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Abstract

This study explores the integration of graphene oxide (GO) into a gold surface to form a gold/
graphene oxide (Au/GO) bilayer as the sensing interface in the surface plasmon resonance (SPR)
sensor for cadmium ions (Cd*") detection in aqueous solutions. The sensor displays a solid reaction
within a wide concentration range of 0-1000 ppm, making it suited for environmental and industrial
monitoring. The sensor demonstrated a sensitivity of 0.04° /ppm, with a limit of detection (LOD) of
0.37 ppm and a limit of quantification (LOQ) 0f 0.01 ppm. In addition, the high binding affinity
constant (0.6037 /ppm) indicates strong interactions between Cd*" ions and the Au/GO sensing
interface. Additional performance metrics, including detection accuracy (DA) and a signal-to-noise
ratio (SNR) were also investigated. These results highlight the potential of the Au/GO-based SPR
platform as a promising tool for real-time, label-free monitoring of cadmium contamination in
environmental samples.

1. Introduction

Water is one of the most vital natural resources, essential for sustaining humans, plants, and animals’ lives.
However, rapid industrialisation, agricultural expansion, and urban development have significantly increased
the risk of water contamination [1]. Pollutants such as pesticides, dyes, heavy metals, chemicals, and pathogens
often enter water sources through surface runoff [2], improper chemical disposal [3], and untreated industrial
effluents [4]. Such contamination not only makes water unsafe for human use [5] but also causes serious harm
to the environment and aquatic ecosystem [6].

Among various detrimental pollutants, heavy metal ions are some of the most hazardous due to their toxi-
city, persistence in the environment, and bio-accumulative nature [7]. Notably, lead (Pb*™) [8], chromium
(Cr*MH 9], mercury (Hg”) [10], and cadmium (Cd*") [11] are recognised as particularly harmful and have
consistently been the focus of numerous studies aimed at their detection and monitoring [12]. For instance,
cadmium ions pose a significant health risk as they readily bind to functional groups and accumulate in biologi-
cal tissues, particularly in the kidney [ 13] and cause subsequent tissue damage [ 14]. They may also disrupt the
protein and enzyme activity through heavy metal poisoning and bioaccumulation [15]. Cadmium ions have
also been shown to inhibit several key enzymatic processes, indirectly contributing to the formation of free
radical oxygen radical species [16], which are associated with tumour development [17]. Moreover, it exerts
detrimental effects on the reproductive system, reducing fertility and contributing to sexual dysfunction [18],
ultimately leading to physiological disturbances and functional impairments in both males and females [19].
Given its severe impact on human health and the environment, sensitive and reliable detection of Cd*" in water
sources is essential to ensure the safety and sustainability of water resources.

© 2025 The Author(s). Published by IOP Publishing Ltd
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Traditional water monitoring methods, including atomic absorption spectroscopy (AAS) and inductively
coupled plasma mass spectrometry (ICP MS), provide high sensitivity measurement but often involve complex
procedures and time-consuming laboratory analysis. In recent years, optical sensor-based Surface Plasmon
Resonance (SPR) has emerged as a promising alternative that offers a reliable, highly efficient, high-sensitivity
performance and label-free detection method [20]. SPR technology has been widely applied in various fields,
mainly for precise sensing applications in clinical [21] and environmental fields [22]. Integrating SPR sensor
into the water monitoring system enables real-time detection of contaminants such as cadmium ions, facilitat-
ing early intervention and supporting the provision of safe drinking water.

Despite its extensive capabilities, reliable detection of target analytes at trace-level concentrations remains a
significant limitation of conventional SPR without any surface modification. Previous studies have attempted
to overcome this challenge by incorporating advanced materials such as graphene oxide [23], carbon quantum
dots [24], and perovskite [25], which indeed improved the sensor performance but often required complex and
time-consuming fabrication processes. While these nanomaterials offer clear advantages in terms of enhanced
sensitivity and selectivity, they also present drawbacks such as increased fabrication costs, reduced reproduci-
bility, and limited scalability for practical applications.

Among these, graphene oxide (GO) has emerged as a promising candidate for enhancing the performance
of SPR sensors, particularly due to its unique properties such as a large specific surface area, good adsorption
capacities, outstanding photoluminescence, facile surface functionalisation, good biocompatibility, and low
toxicity [26]. This nanomaterial has been widely applied across various fields, including drug delivery [27], as
bio-imaging tools [28], dental applications [29], and chemical sensing [30]. When integrated onto the surface of
the gold thin film, these nanomaterials can significantly improve the sensor performance. In the present work,
the gold thin film was functionalised with the GO as a single-layer surface modifier to enhance the detection of
Cd*".

The novelty of the present work lies in the use of a single-layer GO as a surface modifier on a gold thin film
for SPR-based Cd*" detection. Unlike previous studies that employed complex composite or multilayer nano-
materials, this approach demonstrates that a simple GO layer can achieve effective detection at environmentally
relevant concentrations, simplifying fabrication while maintaining competitive sensitivity and limit of detec-
tion. This simple design overcomes the challenge of detecting very low levels of Cd** with conventional SPR
sensors and provides a practical approach for monitoring water quality.

2. Materials and methodology

2.1. Materials

Graphene oxide and a stock solution of 1000 ppm cadmium (Cd*") ions were purchased from (Sigma Aldrich,
USA), and Fisher Scientific, (United Kingdom) respectively. Glass substrates (24 mm x 24 mm) were bought
from Menzel-Glaser (Germany) and deionised water. Cd** stock solution were diluted by using the dilution
formula M, V, = M,V using deionised water to produce different concentrations of Cd** solutions.

2.2. Fabrication of sensing layer

A 24 mm x 24 mm glass substrate from Menzel-Glaser with 0.13—0.16 mm thickness was used as the sensor
platform. To ensure a consistent metal interface sensor layer, the glass surface was cleaned with acetone before
it was coated with a layer of gold using a sputtering machine. Then, to create a sensor film and investigate its
ability to detect Cd*", a thin layer of GO was added to the pristine gold thin film using the spin coating
technique. The prepared sensor films were labelled and identified as Au/GO.

2.3. Surface plasmon resonance sensor

A specially constructed setup utilising the Kretschmann configuration [31], as shown in figure 1, was used to
conduct the SPR experiment. The setup consists of several equipment such as a laser, optical chopper, polariser,
stepper motor, photodiode and a lock-in amplifier. The experiment used a He-Ne laser (632.8 nm), which was
directed through a prism and reflected after striking the thin film. To obtain a different incident angle of
measurement, MATLAB software was used to operate the rotational stage on which the prism and thin films
were installed. The reflected light intensity will be collected by a photodiode as a function of angle, and the
signal will be converted into measurable data through a lock-in amplifier. The thin film in this experiment was
positioned between the prism and the dielectric layer, which in this case was a solution of cadmium ions. The
analyte chamber was filled with a solution of cadmium ions at varying concentrations sequentially, and the
intensity of the reflected beam was measured. Every measurement was repeated three times to ensure accuracy
and reproducibility.
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Figure 1. Schematic diagram of Kretschmann-based surface plasmon resonance spectroscopy used for detection of Cd** for this work.
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Figure 2. SPR reflectance curves of the gold thin film in deionised water (DW), showing experimental data (points) and theoretical
fitting (solid line). The fitting was performed using Fresnel’s equations, yielding a gold layer thickness 0f40.10 nm.

3. Results and discussion

This section presents the experimental results obtained from the development of the SPR sensor, along with a
comprehensive discussion of their implications. The sensor’s performance of the developed SPR sensor was
evaluated based on key parameters such as SPR angle shift, sensitivity, signal-to-noise ratio (SNR), and

detection accuracy across varying concentrations of Cd** ions.
A critical factor governing sensor performance is the thickness of the metallic interface and the sensing

layer. The SPR experimental data was fitted theoretically based on Fresnel’s equation, yielding a gold layer
thickness 0of 40.10 nm for the sensor in contact with deionised water (DW), as illustrated in figure 2. This value
falls within the range of the optimal range reported for efficient SPR excitation [32], thereby validating the

fabrication process.
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Figure 3. The SPR reflectivity curve for the Au thin film shows no noticeable SPR angle shift across the Cd** concentration range of
0-100 ppm.

The SPR response was first characterised using a gold thin film in contact with deionised water (DW) to
establish a reference resonance angle. Figure 3 shows the SPR curve, plotted with the incident angle on the x-
axis and the reflectance intensity on the y-axis. The resonance angle is defined by the minimum points of the dip
in the curve, which correspond to the phenomenon of surface plasmon resonance. At this specific angle, the
momentum of the incident photon is equal to the surface plasmon wave. Consequently, the reflectance inten-
sity reaches its minimum due to the efficient transfer of energy from the incident light to the surface plasmon
oscillations at the gold interface [33].

The reflectance curve for the reference sample (DW) exhibits a clear resonance angle at 53.650°. This angle
served as the baseline for monitoring subsequent shifts induced upon exposure to different concentrations of
Cd*". Notably, the SPR reflectivity curve showed no significant shift in the resonance angle for concentrations
below 1000 ppm concentration. This finding suggests that the interaction between the metal ions and the bare
gold surface is minimal and resulting in no measurable change in the local refractive index, indicating limited
binding at lower concentrations. This lack of response aligns with expectations, as gold alone lacks sufficient
affinity for Cd*" binding at trace levels and therefore does not significantly affect the optical properties of the
thin film [34]. The evidence presented gives the idea that detection of Cd*" at low concentrations using gold is
not practicable due to limited surface reactivity and the refractive index remaining unaltered or being nearly
identical to that of deionised water [35].

The SPR characterisation was extended to the Au/GO thin film, beginning with a baseline measurement of
deionised water (DW). The resonance angle of the Au/GO thin film in contact with DW was established at
54.707°, a value notably higher than that of the bare gold film. This angular increase is attributable to the higher
refractive index introduced by the graphene oxide (GO) layer. This baseline measurement served as the critical
reference for subsequent evaluations of the sensor’s response to varying Cd** ion concentrations.

The thickness of the GO layer was determined to be 5.41 nm through fitting of the experimental SPR data
with the theoretical model. Figure 4 illustrated the close agreement between the simulated and experimental
reflectance curves, validating the obtained thickness value.

Asillustrated in figure 5, the simulation shows the influence of GO layer thickness on the SPR curve. An
increased thickness of the GO layer results in a broader SPR reflectance curve, degrading the sensor sensitivity
and detection accuracy. Conversely, a thinner sensing layer leads to limited binding interaction between the
sensing surface and the target analyte [36]. Therefore, both factors need to be considered to obtain the opti-
mum thickness of the sensing layer to get the best SPR signal for better sensitivity and accuracy.

Following this, a systematic series of measurements was conducted by introducing Cd** solutions of
increasing concentrations. The resultant shift in the resonance angle was monitored relative to the DW base-
line. The reflectance spectra are illustrated in figure 6, and the difference between the SPR angle for each Cd**
concentration and that of deionised water (DW) was calculated and documented, as presented in table 1.

Figure 6 demonstrates a positive correlation between the Cd*" concentration and the resonance angle,
which shifts to higher values from 54.728° at 0.01 ppm to 56.352° at 1000 ppm, with the highest increment of
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Figure 4. SPR reflectance curves of the Au/GO thin film in deionised water (DW), showing experimental data (points) and
theoretical fitting (solid line). The fitting was performed using Fresnel’s equations, yielding a GO layer thickness of 5.41 nm.
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Figure 5. Simulation-based optimisation of SPR response for different thicknesses of GO layers. Increasing GO thickness results in
broader SPR curves, indicating loss of sensitivity and signal accuracy.

1.645°. This progressive angular shift is attributed to the interaction between the sensing layer and the Cd**

solution that changes the refractive index near the metal surface of the thin film.

A progressive decrease in reflectance in the resonance dip was observed with increasing Cd** concentra-
tion. This phenomenon is attributed to the increase in the local refractive index near the metal surface upon
binding interaction between the sensing layer and target ions and thus resulted in lower reflectance [37]. Fora
given wavelength and incident light, energy conservation requires the total of these three qualities (transmit-
tance, reflectance, and absorptance) to equal one. The minimum reflectance at this dip corresponds to the
strongest coupling between incident photons and surface plasmons at the metal-dielectric interface [38]. This
dip signifies the energy transfer to surface plasmon [39]. A deeper resonance dip implies enhanced light energy
absorption, which can result from improved surface plasmon excitation or from strong exciton—plasmon cou-
pling [40], particularly when functional materials such as graphene oxide are introduced. Consequently, at
higher Cd*" concentrations, the increased interaction between the sensing layer and the analyte leads to greater
absorption, thereby reducing the measured reflectance.

Figure 7 depicts the linear regression graph, plotting the SPR angle shift (Af) against the concentration of
Cd*". A good linear relationship between the Au/GO and Cd*™ is observed across the concentration range of 0
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Figure 6. The SPR reflectivity curve of Au/GO thin film observed a slight shift to the right in the resonance angle for detection of
Cd** within the range of 0-100 ppm.
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Figure 7. Linear regression graph of the Au/GO sensor for Cd*" detection in the concentration range of 0~100 ppm, where the slope
(S) indicates the sensor’s sensitivity. Error bars denote the standard deviation from three repeated measurements.

Table 1. The SPR angle and angle shift response of Au/GO thin film in
contact with varying concentrations of cadmium ions from 0-1000 ppm.

Concentrations of Cd** SPR SPRangle shift,
(ppm) angle (%) A0C)
0 54.707 0.000
0.01 54.728 0.021
0.1 54.798 0.091
1 54.811 0.104
10 54.834 0.127
100 54.927 0.220
1000 56.352 1.645
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Table 2. Comparison of detection range, sensitivity, and the detection limit of previously reported SPR-based cadmium (Cd**) sensors
with the present Au/GO sensor.

Sensitivity
Sensing layer Range (ppm)  (°/ppm) LOQ/LOD (ppm)  References
Urease-functionalised N-succinimidyl 3-(2-pyridyldithiol) 0-10 Linear 2.0/— [43]
propionate (SPDP)
Metallothionein 0.22-134.89 Linear 0.22/— [44]
pHEMA thin film based SPR 0.001-0.05 — 0.001/0.0005 [45]
Au/TiO,-CNC composite 0-1000 0.48 0.01/— [37]
Au/GO 0-1000 0.04 0.01/0.37 This work

to 100 ppm. The sensitivity of the sensor, defined by the slope of this linear fit, was quantified at 0.04° /ppm.
The linear regression yielded a strong correlation coefficient of 0.97, confirming the excellent reliability of the
sensor’s response within this range. These results confirm that the functionalisation of gold film with GO
enhances the detection capability of the SPR sensor for cadmium ions detection.

The limit of detection (LOD) value represents the lowest concentration of an analyte that can be reliably
distinguished from a blank measurement, with a defined level of confidence [41]. Furthermore, the limit of
LOD of this proposed sensor was calculated by using equation (1) [42] :

LOD = %‘7 (D

where o is the standard deviation of the reflectance intensity measured from the DW solution and S is the slope
of the calibration or the sensitivity of the proposed sensor. For the concentration range of 0—100 ppm, the LOD
of the Au/GO was determined to be 0.37 ppm, while the limit of quantification (LOQ), defined as the lowest
concentration detected in this work, was 0.01 ppm

Table 2 presents a comparative summary of previously reported SPR-based Cd*" sensors, outlining their
detection range, sensitivity, and detection limits in relation to the present work. Sensors such as metallothio-
nein-based films have achieved a very low detection limit of 0.22 ppm, while Au/TiO,—~CNC composites have
demonstrated both high sensitivity (0.48° /ppm) and an ultra-low LOQ 0f 0.01 ppm. In contrast, the Au/GO
thin film proposed in this work exhibited a sensitivity of 0.04° /ppm and an LOD 0f 0.37 ppm with LOQ 0f 0.01
ppm, which, although not as low as some advanced nanocomposite systems, remains within a practical and
competitive range for Cd** detection. Importantly, this performance was achieved using a streamlined single
layer GO structure, without the need for complex functionalization or multilayer composites. These results
indicate that the Au/GO platform offers a favourable compromise between sensitivity, detection capability,
and fabrication simplicity, making it a viable option for cost-effective and scalable sensor application.

The analysis of binding interactions between the analyte and the sensor surface is a critical aspect of SPR
sensor characterisation. Fitting the experimental data to adsorption isotherm models enables the extraction of
the quantitative binding parameters, offering valuable insights into the nature and strength of the interaction.
In this context, the binding affinity of the Au/GO sensor was evaluated by using conventional isotherm models
such as Langmuir and Sips. The Langmuir isotherm model was given by equation (2).

~ AfmaxC

AG ==
—+C
K

2)

where A6 is the SPR angle shift, Af,,,,, is the maximum SPR angle shift at saturation, C denotes the
concentration of the analyte (Cd*"), and K is the binding affinity constant that reflects the strength of
interaction between the analyte and the sensor surface. On the other hand, the Sips isotherm model can be
expressed as equation (3).

A0 max(KsC)"
1 + (KsCO)"

Af 3)

where K is the Sips affinity constant and # is the heterogeneity index of the system. The experimental data were
fitted to the Sips isotherm model, and the goodness of fit was evaluated by comparing the coefficients of
determination (R?) from both the Langmuir and Sips models. The higher value indicates a better fit of the data
with the corresponding model, thus providing insight into the nature and uniformity of the analyte and sensor
layer interaction.

The plotted figure 8 presents the experimental data fitted to the isotherm model of Langmuir and Sips.
Based on the R?, the Sips model provided the best fit to the experimental data with R* 0f 0.98. The Sips affinity
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Figure 8. Comparison of Sips and Langmuir isotherm fits to the SPR response of the Au/GO thin film in contact with Cd**
(0-100 ppm). The Sips model provides a superior fit to the experimental data, and the affinity constant (K;) can be determined from
the graph. Error bars denote the standard deviation from three repeated measurements.
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Figure 9. Detection accuracy (DA) of the Au/GO sensor decreases while the signal-to-noise ratio (SNR) increases with higher cd*t
concentrations from 0.01 to 100 ppm. Error bars denote the standard deviation from three repeated measurements.

constant, K; was determined to be 0.6037 /ppm. In addition, the n value obtained was 0.32 suggesting high

heterogeneity relationships at the interface of the sensor surface [46].
The detection accuracy (DA) of the SPR sensor was characterised by measuring the full width at half max-
imum (FWHM) of the reflectance curve. FWHM refers to the width of the reflectance curve at half of the
maximum intensity. Since the detection accuracy is inversely proportional to the FWHM of the SPR reflectiv-
ity, anarrower FWHM indicates higher precision and improved detection accuracy [47]. Itis to note that the
FWHM values vary depending on the design and implementation of the SPR sensor [48]. Figure 9 presents a
combination graph of the detection accuracy (DA) and signal-to-noise ratio (SNR) of the SPR between the
Au/GO sensing film and the Cd*" of different concentrations. Notably, the maximum DA value was observed
to be at the lowest concentration of 0.01 ppm at 0.38/°, and the value of DA decreased as the concentration
went up. This trend is attributed to the increase in the thickness of the sensing layer surface due to enhanced
binding activity between the sensor and target at higher concentrations. As a result, the surface plasmon oscilla-

tion loses electron energy, leading to damping and broadening of the SPR curve [49].

In a sensor system, SNR is defined as the ratio of the desired signal strength in comparison to the unwanted
or noise signal. In the case of SPR, the signal is the reflected light intensity or wavelength captured by a photo-
diode while the noise is the undesirable fluctuation of the background. As expected, the proposed sensor shows
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arelatively good SNR trend when exposed to Cd**, showing improved values at higher target Cd*" concentra-
tions. This enhancement is attributed to stronger binding interaction at the surface of the sensor [50]. In
essence, increasing Cd** concentration led to an improvement in signal with better noise reduction [51].
Therefore, higher SNR values observed in this sensor indicate enhanced sensitivity, improved detection accur-
acy, and overall reliability in sensing performance [52].

In conclusion, the demonstrated Au/GO sensor performance towards detections of Cd** highlights its
potential for real-world environmental monitoring applications. Its capability to detect Cd** and possibly
other heavy metals in aqueous medium is essential towards a safer and cleaner environment. This SPR sensor
offers several advantages including high sensitivity, label-free detection, and real-time monitoring. However,
further modifications are necessary to enhance its detection performance, particularly at trace levels. Future
works will focus on modifying the sensing interface with advanced sensing materials such as quantum dots and
metal organic frameworks (MOF). These materials offer excellent adsorption properties, which are expected to
enhance sensor performance, especially lower the detection limit. Thereby expanding the sensor’s application
in environmental monitoring and public health monitoring.

4, Conclusion

Overall, this work demonstrated the proposed SPR sensor (Au/GO) for potential detection of Cd*" at different
concentrations. The investigation was conducted to evaluate the performance of proposed sensors such as
sensitivity, binding affinity, detection accuracy, and signal-to-noise ratio. The sensitivity of the proposed
sensors was valued at 0.04° /ppm with the corresponding limit of detection (LOD) and limit of quantification
(LOQ) 0f 0.37 ppm and 0.01 ppm, respectively. Furthermore, the proposed sensor with the target Cd** hasa
binding affinity constant, which was calculated based on the Sips isotherm model, K; 0f 0.6037 /ppm. Despite
the lower detection accuracy at higher concentrations, the SNR value improved, indicating a good and
dependable sensor film for detection. Hence, the proposed sensor demonstrates a promising capability for
recognising Cd*", confirming its suitability for sensitive detection of Cd*".

Acknowledgments
The authors would like to acknowledge the laboratory facilities provided by Institute of Nanoscience and

Nanotechnology (ION2), Faculty of Engineering, and Faculty of Science (Department of Physics and
Department of Chemistry), Universiti Putra Malaysia.

Data availability statement

All data that support the findings of this study are included within the article (and any supplementary files).

Funding

Open access funding provided by The Ministry of Higher Education Malaysia and Universiti Putra Malaysia.
This research was funded by Universiti Putra Malaysia through Putra Grant (GPB/2024/9810900).

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

Declaration of generative Al in scientific writing

The author does not use generative Al in the writing of this scientific writing.

9



10P Publishing

Eng. Res. Express 7 (2025) 045005 MF Anuar et al

Author contributions

Muhammad Fahmi Anuar
Formal analysis (lead), Investigation (lead), Methodology (equal), Writing — original draft (equal)

Yap Wing Fen ® 0000-0003-3475-7469
Conceptualization (equal), Supervision (lead), Writing — review & editing (lead)

Josephine Liew Ying Chyi @ 0000-0003-1577-4773
Methodology (supporting), Resources (supporting)

Tan Sin Tee
Resources (supporting), Supervision (supporting)

Wan Mohd Ebtisyam Mustaqgim Mohd Daniyal ® 0000-0002-8047-2037
Formal analysis (supporting), Methodology (supporting)

Mohd Adzir Mahdi
Resources (supporting), Supervision (supporting)

References

[1] SinghV, Ahmed G, Vedika S, Kumar P, Chaturvedi S K, Rai SN, Vamanu E and Kumar A 2024 Toxic heavy metal ions contamination
in water and their sustainable reduction by eco-friendly methods: isotherms, thermodynamics and kinetics study Sci. Rep. 14 7595
[2] Kinuthia GK, Ngure V, Beti D, Lugalia R, Wangila A and Kamau L 2020 Levels of heavy metals in wastewater and soil samples from
open drainage channels in Nairobi, Kenya: community health implication Sci. Rep. 10 8434
[3] Ekramul Mahmud HN M, Obidul Huq A K and Yahya R B 2016 The removal of heavy metal ions from wastewater/aqueous solution
using polypyrrole-based adsorbents: a review RSC Adv. 6 14778-91
[4] HuS, Zhang$, QinJ, Cai K, Peng C, Luo L, Gu Y and Mei Y 2024 Simultaneous determination of lead and cadmium in water by metal
oxide framework complex-modified glassy carbon electrodes Microchem. J. 205 111154
[5] AgastiN 2021 Decontamination of heavy metal ions from water by composites prepared from waste Current Research in Green and
Sustainable Chemistry 4100088
[6] SahaN, RahmanM S, Ahmed M B, ZhouJ L, Ngo H H and Guo W 2017 Industrial metal pollution in water and probabilistic
assessment of human health risk J. Environ. Manage. 185 70-8
[7] AzizKHH, Mustafa F S, Omer KM, Hama S, Hamarawf R F and Rahman K O 2023 Heavy metal pollution in the aquatic
environment: efficient and low-cost removal approaches to eliminate their toxicity: a review RSC Adv. 13 17595-610
[8] LiL,HuangY, Wu$§,Jin M, Zhao ], Liu F, Shen Y, Feng N and Liu Y 2025 Metal-organic frameworks/graphene oxide synergistic
enhanced optical fiber SPR sensor for ultra-trace lead ions detection Opt. Lasers Eng. 193 109115
[9] AL-Rekabi$S H and Alwahib A A 2024 Polyaniline- nanofibers (PANI)/titanium dioxide (TiO2) for Cr(IIT) and Cr(VI) detection in
aqueos solution by using surface plasmon resonance Journal of Optics (India) 54 72232
[10] Kamaruddin N H, Bakar A A A, Mobarak N N, Dzulkefly Zan M S and Arsad N 2017 Binding affinity of a highly sensitive Au/Ag/Au/
Chitosan-graphene oxide sensor based on direct detection of Pb2+ and Hg2+ ions Sensors (Switzerland) 17 2277
[11] SolomoneaB G, Jinga L1, Antohe V A, Socol G and Antohe 12022 Cadmium ions’ trace-level detection using a portable fiber optic—
surface plasmon resonance sensor Biosensors (Basel) 12573
[12] Aloisi A, Torre A, Della, De Benedetto A and Rinaldi R 2019 Bio-recognition in spectroscopy-based biosensors for ssheavy metals-
water and waterborne contamination analysis Biosensors (Basel) 9 96
[13] JohriN, Jacquillet G and Unwin R 2010 Heavy metal poisoning: the effects of cadmium on the kidney BioMetals 23 783-92
[14] Dagdag O, Quadri T W, Haldhar R, Kim S C, Daoudi W, Berdimurodov E, Akpan E D and Ebenso E E 2023 An overview of heavy
metal pollution and control ACS Symp. Ser. 1456 (American Chemical Society) 3-24
[15] Yoshii T, Nishitsugu F, Kikawada K, Maehashi K and Ikuta T 2023 Identification of cadmium compounds in a solution using
graphene-based sensor array Sensors 23 1519
[16] Unsal V, Dalkiran T, Cicek M and Kéliikeii E 2020 The role of natural antioxidants against reactive oxygen species produced by
cadmium toxicity: a review Adv. Pharm. Bull. 10 184-202
[17] Rani A, Kumar A, Lal A and Pant M 2014 Cellular mechanisms of cadmium-induced toxicity: a review Int. J. Environ. Health Res. 24
378-99
[18] Marettovd E, Maretta M and Legdth ] 2015 Toxic effects of cadmium on testis of birds and mammals: a review Anim. Reprod. Sci. 155
1-10
[19] Koyuturk M, YanardagR, Bolkent S and Tunali S 2006 Influence of combined antioxidants against cadmium induced testicular
damage Environ. Toxicol. Pharmacol. 21 235-40
[20] Topor CV,PuiuM and Bala C 2023 Strategies for surface design in surface plasmon resonance (SPR) sensing Biosensors 13 465
[21] Meza-Sanchez D E and Maravillas-Montero J L 2019 Clinical and biomedical applications of surface plasmon resonance systems
Revista de Investigacion Clinica 71 85-90
[22] Mohd Daniyal W M E M, Saleviter S and Fen Y W 2018 Development of surface plasmon resonance spectroscopy for metal ion
detection Sensors Mater. 30 2023-38
[23] HashimHS, Fen Y W, Omar N A S, Daniyal W M E M M, Saleviter S and Abdullah J 2020 Structural, optical and potential sensing
properties of tyrosinase immobilized graphene oxide thin film on gold surface Optik (Stuttg) 212 164786
[24] Daniyal WM EM M et al 2025 Enhanced surface plasmon resonance detection of ascorbic acid using carbon quantum dots thin film
Plasmonics 25 03194-y

10



10P Publishing

Eng. Res. Express 7 (2025) 045005 MF Anuar et al

[25] WuL,XiangY and QinY 2021 CH3NH3PbBr3 thin film served as guided-wave layer for enhancing the angular sensitivity of plasmon
biosensor Biosensors 11415

[26] Banoon S R and Ghasemian A 2022 The characters of graphene oxide nanoparticles and doxorubicin against HCT-116 colorectal
cancer cells in vitro J. Gastrointest Cancer 53 410—4

[27] Liu]J, CuiLand Losic D 2013 Graphene and graphene oxide as new nanocarriers for drug delivery applications Acta Biomater. 9
9243-57

[28] Ajala O], Tijani] O, Bankole M T and Abdulkareem A S 2022 A critical review on graphene oxide nanostructured material: Properties,
Synthesis, characterization and application in water and wastewater treatment Environ. Nanotechnol. Monit. Manag. 18 100673

[29] Sindi A M 2024 Applications of graphene oxide and reduced graphene oxide in advanced dental materials and therapies J. Taibah.
Univ. Med. Sci. 19 403-21

[30] Saleh T A and Fadillah G 2019 Recent trends in the design of chemical sensors based on graphene-metal oxide nanocomposites for the
analysis of toxic species and biomolecules TrAC - Trends in Analytical Chemistry 120 115660

[31] Kretschmann E and Raether H 1968 Radiative decay of non radiative surface plasmons excited by light Zeitschrift fur Naturforschung -
Section A Journal of Physical Sciences 23 2135-6

[32] KlantsatayaE, Jia P, Ebendorff-Heidepriem H, Monro T M and Francois A 2017 Plasmonic fiber optic refractometric sensors: from
conventional architectures to recent design trends Sensors (Switzerland) 17 12

[33] Nguyen H H, ParkJ, Kang S and Kim M 2015 Surface plasmon resonance: a versatile technique for biosensor applications Sensors
(Switzerland) 15 10481-510

[34] FenY Wand Yunus WM M 2011 Characterization of the optical properties of heavy metal ions using surface plasmon resonance
technique Optics and Photonics Journal 01 116-23

[35] Jafari N and Zeinali S 2020 Highly rapid and sensitive formaldehyde detection at room temperature using a zif-8 /mwecnt
nanocomposite ACS Omega 5 4395-402

[36] Daniyal WM EM M, Fen Y W, Abdullah J, Sadrolhosseini A R and Mahdi M A 2021 Design and optimization of surface plasmon
resonance spectroscopy for optical constant characterization and potential sensing application: theoretical and experimental
approaches Photonics 8 361

[37] OmarN A S, Irmawati R, Fen Y W, Noryana Muhamad E, Eddin F BK, Anas N A A, Ramdzan N S M, Fauzi N IM and Adzir Mahdi M
2022 Surface refractive index sensor based on titanium dioxide composite thin film for detection of cadmium ions Measurement
(Lond) 187 110287

[38] Homola ] 2008 Surface plasmon resonance sensors for detection of chemical and biological species Cherm. Rev. 108 462-93

[39] ButtM A 2025 Surface plasmon resonance-based biodetection systems: Principles, progress and applications—a comprehensive
review Biosensors (Basel) 15 35

[40] Lee B, Park],Han G H, Ee HS, Naylor CH, Liu W, Johnson A T C and Agarwal R 2015 Fano resonance and spectrally modified
photoluminescence enhancement in monolayer MoS2 integrated with plasmonic nanoantenna array Nano Lett. 15 3646-53

[41] Oleneva E, Khaydukova M, AshinaJ, Yaroshenko I, Jahatspanian I, Legin A and Kirsanov D 2019 A simple procedure to assess limit of
detection for multisensor systems Sensors (Switzerland) 19 1359

[42] Capanl, CapanR, Erdogan M, Bayrakci M and Ozmen M 2022 Sensing behaviors of lipophilic calix[4]arene phosphonate based
Langmuir-Blodgett thin films for detection of volatile organic vapors Sens. Actuators A Phys. 347 113947

[43] May LM and Russell D A 2003 Novel determination of cadmium ions using an enzyme self-assembled monolayer with surface
plasmon resonance Anal. Chim. Acta 500 (Elsevier) 119-25

[44] WuCM and Lin LY 2004 Immobilization of metallothionein as a sensitive biosensor chip for the detection of metal ions by surface
plasmon resonance Biosens. Bioelectron. 20 864-71

[45] Bakhshpour M and Denizli A 2020 Highly sensitive detection of Cd(II) ions using ion-imprinted surface plasmon resonance sensors
Microchem. J. 159 105572

[46] Molina-Calderén L, Basualto-Flores C, Paredes-Garcia V and Venegas-Yazigi D 2022 Advances of magnetic nanohydrometallurgy
using superparamagnetic nanomaterials as rare earth ions adsorbents: a grand opportunity for sustainable rare earth recovery Sep.
Purif. Technol. 299 121708

[47] Alagu Vibisha G, Daher M G, Habibur Rahman S M, Jaroszewicz Z, Rajesh K B and Jha R 2023 Designing high sensitivity and high
figure of merit SPR biosensor using copper and 2D material on CaF2 prism Results in Optics 11 100407

[48] Yin Z and Jing X 2023 Experimental study of surface plasmon resonance refractive index sensor based on side-polished few-mode
fiber IEEE Trans. Instrum. Meas. 72 1-6

[49] OmarN A S, Ramlil, Fen Y W, Abdullah J, Daud N F M, Daniyal WM EM M and Mahdi M A 2021 A sensing approach for manganese
ion detection by carbon dots nanocomposite thin film-based surface plasmon resonance sensor Optik (Stuttg) 243 167435

[50] Hashim H S et al 2024 Surface plasmon resonance sensor based on gold-graphene quantum dots thin film as a sensing nanomatrix for
phenol detection Opt. Laser Technol. 168 109816

[51] Eddin FBK,Fen YW, Omar N A S, Liew ] Y Cand Daniyal W M EM M 2021 Femtomolar detection of dopamine using surface
plasmon resonance sensor based on chitosan/graphene quantum dots thin film Spectrochim. Acta. A Mol. Biomol. Spectrosc. 263
120202

[52] Sharma A K, Jha R and Gupta B D 2007 Fiber-optic sensors based on surface plasmon resonance: a comprehensive review IEEE Sens. J.
71118-29

11



