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Sandwich assay employing gold nanoparticles and DNA is a common signal amplification strategy designed for
surface plasmon resonance sensor. To further improve the sensitivity employing sandwich assay, sandwich-
structured optical fiber surface plasmon resonance sensors based on AuNPs and MoS; nanosheets has been
theoretically studied. Au film deposited on fiber core is the bottom nanomaterial of sandwich structure while
AuNPs and MoS; nanosheets are optional used as top nanomaterials. Top and bottom nanomaterials are sepa-
rated by double stranded DNA, which allows solvent to perform as a spacer. The thickness of spacer is able to be
tuned by the number of base pairs of double stranded DNA. Spacer thickness and nanomaterials play important
roles to regulate the performance of optical fiber surface plasmon resonance sensor. The refractive index
sensitivity has been found to be enhanced by the presence of MoS, nanosheets compared to AuNPs. Large spacer
thickness supported by long double stranded DNA further improves the performance of sensor. This study yields
new insight into the structural design of optical fiber surface plasmon resonance sensor enhanced by sandwich

structure and will open exciting avenues to apply sandwich-like assay for biosensing.

1. Introduction

Surface plasmon resonance (SPR) sensors are important and indis-
pensable tools in the chemical and biological fields due to their advan-
tage of real-time, high sensitivity, label-free and rapid responsive
detection [1-7]. This technology is to produce evanescent wave at thin
metallic film, typically gold or silver, and a dielectric medium interface,
exhibiting exponential decay of the energy transfer field intensity of
surface plasmon wave. Variation in the refractive index change caused
by specific interaction between receptors and target at the sensor surface
leads to characteristic changes in resonant wavelength. Optical fiber SPR
sensor not only inherits the advantage of traditional SPR sensor, but also
presents several additionally desirable features, including miniaturiza-
tion, integration and remote sensing. Despite all these advantages,
fiber-based SPR sensors still requires some improvements in order to
approach high stability and sensitivity.

Therefore, a wide range of methods have been proposed to improve

the performance of optical fiber SPR sensor. At present, the strategies
employed to enhance the sensitivity of optical fiber SPR sensor is mainly
divided into two aspects. The first is shaping the optical fiber geometry
to increase the interaction between the surface plasmon and fiber
modes, such as a side-polished fiber, tapered fiber, grating-written fiber
and de-cladded fiber [8-11]. The second is to modify the sensor surface
with nanomaterials in order to implement signal amplification pro-
tocols, including using gold or magnetic nanoparticles, and various
nanomaterials [12-15].

Au nanoparticles (AuNPs) are most frequently used as transducers
and signal amplification labels in biosensors design, not only due to their
increased binding mass, but also the increased perturbation of evanes-
cent field. Sandwich-like bioassays have been successfully utilized onto
optical fiber SPR sensing. Pollet et al. firstly proposed using AuNPs as
signal enhancer on optical fiber SPR probes [16]. Loyes et al. designed
optical fiber SPR aptasensor with AuNPs amplification to rapidly detect
circulating breast cancer cells with LOD of 49 cells/mL [17]. With the
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Fig. 1. Schematic diagram of optical fiber SPR sensor with (a) Au-Solvent-Au structure and (b) Au- Solvent -MoS, structure.

significant improvement of nanotechnology in recent years, several
nanomaterials have been selected to coat on the optical fiber SPR sensor
surface to enhance the sensitivity due to their enhanced SPR signal
characteristics. Wei et al. introduced graphene sheets coating on gold
surface of optical fiber SPR sensor and demonstrated a double increase
in sensitivity compared to conventional gold film optical fiber SPR
sensor [18]. More recently, molybdenum disulfide (MoSy) nanosheet
belonging to the transition-metal dichalcogenides (TMDCs) has drawn
considerable attention due to its distinctive optical and electrical char-
acteristics [19]. MoS, nanosheet is composed of bonded S-Mo-S through
weak van der Waals force and is known as “beyond graphene” 2D
nanocrystal material [20,21]. MoS, nanosheets can be prepared by
chemical vapor deposition or liquid exfoliation methods [22,23].
Compared with graphene, MoS; has larger band gap and higher optical
absorption efficiency, high electron mobility, larger surface to volume
ratio, relatively low toxicity and good biocompatibility. Therefore, it has
been successfully employed in the field of sensing, optoelectronic and
energy harvesting [19,21,24]. Zeng et al. theoretically investigated that

the introduction of graphene-MoS; hybrid structures is able to improve a
phased-sensitivity enhancement factor 500 times in comparison to SPR
sensing scheme without this coating [25]. Wang et al. experimentally
coated MoS; nanosheets on the gold/silver surface of optical fiber SPR
sensor and confirmed that MoS; has the potential to promote the
refractive index sensitivity depending on the layers of MoS; nanosheets
[26]. Kaushik et al. further reported that the MoS; nanosheets func-
tionalized fiber optic SPR immunosensor exhibited better performance
pathogenic detection of Escherichia coli compared to conventional
counterpart [15].

The sandwiched structure, such as metal-insulator-metal (MIM)
structure, is one of the most extensively used plasmonic-based nano-
structures for the realization of sensing [27,28]. The general structure of
this type of sensor is that material with low refractive index, such as air,
silica, titanium dioxide, is sandwiched between two metal claddings.
The resonance coupling between these two metals could achieve more
harmonious and stronger, and lead spectral characteristic very sensitive
to refractive index changes. However, relatively complicated fabrication
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increases the cost of sensor and hinders their widespread applications.
At present, the structure that most MoS; nanosheets interfaced optical
fiber SPR sensor has been studied is that MoS; nanosheets are directly
coated with metallic film either by dip coating [15] or chemical bond
[26] for quantitative analysis. Double stranded DNA (dsDNA) has been
demonstrated to control the distance between donor and acceptor to
design resonance energy transfer sensor [29]. Ha et al. has systemati-
cally studied fluorescence resonance energy transfer from Alexa Fluor
430 to MoS; nanosheets by varying the number of base pairs, which
correspondingly changes the length of dsDNA and the distance between
both donor and acceptor [30]. Liu et al. has proposed a
distance-dependent  plasmon-enhanced electrochemiluminescence
biosensor that regulated the distance between MoS; nanosheets and gold
nanoparticle through dsDNA [31]. Since the length of a single DNA base
is 0.34 nm [32], the distance between donor and acceptor can be
controlled by extending dsDNA bases structure. Length adjustment of
dsDNA by controlling DNA bases provides an opportunity to use solvent
as spacer to separate two thin nanomaterials and construct a sensor with
MIM structure.

In this paper, we propose an optical fiber sensor based on two
sandwich-structures with solvents placed in the interlayer, which are
Au-Solvent-AuNPs (ASA) and Au-Solvent-MoS, (ASM) respectively, with
the assistance of dsDNA to maintain separation between bottom and top
nanomaterials. The sensing is performed by observing the spectral shift
of ASA and ASM modes via change in refractive index of surrounding
environment respectively. Since 50 nm Au film deposited on fiber core is
general an approximate thickness to generate surface plasmon, so the
influence of spacer thickness and properties of top nanomaterials on the
performance of sensor is considered to be investigated here. Based on
the theoretical results, we demonstrate that the refractive index sensi-
tivity and differential spectra are dependent on the properties of top
nanomaterials and spacer thickness. Due to the utilization of MoS,, we
show that ASM sensing is superior to that of ASA for refractive index
sensing. Since sandwich-like sensing strategy based on DNA techniques
is widely used in biosensing, the sensor with this proposed structure has
the potential to easily fabricate and monitor target by DNA hybridiza-
tion and melting.

2. Model and method

The general structure of Au-Solvent-AuNPs (ASA) sandwich-
structured optical fiber sensor illustrated in Fig. la comprises 50 nm
Au film deposited on optical fiber core as the bottom film. The second
layer consists of AuNPs embedded in solvent can be approximated as a
quasi-homogeneous effective-medium material, whose dielectric con-
stant has contributions from both AuNPs and solvent. The effective
medium theory proposed by Maxwell-Garnett has been proved to be a
useful tool to interpret the properties of such an inhomogeneous me-
dium. Bruggenman further improved the effective dielectric constant
gefrof such mixture of two component materials, that is expressed as
[33].
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where L, is the depolarization factor determined by the shape and
orientation of the particle, f, is the volume fraction of metal nano-
particles within the medium and s has the form ¢;/(e; — ¢p).€; and gyare
the dielectric constant of medium and metal particle respectively.
Considering spherical AuNPs are usually synthesized and used as
signal enhancer in sandwich assay, the diameter distribution of these
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AuNPs is in the range from 10 to 30 nm and the thickness of this
effective medium is equivalent to the diameter of AuNPs. The depolar-
isaiton factor L. = 1/3 and the volume fraction p of AuNPs is 0.8 [1]. The
bottom Au film and top AuNPs are connected by dsDNA composed of
hybridized tDNA and cDNA. The solvent between bottom Au films and
top AuNPs exerts as a spacer. Optical sensor with Au-Solvent-MoS;
(ASM) structure is shown in Fig. 1b. The structural difference of ASM
from that of ASA is that MoS; nanosheet is placed at the top level.

The wavelength dependent dielectric constant of core in the fiber is
given by [25,34].

A2 A A? AsA?
nl(ﬂ)—\/1+/121 + 2 @)
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where Sellmeier coefficients A; = 0.6961663, A, = 0.6961663, Aj
= 0.8774794, B; = 0.4079426, By = 0.0684043, B3 = 9.896161 and 4 is
the wavelength of incident light.
The relative permittivity of gold in the sensing region is well
described by Drude-Lorentz model [25].
w? AeQ}
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where wis the angular frequency of light, ¢.is the dimensionless high
frequency limit contributed from interband transition of electrons, wp is
plasmon frequency, y;, is the damping coefficient due to the dispersion of
the electrons, € and I';, are respectively the strength and spectral width
of the Lorentz oscillator and Ae is a weight factor.

The complex refractive index of monolayer MoS; in the visible region
is obtained from the experimental measurement data by Yim [23].

The light is launched into one end of fiber at the axial point and
reflected at the opposite end. The angular reflected power dis-
tribution,dP, transmitted between 0 and 0 +d6@ can be expressed as [35,
36].

n? sin 0 cos 0

dPa——F——
(1 — n3cos?0)

@

The normalized transmitted power of light will be derived as Eq. (5),

by using the reflectance value for a single reflection at the core/Au
interface

0-r/2 RNref(0) (nf sin 6 cos 9/(1 — nicos?6)’do

=0 "P
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()

=52 is the total
number of light reflections performed in the fiber optic SPR sensor by a

ray whose incident angle is ¢ with the normal to the core-Au layer

whereR, = }rp\z is the reflection intensity, Nref(6)

interface in the sensing region with the length of L, . = 90 —a sin <’Z—f>
is the critical angle of the fiber and NA is its numerical aperture. Because
of the long distance between the input end of optical fiber and the
sensitive area, the polarization effect of different launched rays is
neglected.

Based on this proposed fiber optic SPR sensor structure, the param-
eters used for this study are numerical aperture of fiber NA= 0.22, the
length of exposed sensing length L= 10 mm, fiber core diameter
D= 600 pm. Considering the length of single DNA base is 0.34 nm, the
distance between bottom and top nanomaterials is varied from 0 nm to
17 nm.

3. Result and discussions
It is well known that surface plasmon resonance phenomena is

excited once the wave vector matching between the incident light along
the direction of surface plasmon propagation and surface plasmon wave,
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Fig. 2. Calculated reflectance spectra of Au- Solvent -MoS, structure with 10.2 nm spacer as a function of (a) MoS, layer from 1 to 30 at refractive index of 1.333 and
(b) refractive index increasing from 1.333 to 1.343 at 20 layer of MoS; film.

which is dependent on different kinds of material and ambient envi-
ronment. The plasmon resonance wavelength of the sensor is depending
on the type of top nanomaterial and refractive index of ambient envi-
ronment. As shown in Fig. 2a, increasing MoSy layer number from 1 to
30 could dramatically shift the resonance wavelength from approxi-
mately 650 nm to 930 nm and narrow the spectral full width and half
maximum. Large value of the real part of the dielectric function of MoSy
is attributed to this spectral shift. At a certain MoS, layer number,
changing refractive index from 1.333 to 1.343 is also able to perturb the
resonance wavelength to longer wavelength as illustrated in Fig. 2b.
The refractive index sensitivity of optical fiber SPR sensor with
wavelength interrogation is then defined as the resonance wavelength
shifted by change of refractive index in surrounding environment,
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Wavelength (nm) . .
corresponding resonance wavelength shift.
Fig. 3. Calculated reflectance spectra of optical fiber SPR sensor and corre- Meanwhile, Fig. 3 gives the differential reflectance Al/Ip defined as
sponding differential reflectance A I/I.
ponding /o AlJly = |1, — L) /I ()

where I;and Iprepresent the reflectance perturbed by higher and lower
refractive index of ambient environment respectively. The introduction
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of Al/Iy provides a flexibility to implement single wavelength moni-
toring scheme that the reflectance at one single wavelength is recorded
and establish a proportional relationship with the concentration of
analyte.

MoS; is a high dielectric constant material and can enhance the
electric field strength of the surface of optical fiber sensor. Conse-
quently, the sensitivity of the optical fiber SPR sensor could be directly
improved. Solvent is proposed to present between bottom and top
nanomaterials supported by dsDNA in this study. Then, the research
work on the influence of MoS, associated with spacer thickness is
analyzed. The influence of these factors, including the layer number of
MoS, nanosheets, the distance between Au films and AuNPs for ASA, the
distance between Au film and MoS; nanosheets for ASM, on the
refractive index sensitivity S, and differential reflectance AI/Ij in the
range from 1.333 to 1.343 are taking into consideration. Fig. 4a and b
present the refractive index sensitivity with varying AuNPs diameters
for ASA and layer numbers of MoS, nanosheets for ASM respectively. It
is noted that increasing in AuNPs diameter from 10 to 30 nm is able to
gradually increase the sensitivity at a certain distance between Au film
and AuNPs from 2200 to 2500 nm/RIU. However, enlarging the gap
between these two nanomaterials from 3.4 to 17 nm has negligible effect
on the sensitivity improvement. Comparing to that of ASA structure,
optical fiber sensor with ASM structure exhibits a different performance.
As layer number of MoS; increases, the refractive index sensitivity
slightly increases and reaches a peak at approximate 18-20 layers
regardless of the distance between bottom Au film and top MoS;
nanosheets. Then, it turns to decrease with increasing MoS, layer
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Fig. 6. (a) Sensitivity comparison for ASA (AuNPs diameter =

30 nm) and ASM (layer number of MoS, nanosheets =

number to 30. Furthermore, the pronounced dependence of sensitivity
on distance is more obvious when the layer number of MoS; nanosheet is
larger than 18. 17 nm distance between bottom Au film and top MoS;
nanosheets could lead the sensitivity to be the highest in this category.

Fig. 5a depicts the maximum differential reflectance AI/Iy as a
function of AuNPs diameters for ASA structure. It is clearly visible that
the maximum AI/I, exhibits a slight increase followed by a sharp
decrease with the increase of AuNPs diameter from 10 to 30 nm, and
approximately 12 nm AuNPs would produces the highest value. The
effect of distance on AI/Iy becomes clearer at larger diameter of AuNPs.
In contrast, maximum Al/I for ASM structure shown in Fig. 5b gradu-
ally approaches a plateaus when the layer number of MoS; film increases
to approximately 25-27. In addition, ASM structural sensor with 17 nm
gap between bottom Au film and top MoS; nanosheets also shows a
slightly higher maximum AI/I, compared to sensor constituting of other
gaps. By comparing the maximum AI/j resulted from ASA structure and
ASM structure, maximum AI/Iy produced by ASM structure always
produce better performance than that of ASA structure, which is in
accordance with that of refractive index sensitivity contributed from
MOSz.

The use of AuNPs as signal enhancer in sandwich assay is a well-
known technique. Their mass effect and local refractive index change
is the first reason for the signal enhancement. The second is electro-
magnetic field enhancement resulting in higher sensitivity. Only AuNPs
presents within the range of evanescent wave into the external medium
emerging from Au film surface can produce electromagnetic coupling.
Therefore, it is found that increasing AuNPs diameters equivalent to
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reflectance comparison for ASA (AuNPs diameter = 12 nm) and ASM (layer number of MoS, nanosheets = 27) optical fiber SPR sensor.
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increasing their mass of AuNPs, and their mass dominates the role of
sensitivity amplifier for ASA structure, while the spacer thickness have
negligible effect. By contrast, both increasing the layer number of MoS,
nanosheets and spacer thickness at a certain value in ASM structure
could significantly enhance the sensitivity and differential reflectance.
This confirms two main effects, including a chemical enhancement due
to the nature of MoS; nanosheets and associated electromagnetic
coupling, yield this higher sensitivity.

In order to analyze the influence of spacer thickness on the refractive
index sensitivity and differential reflectance, Fig. 6a shows the sensi-
tivity selected from the best ASA structure (AuNPs diameter =30 nm)
and ASM structure (layer number of MoS; = 20), which could produce
highest sensitivity, as a function of gap distance. Although sensitivity
produced by MoS; nanosheets is smaller than that produced by AuNPs in
the case of 0 and 3.4 nm gap distance, it surpasses that of AuNPs once
gap distance is enlarged than 6.8 nm. In the case of MoS; nanosheets as
the top nanomaterial, sensitivity increases by 41.38% when the distance
is 17 nm thick compared to that of MoS; nanosheets directly attached on
the Au film. Not surprisingly, the spacer has little effect on the sensitivity
of sensor with AuNPs as top nanomaterial. Similar behaviour is observed
for AI/Ij as illustrated in Fig. 6b. AI/Iy produced by ASA structure with
12 nm AuNPs diameter and ASM structure with 27 layer of MoS; are
compared here. Gap distance of 17 nm for sensor comprising of MoSy
nanosheets produces nearly 8.71% improvement of AI/Iy in comparison
to that of direct attachment of MoS; nanosheets. Moreover, large dis-
tance between MoS; nanosheet and Au film always produces better
refractive index sensitivity and AI/I than that of AuNPs, which dem-
onstrates the spacer thickness is an important parameter to design ASM
structured optical fiber SPR sensor and confirms its advantage for
sensing.

4. Conclusions

A SPR based optical fiber sensor with ASA and ASM structure have
been theoretically analyzed and compared. The analysis of sensor’s
performance is carried out in terms of its refractive index sensitivity and
differential reflectance. The presence of MoS; nanosheets as top nano-
materials in ASM structure could provide better sensitivity and differ-
ential reflectance compared to that of AuNPs as top nanomaterials in
ASA structure. The sensitivity and differential reflectance increases with
an increase in gap distance between bottom Au film and top MoS;
nanosheets in ASM structure. It is further investigated that the sensi-
tivity and differential reflectance could approach best value at a certain
layer number of MoS; nanosheets. Hence, the proposed fiber SPR sensor
based on ASM structure has a potential to be constructed due to the use
of dsDNA and applied in a broad biosensing field.
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