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Abstract

Diabetes is a life-threatening disease caused by excessive glucose intake. The surface plas-
mon resonance (SPR) based sensor is the most advanced technology for glucose detec-
tion. A multilayer SPR-based sensor for detecting glucose in the urine is presented using
nanolayers of silver, MXene, ZnO, and graphene over a BK7 prism. The suggested sen-
sor’s performance parameters like sensitivity, quality factor, full width half maximum, and
signal-to-noise ratio have all been evaluated. In urine samples, the sensitivity for glucose
concentration 0—15 mg/dL is evaluated to be 123 deg/RIU, and for 0.625 g/dL concentra-
tion, it has been computed as 131 deg/RIU. Likewise, it has been calculated as 126 deg/
RIU, 132 deg/RIU, 132.33 deg/RIU, and 133.5 deg/RIU for 1.25 g/dL, 2.5 g/dL, 5 g/dL,
and 10 g/dL, respectively. The corresponding computed values for full width half maxi-
mum, quality factor are3.35 deg, 3.37 deg, 3.39 deg, 3.41 deg, 3.48 deg, 3.64 deg and
36.6 RIU™'38.7 RIU™!, 37 RIU™, 38.6 RIU™!, 37.9 RIU™!, 37.4 RIU™! respectively. The
proposed SPR sensor’s improved performance makes it a good structure for detecting glu-
cose in urine samples, expanding its application in the medical industry.

Keywords Sensitivity - Surface plasmon resonance - Glucose detection - MXene - ZnO -
Graphene

1 Introduction

A surface plasmon (SP) is an electromagnetic charge cloud that originates at the thin

metal—dielectric interface and this metal layer’s surface (Kim et al. 2019). The transverse
magnetic (TM) polarized wave is aimed at a specific incident angle on a metal layer. When
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the momentum of the incident light equals that of the surface plasmon, a resonance condi-
tion is achieved. This phenomenon is known as surface plasmon resonance (SPR). The
wave vectors of these two waves are called evanescent wave vector (EWV) and surface
plasmon wave vector (SPWYV) (Pal and Jha 2021).

The angle at which this resonance condition happened is called the SPR angle. This
resonance angle varies with the concentration of the target analytes when biomolecules
stick to the metal surface (Liedberg 1983). Quantitative response, label-free sensing, and
extensive use in research disciplines are advantages of adopting SPR-based biosensors.
(Shankaran et al. 2007). The applications in the field of environmental monitoring (Hu
et al. 2009), food safety (Neethirajan et al. 2018), biomedical (Sathya 2021), and pharma-
cological (Ouyang et al. 2016) make SPR-based sensors useful.

Optical detection approaches are cost-effective and provide a straightforward out-
put format (Ouyang et al. 2017). Several optical glucose sensing systems based upon the
plasmon resonance mechanism have been developed in the last decade. The popular Otto
(Otto 1968) and Kretschmann (Kretschmann and Raether 1968) design configurations
of SPR sensors have been employed mostly in the SPR sensors. With the upper hand of
Kretschmann configuration over Otto configuration with its ease of implementation, it is
generally preferred (Singh et al. 2021). In the conventional Kretschmann design, a single
layer of metal is deposited over the coupling prism. An air gap exists between the coupling
prism and the metal in the Otto configuration. Silver-based SPR biosensors provide a steep
SPR curve, allowing great selectivity and sensitivity in SPR imaging detection. However,
a major disadvantage of silver films in SPR biosensors is their susceptibility to oxidation
(Karki et al. 2022).

Several durable metallic or dielectric coatings have been developed to avoid silver from
oxidation (Sathya et al. 2022) as a protective layer to diminish the effect of oxidation as
potential material graphene has been considered. A single graphene layer is about 0.34 nm
thick, and with its hexagonal ring-type structure, the molecules cannot pass through due
to its high electron density. Hence, this property of graphene makes it a perfect candidate
for protecting metal surfaces against corrosion. Other than these, its other physiochemical
properties include high surface area, higher electrical conductivity, mechanical strength,
and greater thermal conductivity with ease of surface functionalization (Sungjin Park et al.
2008)-(Georgakilas et al. 2012).

Another 2D material, MXene, has been employed in our proposed design due to its
attractive properties, including its layered morphology, greater electrical conductivity and
surface area, high hydrophilicity, and thermally stable (Pandey et al. 2021). Previous work,
which includes nanolayers of MXene (Ti;C,T,) and gold (Au), has been employed for glu-
cose detection (Rakhi et al. 2016).

Besides these materials, an additional metal-oxide nanolayer of ZnO has also been
employed in the proposed design. This layer acts as an adhesive layer. Its attractive prop-
erties like a wide bandgap of 3.37 eV (Mudgal et al. 2020a), greater exciton energy of
60 meV (Guo et al. 2020), and not costly make it suitable for sensing-based applications.
Moreover, ZnO with metals (Ag or Au) is generally employed in the prism-based SPR sen-
sors for performance enhancement (Mei and Menon 2020).

For the human body, glucose is an important source of energy. Excessive intake may
adversely affect many human body parts like the heart, kidney, and eyes. (Mudgal et al.
2020b). Diabetes is a very common disease caused due to excessive glucose intake. Glob-
ally, around 422 million people were affected, and above 1.6 million died, according to
the World Health Organization (WHO) report (Mostufa et al. 2021). In urine, enhanced
glucose concentration causes Renal glycosuria (Karim et al. 2018). So, the detection of
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Glucose concentration is required to prevent a kidney relied disease. The variation in the
RI of the urine sample of an affected person from an average healthy person due to glu-
cose concentration is always being noted. The unit of glucose concentration is expressed
in mg per deciliter(mg/dl). Normally, the range of 0 to 15 mg/dL glucose concentration in
the human body is absent. The condition of renal glycosuria generally rises as the glucose
levels rise in the urine samples (in the range of 165 mg/dl to 180 mg/dl. Based on the glu-
cose concentration levels, two conditions have been classified: Hypoglycemia (for lower
concentration levels) and Hyperglycemia (for higher concentration levels). Hypoglycemia
indicates the glucose concentration smaller than 40 mg/dL and hyperglycemia indicates
279-360 mg/dL range (Sani and Khosroabadi 2020).

This research manuscript is categorized into different sections. This section sets up an
introductory part of SPR sensors, followed by Sect. 2 (which explains the designing and
modeling part of the proposed sensor). Then, Sect. 3 gives the results and discussions of
our research. At last, followed by the conclusion in Sect. 4.

2 Sensor designing and modelling

The proposed SPR sensor design consists of a single silver metal layer (40 nm); above it,
a layer of MXene (0.993 nm) is placed, followed by ZnO (2 nm), graphene (0.34 nm), and
sensing layers. The proposed sensor is shown in Fig. 1.

An input optical wave gets generated with the He—Ne laser source. With this source, a
transverse magnetic (p-polarized) wave is incident on the part of the BK7 (borosilicate)
prism, and the wave reflected comes out of another surface. The principle is followed by
the incident wave known as attenuated total reflection (ATR) (Homola 2008). The surface
plasmon generally gets excited using a low RI coupling prism. The reason behind this is
the balance condition between SPWV and EWV. The upcoming Table 1 summarizes the
design parameters for different sensor layers.

Optical Detector
Source
Polarizer VPolarizer N\ L=
Graphene
SM
Analyte IIXIXIIXX)
-~ % o

Fig.1 The proposed five-layer schematic diagram for SPR sensor design for glucose detection
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Table 1 Different layers Layer Materials (base Thickness (in nm) R.I. at 633 nm

parameters as BK7 Prism)
1 Silver, Ag D; =400.056206 + i * 4.2776
2 MXene D, =M %0.9932.38 +i * 1.33
3 Zinc oxide (ZnO) D; =21.9576
4 Graphene Dy =G %0343 +1 = 1.1491
5 Sensing medium - 1334An

The RI of the BK7 prism is being calculated using Sellmeier equation (Jabin, et al.
2019):

1/2
a, A ayA? a A?
N7 = + + +1 1

" <12—ﬂa e W

The constants a,, oy, o, have the values.
For silver metal, its R.I. is computed using Drude Lorentz model (Singh and Raghu-

wanshi 2021):
1/2
_(, A A, / 2
fag = T

where the values of A, (collision wavelength) is 8.9342 107® m and kp (plasma wave-
length) is 1.6826 * 1077 m.

For computing the reflectance, the transfer matrix method is employed (Uniyal et al.
2022a). For this, a characteristic matrix has been used to define the N-layer structure, as
shown in Eq. 3.

N-1
T,, T
T= T, = 11 12] 3
[17 [TZI T, )
as

T, = [ cosfy —isin(Bk/qk)] @

—iqy sinf, cosfy

here, Ty is the kth layer matrix, f,isthe optical admittance and qy is the phase factor.

2m .
By = Tdk\z/ €, —n’sin’0,
QG = v/ & —n%sinzel/e
k

Here, 0, is the angle of incidence and € is the dielectric constant.
The coefficients of reflection of p-polarized (TM mode) incident wave are expressed
as:
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)
Ti1 + Tpoan)d; + (T + Tydn)

2 (Tll +T12QN)Q1 = (Ty; + Tyran)
=i =] )

The proposed structure can be fabricated using the following fabrication steps. Ini-
tially, the acetone vapor, methanol, and deionized water solution were first applied to the
coupling glass prism before being coupled to the silver nanolayer. A thermal evapora-
tor apparatus is used for physical vapor deposition (PVD) of silver layers over the prism
glass (Luna-Moreno et al. 2020). The liquid exfoliation method could be used to prepare
the MXene layer and chemically shift it over the silver nanolayer. The fabrication of the
graphene nanolayer was performed using the Chemical vapor deposition (CVD) process
(Kumar et al. 2020) and transferred over the ZnO layer, which can be prepared using elec-
tro-chemical deposition (Atig, et al. 2020).

At last, the chip is kept over the BK7 prism. The simulated experimental results are
computed using a sensor setup for sensing purposes, a deionized aqueous solution contain-
ing bacteria and viruses. This mixture is also poured over an SPR sensor chip through an
input flow cell for the biomolecular reaction between an analyte and basic recognition ele-
ment (BRE). The input monochromatic radiation of 633 nm wavelength falls on one side
of BK7 prism after passing through the polarizer stage. An optical photodetector detects
the reflected radiation, and the final output signal strength is directly proportional to the
reflected light intensity.

2.1 Performance parameters defining sensor performance
The performance analysis of a sensor has been computed with the help of parameters like
sensitivity (S), full-width half maximum (FWHM), quality factor (QF), and signal-to-noise

ratio (SNR). The values for S, QF, and DA must be high for better performance of the pro-
posed sensor with the low value of FWHM (Mohanty et al. 2016).

2.2 Sensitivity (denoted by S)

It is defined as the ratio of the deviation in the SPR angle (A0
sensing medium’s RI (An). It is mathematically expressed as:

Les) and the deviation in the

Agre% .
S = ——(in deg /RIU) (6)
An

2.3 Full width half maxima (denoted by FWHM)

This parameter gives information about the width and sharpness of the reflectance curve. It
is mathematically expressed as:

FWHM =6, — 0, (in deg) %)

Here, 6, and 6, indicates the difference between incidence angles at half (50%) of
reflectivity.
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2.4 Quality factor (denoted by QF)

This parameter gives information about the resolution of the proposed SPR sensor. It is math-
ematically expressed with the relation:

QF = S/FWHM (in RIU™") (8)

2.5 Signal to noise ratio (denoted by SNR)

It is the inverse of FWHM. This factor is determined using the SPR curve. It is mathematically
expressed as:

SNR = 1/FWHM (in deg™') 9)

2.6 Field distribution computation

The field distribution of the input TM polarized wave within each layer of our proposed sen-
sor design indicates the evanescent field augmentation with various conditions. The evanes-
cent field’s production over the analysis interface is critical for the surface plasmon resonance
mechanism, as the sensing is to be done on this analyte’s interface. So, using the expression
of the total characteristics matrix, the field components distribution with the first layer can be
expressed as (Shalabney and Abdulhalim 2010) (Uniyal et al. 2022b):

H I(Z) _ 1+I‘ inc
[—l%xl(z)] = Pl(z).[ql(1 —prp) H".z, <7257 (10)

Here, H(z), E (2) are magnetic field and electric field, respectively.
H;“C indicates incident magnetic field amplitude and r, is the reflection coefficient.
here,

o= Yoot m
Next, these field distributions within the layer j > 2 are given by:
[_Hglj((zz)) = Pj(2) j]jp(z =7 +d) * [qj;;f_r};p) H', 7 <2<z, (12)
here,
posssn e o = S5 e o
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3 Results and discussions

For the four different MXene and graphene layers combinations, the SPR reflectance plots
were plotted for two different RI of 1.335 and 1.336 (Fig. 2). The RI alteration was taken
as 0.001.

Figure 2a indicates the SPR curves for the traditional SPR sensor design (i.e., for
M =0, G=0). The M and G here indicate the number of MXene and graphene layers.
The sensitivity computed for this traditional design is S = 123 deg/RIU—the SPR curve
shifts to a higher angle of incidence. Figure 2b indicates the SPR reflectance curve for
M =0, G = 1. The corresponding sensitivity value for this modified traditional design
computed is S = 124 deg/RIU. For the next cases of M = 1, G = 0 (shown in Fig. 2¢) and
M = 1,G = 1(shown in Fig. 2d), the values computed for sensitivity are 131 deg/RIU and
139 deg/RIU. The inclusion of both layers of MXene and graphene greatly improves the
sensitivity as compared to the traditional design.

3.1 Layer optimization

In the optimized layer, we get the minimum reflectance of 40 nm for Ag metal. Figure 3
shows the reflectance as a function of the angle of incidence plot. The different thicknesses
of silver metal taken here are 30 nm, 35 nm, 40 nm, 45 nm, and 50 nm for finding the

1.0
(a) (b) 10
3 038 S o0s -
s $=123 deg/RIU s $=124 deg/RIU
= =
£ 064 £ 06
3 ]
5 c
8 0.4 g 0.4
= —nRi=1335| @
& 02 NN [ [ RI=1.336 2 o2
s0=0123° ] M=0G=0 50=0.124 0,G=1
0.0 T T 0.0 r :
60 65 70 75 60 65 70 75
Angle of Incidence (deg) Angle of Incidence (deg)
(c) 10 (d)
- T 3
K S=131 deg/RIU K
= =
< 0.6 (3
Q Q
o o
c e
S 04 S
o (%)
2 2
b -
Q [}
& 0.2 (5
50=0.131 M=1,G=0
0.0 , : z : :
60 65 70 75 60 65 70 75
Angle of Incidence (deg) Angle of Incidence (deg)

Fig.2 The SPR curvesforaM =0,G=0,bM =0,G=1,cM=1,G=0,andd M =1,G=1
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Fig. 3 Reflectance plots for silver layer thickness (from 30 to 50 nm)

optimized metal layers thickness. Table 2 shows the corresponding minimum reflectance
values for different thicknesses of the silver metal layer.

The minimum reflectance value of 0.001 has been computed for the silver layer thick-
ness of 40 nm.

With variation in the number of MXene layers from O to 3 keeping the graphene layer
constant (equal to 1), the variation in SPR curve widths has been observed (Fig. 4a). The
width of the SPR curve increases with an increased angle of incidence. Figure 4b shows
the SPR curve variations for different graphene layers from O to 7. The value of minimum
reflectance increases rapidly with increasing the number of graphene layers taking a single
MXene layer (Table 3).

3.2 Glucose detection

Suppose the patient has diabetes and the glucose level in their urine changes. Similarly,
we must place biological urine samples on the surface of the graphene layer to detect glu-
cose levels in urine samples. The sensor would detect a refractive index increase due to
increased glucose concentration levels in urine samples by moving the SPR angle to the
right. Table 4 shows how the RI changes as the glucose concentration vary, determin-
ing a urine sample’s glucose levels. Figure 5 depicts the SPR curves for detecting glu-
cose in urine samples. As glucose concentration in urine samples rises, the refractive
index rises, causing an SPR angle shift. For RI change of 0.001, the maximum sensitivity

Table 2 Silver layer thickness

. . . Ag metal layer thickness Minimum
with corresponding minimum reflectance
reflectance

30 nm 0.205
35 nm 0.065
40 nm (optimized) 0.001
45 nm 0.033
50 nm 0.146
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Fig.4 Reflectance variation with increasing angle of incidence for a MXene layers variation O to 3, b gra-
phene layers variation from 0 to 7

Table 3 Detecting the levels of glucose using urine samples

Glucose concentration ~ RI ARI Ogpr Afspp(deg)  Min. Reflectance S (deg/RIU)
0—15 mg/dL 1.335 ref 70.118  ref 0.03305 ref
0.625 g/dL 1.336 0.001  70.249  0.131 0.03323 131
1.25 g/dL 1.337 ref 70375  0.126 0.03343 126
2.5¢g/dL 1.338 0.001 70.507  0.132 0.03363 132
5g/dL 1.341 ref 70.904  0.397 0.03429 132.33
10 g/dL 1.347 0.006 71.723 0.819 0.03592 136.5
Table 4 Performance parameters . _ _
computation of proposid SPR RI (S;:gs/lﬁrgg FWHM (deg)  QF (RIU™)  SNR (deg™)
sensor

1.335 123 3.35 36.6 0.298

1.336 131 3.37 38.7 0.296

1.337 126 3.39 37 0.294

1.338 132 341 38.6 0.293

1.341 13233 3.48 37.9 0.287

1.347 1365 3.64 37.4 0.274

calculated is 132 deg/RIU, minimum reflectance of 0.03305 has been observed. Next, for
0.006 RI change, the maximum value sensitivity calculated is 136.5 deg/RIU (for 10 g/L),
minimum reflectance of 0.03429 has been observed. For glucose concentration varia-
tion from 0 — 15 mg/dL to2.5 g/dL, the angle of incidence shifts to 70.507 Degree from
70.118 Degree for 0.001 RI variation. In a similar manner for RI change of 0.006, the angle
of incidence shifted to 71.723 Degree.

The output detector detects a change in SPR angle due to a change in glucose concentra-
tion, allowing the glucose level to be reliably detected in urine samples.
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Fig.5 Glucose level detection 1.0
with RI fluctuations in urine 0.9
samples
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The upcoming table, Table 4, gives the performance parameters computed for the

proposed sensor.

3.3 Field intensity plot

For the proposed SPR sensor design, the electric field intensity values for different
interfaces regarding the normal distance from the prism interface have been plotted in
Fig. 6. The electric field intensity is maximum at the last interface of the graphene layer.
This is due to the stronger excitation of surface plasmons at this interface.

A comparison is made with the earlier research in SPR sensors. This comparison has
been shown with the help of Table 5.

25 -

20 1 MXene layer

154

10 1

Electric Field intensity (X10°)

0 15 30 45 60 75 90 105 120
Normal Distance from Prism interface (nm)

Fig. 6 Electric field distribution for proposed SPR sensor
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Table 5 Comparison between the present sensor and earlier reported sensors

Design layers Operating wavelength QF SNR S References

Prism/Ag/MXene/ZnO/Graphene 633 nm 38.7 0.298 136.5 Proposed

Prism/ZnO/Ag/Au/BaTiO3/Gra-  632.8 nm 37.87 4.54 116.67 Mudgal et al. (2020a)
phene

Prism/ZnO/Au/MoS2/Graphene 632.8 nm 15.11 1.81 101.58 Kushwaha et al. (2018)

Prism/Au/MoS2/Graphene 633 nm 17.56 1.28 87.80 Rahman et al. (2017)

Prism/Ag/graphene 633 nm 5231 - 91.76 Maharana et al. (2013)

4 Conclusion

An SPR-based sensor has been proposed to measure the glucose concentration in human
urine samples. Glucose sensing is relied on measuring the urine sample’s RI. The
Kretschmann configuration using the attenuated total reflection principle is employed for
detection. The performance parameters such as sensitivity, FWHM, QF, and SNR have
been computed, showing the performance of the proposed structure. The observed values
for the proposed glucose detection SPR sensor for sensitivity, FWHM, QF, and SNR are
136.5 deg/RIU, 3.35 degree, 38.7 RIU!,0.298 degree — 1. These enhanced performance
parameters open the gate for this proposed design in sensing-based applications.
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