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Abstract

The third biggest concentration of metallic ions is traces of the element copper
(Cu?"), which is crucial to all living creatures and plays a key role in several operations.
However, deficiency or excessive copper ions may trigger a wide range of disorders,
as determined by cellular requirements. To identify these factors, optical SPR-based
refractive index sensors have emerged that concentrate on the swift identification of
Cu2+ions in the present moment, that has excellent selectivity and sensitivity. Here,
this paper intends to design and discuss a Four-Quadrant Circular Grid Refractive
Index Biosensor (FQCGRIB) with a machine learning approach for detecting heavy
metals like Cu?". The four-quadrant circular grid refractive index biosensor enhances
conventional biosensor performance via improved accuracy, sensitivity, specificity,
and detection efficiency. significant sensitivity values of 719.85 nm/RIU, 763.35 nm/
RIU, 761.90 nm/RIU, and 734.52 nm/RIU are achieved for n2cu®*, n3cu®*, n4cu’*, and
n5cu?, respectively. Simultaneously, a greater detection range of 117546, 1175.14,
117647, 1189.56, and 1180.59, along with a greater quality factor of 835.35 nm/

RIU, 828.85 nm/RIU, 827.72 nm/RIU, 84321 nm/RIU, and 828.57 nm/RIU, for the
n1cu?t, n2cu?’, n3cu®", n4cu?t, and n5cu®", respectively, is obtained. In addition,
the minimal achieved detection limit is 0.000932 for n4cu’*, and a greater figure of
merit is 382.86 for n4cu?*. The high predicted value of 0.981494 has been achieved
by the machine learning approach for Cu?* ions, and the mean square error value
of 0.001987 for Cu?" ions. Along with the results, this sensor has a greater capability
with compactness in detecting heavy metal ions.

Keywords Cu?* detection, Surface plasmon resonance, Highly efficient, Medical and
environmental application, Biosensor

1 Introduction

Copper ions (Cu?*) have emerged as a transition metallic substance that causes a signifi-
cant risk to the well-being of humans [1, 2]. These key metal ions play a critical role in
many different areas, including the surrounding environment and the health of humans.
It serves as a notable function for the human organism as a catalyst component of redox-

regulating enzymes, such as a range of metabolic processes [3—5]. In accordance with
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ordinary circumstances, the human organism doesn't get negatively affected by the Cu?*
ions, but excessive or inadequate amounts can trigger some adverse effects. While low
levels of the naturally occurring Cu?* ion are adequate for ordinary biological activities,
exceeding the usual minimum consumption has detrimental effects on human well-
ness [6, 7]. Furthermore, the metabolic process of iron is controlled by copper ions, and
elevated amounts of this substance or continuous contact with copper can result in a
number of disorders. The excessive consumption of Cu®** ions could result in sensa-
tions that include vomiting, nausea, anxiety, and gastrointestinal discomfort [7, 8]. The
human organism accumulates unbound Cu?* ions as a consequence of continuous expo-
sure, which generate oxygen species that are reactive through redox mechanisms and
cause destruction to lipid molecules, genetic material, and protein molecules. These
cells could be exposed to toxicity from liberated oxygen molecules [9, 10]. Hemostasis
abnormalities can give rise to the occurrence of several infectious diseases in the human
body [11, 12]. The EPA (Environmental Protection Agency) limits the concentration of
Cu** ions in the consumption of water to 1.3 ppm [13, 14]. Normal people must have a
blood serum copper level ranging from 100-150 pg/dL [15, 16]. Furthermore, agricul-
tural, manufacturing, and residential activities result in Cu2 +ions in the environment as
well [17]. Several approaches have been employed to identify metal trace elements. The
various techniques of finding the ions of Cu* include highly sensitive liquid chromatog-
raphy, induction-coupled plasma atomic emission spectrometry [18, 19], voltammetry
with anodic stripping [20], atomic absorption spectrometry [21, 22], and induction-cou-
pled plasma mass spectrometry [23]. Nevertheless, these techniques include pros like
speed, precision, and durability, but also cons like costly and complicated steps that need
to be addressed [24]. Enhancing sensitivity, as well as easily executed, quick, repeatable,
affordable, and accurate methods that can identify Cu®* ions in both environmental and
medicinal samples, are urgently needed [25]. Therefore, sensors are tools for analysis
that transform environmental changes like physical, chemical, and biological fluctua-
tions into electrical signals [26].

Surface plasmon resonance (SPR) has become a significant kind of optical sensor that
relies on the intensity produced by light reflected by a metal-film-covered prism. SPR
sensors examine interactions between molecules that took place on the sensor outer
layer with the help of surface plasmon (SP) oscillations. SPR sensors offer many positive
aspects, including their affordability, no need for labelling, the requirement for a mini-
mal sample size, continuous monitoring, high accuracy and specificity, and the ability
to carry out swift measurements [27]. A novel work of square-shaped photonic crys-
tal fiber sensor with 15,800 nm/RIU and 14,300 nm/RIU of wavelength sensitivity, and
11,584 RIU! and 11,007 RIU™! of amplitude sensitivities, has been presented [28]. The
Kagome-inspired surface plasmon resonance-based numerical study of blood detection,
with a 107® RIU of peak sensor resolution sensor has been presented [29]. The heavy
metal detection study with various optical methods [30], and refractive index integra-
tion with spectroscopy methods detection is achieved [31]. Wenhua Wang et al. present
a surface plasmon resonance-based sensor to detect the Cu** ions. They have used gold
and silver film, which has been modified by modified chitosan film, and that has worked
as an active layer. After five cycles of extraction using a concentrated EDTA-based solu-
tion that contained 0.5 mmol/L, the sensor maintains extraction with capacity ratios
exceeding 96%. This SPR-based sensor exhibited a sensitivity of 0.7271 ppm™! within the
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range of 1 to 5 ppm. The small amount of Cu2 + has a limit of detection (LOD) of 18 ppb
[32]. Lijie Zhang et al. propose an optical fiber surface plasmon resonance sensor that is
copper-imprinted and employed to identify Cu®" ions. It has used a gold layer to excite
the surface plasmon, which enhances the sensitivity of the copper metal ions. Here,
this paper demonstrates an ion imprinting methodology that improves overall results
in terms of selectivity, sensitivity, etc. The achieved sensitivity is-10.05 pm/ppm [33].
Mehdi Atapour et al. introduce an optical electrochemical sensor for the measurement
of concentrations of Cu®** ions in water. This work developed a biosensor leveraging
L-cysteine-gold nanoparticles as well as a transparent-conductive substrate to mea-
sure Cu2 +ionic levels in aquatic solutions by electrochemical and optical approaches.
The achieved detection limit is 5 nM, and the total linear range is 10-100000 nM [34].
Hongxia Chen et al. developed a quantitative copper ion surface plasmon resonance
sensor, which has been used to study the conformational change of Cu®" ions peptides.
Therefore, the conformational change that occurs in the Cu®** particular binding pep-
tide allows for the selective and sensitive determination of Cu?**. The detection limit
of 0.44 pM, and detection range of 1x 1072 M to 1x 107® M have been achieved [35].
Zidan Gong et al. designed a taper-in-taper structure-based fibre sensor for the deter-
mination of Cu2 +ions in the drinking water. According to the results of experiments,
the designed fiber sensor has a sensitivity of 2741 nm/RIU in a given refractive index
(RI) and is approximately 3.7 times more sensitive than ordinary tapered fiber sensors.
This sensor is capable of identifying the presence of copper ions with a sensitivity of
78.03 nm/mM at Cu** concentrations ranging from 0 to 0.1 mM [36].

This paper intends to design and discuss a Four-Quadrant Circular Grid Refractive
Index Biosensor (FQCGRIB) for detecting heavy metals like Cu?*, along with the utiliza-
tion of the machine learning method for predicting the regression and surface plasmon
resonance methodology to boost the detection capacity. The working wavelength range
of an intended FQCGRIB biosensor is 1580 nm to 1740 nm. Here, this biosensor works
on the principle of refractive index.

2 Geometry evolution and numerical analysis

2.1 Biosensor design

The Four-Quadrant Circular Grid Refractive Index Biosensor (FQCGRIB) for detecting
heavy metals like Cu?* has been intended in the following biosensor design part. The five
different variants of Cu?* by names, nlCu®*, n2Cu?*, n3Cu**, n4Cu?*, and n5Cu**, with
refractive index values of 1.33248, 1.34915, 1.35606, 1.36398, and 1.3706, respectively.
The FQCGRIB enhances conventional biosensor performance by improving accuracy,
sensitivity, specificity, and efficiency of detection. The quadrant-based segmentation in
the biosensor design can allow the sensor to perform multi-point sensing, which can
increase the accuracy by minimizing external interference. The circular grid structure of
the biosensor optimizes light propagation to ensure corresponding interaction among
analytes and appropriate refractive index assessments. Moreover, this design addition-
ally enables multiplexing, facilitating the need for the simultaneous identification across
multiple substances. The symmetrical configuration contributes to reproducible results,
which leads to reliable results throughout several assessments. By assembling these attri-
butes, the biosensor achieves greater sensitivity, reduced detection limits, and selective
properties, thus serving as a good choice for modern applications in new research areas.
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Here, the substrate material we have chosen is SiO, because it gives excellent optical
properties, chemical stability, and a smooth surface to give minimal interference and
consistent transmittance of signals. The resonator material we have selected is Ag (sil-
ver) for its strong plasmonic properties, which can lead to enhanced detection of refrac-
tive index. In addition, a selective dimension of the FQCGRIB is an essential part of the
sensor while designing it for detection accuracy and efficiency. The selective dimension
of the FQCGRIB biosensor of the SiO2-substrate breadth (SSB) value is 200 nm, the
SiO2-substrate lengthiness (SSL) value is 3000 nm, and the space between each quad-
rant (SQ) is 100 nm. The inner circular grid radius 1 (IGR,) is 800 nm, while the outer
circular grid radius 2 (IGR,) is 1000 nm. The graphical view of the Four-Quadrant Cir-
cular Grid Refractive Index Biosensor (FQCGRIB) is observed in Fig. 1. The perspective
representation of the FQCGRIB is observed in Fig. 1A, the top-plane representation of
the FQCGRIB is observed in Fig. 1B, and the elevation depiction of the FQCGRIB is
observed in Fig. 1C.

2.2 Conventional parameters

This sub-section of the conventional parameters proposes a numerical evolution of the
Four-Quadrant Circular Grid Refractive Index Biosensor (FQCGRIB) to detect heavy
metals like Cu** This numerical evolution has some mathematical equations of sensor
resolution, sensitivity, signal to noise ratio, quality factor, detection limit, figure of merit,
and detection range from Eq. (1) to Eq. (7) which gives the results in terms of functional-
ity of the biosensor [37, 38]. This functionality of the FCGRIB biosensor also relies on
the dimensions and the material we have utilized as substrate and resonator.
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Fig. 1 The graphical view of the intended Four-Quadrant Circular Grid Refractive Index Biosensor (FQCGRIB) A
Perspective representation of FOCGRIB B Top-plan representation of FQCGRIB C Elevation depiction of FQCGRIB
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3 Results and discussions

The Four-Quadrant Circular Grid Refractive Index Biosensor (FQCGRIB) has been tai-
lored with distinctive geometrical and operational properties that optimize its capabil-
ity to distinguish Cu** metal ions. This section of results and discussion proposes an
optimization of the geometry dimensions in terms of the graphs of the wavelength ver-
sus transmittance. This section shows how these geometric dimensions affect the sensor
results while changes are made in the dimensions. The working wavelength range of an
intended FQCGRIB biosensor is 1580 nm to 1740 nm.

Figure 2 proposes the anatomization of the conventional parameters of the Four-
Quadrant Circular Grid Refractive Index Biosensor (FQCGRIB), which refers to the
space between each quadrant (SQ) in nm selective dimension. Figure 2A proposes an
anatomization of the space between each quadrant, SQ=50 nm, with an observed shift
in the right side, whilst Fig. 2B proposes an anatomization of the space between each
quadrant, SQ =100 nm. Figure 2C proposes an anatomization of the space between each
quadrant, SQ =150 nm, along with an observed shift in the left side. Figure 2D proposes
an anatomization of the space between each quadrant, SQ =200 nm with left side wave-
length shift & missing of the nlcu®* peak, and Fig. 2E proposes an anatomization of the
space between each quadrant, SQ =250 nm. In this case, Fig. 2B greatly impacts the con-
ventional parameters of its response, specifically at a dimension of the space between
each quadrant, SQ=100 nm of the FQCGRIB. At this configuration, high sensitivity val-
ues of 719.85 nm/RIU, 763.35 nm/RIU, 761.90 nm/RIU, and 734.52 nm/RIU for n2cu**,
n3cu®, ndcu**, and n5cu®*, respectively, are achieved. Here, nlcu®* is taken as a refer-
ence point. A larger detection range of 1175.46, 1175.14, 1176.47, 1189.56, and 1180.59,
along with higher quality factors of 835.35 nm/RIU, 828.85 nm/RIU, 827.72 nm/RIU,
843.21 nm/RIU, and 828.57 nm/RIU, are achieved for nlcu®*", n2cu**, n3cu**, ndcu**,
and n5cu”*, respectively. The minimal achieved detection limit is 0.000932 for n4cu?*,
and a greater figure of merit is 382.86 for ndcu®*. Figure 2E shows that one group of
metal ions shifts completely to the left and disappears, while another group of metal ions
is observed with very high transmittance.

Figure 3 proposes the anatomization of the conventional parameters of the FQCGRIB,
which refers to the SiO,-substrate lengthiness (SSL) in nm selective dimension. Figure 3A
proposes an anatomization of the SiO,-substrate lengthiness, SSL=3000 nm, whilst
Fig. 3B proposes an anatomization of the SiO,-substrate lengthiness, SSL=3100 nm,
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Fig. 2 The anatomization of the conventional parameters of the Four-Quadrant Circular Grid Refractive Index
Biosensor (FQCGRIB), which refers to the space between each quadrant (SQ) in nm selective dimension A SQ=50
B SQ=100CSQ=150D SQ=200 ESQ=250

along with an additional set of Cu?* ions. Figure 3C proposes an anatomization of the
SiO,-substrate lengthiness, SSL = 3200 nm, and it has higher transmittance than Fig. 3A,
which creates a distraction while detecting copper metal ions. Figure 3D proposes an
anatomization of the SiO,-substrate lengthiness, SSL=3300 nm, and Fig. 3E proposes
an anatomization of the SiO,-substrate lengthiness, SSL = 3400 nm. In this case, Fig. 3A
greatly impacts conventional parameters of its response, specifically at a dimension of
the SiO,-substrate lengthiness, SSL=3000 nm of the FQCGRIB. Larger detection sen-
sitivity values of 719.85 nm/RIU, 763.35 nm/RIU, 761.90 nm/RIU, and 734.52 nm/RIU
for n2cu®*, n3cu®’, n4cu®*, and n5cu?*, respectively, are achieved. Here, nlcu®" is taken
as a reference point. The achieved greater detection range of 1175.46, 1175.14, 1176.47,
1189.56, and 1180.59, as well as greater quality factors of 835.35 nm/RIU, 828.85 nm/
RIU, 827.72 nm/RIU, 843.21 nm/RIU, and 828.57 nm/RIU, for nlcu**, n2cu®*, n3cu™,
n4cu®*, and n5cu®, respectively, are accomplished. The minimal achieved detection
limit is 0.000932 for n4cu®’, and a greater figure of merit is 382.86 for the same ions. Fig-
ure 3D, E have three sets of copper ions with very low sensitivity and high transmittance
rates.

Figure 4 proposes the anatomization of the conventional parameters of the Four-
Quadrant Circular Grid Refractive Index Biosensor (FQCGRIB), which refers to the
inner circular grid radius 1 (IGR,) in nm selective dimension. Figure 4A proposes an
anatomization of the inner circular grid radius 1, IGR; =700 nm, with no peaks of any
copper ion metal, whilst Fig. 4B proposes an anatomization of the inner circular grid
radius 1, IGR, =750 nm, it shows that the first peak is not in the operating range that’s
why this dimension of the geometry is not suited. Figure 4C proposes an anatomization
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Fig. 3 The anatomization of the conventional parameters of the Four-Quadrant Circular Grid Refractive Index
Biosensor (FQCGRIB), which refers to the SiO,-substrate lengthiness (SSL) in nm selective dimension A SSL=3000
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of the inner circular grid radius 1, IGR; =800 nm. Figure 4D proposes an anatomization
of the inner circular grid radius 1, IGR, = 850 nm, and Fig. 4E proposes an anatomization
of the inner circular grid radius 1, IGR; =900 nm. In this case, Fig. 4C greatly impacts
the conventional parameters of its response, specifically at a dimension of the inner cir-
cular grid radius 1, IGR; =800 nm of the FQCGRIB. High sensitivity of 719.85 nm/RIU,
763.35 nm/RIU, 761.90 nm/RIU, and 734.52 nm/RIU is accomplished for n2cu®", n3cu®*,
n4dcu®', and n5cu®, respectively. Here, nlcu?* is taken as a reference point. Larger detec-
tion range of 1175.46, 1175.14, 1176.47, 1189.56, and 1180.59, and a greater quality fac-
tor of 835.35 nm/RIU, 828.85 nm/RIU, 827.72 nm/RIU, 843.21 nm/RIU, and 828.57 nm/
RIU, is achieved for the nlcu®*, n2cu®’, n3cu?*, ndcu®, and n5cu?, respectively. The
minimal achieved detection limit is 0.000932 for n4cu?*, and a greater figure of merit is
382.86 for ndcu®*. Additionally, Fig. 4D shows that it has two sets of Cu** ions, in which
the left side set is high transmittance, and the right side set of peaks is not in the operat-
ing range. Figure 4E also illustrates that it has two sets of peaks, but the left side set of
peaks is not in the operating range, and the right side set has high transmittance.

Figure 5 proposes the anatomization of the conventional parameters of the Four-
Quadrant Circular Grid Refractive Index Biosensor (FQCGRIB), which refers to the
SiO,-substrate breadth (SSB) in nm selective dimension. Figure 5A presents an analysis
of the SiO,-substrate breadth, SSB =110 nm, along with some distraction by unnecessary
peaks, whilst Fig. 5B presents an analysis of the SiO,-substrate breadth, SSB =140 nm,
with a higher transmittance of around 25% to 30% than that of Fig. 5D. Figure 5C pro-
poses an anatomization of the SiO,-substrate breadth, SSB = 170 nm. Figure 5D proposes
an anatomization of the SiO,-substrate breadth, SSB=200 nm, and Fig. 5E proposes

Page 7 of 14



Sharma et al. Discover Nano (2026) 21:84 Page 8 of 14

) - )

0.5 —n1Cu2+
—n2Cu2+
——n3Cu2+
~——n4Cu2+
——n5Cu2+

Transmittance
Transmittance

0 . . . . . h 0 . . . L ;
1580 1600 1620 1640 1660 1680 1700 1720 1740 1580 1600 1620 1640 1660 1680 1700 1720 1740
Wavelength(nm) Wavelength(nm)

©

RO

Transmittance
Transmittance

L L h 0
10580 1600 1620 1640 1660 1680 1700 1720 1740 1580 1600 1620 1640 1660 1680 1700 1720 1740
Wavelength(nm) Wavelength(nm)

1

Transmittance
)
wm

0 :
1580 1600 1620 1640 1660 1680 1700 1720 1740
Wavelength(nm)

Fig. 4 The anatomization of the conventional parameters of the Four-Quadrant Circular Grid Refractive Index
Biosensor (FQCGRIB), which refers to the inner circular grid radius 1 (IGR,) in nm selective dimension A IGR, =700
B IGR, =750 CIGR,; =800 D IGR, =850 E IGR, =900

an anatomization of the SiO,-substrate breadth, SSB=230 nm. In this case, Fig. 5D
greatly impacts the conventional parameters of its response, specifically at a dimension
of the SiO,-substrate breadth, SSB=200 nm of FQCGRIB. Higher sensitivity values of
719.85 nm/RIU, 763.35 nm/RIU, 761.90 nm/RIU, and 734.52 nm/RIU for n2cu?*, n3cu**,
n4cu®', and n5cu®’, respectively, are achieved. Here, n1cu®* is taken as a reference point.
Larger detection range of 1175.46, 1175.14, 1176.47, 1189.56, and 1180.59, along with
a greater quality factor of 835.35 nm/RIU, 828.85 nm/RIU, 827.72 nm/RIU, 843.21 nm/
RIU, and 828.57 nm/RIU, is acquired for nlcu?, n2cu®*, n3cu?’, n4cu®*, and n5cu?",
respectively. The minimal achieved detection limit is 0.000932 for ndcu®', and a greater
figure of merit is 382.86 for n4cu®". Here, Fig. 5C—E look similar, but there are some dif-
ferences in sensitivity, quality factor, and detection limits.

Figure 6 proposes the anatomization of the conventional parameters of the Four-
Quadrant Circular Grid Refractive Index Biosensor (FQCGRIB), which refers to the
outer circular grid radius 2 (OGR,) in nm selective dimension. Figure 6A proposes an
anatomization of the outer circular grid radius 2, OGR, =800 nm, with 40% of high
transmittance rates, whilst Fig. 6B proposes an anatomization of the outer circular grid
radius 2, OGR, =900 nm, with two sets of copper metal ions, but none of this has proper
alinement with operating range. Figure 6C proposes an anatomization of the outer cir-
cular grid radius 2, OGR,=1000 nm. Figure 6D proposes an anatomization of the outer
circular grid radius 2, OGR,=1100 nm, and Fig. 6E proposes an anatomization of the
outer circular grid radius 2, OGR, =1200 nm. In this case, Fig. 6C greatly impacts con-
ventional parameters of its response, specifically at a dimension of the outer circular grid
radius 2, OGR,=1000 nm of the FQCGRIB. It has been seen that larger sensitivity of
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Fig. 5 The anatomization of the conventional parameters of the Four-Quadrant Circular Grid Refractive Index
Biosensor (FQCGRIB), which refers to the SiO,-substrate breadth (SSB) in nm selective dimension A SSB=110 B
SSB=140 CSSB=170 D SSB=200 E SSB=230

719.85 nm/RIU, 763.35 nm/RIU, 761.90 nm/RIU, and 734.52 nm/RIU has been achieved
for n2cu®*, n3cu®*, n4cu®*, and n5cu?, respectively. Here, nlcu®* is taken as a reference
point. Also, the achieved greater detection range is 1175.46, 1175.14, 1176.47, 1189.56,
and 1180.59, and the corresponding greater quality factor is 835.35 nm/RIU, 828.85 nm/
RIU, 827.72 nm/RIU, 843.21 nm/RIU, and 828.57 nm/RIU, for the nlcu**, n2cu*,
n3cu®t, ndcu?t, and n5cu?*, in the same order. Similarly, the minimal achieved detection
limit is 0.000932 for n4cu®’, and the greater figure of merit is 382.86 for ndcu®". Fig-
ure 6D, E showed somewhat less impact on the conventional parameters of the intended
biosensor than that in Fig. 6C. The proposed Table 1 introduces the response of the Con-
ventional parameters of the FQCGRIB to recognize heavy metal ions.

4 Machine learning approach

A machine learning (ML) model was used in this work to enhance the predictive power
of the suggested FQCGRIB sensor by relating the pattern of the predicted surface plas-
mon resonance (SPR) and the resulting changes in refractive indices caused by Cu?*
ions. The simulated spectra yielded input values in the form of resonance wavelength
shifts, full width at half maximum, and quality factor values, which were used as pre-
dictors in a linear regression model. The data set was obtained through a great deal of
parametric simulation in a variety of values of the refractive index to obtain diversity and
strength of the training data. To prove the stability of the model, the data were split into
training and testing sets, and k fold cross validation was used to assess the generaliza-
tion performance. The machine learning approach offered better prediction to noise or
multifaceted parameter interactions compared to the traditional methods of analysis or
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Fig. 6 The anatomization of the conventional parameters of the Four-Quadrant Circular Grid Refractive Index Bio-
sensor (FQCGRIB), which refers to the outer circular grid radius 2 (OGR,) in nm selective dimension A OGR,=800 B
OGR,=900 C OGR,=1000 D OGR,=1100 E OGR, = 1200

Table 1 Conventional parameters of the Four-Quadrant Circular Grid Refractive Index Biosensor
(FQCGRIB) to recognize heavy metal ions
Heavy Refrac- Differ- Peak Sensitivity Detec- Detec- Qual- Fig- Sen- Signal

metal tive ence Wave- (nm/RIU) tion tion ity ure of sor Noise
ions index inthe length limit Range factor merit Reso- Ratio
(n) refrac- (nm) (DL) (DR) (QF) (FOM) lution (SNR)
tive (SR)
index
(An)
n1Cu%* 1.33248 Ref 1654 Ref Ref 1175.46 83535 36356 Ref 6.0606
(Reference)
n2Cu?* 34915 001667 1666  719.85 0.001188 1175.14 82885 358.13 0.8551 5.9701
n3Cu** 35606 0.02358 1672 763.35 0.001020 7647 827.72 37789 0.7786 89108

1 1 11

1 1 11
n4cCu’t 1.36398 0.0315 1678  761.90 0.000932 1189.56 843.21 382.86 0.7100 12.0603
n5Cu%* 13706 003812 1682 73452 0.000944 1180.59 82857 361.83 0.6933 12.1739

numerical techniques that depend on a priori assumptions and may also be constrained
by their ability to estimate error levels. The application of a linear regression model
therefore also explains the incorporation of machine learning as it provides a scalable,
interpretive, and flexible framework that improves the quantitative relationship between
sensor response and the analyte concentration as well as underscores its superiority to
more traditional approaches in the context of accuracy and strength.

This MLapproach is discussed in the following section of the intended (FQCGRIB. The
machine learning approach gives an idea of the predicted value. The graph of machine

learning prediction is proposed in Fig. 7, with an actual value versus predicted value for
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Fig. 7 Machine learning approach applied on the SiO,-substrate breadth (SSB) geometry parameter (nm) of the
Four-Quadrant Circular Grid Refractive Index Biosensor (FQCGRIB) along with the predicted regression value versus
actual value A SSB=110B SSB=140 C SSB=170 D SSB=200 E SSB=230

Table 2 Comparison Table of Four-Quadrant Circular Grid Refractive Index Biosensor (FQCGRIB)
conventional parameters to that previously published research

Previously published Detection limit Sensitivity (nm/RIU) Figure of merit  Qual-

research references with (DL) (FOM) ity

FQCGRIB factor
(QF)

[39] - 570 4 _

[40] 0.0015 714.28 301.38 660.75

[41] 1.013 300 1.796 473

[42] - 166 - 3702

[43] 0.16 378 - -

(44] - 800 - _

[45] 0.002 - - 262

Intended work 0.000932 763.35 382.86 843.21

the geometry parameter SiO,-substrate breadth (SSB). The geometrical dimensions of
the SSB have ranged from 110 to 230 nm. The prediction has been plotted for the partic-
ular dimension values like SSB =110 nm (Fig. 7A), SSB =140 nm (Fig. 7B), SSB=170 nm
(Fig. 7C), SSB=200 nm (Fig. 7D), and SSB=230 nm (Fig. 7E). The R? analysis values of
the ML are 0.889954, 0.977654, 0.981494, 0.946982, and 0.885215, with a mean square
error value of 0.010506, 0.002466, 0.001987, 0.005490, 0.010598, respectively. Here, the
high predicted value of 0.981494 has been achieved. The proposed machine learning
approach can help to identify minor changes in the refractive index values caused by
heavy metal ions, which makes the detection process more reliable by leveraging pattern
analysis methods. The proposed Table 2 shows a comparison of the FQCGRIB conven-

tional parameters with the previously published research parameters.

Page 11 of 14
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5 Conclusion

Optical sensors frequently find application across environmental usage, pharmaco-
logical and biological studies, and health services to identify various biomolecules for
the detection of health issues. In this study of research work, we have designed a novel
Four-Quadrant Circular Grid Refractive Index Biosensor (FQCGRIB) to identify Cu®*
metal ions. This work includes the study of five types of copper ions detection by the
names, n1Cu®*, n2Cu**, n3Cu?*, n4Cu**, and n5Cu**, with refractive index values of
1.33248, 1.34915, 1.35606, 1.36398, and 1.3706, respectively. The section of results and
discussion proposes an optimization of the geometry dimensions in terms of the graphs
of the wavelength versus transmittance. It is found that the achieved greater sensitiv-
ity is 719.85 nm/RIU, 763.35 nm/RIU, 761.90 nm/RIU, and 734.52 nm/RIU for n2cu’*,
n3cu®t, ndcu®*, and n5cu®t, respectively. In addition, the achieved greater detection
range is 1175.46, 1175.14, 1176.47, 1189.56, and 1180.59, and the corresponding greater
quality factor is 835.35 nm/RIU, 828.85 nm/RIU, 827.72 nm/RIU, 843.21 nm/RIU, and
828.57 nm/RIU, for nlcu®*, n2cu?*, n3cu?*, n4cu®*, and n5cu**, respectively. Further, the
minimal achieved detection limit is 0.000932 for n4cu®’, and the greater figure of merit
is 382.86 for ndcu®**. Moreover, the high predicted value of 0.981494 has been achieved
by the machine learning approach for Cu?* ions, and the mean square error value of
0.001987 for Cu?* ions. Although the suggested FQCGRIB sensor has a high sensitiv-
ity and tunability in the detection of Cu2+, some limitations in the form of complex-
ity of fabricating a sensor, tolerance control, and possible interference of matrices still
exist. The future perspective is, in general, developing scalable nanofabrication tech-
niques, combining powerful surface functionalization plans, and expanding the design
to multiplexed sensing of various heavy metals to a wider environmental and biomedical
purpose.
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