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Abstract

In the present work, a highly sensitive SPR biosensor based on silver (Ag), barium titanate (BaTiOs), graphene, and affinity layer
is proposed for the detection of Pseudomonas bacteria. The performance of this proposed sensor has been numerically studied
and analyzed for sensitivity, quality parameter, and detection accuracy. The proposed structure used attenuated total reflection
(ATR) approach based on the Kretschmann configuration for the investigation of performance parameters. The inclusion of the
BaTiO; layer along with the affinity layer shows the enhancement in the performance of the proposed structure for the detection
of Pseudomonas bacteria. A comparison of the proposed structure is drawn with contemporary surface plasmon resonance (SPR)
biosensors for the detection of Pseudomonas bacteria, and better performance was shown. This work reports that the maximum
sensitivity, quality parameter, and detection accuracy for the proposed sensor are 220 degree/RIU, 101.38 RIU™', and 7.09
respectively. Therefore, the proposed design finds its application in Pseudomonas bacterial detection as well as opens a new

window in the biosensing area.
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Introduction

The genus Pseudomonas is a pervasive opportunistic patho-
gen widely found in soil, water, and nature. Most of the
Pseudomonas species are saprophytic but some are linked
with humans. These Pseudomonas species are the major cause
of opportunistic infections in humans. The high fatality asso-
ciated with such infections is due to the weakened antibiotic
resistance, immune responses, and production of bacterial
exoenzymes. Contaminated water and food are the possible
ways of transmission of such bacteria [1-3]. A lot of research
has been done already for the detection of this opportunistic
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bacteria. The surface plasmon resonance (SPR)-based sensors
are increasing in demand in biosensing due to label-free sens-
ing. Some of the biosensors based on SPR are already avail-
able for the detection of Pseudomonas bacteria but the ad-
vancement is still a prerequisite for the researchers [4—6]. In
SPR-based biosensor, charge density oscillations of free elec-
trons are generated at the interface of metal-dielectric surface,
which are known as surface plasmons (SPs) and these can be
excited by an incident light beam. This gives the formation of
the evanescent wave that exponential decays along with the
interface of the metal-dielectric surface. This collective event
is known as surface plasmon resonance [7]. In recent years,
SPR-based biosensors have received global attention from the
wider scientific community due to their wide range of appli-
cations in the fields of biochemistry, environmental monitor-
ing, and medicine, etc. [8—10]. In conventional prism-based
SPR biosensor with a single metal, the sensitivity is low for
the angular interrogation method but higher sensitivity is the
ultimate goal of all researchers. Lately, SPR biosensors with a
hybrid configuration of materials have been seen in research
to improve the performance of SPR biosensors. These config-
urations of materials are the various combinations of metals
and dielectrics depending upon the applications of SPR bio-
sensors. In recent years, transition metal dichalcogenides
(TMDCs) 2D nanomaterials, such as molybdenum disulfide
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(MoS,), tungsten diselenide (WSe;), and tungsten disulfide
(WS), have been seen in SPR biosensing due to their remark-
able optical properties [11-13]. The bonding of Pseudomonas
with an affinity layer is an essential phenomenon for sensing.
A large number of Pseudomonas bacterial attachment over the
affinity layer was found for carbon sources toluene, nicotine,
etc., as well as hydrophobic plastic especially polyethylene,
Teflon, polystyrene, poly (ethylene terephthalate), etc., with
no or little surface charge, while a moderate amount of
Pseudomonas bacterial attachment to hydrophilic metals was
found with a positive surface charge for platinum or neutral
surface charge for germanium. Along with this, very little
bacterial attachment was found for hydrophilic, negatively
charged substrate (mica, glass, oxidized plastics) [14].
Lately, nanomaterials have been seen in emerging trends for
biosensing due to a large surface area to volume ratio.
Graphene is a nanomaterial of a single atomic layer, in which
sp>-hybridized carbon atoms are tightly packed in a 2D hon-
eycomb lattice structure. The physical and structural charac-
teristics of this material make graphene a promising
nanomaterial in the biosensing field. The large surface area
and strong interaction of 7t stacking with hexagonal cells show
a very high absorption capability of the graphene layer. This
makes graphene a suitable material for biomolecule adsorp-
tion [15—17]. The shifting of the resonance angle is a crucial
phenomenon in the SPR sensor for enhancing the sensor per-
formance. However, zinc oxide (ZnO) was utilized for im-
proving the sensor performance but the large full width half
maxima (FWHM) and the lower sensitivity are still major
concerns in these structures [18, 19]. Recently, BaTiO; with
remarkable properties, like low dielectric losses, high refrac-
tive index, and high dielectric constant, has been considered
for improvement in sensor performance for a small variation
of refractive index in sensing medium [20-22]. The dielectric
constant of metals plays a vital role in the selection of SPR
active metals. However, gold (Au) is preferred over Ag due to
high chemical stability and resistivity for oxidation but poor
molecule binding ability of the Au layer limits the perfor-
mance of the Au-based SPR sensor [12, 23, 24]. In the current
study, we have used a BaTiO; layer between the silver and
graphene layers: three affinity layers, namely nicotine, tolu-
ene, and poly (trifluoroethyl methacrylate) with graphene for
Pseudomonas detection in the proposed structure.

The proposed sensor structure with different affinity
layers may be suitable in the detection of other water-
contaminating bacteria Escherichia coli, Salmonella,
etc., but in the current study, we have focused on the
Pseudomonas bacterial detection. Various performance
parameters such as sensitivity, quality parameter, and
detection accuracy are obtained for the proposed struc-
ture to exhibit its performance.

This paper is structured as follows: section 2 gives the
design consideration and methodology of the proposed sensor
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structure. The result and discussion for the proposed structure
have been described in section 3. Section 4 gives the conclu-
sion of this work.

Structure Consideration and Methodology

The structure of the proposed biosensor is shown in Fig. 1a. In
our design, we have used a BK7 glass prism to couple light
and He-Ne laser of \ = 633 nm wavelength as a light source.
The value of the refractive index of BK7 glass prismis 1.5151
which can be calculated by the following relation [25]:

N 1.03961212)\2
A2—0.00600069867

npk7 = ( (1)
1
0.231792344\>

1.01046945)\2 )
A2—0.0200179144

+ +
A2-103.560653

The design consists of silver as a first layer having a thick-
ness (dag) of 50 nm grown on BK7 glass prism. The refractive
index of this layer is 0.056206 + 4.2776i [26].

The barium titanate is further deposited as the second
layer over the silver layer. The optimum value of the
thickness of this layer is dg,tio3 = 5 nm. The refractive
index of this layer is 2.4042 [27]. Further, the third layer
graphene having a thickness (dgraphene) Of 0.34 nm is de-
posited over barium titanate. The value of the refractive
indeX (Mgraphene) Of graphene can be obtained from the
following relation [28]:

C.
Ngraphene = 3+ Agl (2)

Where the value of constant C is 5.446 pum .

The detection mechanism involves the adsorption of
Pseudomonas bacteria on the surface of the graphene layer
with the help of the affinity layer. In our proposed SPR struc-
ture, the sensing medium is chosen as water having a refrac-
tive index of 1.33. The refractive index of the sensing medium
varies from 1.33 to 1.40 due to the presence of Pseudomonas
bacteria and this variation in the refractive index of the sensing
medium depends on the culture concentration and motility of
Pseudomonas bacteria [4]. The fourth layer is the affinity lay-
er. To detect Pseudomonas bacteria, we have considered af-
finity layers with three different values of refractive index, i.e.,
1.5265 (nicotine), 1.49368 (toluene), and 1.4370 [poly
(trifluoroethyl methacrylate)] [4]. The optimum thickness (d-
) of the affinity layer has been considered 3 nm. The opti-
mum thickness and refractive index of each layer are shown in
Table 1 for the proposed structure.
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Fig. 1 Structure of (a) proposed (a) (b)
Ag-BaTiO;-graphene-affinity
layer—based SPR biosensor; (b)
Ag-graphene-affinity layer—based Sensing medium Sensing medium
SPR biosensor :
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o Silver = -] %
= ) 2 =
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Figure 1b shows the SPR biosensor without the barium titanate
layer. All the parameters in this structure have the same values as in
the proposed SPR biosensor with the barium titanate layer.

In this article, the angular modulation approach has been
used for the study of the proposed structure. Here, we have
used the Fresnel multilayer reflection theory and transfer ma-
trix method to analyze the reflectivity of p— polarized incident
light wave. To excite surface plasmon, propagation constants
of p— polarized (TM wave) incident light (k;,) and surface
plasmon (kg,) should be equal. Mathematically [29]:

kin = ksp (3)

w . w Eméd
—/€or Gin:—1/7 4
c €prSIN \em + e ( )

Where ¢, is the dielectric permittivity of the prism, w is the
angular frequency, €, is the dielectric permittivity of metal,
0:n is the angle of the incident light, and e4is the dielectric
permittivity of the dielectric layer.

Here, all N layers are arranged in a stack along the z-axis.
For each layer, dielectric constant and thickness are &, and dj
respectively. Tangential field of the first boundary is at z =0
and the tangential field of the final boundary is at z = zy — ;.
Mathematically [30]:

Py Py
=M 5
=] ®
Where, P, and Py _ ; are the tangential fields of the electric field

at first layer boundary and N layer boundary respectively, V;
and V) _ | are the tangential fields of the magnetic field at first

layer boundary and N layer boundary respectively. For N-layer
structure, characteristic matrix (M) can be given as:

_ M M
M= (g, = [ ) ©
_ cosf3y, (~isinBy) /g
Where My = [—iqksinﬁk cosfy )
With, qr = (ex nlzsinzﬁl)l/2 e and

B, = 2% (c,—n,2sin?0,) "%, in which X is the incident light
wavelength and 6, is the angle of the incident light. Matrix
elements M, My,, M>,, and My, can be obtained by applying
transfer matrix method; the total reflection coefficient (r;,) for TM
wave (p— polarized light) can be given as:

_ g, (M11 + Mipqn)— (M2 + Mnqy)
P g (M +Mpay) + (M2 + Mpay)

(8)

And finally, reflectivity (R) for hybrid N-layer structure can
be expressed by:

R= 1“prp* = |”p|2 (9)

The performance of a sensor can be characterized mainly
for sensitivity, quality parameter, and sensor accuracy. The
sensitivity of the SPR biosensor can be specified for the angle,
phase, wavelength, and polarization or intensity modulation
[31, 32]. Angular sensitivity (Sg) of the SPR-based sensor can
be expressed in terms of resonance angle change (86,.s) and
refractive index change (dng). Mathematically [33]:

Table 1 Design parameters of

Refractive index of material Optimum thickness of material

materials used in the proposed S. No. Name of material
SPR biosensor at A =633 nm
1. Silver
2. Barium titanate
3. Graphene
4. Affinity layer

0.056206 +4.2776i 50 nm
2.4042 5 nm
3+1.1491061 0.34 nm
1.4370/1.49368/1.5265 3 nm
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Here, angular sensitivity is expressed in degree per RIU for
the angular modulation approach.

Quality parameter (Q) or figure of merit (FOM) for SPR-
based sensors can be given in terms of sensitivity and FWHM
as follows:

Se

Q= FWHM

(11)
It is usually expressed in (RIU ™).
Another important performance parameter of a sensor is
detection accuracy or signal to noise ratio (SNR). It can be

expressed in terms of resonance angle change (66,.) and
FWHM and can be written as:

6 eres

Detection accuracy = FWHM

(12)

FWHM can be obtained from the SPR curve where the
spectral width is at 50% reflection intensity.

@ Springer
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Result and Discussion

The proposed structure of SPR biosensor based on Ag-
BaTiOs5-graphene for Pseudomonas bacterial detection is

Table 2  Optimized values of thickness of the Ag and BaTiO; layer for
minimum reflectivity (R,;,) used in the proposed SPR biosensor

Thickness of Ag Thickness of Resonance Minimum

layer (da,) (nm) BaTiO; layer angle (fspr) reflectivity
(dBaTiOS) (nm) (degree) (Rmin)

40 0 67.79 0.1977

40 3 69.69 0.1856

40 5 71.19 0.176

40 7 73.09 0.1632

45 0 67.79 0.06421

45 3 69.69 0.05332

45 5 71.29 0.04697

45 7 73.19 0.03781

50 0 67.69 0.00458

50 3 69.69 0.001328

50 5 71.29 0.0003537

50 7 73.29 0.002

55 0 67.69 0.04074

55 3 69.69 0.04659

55 5 71.29 0.0528

55 7 73.29 0.06376
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shown in Fig. la. The performance analysis of the pro-
posed structure is based on numerical simulation. The
structure consists of optimum thicknesses of different

Resonance angle (degree)

Resonance angle (degree)

Resonance angle (degree)
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Fig. 3 Spectra of resonance angle variation with refractive index of the
proposed structure (symbol at red line) having thicknesses of dag =
50 nm, dggrio3 =5 nm, and dgraphene = 0.34 nm, and structure without
barium titanate (symbol at black line) having thicknesses of dx, =
50 nm, dgraphene = 0.34 nm, and sensing medium of refractive index
1.33 for (a) affinity layer of refractive index n,;=1.4370 [poly
(trifluoroethyl methacrylate)], (b) affinity layer of refractive index n,g¢=
1.49368 (toluene), (¢) affinity layer of refractive index n,p=1.5265
(nicotine)

layers as given in Table 1. Here, the thickness of each
layer in the proposed structure has been optimized for
the best performance of the sensor.
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Fig. 4 Reflection spectra of the proposed structure (dash line) having
thicknesses of da, =50 nm, dgarios =5 nm, and dgraphene = 0.34 nm,
and structure without BaTiOj; layer (solid line) having thicknesses of
dpg =50 nm and dgraphene = 0.34 nm and sensing medium of refractive
index 1.33 for (a) affinity layer of refractive index n,g=1.4370 [poly
(trifluoroethyl methacrylate)], (b) affinity layer of refractive index n,g¢=
1.49368 (toluene), and (c) affinity layer of refractive index n,;=1.5265
(nicotine)
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Table 3 Comparison of

performance parameters Refractive index

Without the BaTiOs layer

With BaTiO; layer

(sensitivity, quality parameter, of affinity layer

and detection accuracy) of the (1a50) Sensitivity Quality Detection  Sensitivity Quality Detection
proposed SPR biosensor with and (Sp) (degree/ parameter accuracy (Sp) (degree/ parameter accuracy
without the BaTiO5 layer RIU) (9) (D.A) RIU) (9) (D.A)
(RIUY RIU Y
1.4370 147.14 110.63 7.74 220 101.38 7.09
1.49368 150 110.29 7.72 214.28 96.52 6.75
1.5265 150 109.48 7.66 210 93.75 6.56

Initially, we have investigated the effect of the thickness of
both silver and barium titanate layers for minimum reflectivity
at a fixed wavelength of 633 nm. Figure 2a—d represent the
reflection spectra for different thicknesses for Ag and BaTiO3
layers and the variation of reflectivity with thickness. In Fig.
2a, we have considered the 40 nm thickness of the Ag layer
with 0 nm of BaTiO; layer (without BaTiO5 layer), 3 nm of
BaTiO; layer, 5 nm of BaTiOs layer, and 7 nm of BaTiO3
layer. Further, Fig. 2b shows the reflection intensity curve
for 45 nm thickness of the Ag layer with 0 nm of BaTiOs
layer (without BaTiO; layer), 3 nm of BaTiOs layer, 5 nm of
BaTiO; layer, and 7 nm of BaTiO; layer. Figure 2c gives the
reflection intensity curve for 50 nm of the Ag layer with 0 nm
of BaTiOj; layer (without BaTiOj3 layer), 3 nm of BaTiO;
layer, 5 nm of BaTiOj3 layer, and 7 nm of BaTiOj; layer while
Fig. 2d shows the reflectivity curve for 55 nm of the Ag layer
with 0 nm of BaTiOs layer (without BaTiO5 layer), 3 nm of
BaTiOs layer, 5 nm of BaTiOj3 layer, and 7 nm of BaTiO;
layer. In the proposed design while optimizing the Ag and
BaTiO; layers, the thickness of the graphene layer with sens-
ing medium water was kept constant at 0.34 nm in each case.
The value of the minimum reflectivity (R,;,) and resonance
angle in each case are shown in Table 2. In Fig. 2c, the value
of minimum reflectivity(R,;,) is 0.0003537, which is least
among all the cases as shown in Table 2. Hence, the optimum
values of thickness of the Ag layer and BaTiO5 layer are
50 nm and 5 nm respectively for the graphene layer of thick-
ness 0.34 nm and sensing medium 1.33.

Figure 1b represents the structure of the SPR biosensor
without the BaTiOj; layer. In Fig. 3a—c, the variation of reso-
nance angle with the change in concentration of Pseudomonas
bacteria for three different affinity layers is shown. In Fig. 3a,
the plot between the refractive index of the sensing medium
and resonance angle variation for [poly (trifluoroethyl meth-
acrylate)] affinity layer is shown. Here, resonance angles shift
from 67.99" to 71.69°, 69.19" to 73.19°, 70.49" to 74.79",
71.79" to 76.49°, 73.19" to 78.49", 76.39" to 84.09", and
78.29" to 87.09” for refractive indexes 1.33, 1.34, 1.35, 1.36,
1.37, 1.39, and 1.40 respectively. Figure 3b represents the
resonance angle variation with the refractive index change in
the sensing medium for the toluene affinity layer. Here, reso-
nance angle shifts have been observed from 68.19°
to 71.897, 69.39" to 73.39°, 70.59" to 74.99°, 71.99
to 76.79°, 73.39" to 78.89", 76.69" to 84.69", and 78.69°
to 87.09° for refractive indexes 1.33, 1.34, 1.35, 1.36, 1.37,
1.39, and 1.40 respectively. While in Fig. 3c, the resonance
angle shifts from 68.29° to 72.09°, 69.39" to 73.59", 70.69°
to 75.19°, 72.09" to 76.99°, 73.49" to 79.09°, 76.79"
t085.09°, and 78.79" to 86.79 have been observed for sensing
medium having refractive indexes 1.33, 1.34, 1.35, 1.36, 1.37,
1.39, and 1.40 respectively for nicotine affinity layer. Hence, it
is evident that the BaTiO; layer has a significant effect on
shifting resonance angle for different concentrations of
Pseudomonas bacteria.

Figure 4a—c show the plots of reflection spectra for the
proposed SPR biosensor and SPR biosensor without the

Table 4 Comparison of the

performance parameters Reference Refractive index Sensitivity Quality Detection accuracy
(sensitivity, quality parameter, of affinity layer (Se) (degree/RIU) parameter (Q)
and detection accuracy) of the () RIU™)
proposed SPR biosensor with
relevant work This work 1.4370 220 101.38 7.09
1.49368 214.28 96.52 6.75
1.5265 210 93.75 6.56
[4] 1.4370 187.43 29.33 2.05
1.49368 186 28.66 2.00
1.5265 184.6 28.17 1.97
[5] 1.4370 38.4945 28.5144 1.9960
1.49368 38.74843 28.2835 1.9798
1.5265 38.88757 28.1793 1.97
[6] 1.4370 33.98 2.7802 0.2987
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BaTiO; layer for three different affinity layers. Here, we have
considered three refractive indexes 1.33, 1.37, and 1.40 of
sensing medium.

In Fig. 4a, the reflection spectra for the affinity layer [poly
(trifluoroethyl methacrylate)] are shown. Resonance dips are
observed at 71.69°, 78.49°, and 87.09° for the proposed bio-
sensor. The value of FWHM for the proposed SPR sensor has
been obtained (2.17). From this observation, sensitivity, qual-
ity parameter, and detection accuracy of the proposed biosen-
sor for affinity layer [poly (trifluoroethyl methacrylate)] are
obtained as 220 degree/RIU, 101.38 RIU!, and 7.09 respec-
tively. For SPR biosensor without BaTiO; layer, resonance
dips are observed at 67.99°, 73.19°, and 78.29". Sensitivity,
quality parameter, and detection accuracy for SPR biosensor
without BaTiOj3 layer have been obtained 147.14 degree/RIU,
110.63 RIU', and 7.74 respectively.

In the second case, the reflection spectra for the toluene affin-
ity layer are shown in Fig. 4b. For this affinity layer in the pro-
posed SPR biosensor, FWHM is 2.22 and resonance dips are
observed at 71.89°, 78.89", and 86.89 . Sensitivity, quality param-
eter, and detection accuracy are obtained as 214.28 degree/RIU,
96.52 RIU ', and 6.75 respectively. For SPR biosensor without
BaTiOj layer, resonance dips are observed at an-
gles 68.19°, 73.39, and 78.69 . Sensitivity, quality parameter,
and detection accuracy for this structure have been calculated
150 degree/RIU, 110.29 RIU ', and 7.72 respectively.

Further, in the last case, the affinity layer of nicotine has been
considered in the proposed SPR biosensor structure. The plot of
reflection spectra for this structure is shown in Fig. 4c. For this
layer in the proposed SPR biosensor structure, the value of
FWHM is 2.24 and reflection dips have been observed at an-
gles 72.09°, 79.09°, and 86.79". Sensitivity, quality parameter,
and detection accuracy are obtained as 210 degree/RIU,
93.75 RIU, and 6.56 respectively. For SPR biosensor without
BaTiO; layer, resonance dips are observed at angles 68.29,
73.49", and 78.79". Sensitivity, quality parameter, and detection
accuracy for this structure was found 150 degree/RIU,
109.48 RIU ', and 7.66 respectively. We have concluded that
poly (trifluoroethyl methacrylate) affinity layer shall provide the
maximum sensitivity while matching the requisite index varia-
tion showing the presence of such bacteria.

The performance parameters of the proposed sensor and
the SPR sensor without the BaTiO3 layer have been compared
and are given in Table 3. Furthermore, we have compared the
performance parameters of the proposed sensor structure with
other previously related work, which is shown in Table 4.

We have also investigated the performance of the proposed
sensor with the increasing number of the graphene layer. For
this, we have plotted the reflectivity curve for the increasing
number of graphene layers. Figure 5 shows that when we
increase the number of graphene layers for three different
affinity layers, the minimum reflection intensity increases. It
is also clear from the given plot that the minimum reflectivity

.
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—=— affinity layer n g = 1.4370

S
>
T

—e— affinity layer n, ¢ = 1.49368
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e
w

Minimum reflectivity in resonance curve

1 1 1 1 1 1
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Number of graphene layer

g
o

o
-
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Fig. 5 Plot of minimum reflectivity with number of graphene layer with
thickness of da, =50 nm, dgatios =5 nm, dgraphene = 0.34 nm
(monolayer), and d,¢ = 3 nm and sensing medium of refractive index 1.33

is high without considering the graphene layer. Hence, mono-
layer of graphene can be the best choice for the absorption of
Pseudomonas bacteria with affinity layer.

Meanwhile, to see the effect of thickness of the affinity
layer on the performance of the sensor, we have also plotted
the shift of resonance angle for different values of thickness of
the affinity layer as shown in Fig. 6. It shows the maximum
shift in resonance angle for 3 nm thickness of different affinity
layers. The maximum resonance angle shift for [poly
(trifluoroethyl methacrylate)] affinity layer, toluene affinity
layer, and nicotine affinity layer are found to be at 15.40°,
15", and 14.70° respectively. Hence, affinity layer of 3 nm is
considered for the absorption of Pseudomonas bacteria with
the help of the monolayer of graphene.

-
S
T

-
N
T

-
o
T

©
T

Shift in resonance angle (degree)

6 | | Affinity layer refractive index
—=—1.4370
4L | —®1.49368
—— 1.5265
2 |
1 1 1 1 1 1 1 1
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Affinity layer thickness (nm)

Fig. 6 Plot of the shift in resonance angle as a function of the thickness of
affinity layer with thicknesses of dxz = 50 nm, dgario3 = 5 N, dgraphene =

0.34 nm (monolayer), dr= 3 nm, 13 nm, and 23 nm, and refractive index
change from 1.33 to 1.40
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Therefore, our proposed SPR biosensor demonstrates en-
hanced performance in comparison with previously reported
work summarized in Table 4.

Conclusion

Our work demonstrates the improved performance in terms of
sensitivity, quality parameter, and detection accuracy with the
proposed Ag-BaTiOs-graphene-affinity layer—based SPR bio-
sensor. Here, the barium titanate layer, having low dielectric
losses and high dielectric constant, has been placed between
silver and graphene layers. It is found that graphene with
barium titanate enhances the performance when compared
with other sensors without the barium titanate layer.
Maximum sensitivity, quality parameter, and detection accu-
racy for this proposed structure are obtained as 220 degree/
RIU, 101.38 RIU ', and 7.09 respectively for change in the
refractive index of the sensing medium from n = 1.33 to 1.40.
This design effectively finds its application in the detection of
Pseudomonas bacteria and may be useful for sensing in a
series of biological analytes.
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