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ABSTRACT

Article History In this paper, we compare the sensitivity of graphene-MoS2 based surface plasmon
E;:;‘ezdz j‘fj Bﬁfaerl;k;chims resonance (SPR) biosensor to graphene based SPR biosensor. Here, graphene is used as
Accepted: 4 March 2019 biomolecular recognition element (BRE) because of its high adsorption ability and
Published: 29 March 2019 optical characteristics which helps to improve sensor sensitivity, on the other hand

d MoS2 is used for it has larger band gap, high fluroscence quenching ability, higher
}Ig(R(i‘ywor S optical absorption efficiency which improves further sensor sensitivity. In DNA
DNA hybridization event, numerically achieved results show that single layer of graphene-
::{iimit MoS2 based SPR biosensor is 175% more sensitive than single layer of graphene coated
Grapheney SPR biosensor. Surface plasmon resonance angle and spectrum of reflected power are
]T/Il\fgc numerically investigated for different concentrated complementary DNA strands. The

variations of SPR angle is significantly computable for complementary DNA strands
whereas these parameters are varied negligibly for mismatched DNA strands. Thus the
proposed sensor effectively differentiates hybridization and single nucleotide
polymorphisms (SNP) by examining the level of changes in SPR angle and reflected
power spectrum.

Contribution/Originality: This study is one of very few studies which have investigated numerically the
performance parameters in terms of sensitivity with adding only graphene and other hand adding graphene with

MoS2 layers based surface plasmon resonance biosensor.

1. INTRODUCTION

Deoxyribonucleic acid or DNA is a long biomolecule composed of matchless genetic instructions for an
organism requires building up, being alive, and reproducing. DNA hybridization commonly indicates a
biomolecular method that estimates the level of genetic relationship between pools of DNA sequences to obtain the
genetic gap between two organisms. This bio technology is being used to catch information of DNA molecular
bonding by which more than 400 diseases are directly diagnosable and the number is cumulating day by day [17].

Now a day, Surface Plasmon Resonance (SPR) is broadly being used for detecting biomolecular interactions
such as DNA hybridization [27. Actually, SPR technology is now browbeaten applications in all sides of
bioimaging and biosensing. This wide use of SPR technology in current biosensors is because of its good sensing
capability, compactness, light weight, ease of multiplexing and reliability not only for DNA hybridization [3-57 but
also for other biosensing applications such as enzyme detection [67 protein-protein hybridization [77] protein-
DNA hybridization [8, 97 enzyme-substrate or inhibitor hybridization [8, 107 lipid membrane-protein
hybridization [11, 127 cell or virus-protein hybridization [13, 147 and so forth. For the excitation of the surface
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plasmons (SPs) at the metal-dielectric interface, the electrons in the conduction band of SPR active metal must be
able to resonate with the incident light of particular wavelength [157]. SPR based prism biosensor has many
advantages such as compactness, light weight, high sensitivity, ease of multiplexing and remote sensing and
mechanical flexibility So such sensor allows the miniaturization and the chemical or biological sensing [167; [17].

For SPR biosensor, a thin metallic film (Au or Ag) is coated around base to separate the sensing medium and
the dielectric. Gold film is normally preferred due to its good resistance to oxidation and corrosion in different
circumstances. However, for gold based SPR biosensor, biomolecules absorbed poorly on gold, limiting the
sensitivity Silver (Ag) coated SPR sensor produces a higher sensitivity than a gold coated SPR sensor but silver is
highly susceptible to oxidation [187]. In order to improve the sensitivity of this kind of biosensor, lots of techniques
including metal nano-particles and nano-holes [197; [207 and colloidal gold nano-particles in buffered solution
[217] etc., have been proposed.

Graphene is a 2D nanomaterial which is extensively used due to its superior optical, mechanical and electrical
properties, such as high surface to volume ratio, high electron mobility, and stable structure [22, 237. Graphene-
on-Au (111) has been proposed and fabricated very recently, which is shown to detect DNA hybridization in ref
[177]. Unlike graphene, other 2D materials that belongs to the transition-metal dichalcogenide (TMDC) such as
molybdenum disulphide (MoS2) which is analogous in structure to graphene, has taken great attentions for its
ultra-thin direct thickness-dependent bandgap of 1.3-1.9eV and semiconductor nature and is therefore promising
for designing SPR biosensor of superior sensitivity [247]. This material is already being used in field effect
transistor (FET) producing very high charge mobility [257. The sensitivity of the quantum-confinement-incurred
direct band gap in MoS2 enables the high sensitive detection of bio targets [267. It also possess high fluorescence
quenching ability [27] and different affinity toward ssDNA and double-stranded DNA (dsDNA). Moreover, the
surface of MoS2 is hydrophobic in nature, which is a key property of this material to be used in biological sensing
applications, as such surfaces exhibit high affinity of protein—surface adsorption [287. Chemical vapor deposition
(CVD) has made the large area synthesis of MoS2 possible, which has added further in the progress of MoS2-based
biosensors [297].

Innumerable numbers of research work have been published by graphene and molybdenum disulphide (MoS2)
[28, 297 as (Biomolecular Recognition Element) BRE. Large carrier mobility, large surface area, and large field
enhancement at metal—graphene interface have led graphene to be used as substrate in surface plasmon resonance
(SPR)-based biosensors, whereas larger band gap, work function, and larger absorption efficiency have given MoS2
an extra edge over graphene. In order to integrate the advantages of both graphene and MoS2, we are motivated to
use both of them in a single biosensor which increases the sensitivity.

In this paper, a numerical modeling of highly sensitive Ag-MoS2-Graphene based biosensor is compared to
Ag-graphene based SPR biosensor for DNA hybridization detection. A graphene-MoS2 monolayer is sandwiched
between silver films and sensing medium as BRE due to graphene and MoS2 have characteristics for enhancing
sensor sensitivity. Basically the design process has been carried out by using fourth layer Fresnel's model. The
results show that by using single layer of graphene-MoS2 based SPR biosensor enhances 175% more sensitive than

single layer of graphene based SPR biosensor

2. THEORETICAL DESIGN

This paper is made known to a numerical configuration shown in Figure 1. SF11 glass prism with diameter of
D (50pm), sensing region £ (5 mm) are being taken. The base of prism is considered to be coated with a sheet of
Ag film with the thickness of d, (40nm) and then a MoS,-graphene layer is deposited with thickness of ds(ds=M x
0.65nm, where M is the number of MoS, layer) and thickness of d4(ds= LX 0.834nm, where L is the number of
graphene layers). The reflection R can be achieved by using the four layer (prism/Ag/Graphen-MoS,/sensing
medium) model analysis, where first layer is the prism SF11 glass prism (n,=1.7786), the second layer is the Ag
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layer which complex dielectric function can be expressed according to the Lorentz-Drude formula in Mak, et al.
[247. The complex refractive index of MoS2 and graphene are N3 =5.9+(0.8)i andn, =3+(1.1487)i . The final

layer is the sensing medium and its refractive index is ns. The reflected power for p-polarized light is as [ 17

A+£—zi(C+£)
Zg Zg

R= (1)

D

Zf)
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Zg
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Ag
‘ N
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Figure-1. Schematic of the 4-Layered model for SPR biosensor: Prism, Ag (40 nm), MoS2 (.65
nm) and graphene (0.34 nm) and sensing medium (PBS).

Here, Zi and Zr are initial and final layer wave impedances respectively in the structure of Figure 1. An

individual layer wave impedance can be determined using as Shushama, et al. [177]:

Ks(ny cosé
Zs = s (N - ) (2)
2%
In Equation 2 nk and € are refractive index (RI) and permittivity of k® layer, @=22c/A and ks is the light
wave vector. The variables A, B, C and D in Equation 1 that can be calculated by solving the following matrix

equation as Shushama, et al. [177:

B B
A Bl |A B 1A By 1Ava Bua ()
C D] |C, D,| |G Dy Cn-1 Dna
Equation 8 represents generalized interfacial layer system. Here, first layer represents reflectance, therefore

they are not present in the matrix equation. In matrix, each element describes the reflection terms of an individual

layer. These are the subscripted variables A, B, C and D of each matrix and can be found by the Equation 4 set

C177:

A= cos(dkwgf c0osé)

By = z; cos(dy wef cosé)

_ sin(dy e cost) ()
Zk

Dy = cos(dkcaglf coséy)
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Here, di, ex and Zj are the thickness, angle of incidence and wave impedance of k' layer respectively. The

angle of incidence of k' layer is unknown that can be found as a function of the refractive index of the initial and k™

6 =cos( /l—%sinze ) (5)

Light with a wavelength of 633 nm is emitted from a monochromatic source, and the corresponding data are

layer as Shushama, et al. [177]:

collected with a spectrometer and computer. At this time, incident wave propagates continuously along the

horizontal direction as shown in Figure 1, with wave vector of following equation [17; [87:
klight = 272'//1(np sin@ ) (6)

Equation 6 represents the ingredient of light propagating parallel to the silver surface. The direct incidence of
TM polarized light cannot excite SPW at the metal dielectric interface because of its relatively small wave vector.
Here, 0is the angle of incidence of the light with the metal surface and 7, is the refractive index (RI) of the prism. In
the dielectric sensing layer, a variation of molecules concentration will produce small change in the refractive index
near the metal interface. This variation of refractive index will eventually change the wave vector of the surface
plasmon waves (kspw), which can be measured by attenuated total reflection (ATR) method. The surface plasmon

wave (SPW) wave vector, Ay is described in Equation 7, where i is the RI of the gold and #, is the RI of the
graphene [17; [97:

kSPW =

The majority of SPR applications connect with the real RI changes due to chemical or biochemical action [17]
and therefore, Equation 8 is formed by considering real quantities only. A resonant excitation of photon-electron
coupling takes place when the wave vector of the incident light matches that of the SPW (Surface plasmon wave),
these two are equal (kighe=kspr), which produces shift of incident angle. The total reflectance vs angle of incidence
or reflectance vs wavelength characteristics curve is known as the SPR curve. The incident angle at plasmon

resonance is called SPR angle that can be represented in ref (117 as:

2 .2
nAgns

2 (n2 2
np(nAg +ns)

HSPR =asin

The reflectance spectra show a dip at the resonance condition when the wave vector of the incident light

matches with the SPW.
3. RESULTS AND DISCUSSIONS
The refractive index (RI) of the sensing medium changes due to submersing probe DNA (p-DNA) in the
sensing medium. The changed refractive index (n§ in Equation 9) of sensing medium after adsorption of DNA
molecules is mathematically expressed as Hossain and Rana [(37]:
2_ 1. . O

NS =N +Ca == ()
a

Where, Cyis the concentration of adsorbed molecules, #s' is the RI of the sensing medium before adsorption of

DNA molecules and % is the increment in refractive index due to the adsorbate. The refractive index increment
C
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parameter is dn =0.182 cm®/gm in the case of using water. DNA molecules shift the SPR angle rightwards due to
dc

the addition of probe which changes the refractive index of the sensing dielectric.

By introduction of DNAs as electron-rich molecules, the number of carriers should change in the graphene or
MoS,-graphene layer concentration which has led in altering the propagation constant. Thus the proposed SPR
sensor with high sensitivity is applied to detect the DNA hybridization based on the SPR angle variations. Sensing
probe DNA hybridization by the proposed SPR biosensors are shown in Figure 2. The results show that SPR angle
is 74.4 degree after adding probe DNA in graphene coated SPR biosensor and SPR angle is 76.40 degree after
adding probe DNA in MoSg-graphene hybrid based SPR sensor. It can be seen in Figure 2 that SPR curve shows

ambipolar behavior since the SPR angle can be controlled by the refractive index.

1d T T T T T T T T T

1.2 — 5SPR curve without Graphene-MoS2
— 5SPR curve with Graphene-oS2

Reflected Pow er

1 1 1 1 | 1
0 72 74 /68 785 80 682 84 86 88 20
Incidence angle [deg)
Figure-2. SPR curve for with graphene-MoS2 and without graphene graphene-MoS2 layer.

ﬂ 1 1 ]

Complementary hybridization event is defined when two single-stranded complementary ssDNA, one is probe
and the rest is target, is attached together and form double-stranded (dsDNA) helix structure. The proposed model
explains the analytical behavior of the sensor to detect the hybridization of target DNAs to the probe DNAs that
are pre-immobilized on MoS.-graphene surface.

Figure 3(a) and Figure 3(b) describe the R—6 characteristic of the proposed model for different concentrations
of complementary DNA, where each diagram depicts specific concentration of the DNA molecules. In Figure 3(a)
and Figure 3(b) a four layer prism-Ag-Graphene-Sensing layer and prism-Ag-MoS,-GrapheneSensing layer
composed of complementary DNA, probe DNA and sensing medium.

The corresponding SPR curves after adding only 1000 nM probe DNA, after adding 1000 nM , 1001 nM ,1010
nM ,and 1100 nM of complementary DNA are shown in Figure 3. According to these analytical data, one important
factor, detection parameter which is the SPR angle, plays crucial role in detecting the DNA hybridization events.
Table 1 and Table 2 gives us information about how @sPR and R, parameters change for Ag-Graphene hybrid
based and Ag-MoS,-Graphene hybrid based SPR sensor respectively with different concentrations of
complementary DNA molecules which reveals the sensitivity, spr towards the hybridization of the target DNAs.
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Figure -3. Sensing probe DNA and complementary DNA hybridization by the proposed (a) Ag-Graphene hybrid based and (b) Ag-MoS.-
Graphene hybrid based SPR curves of DNA molecules after adding different complementary DNA.

It is apparently seen that the considerable increase of SPR angle is a sign of probe-target matching combination
in DNA hybridization. The analytical data indicates the strong dependency of the SPR angle on the concentration

increment which can have a predictable influence on the reflectance-incident angle characteristics of SPR device.

Table-1. Rmin and Ospr for Different Concentration of DNA Molecules for Ag-Graphene hybrid based SPR sensor.

Concentration (c.) [nM] Rauox Bspr [deg]
1000 (Probe) 0.1777 76.40
1000 (Complementry Target) 0.0943 81.80
1001 (Complementry Target) 0.0849 82.20
1010 (Complementry Target) 0.0682 82.85
1100 (Complementry Target) 0.0321 84.25

Table-2. Rmin and Ospr for Different Concentration of DNA Molecules for A g-MoS2-Graphene hybrid based SPR sensor.

Concentration (c.) [nM] Ry Bspg [deg]
1000 (Pobe) 0.0204 78.40
1000 (Complementry Target) 0.0324 85.15
1001 (Complementry Target) 0.0573 85.65
1010 (Complementry Target) 0.1001 86.20
1100 (Complementry Target) 0.1718 86.65

The main performance parameters of the SPR sensor which are characterized on the basis of its sensitivity
should as high as possible for a good sensor [287. The sensitivity (S) is defined as the ratio of shift in the SPR angle

of incidence (AB}'PR) to the change in measure and, e.g. moles of biomolecules (Ac,) as following [87 in Equation 10:

= % (10)
Acy
Table-8. Ruin, Ospr and A6spx, for different layers.
Graphene (L)/MoS2(N) layer Ruin Bspr [deg] | Abepg [deg]
L=0&M=0 (Conventional) 0.3484 74.60 0.00
L=1&M=0 (Graphene Layer) 0.1883 74.95 0.35
L=1&M=1 (MoS2-Graphene coated) 0.0293 76.70 2.10
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The change of SPR angle (A85pg) and minimum reflected power (Rmin) due to the DNA hybridization, has been

compared among conventional (L=0 & M=0), Graphene Layer (L=1 & M=0) and MoS2-Graphene coated (L=1 &
M-=1) respectively. These values are tabulated in Table 3.

Sensitivity analysis for graphene based SPR sensor is given in Equation 11. Here, §0%is the sensitivity without
graphene, Stis the sensitivity with graphene. Similar way sensitivity for graphene-MoS2 hybrid based SPR sensor

is calculated by incorporating Equation 12. Here, st-M

is the sensitivity after adding graphene-MoS2. Result from
Table 8 and Equation 11 and 12 shows that by using single graphene layer which provides 85% more sensitivity
compared to conventional sensor. Whereas by using single MoS2-graphene layer which provides 210% more

sensitivity compared to conventional sensor and 175% more sensitive than graphene coated SPR sensor.

_ A6 spR _ AGspr + A0 sPR
Acy Acy
 AG°%spr +.3500%pR 11
R ve— (11)
a

_ (1+0.35L)A¢"pR
Ac,

=(1+0.35L)s°

SL

M A0 spR A%spr+26"Mspp
Ac, Ac,
AHOSPR +2.10AHOSPR
Ac,
fL+210(M <L) A6%spr
Ac,
=[+220Mx L)k°

st-

(12)

4. CONCLUSIONS

In this work the performance parameters in terms of sensitivity with adding only graphene and other hand
sandwiching graphene-MoS2 layers have been numerically described. Then a comparison study has been made
between them. It has been seen that single layer graphene is added then sensitivity is increased by 85%. But when
graphen-MoS2 hybrid is added then sensitivity is increased by 210% which is more 175% sensitive than graphene
coated fiber optic SPR biosensor.
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