.
Cadmium Detection Procedure

The analytical performance of the aptasensor was tested by first exposing it
to a 5 uM Cd(II) solution and recording the electrochemical response until a
stable current was observed. For calibration, Cd(II) solutions at various
concentrations (0.5, 1, 2, 3, 4, 5, and 10 pg/L) were prepared in 0.1 M PBS
(pH 7.4). Each solution was incubated with the aptasensor at 4 °C for 30
minutes to allow complex formation between CNFs/AuNPs/Apt and Cd(II).
After incubation, the electrode was rinsed with 0.1 M PBS to remove
unbound Cd(II), ensuring that the electrochemical signal was due to

aptamer conformational changes upon Cd(II) binding.
The limit of detection (LOD) was determined using the equation:
LOD = 30/a

" ”

where “a” is the slope of the calibration curve and “c” is the standard
deviation of the y-intercept from the linear regression. LOD was calculated

from three independent sensors (n = 3)37.
4. Results and discussion

Nanofibers Characterization



The influence of key electrospinning parameters on nanofiber morphology
was investigated.As shown in Table 1 (experiments 1-3) and Fig. S1 (1-3), a
decrease in PAN concentration from 14% to 10% resulted in a reduction in
nanofiber diameter from approximately 292 nm to 196 nm. This trend can
be attributed to a decrease in solution viscosity, leading to increased
polymer chain mobility and reduced entanglement, ultimately resulting in
the formation of thinner fibers 3839 Maintaining a constant 10%
concentration, experiments 1, 4-5 (Table 1) and Fig. S1 (4-5) demonstrated
that increasing the distance between the needle tip and the collector from
12 to 16 cm led to a decrease in fiber diameter from approximately 196 nm
to 144 nm. This phenomenon can be attributed to the formation of multiple
jets from the initial droplet, leading to thinner fibers as the distance

increases40,

As depicted in Table 1 (experiments 1, 8-9) and Fig. S1 (8-9), the transition
from a decrease in f{iber diameter at lower voltages (12-16 kV) to an
increase at higher voltages (16-20 kV) illustrates how electrospinning
parameters interact. As voltage increases from 12 kV to 16 kV, there is a
notable increase in electrostatic forces acting on the polymer jet. This
increase results in enhanced electrostatic repulsion among charged
particles within the jet, effectively stretching and reducing its diameter. The
tensile force exerted on the jet further elongates it, contributing to this
reduction in size41-43, Additionally, at lower voltages, instability may lead to
irregularities such as bead formation; however, at around 16 kV, stability
improves enough to produce more uniform fibers while maintaining a

decrease in diameter due to increased charge density*l44. Conversely,



when the voltage is raised from 16 kV to 20 kV, stronger forces induce a
higher rate of fluid ejection from the nozzle. This results in a thicker jet and
thus an increase in fiber diameter4!.45, Although electrostatic forces still act
on the jet at these higher voltages, they also contribute to greater initial
diameters due to increased fluid dynamics and turbulence within the
electrospinning setup. Such turbulence can destabilize the jet further and
lead to thicker fibers as additional material is drawn into the electric
field4446, Furthermore, the viscoelastic properties of the polymer solution
play a critical role; if sufficiently viscous and elastic at higher voltages,
these solutions can resist excessive stretching and accumulate more

material before being formed into finer fibers39.41.45,

Finally, an increase in the flow rate, while keeping other parameters
constant, increasedthe nanofiber diameter (Fig. S1, Table 1, experiments 1,
6-7). This observation can be attributed to the increased volume of polymer
solution ejected from the needle tip at higher flow rates?’. The greater

volume of solution leads to thicker fibers as the jet solidifies.

Table 1: Data from electrospinning of PAN nanofibers

No. PAN Distance Flow Voltage Mean Morphology
concentration between rate (kV) diameter
(Wt.%) tip to (mL/h) of
collector nanofibers
(cm) (nm) + SD
1 10 12 1 20 196+68 Nanofiber

2 12 12 1 20 205+46 Nanofiber



3 14 12 1 20 292+85 Nanofiber

4 10 16 1 20 192+21 Nanofiber
5 10 20 1 20 144+44 Nanofiber
6 10 12 0.5 20 202+34 Nanofiber
7 10 12 1.5 20 222+59 Nanofiber
8 10 12 1 16 141+27 Nanofiber
9 10 12 1 12 30132 Nanofiber

As shown in Fig. 2, the heat treatment process significantly reduced the
diameter of the CNFs compared to the initial PAN nanofibers. During the
stabilization stage, the polymer undergoes a series of chemical reactions,
leading to the formation of a more thermally stable ladder-like structure
within the nanofibers, particularly at temperatures exceeding 290 °C.
Subsequently, the carbonization siep, conducted at elevated temperatures,
involves the removal of non-carbon elements such as NH3, HCN, and H;O,
resulting in the formation of a porous carbon network and a concomitant

reduction in fiber diameter?’.

Raman spectroscopy was employed to characterize the structural order of
the CNFs. The Raman spectrum of the CNFs (Fig. 3B) exhibited two
prominent peaks: a prominent G-band at approximately 1583 cm?,
characteristic of graphitic carbon structures, and a D-band at 1361 cm?,
indicative of disordered carbon structures.X-ray diffraction (XRD) analysis
was performed to investigate the structural properties of the

nanostructures further. A prominent peak was observed at a 20 value of



approximately 26.6° in the XRD pattern (Fig. 3A), which is characteristic of

the (002) plane of graphitic carbon, consistent with previous literature

reports26,
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Fig. 2.SEMimages of (A) PAN nanofibers and (B)CNFs.
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Morphology of modified electrode surface



Fig. 4 presents FESEM images illustrating the morphological modifications
of the electrode surface. Fig. 4A shows the unmodified SPCE. Fig. 4 B
depicts the electrode surfaces modified with CNFs and Fig. 4D exhibits the
electrode surfaces modified with CNFs and AuNPs. EDX analysis, as shown
in Fig. 4D, confirmed the presence of both carbon and gold elements on the
modified electrode surface. The EDX spectrum revealed a higher relative
abundance of carbon compared to gold, indicating the successful deposition

of AuNPs onto the underlying CNF layers4s.
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Fig.4.FESEM images of A) bare SPCE, B) CNFs/SPCE, C)

AuNPs/CNFs/SPCE, and D) EDX analysis of the AuNPs/CNFs /SPCE.



Electrochemical behavior

The electrochemical properties of the fabricated electrodes were
systematically investigated using CV in a solution containing 0.5 M
[Fe(CN)gl3 /4 and 0.1 M phosphate buffer (pH 7.4). The potential window
was set from -0.4 V to +0.6 V with a scan rate of 50 mV/s.Starting with the
bare screen-printed carbon electrode (SPCE), a pair of well-defined redox
peaks was observed, corresponding to the reversible electron transfer of
the ferri/ferrocyanide probe. Upon modification with CNFs (Figs. 5A and
5B), the peak current increased from 114.7 pA (SPCE) to 156.5 pA
(CNFs/SPCE) significantly, indicating improved electron transfer kinetics
and a larger effective surface area due to the nanofiber network!’.As shown
in Figs. 5A and 5B, the peak current (156.5 pA)for the 10 wt.% CNF
electrode is higher than those for the 12 wt.% (140.9 pA) and 14 wt.%
(125.2 pA) electrodes, which can be attributed to the greater surface area
of the 10 wt.% CNF. The currentfurther electrodeposition of AuNPs onto the
CNF-modified SPCE (Figs. 5C and b5D) resulted in an additional
enhancement of the peak current (164.4 pA), demonstrating the additional
effect of AuNPs in facilitating charge transfer processes.Following
immobilization of the aptamer, which incorporates a poly-A tail (10 bases)
and a poly-T spacer sequence (5 bases) at the 5 end, onto the
AuNPs/CNFs/SPCE, a noticeable decrease in peak currents was detected
(Figs. 5E and 5F). This decrease is attributed to an increase in charge
transfer resistance, a phenomenon commonly observed in aptamer-based
biosensors26. Optimal aptamer immobilization was achieved with a 5 pM

aptamer solution incubated overnight at 4 °C. While the PMA polymer also



demonstrated some conductivity, the electrodeposition of AuNPs onto the
PMA-modified surface (Figs. 5G and 5H) was less efficient compared to the
CNF-modified surface. Furthermore, the PMA-based aptasensor exhibited

significantly poorer analytical performance compared to the CNF-based

biosensor.
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concentrations of aptamers with polymers. The peak currents recorded in



panels B, D, F, and H were after each modification step.All studies used 0.1
M PBS, pH 7.4, in 0.5 M [Fe(CN)g]3/4.

Aptasensor performance optimization

Optimizing aptamer concentration is crucial for achieving high sensitivity in
Cd(II) detection. As shown in Fig. 5E and 5F, the CV response of the
Apt/Au/CNFs/SPCE was evaluated at various aptamer concentrations (1,
2.5, 5, 7.5, and 10 uM).As the concentration increased, the CV responses
dropped until 5 pM, the maximum current, was reached. However, further
increases beyond the optimal point resulted in a plateau or slight decrease
in current, likely due to steric hindrance or non-specific adsorption?°.
Therefore, an aptamer concentration of 5 pM was chosen for subsequent
experiments.These results were further confirmned by evaluating different
aptamer concentrations directly against the Cd(II) concentration. As shown
in Fig. S2, the difference in peak current between Apt(1 pM)/Au/CNFs(10
wt.%)/SPCE and Cd(10 pM)/Apt(1 pM)/Au/CNFs(10 wt.%)/SPCE was 1.68
pA, whereas the difference between Apt(5 uM)/Au/CNFs(10 wt.%)/SPCE
and Cd(10 uM)/Apt(5 nM)/Au/CNFs(10 wt.%)/SPCE was 4.42 pA. Increasing
the aptamer concentration from 5 to 10 pM did not result in significant
differences compared to the range between 5 and 10 uM. Additionally, the
current signal remains consistent for Apt/Au/Polymer/SPCE (Fig. 5G, H).
Cadmium detection and calibration chart

Cadmium levels were quantitatively measured by recording the DPV
responses of the custom-engineered electrochemical aptasensor under
optimized conditions. Cadmium standard solutions were prepared in

dilutions ranging from 0.5, 1, 2, 3, 4, 5, and 10 pg/L. Fig. 6 illustrates the



calibration curve for cadmium concentration. The electrode modified with
Apt/AuNPs/CNFs/SPCE demonstrated superior performance, exhibiting the
highest peak current response. As cadmium concentration increased, the
oxidation current decreased. At 10 ug/L, the current peak is the lowest.
Upon introducing cadmium at a concentration of 10 png/L to the electrode
(refer to Fig. 6A), the observed peak current drops to its minimum value
relative to the aptamer/AuNPs/CNFs/SPCE. This reduction in current is
primarily due to the selective interaction between cadmium ions and the
aptamer, which triggers structural changes in the aptamer that obstruct

electron transfer on the electrode surface4.
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Fig. 6.(A) DPV signals of the aptasensor recorded at Cd(II) concentrations
of 0.5, 1, 2, 3, 4, 5, and 10 pg/L. (B) Corresponding linear calibration curve

obtained in PBS (0.1 M, pH 7.4), containing 0.5 M [Fe(CN)g]3—/4-.

Figure 6B displays the calibration plot, which illustrates the association of
the recorded current (pA) and cadmium concentration (uM). The data reveal
a pronounced linear correlation, described by the regression equation I (pA)

= 0.4184 C (uM) + 0.3215, with an excellent correlation coefficient (R?) of



0.9955. The detection limit (LOD) was determined to be 0.05 ug/L,

calculated using the equation 3074, thato refers to the standard deviation of

the blank measurements and a represents the slope of the calibration line

shown in Fig.6B. Additionally, Table 2 summarizes how the performance of

this aptasensor compares to other cadmium detection sensors previously

reported in the literature. The incorporation of nanomaterials such as CNFs

and AuNPs enhanced electron transfer and stability, resulting in improved

detection limits. These attributes underscore the potential of aptasensor for

Cd(II) detection.

Table 2: Overview of different electrochemical biosensors and sensing

platforms reported for Cd(II) detection.

Detection system Techniq Linear range LOD Referen
ue (ppb) (ppb) ce
GDY/GCE SWAS 10-1000 0.46 0
MB/Apt/Gold Electrode ACV 250-1000 92 37
Apt/AuNPs/CB/SPCE SWV 1-50 0.14 =
ssDNA/Au Cv 1-20 0.3 17
PB-PEDOT/LSG/GCE DPV 1-10000 0.85 2l
TiO,/ZrO, composite/CPE  SWASV 1-200 0.77 52
UiO-66-NH,@PANI/GCE CV/DPV  0.5-600 0.3 =



Apt/AuNPs/CNFs/SPCE DPV 0.5-10 0.05 This

work

Selectivity, reproducibility,repeatability,and stability:

The aptasensor’s repeatability (an aptasensor tested for the same analyte
several times under the same conditions) and reproducibility(several
aptasensors tested for the same analyte) were determined by measuring its
current response to 10 pM cadmium across four consecutive trials using the
same electrode. The relative standard deviation (RSD) values for
repeatability and reproducibility were found to be approximately 3.2% and
3.5%, respectively, indicating consistent electrode fabrication and
performance (Fig. 7A for reproducibility). Long-term stability was assessed
by monitoring the aptamer-modified electrode after storage at 4 °C for 30
days. The sensor retained 97% = 1% (n = 3) of its initial current response,
highlighting the excellent durability and stability of the developed
aptasensor(Fig. 7B)%2. Ensuring the selectivity of the cadmium-specific
aptamer is essential for the aptasensor’s precision and dependability. To
evaluate this, the sensor’s differential pulse voltammetry (DPV) responses
were recorded in the presence of eight potentially interfering metal
ionsnamely Ca(II), Mg(Il), Zn(II), Pb(II), Fe(III), Ag(I), Cu(Il), and Mn(II)—
each at a concentration of 5 pM (Fig. 7C and D). The reason for this ions is
that Ca(Il) and Mg(Il) are abundant in natural waters and biological
systems, often complicating trace cadmium detection due to their high
concentrations®*. Zn(II) and Pb(II) commonly coexist with cadmium in

industrial and environmental samples because of similar pollution



sources>>°6, Fe(IlI) and Cu(Il) may compete with cadmium for ligand
binding sites, affecting detection selectivity>7-58, while Ag(I) and Mn(II) can
cause non-specific interactions due to similar ionic radii and charges>9.60,
These interferences can lead to false positives or negatives such as Hg(Il)-
induced false positives in immunoassays®!.

To further reduce interference, particularly from Hg(II), Pb(II), Cu(II), and
Zn(II), 25 pM nitrilotriacetic acid (NTA) was introduced into the solution.
The observed interactions can be attributed to the phosphate groups on the
aptamer, which have an affinity for certain metal ions like Cu(II) and Zn(II).
Nevertheless, the aptasensor was able to selectively identify Cd(II) even in
the presence of these eight metals, with NTA effectively minimizing cross-

reactivity*9.
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Fig.7.(A) Assessment of the aptasensor’s reproducibility for detecting 10
ng/L Cd(II). (B) Evaluation of the sensor’s stability for Cd(II) detection over
time. (C) Variation in peak current responses of the aptasensor when
exposed to 10 pM concentrations of different metal ions and 10 uM Cd(II) in
the presence of NTA. All measurements were carried out in 0.1 M
phosphate buffer solution (PBS) at pH 7.4, containing 0.5 M [Fe(CN)g]3~/4~ as
the redox probe.

Analysis of Real Sample

The performance and accuracy of the proposed method were assessed using
the aptasensor for Cd(II) detection in tap water samples diluted with PBS
buffer. The obtained results revealed a close agreement between the added
and detected Cd(II) concentrations. Recovery rates ranging from 95% to
105% confirmed that the aptasensor performs reliably in complex aqueous
matrices and is suitable for the rapid and early detection of Cd(II) in tap

water (Table 3).

Table 3. Spike and recovery from tab water diluted PBS

Sample Added Found Recovery RSD (%)
(ppb) (ppb) (%) (n=3)

1.0 0.98 98 2.01

Tab Water 5.0 0.96 96 2.3

10.0 10.5 105 2.4

20 0.95 95 2.9

5. Conclusion
In this research, an innovative electrochemical sensing system for cadmium
was created by combining AuNPs with CNFs. The resulting composite

material greatly enhanced the electrode’s active surface area, allowing for



the attachment of a much larger number of aptamer molecules than is
possible with conventional electrode designs.

Instead of relying on thiol-based immobilization, we employed a novel
strategy utilizing the inherent binding affinity between poly(A) sequences
within the aptamer and the gold nanoparticles. This approach, facilitated by
a poly(T) spacer at the 3' end of the aptamer, ensured proper aptamer
orientation and minimized steric hindrance.

The resulting biosensor demonstrated several key advantages, including
rapid response times, high sensitivity, excellent selectivity, and good
stability and reproducibility. Furthermore, the biosensor requires only a
small sample volume (5 pL), making it a practical and cost-effective solution
for cadmium detection. These findings highlight the potential of this novel
approach for the development of sensitive and reliable point-of-care
diagnostic tools.
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