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Abstract: In this paper, a graphene-coated surface plasmon resonance sensor is designed for the 
examination of Rodent urine which is responsible for Leptospirosis bacteria. Rodent urine is 
considered as sensing medium. Graphene surface is activated by phosphate-buffered saline solution 
for better attachment of Leptospirosis bacteria on its surface. Oliguria and Polyuria are the Rodent 
urine with high and low concentrations of Leptospirosis bacteria, respectively. The transfer matrix 
method is used for the formulation of reflection intensity of p-polarized light. The reflectance curves 
for angular interrogation are plotted and the results are obtained in terms of sensitivity, detection 
accuracy, and quality factor. The significantly high sensitivity and detection accuracy for Oliguria 
distinguishes it from Polyuria having lower sensitivity. 
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1. Introduction 

Leptospirosis is widely spread zoonosis in the 

world. Leptospirosis caused by spirochetes belongs 

to Leptospira genus which is sub-classified in 

pathogenic and saprophytic species 

(chemoheterotrophic in nature). Leptospira is thin, 

having long spiral-shaped (screw shape) cell, with 

length of 6 µm–20 µm and diameter of 0.09 µm– 

3.00 µm. Leptospira has surface features of both 

Gram-negative bacteria [1]. Leptospirosis is 

transmitted to human by either directly infected 

animal’s urine of skunks, raccoons, foxes (often 

Rodents’ urine) or indirectly by contaminated water 

and soil [2]. This Leptospirosis is responsible for 

diseases in humans like mild flu, yellow fever, 

hepatic failure, hemorrhage, and infection in 

pulmonary track which can lead to death [3]. The 

developing countries are mostly affected by these 

diseases; millions cases are reported yearly. 

Approximately 1.03 million cases out of which   

58 900 deaths worldwide due to Leptospirosis were 

reported [4]. Various traditional laboratory 

diagnoses of Leptospirosis bacteria under the 

Received: 27 August 2019 / Revised: 03 April 2020 
© The Author(s) 2020. This article is published with open access at Springerlink.com 
DOI: 10.1007/s13320-020-0587-0 
Article type: Regular 



                                                                                             Photonic Sensors 

 

306

categories; microscopy, serology (antibody and 

antigen), and molecular were reported by S. N. 

Ahmed et al. [5]. These traditional methods are slow, 

non-repeatable, requiring large sample, complex, 

and having low sensitivities [5]. In contrast, the 

surface plasmon resonance (SPR) sensor is a 

label-free detection technique in real-time. The SPR 

sensor has capability to detect the presence of single 

biomolecule with high sensitivity. In addition, this 

technique is fast and repeatable. This SPR sensor 

has various applications in industries, mines, food 

safety, medicine investigation, materials synthesis, 

etc. [6, 7]. Further, the SPR sensor is also used for 

the study of interaction between different bio species, 

e.g., nucleic acid, antibodies, bacteria, and fungi.  

The SPR sensor was first configured by H. 

Reather and E. Kretschmann in 1968 and coined as 

Kretschmann configuration [8]. In this configuration, 

a thin film of plasmonic metal like gold is directly 

deposited on the dielectric, such as glass substrate. 

Otto’s configuration of the SPR sensor, 

contemporary of Kretschmann configuration, was 

not popular just because of maintaining a thin air 

gap between plasmonic metal and a dielectric 

substrate. Further, in 1983, B. Liedberg et al. [9] 

utilized this Kretschmann configuration as SPR 

biosensor for the detection of gas.  

Primary plasmonic metals to generate surface 

plasmons are gold, silver, copper, aluminum, 

sodium, and indium [10]. Indium is very expensive, 

sodium is reactive, and silver, copper, and aluminum 

are much oxidizable. In contrast, gold is the best 

choice as plasmonic metal. But, as far as the 

performance of the SPR sensor is concerned, silver 

has moderate sensitivity with the highest detection 

accuracy and quality factor, and copper has the 

highest sensitivity [10]. Hence, silver can be the best 

plasmonic metal provided that it should be protected 

from oxidation and corrosion.  

Immobilization of antibody/antigen for 

Leptospirosis on the bare plasmonic metal is not 

very useful [11]. There should be some material 

which has higher affinity towards plasmonic metal 

as well as antibody/antigen for Leptospirosis. Also, 

plasmonic metals must be protected from oxidation 

and corrosion. Graphene is chemical inert in nature 

[12] and can easily be attached on the plasmonic 

metal, and it can also bind the carbon ring of 

biomolecule through pi-stacking property [13]. Also, 

graphene on plasmonic metal has higher sensitivity 

than bare plasmonic metals [14, 15]. In addition, 

graphene improves the confinement, propagation 

distance, and electrostatic tunability by enhancing 

the light-matter interaction [16, 17]. The phosphate 

buffered saline (PBS) solution will impact the final 

refractive index increases and help in hydrating the 

bacteria deposited on the biosensor layer [18]. 

It is reported that bacteria have higher affinity 

towards hydrophobic surfaces [19]. In addition, 

hydrophobic surfaces adsorb the bacteria faster with 

stronger forces. It is worth noting here that the 

hydrophobic nature of graphene surface depends 

upon the production method and oxide related 

functional groups [20]. However, the pristine 

graphene surface is a kind of hydrophobic surface. 

Therefore, it is believed that Leptospirosis bacteria 

can easily be adsorbed on the graphene surface. 

Further, this attachment may depend upon the 

orientation of graphene surface with respect to 

bacteria [20]. The morphological study shows that 

Leptospira have unique hook type structure at both 

ends [1]. Therefore, the highly conformal and 

flexible encasement of graphene may trap the 

Leptospirosis bacteria which could play a major role 

in the selectivity of the proposed sensor. In this 

paper, the different refractive indices corresponding 

to different concentrations of Leptospirosis bacteria 

in the Rodents contaminated urine have been studied. 

The design parameters, mathematical formulation, 

and performance parameters are defined in Section 2. 

Results are discussed in Section 3. The paper ends 

with a remarkable conclusion and referencing. 
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2. Theory and numerical formulation 

2.1 Sensor structure and design parameters 

The schematic diagram of the 

nanomaterial-based SPR sensor structure is 

presented in Fig. 1. Here, silver is considered as 

plasmonic metal. Silver is covered with graphene to 

protect it from oxidation and high affinity towards 

Leptospirosis. Then PBS is poured on the graphene 

surface to improve the attachment of Leptospirosis. 

The sensing medium is Rodent urine kept over the 

PBS solution. At the operating wavelength 633 nm, 

the refractive indices of BK-7 prism, silver, 

Graphene, and PBS solution are 1.515 1 [21],  

0.156 77+3.804 5i [22], 3+1.1491 06i [21], and 1.334 

[22], respectively. The refractive index (RI) of 

sensing medium (ns) is considered to vary from 1.33 

(pure water) to polyuria (water volume more than 

Rodent urine), and oliguria (water volume less the 

Rodent urine). Ten samples of Polyuria and nine 

samples of Oliguria whose refractive indices were 

calculated by Y. F. Kitagawa et al. [23] are 

considered for sensing medium and listed in Table 1. 

Each of these samples for Polyuria and Oliguria is 

collected from different rodents. The thicknesses of 

silver, Graphene, PBS solution are 52 nm, 0.34 nm, 

and 3 nm, respectively.  
 

 

52 nm

0.34 nm

3 nm 

 
Sensing medium 

(Contain Leptospirosis bacteria) 

Silver, n2=0.156 77+3.804 5i 

Graphene, n3=3+1.149 106i 

PBS solution, n4=1.334 

n1=1.515 1 BK7 

Prism 

Incident beam 

p-Polarized 

Reflected beam

 
Fig. 1 Kretschmann configuration-based prism coupled SPR 

sensor. 

2.2 Principle of operation 

To obtain the condition of resonance, a 633 nm 

wavelength of He-Ne p-polarized laser source is 

used to focus on the lateral plane of a glass prism. 

After that light is directed on the thin deposited 

silver film. By the principle of attenuated total 

reflection (ATR), evanescent field excites the 

plasmons at the silver surface. After achieving the 

resonance condition, a surface plasmon wave (SPW) 

starts to propagate at the metal/dielectric interface. 

This resonance condition can be achieved by 

matching the wave vector of incident light with that 

of the SPW. The wave vector of incident can be 

varied by varying the incident angle [6]. The angle 

at which resonance condition is achieved is known 

as resonance angle. The resonance condition is 

always obtained at angle greater than critical angle 

{c=sin–1 (nc/nprism)}, i.e., res> c. This SPW is 

highly sensitive to the change in refractive index 

near the interface. Hence, any change in refractive 

index due to absorption or adsorption disturbs the 

resonance condition which can be again achieved by 

changing the incident angle. The shift in resonance 

angle is an important parameter to define the 

sensitivity of the sensor. This change is captured by 

the SPR setup containing a photo-detector and a 

lock-in amplifier to plot the SPR curve known as 

reflectance curve.  

2.3 Numerical modeling of reflectivity (R) 

The reflectivity is calculated by the N-layer 

matrix method. We consider dk as a thickness of 

layer along z-plane. The materials used for sensor 

have dielectric constant and RI, which are 

represented as k and nk, respectively. By using the 

boundary condition, the tangential fields along first 

boundary, Z=Z1=0 are presented in terms of the 

tangential fields of the last boundary Z=ZN1 as 

follows:  
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Table 1 Performance parameters for different rats of Polyuria and Oliguria category presented by Y. F. Kitagawa et al. [23]. 

Rat 

No. 

Water 

(ml) 

Urine 

(ml) 

Refractive 

index (RI) 

Resonance 

angle (θres) 
Rmin FWHM nc Δθres 

Sensitivity 

(Sn) 

Detection 

accuracy (Da) 

Quality factor

(QF) 

Pure water 

- - - 1.33 69.505 2 0.031 3.079 1 - - - - - 

Polyuria 

1 164 136 1.333 7 69.981 9 0.031 6 3.150 7 0.003 7 0.476 7 128.837 8 0.151 3 40.891 8 

2 126 104 1.334 1 70.034 0 0.031 7 3.158 1 0.004 1 0.528 8 128.975 6 0.167 4 40.839 6 

3 114 102 1.334 2 70.047 2 0.031 8 3.160 4 0.004 2 0.542 0 129.047 6 0.171 5 40.832 7 

5 64 57 1.334 4 70.073 6 0.0318 3.164 4 0.004 4 0.568 4 129.181 8 0.179 6 40.823 5 

4 88 63 1.334 5 70.086 8 0.031 8 3.166 2 0.004 5 0.581 6 129.244 4 0.183 6 40.820 1 

6 62 38 1.335 1 70.165 2 0.031 9 3.177 6 0.005 1 0.660 0 129.411 8 0.207 7 40.726 3 

7 50 41 1.335 3 70.191 6 0.032 0 3.182 2 0.005 3 0.686 4 129.509 4 0.215 7 40.698 1 

10 38 32 1.335 5 70.218 0 0.032 0 3.186 2 0.005 5 0.712 8 129.600 0 0.223 7 40.675 4 

8 40 19 1.336 5 70.350 3 0.032 2 3.205 7 0.006 5 0.845 1 130.015 4 0.263 6 40.557 6 

9 40 21 1.337 5 70.483 2 0.032 5 3.226 3 0.007 5 0.978 0 130.400 0 0.303 1 40.417 8 

Oliguria 

107 8 11 1.339 2 70.711 3 0.032 9 3.261 3 0.009 2 1.206 1 131.097 8 0.369 0 40.198 0 

108 10 14 1.340 1 70.832 7 0.033 1 3.280 2 0.010 1 1.327 5 131.435 6 0.404 7 40.069 4 

109 10 12 1.340 6 70.900 9 0.033 3 3.289 9 0.010 6 1.395 7 131.669 8 0.424 2 40.022 4 

105 6 13 1.340 9 70.941 6 0.033 4 3.296 8 0.010 9 1.436 4 131.779 8 0.435 7 39.972 0 

103 4 9 1.341 0 70.955 4 0.033 4 3.299 1 0.011 0 1.450 2 131.836 4 0.439 5 39.961 3 

104 6 4 1.342 3 71.133 5 0.033 8 3.326 0 0.012 3 1.628 3 132.382 1 0.489 5 39.802 2 

102 4 6 1.344 5 71.438 9 0.034 4 3.373 0 0.014 5 1.933 7 133.358 6 0.573 2 39.537 1 

106 8 8 1.344 9 71.495 1 0.034 6 3.382 2 0.014 9 1.989 9 133.550 3 0.588 3 39.486 2 

101 2 4 1.347 0 71.791 9 0.035 3 3.428 6 0.017 0 2.286 7 134.511 8 0.666 9 39.232 3 

 

where V1 and W1 represent the tangential component 

of electric and magnetic fields at the first boundary, 

respectively, and VN1 and WN1 are the 

corresponding fields at the (N1)th boundary. Xij 

denotes the characteristic transfer matrix that can be 

obtained through the following 22 matrix of the 

complete sensor structure excited by p-polarized 

light: 
1
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          (5) 

where βk and qk represent the phase constant and 

transfer refractive index of the kth layer, 

respectively. θ1 denotes the incident angle with 

respect to the normal to the first layer and n1 denotes 

the RI of the first layer. By using the above 

mathematical equation, the reflection coefficient (rp) 

is calculated as 

11 12 1 21 22

11 12 1 21 22

( ) ( )

( ) ( )
N N

p
N N

X X q q X X q
r

X X q q X X q

  


  
    (6) 

The magnitude of the reflection intensity (Rp) of 

the defined multilayer configuration is given as 

2

p pR r               (7) 
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2.4 Performance parameters calculated for the 
proposed SPR sensor 

The performance of the SPR sensor can be 

measured by three parameters viz sensitivity, 

detection accuracy, and quality factor. Sensitivity Sn 

is the ratio of a shift in resonance angle to es 

corresponding to the change in refractive index of 

the sensing medium ns 

res
n

s

S
n





 (unit: deg. /RIU)      (8) 

Detection accuracy (DA), also known as 
resolution, defines the exactness of measured signal. 

It depends upon the accuracy of measurement of 
resonance angle which is limited by system noise 
[24]. It can be formulated as the ratio of a shift in 

resonance angle to the beam width of SPR curve. 
This beam width can be measured as full width at 
half maxima (FWHM) [25]. Narrower FWHM 

results to a higher detection accuracy which 
provides exact calculation of resonance angle. 

resDA
FWHM


  (unit less quantity)  (9) 

Quality factor (QF) is the ratio of sensitivity to 

FWHM of SPR sensor. 

n
F

S
Q

FWHM
  (unit: RIU–1)    (10) 

To obtain high performance of any sensors, all 

of the three parameters, i.e., Sn, DA, and QF should 

be as high as possible. 

3. Results and discussion 

Leptospirosis bacteria presented in Rodent urine 

can be immobilized on the graphene surface by the 

enhanced attachment through PBS solution. These 

immobilized Leptospirosis change the molar 

concentration of solution (PBS) which again change 

the RI of sensing medium. The change in RI will 

affect the propagation constant of surface plasmons 

waves resulting in a disturbance in the resonance 

condition, which can be further achieved at different 

angles of incidence. Thus, to detect the presence of 

Leptospirosis bacteria, angular interrogation is 

adapted. 
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Fig. 2 Reflection intensity vs incident angle, i.e., SPR curves 

are plotted for different sensing medium refractive indices with 
respect to pure water: (a) Polyuria and (b) Oliguria. 

The reflection intensity is varied by the incident 
angle at different refractive indices under Polyuria 
and Oliguria in Figs. 2(a) and 2(b), respectively. The 
obtained reflectance curves are of desired pattern 
and shape. The critical angle corresponding to pure 
water can be calculated as c= sin‒1 (nc/nprism), i.e., 
61.38°. It can be easily observed from these figures 
and Table 1 that the resonance angles of all the 
reflectance curves are higher than the critical angle, 
i.e., res>c, which is primary requirement of surface 
plasmon resonance. It can also be observed that the 
reflection intensity is minimum at these resonance 
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angles, which justifies that the maximum intensity is 
utilized to generate the surface plasmons [26]. The 
refractive indices of different Rodent urine samples 
under Polyuria and Oliguria are arranged in an 
increasing order in Table 1. The resonance angle 
increases with an increase in the refractive index of 
Rodent urine. All the resonance shifts are measured 
with respect to the resonance angle of pure water. 
Higher change in concentration near the graphene 
surface with respect to pure water due to the 
adsorption of Leptospirosis bacteria changes the 
resonance condition with higher amount. This high 
change in resonance condition needs a significant 
change in an incident angle to achieve the resonance 
condition. This can be easily seen from Figs. 2(a) 
and 2(b) and Table 1 that as the refractive index of 
Rodent urine increases, the shift in the resonance 
angle increases. Therefore, higher concentration of 
Rodent urine in Oliguria justifies the higher 
resonance angle shift of Oliguria with respect to 
Polyuria (See Table 1). As the refractive index 
increases near the graphene surface, the surface 
plasmons starts to damp. This damping increases 
with a further increase in the refractive index [27]. 
This plasmon damping is responsible for broadening 
and shallowing of reflectance curves which can be 
easily observed from Figs. 2(a) and 2(b). The 
FWHM and Rmin increase with a refractive index 
(see Table 1) just because of the broadening and 
shallowing of reflectance curves due to plasmon 
damping. From Table 1, it can be noted that Rmin 
varies from 0.031 6 to 0.032 5 for Polyuria and from 
0.032 9 to 0.035 3 for Oliguria, and FWHM varies 
from 3.150 7 to 3.226 3 for Polyuria and from  
3.261 3 to 3.428 6 for Oliguria. It can be calculated 
that the changes in Rmin are 0.000 9 and 0.002 4 for 
Polyuria and Oliguria, respectively, which are very 
low. 

Further, the changes in FWHM are 0.075 6 and 
0.167 3 for Polyuria and Oliguria, respectively, 
which are not negligible. Hence, the Rmin is not 
significantly affected by change in refractive index, 
whereas FWHM is affected. Although an increase in 
FWHM is significant, these reflectance curves are 

considered for the measurement of resonance angle. 
Based on reflectance curves obtained at different 

refractive indices under Polyuria and Oliguria in 

Figs. 2(a) and 2(b), performance parameters, i.e., 
sensitivity, detection accuracy, and quality factors, 
are plotted in Figs. 3(a) ‒ 3(c), respectively. The 

vertical dashed black line in Figs. 3(a) ‒3(c) defines 
the boundary between refractive indices of Polyuria 
and Oliguria. Leftward to this vertical line, the 

refractive index corresponds to Polyuria whereas 
rightward is Oliguria. It can be seen from Table 1 
that the shift in the resonance angle increases with 

the refractive index of Rodent urine, and according 
to (8), the sensitivity is directly proportional to the 
change in the resonance angle, hence the sensitivity 

increases monotonically with an increase in the 
refractive index of Rodent urine which can be 
clearly observed from Fig. 3(a) and Table 1. It can be 

seen from Table 1 that the sensitivity corresponding 
to Oliguria varies from 131.097 8 (deg./RIU) to 
134.511 8 (deg./RIU) whereas for Polyuria varies 

from 128.837 8 (deg./RIU) to 130.40 (deg./RIU). 
Hence, it can be concluded that the sensitivity for 
Oliguria is much higher than that for Polyuria. It can 

be easily calculated from Table-1 that the change in 
res is higher than that in FWHM, corresponding to 
any change in the refractive index of Rodent urine 

ns. Thus, according to (9), the detection accuracy 
monotonically increases with the refractive index of 
Rodent urine which can be observed from Fig. 3(b) 

and Table 1. It can be seen from Table 1 that the 
detection accuracy corresponding to Oliguria varies 
from 0.3698 2 to 0.588 3 whereas for Polyuria varies 

from 0.151 3 to 0.303 1. Hence, it can be concluded 
that the detection accuracy for Oliguria is much 
higher than that for Polyuria. From (8)‒(10), the 

quality factor can be defined as the ratio of detection 
accuracy to the corresponding change in refractive 
index of Rodent urine. Also, from Table 1 it can be 

calculated that change in detection accuracy is lower 
than that in ns. Therefore, the quality factor 
decreases monotonically with the refractive index of 

Rodent urine. It can be seen from Table 1 that the 
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quality factor corresponding to Oliguria varies from 
40.198 to 39.232 3 whereas for Polyuria varies from 
40.891 8 to 40.417 8. Hence, it can be concluded that 
the quality factor for Oliguria is lower than that for 

Polyuria. Further, it has been already shown in the 
previous articles of our research group that the 
sensitivity, detection accuracy, and quality factor 

degrade with the increasing chemical potential of 
graphene and are almost constant with the 
temperature [28, 29]. 
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Fig. 3 Variation of performance parameters with respect to 

different sensing medium refractive indices under pure water, 
Polyuria, and Oliguria: (a) sensitivity, (b) detection accuracy, 
and (c) quality factor. 

 

100 50 0 50 100 150 200 250

Distance normal to the interface (nm) 

0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 T
M

 e
le

ct
ri

c 
fi

el
d 

in
te

ns
it

y 

P
ri

sm
 

S
il

ve
r 

P
B

S 

G
ra

ph
en

e 

S
en

si
ng

 m
ed

iu
m

 

 
Fig. 4 Transfer magnetic (TM) electric field intensity as the 

function of distance normal to interface of a different layer. 

The distribution of normalized electric field in 

different layers of proposed sensor is obtained by 

plotting TM electric field at 1.33 refractive index of 

sensing medium. Here, the electric field in a 

particular layer is normalized with respect to the 

maximum electric field in that layer. Increasing the 

electric field signifies the excitation of surface 

plasmons [26]. The resonance condition is achieved 

at the maximum electric field at silver/sensing 

medium interface. Graphene decreases the electric 

field inside it due to which surface plasmons gets 

damped. It can be seen from Fig. 4 that the electric 

field decreases exponentially in the sensing medium. 

The penetration depth in the sensing medium can be 

calculated as distance covered in the sensing 

medium from the maximum electrical field to the 

1/e of the maximum electric field. The obtained 

penetration depth is 76 nm. High penetration depth 

signifies the high sensing volume for interaction 

with Leptospirosis bacteria or any other antigen 

[30].  

4. Conclusions 

The proposed Graphene-based SPR sensor is 

analyzed theoretically and numerically for the 

detection of Leptospirosis bacteria in the Rodent 

urine. The sensitivity and detection accuracy 

increase whereas the quality factor decreases with an 

increase in the refractive index of Rodent urine just 

because of an increase in Leptospirosis bacteria. It is 
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believed that the proposed sensor can be utilized for 

the early detection of diseases related to 

Leptospirosis bacteria with high sensitivity and 

accuracy.  
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