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Abstract—Present study demonstrates the fiber-optic localized
surface plasmon resonance (LSPR) based sensitive biosensor for
detection of Shigella bacterial species. The proposed sensor is
comprised of multi-core fiber (MCF) having seven cores arranged
in a hexagonal shape and spliced with single-mode fiber (SMF)
for efficient detection. An increase in evanescent waves (EWs) and
coupling of modes between MCF cores was achieved by etching
process in a controlled manner. The etching process also increases
the refractive index sensitivity (RIS) of the proposed sensor. Fur-
ther, coating with nanomaterials like gold nanoparticles (AuNPs)
and molybdenum disulfide (MoS2) helps in the excitation of local-
ized plasmons. Here, Shigella specific oligonucleotide probes are
used as a recognition element. The results demonstrate that the
proposed sensor can successfully and efficiently detect the Shigella
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bacterial species with high sensitivity. Shigella in the range of
10 – 100 CFU/mL (colony-forming unit/mL) can cause serious
intestinal infection and therefore, its detection in this range is crit-
ical. The proposed sensor demonstrates a linearity range from 1 to
109 CFU/mL with a detection time of 5 min and a limit of detection
(LoD) of 1.56 CFU/mL. The proposed sensing methodology can be
a potential alternative to the commercially existing ones in the near
future.

Index Terms—Gold nanoparticles (AuNPs), localized surface
plasmon resonance, molybdenum disulfide (MoS2), multicore fiber,
optical fiber biosensor, Shigella.

I. INTRODUCTION

Shigella is an enteric bacterial species that infects humans and
develops symptoms like cramping, fever, diarrhea, vomiting, and
other serious complications. World health organization (WHO)
reported that worldwide Shigella case is around 164.7 million
with 1.1 million death, mostly children under a 5-year age
group whereas in adults, a 10-100 colony-forming unit (CFU)
of Shigella causes intestinal infection with serious inflammation
[1]. Several developing countries suffer due to lack of clean water
supply, poor sanitation, malnutrition, and overcrowding, which
induces high dysentery cases.

Various traditional methods like a serological test, bacterial
cultivation, and polymerase chain reaction (PCR) are available
for detection of different bacterial species [1]–[5]. However,
conventional methods suffer from several limitations like time-
consuming, labour intensive, low sensitivity and specificity,
complex procedure, and costly equipment, which prevent their
application for easy real-time detection of samples. Thus, it
is of great importance to develop a fast and effective method
for detection of bacteria like Shigella. Reports are available
demonstrating about fiber optic-based biosensor for detection
of various bacterial species [1], [6], [7]. Xiao et al. [1] demon-
strated the Shigella detection with the help of fluorescence
tagged complementary oligonucleotide. The result showed that
fully complementary oligonucleotide exhibits high fluorescence
signal in comparison of non-complementary or partial comple-
mentary probe, which prove that the signal is generated due
to hybridization of probe and not from non-specific adsorption
which proves the efficacy of sensor.
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On the other hand, plasmonic sensors have shown great
promise in the last few decades [8], [9]. Integrating the plasmon-
ics concept with optical fiber especially, the absorption-based
fiber-optic localized surface plasmon -resonance (LSPR) sensors
are promising as it is easier to fabricate and demonstrate a
real-time response, economical, disposable, and simple to imple-
ment [10]–[13]. LSPR is the density oscillations of conduction
electrons inside metallic nanoparticles under the influence of
incident electromagnetic radiation. Advancement in nanotech-
nology field leads to its broad application in biosensing including
detection of bacterial cells from real samples. Various nanoparti-
cles like gold nanoparticles (AuNPs), and molybdenum disulfide
(MoS2) have been frequently used for the biosensing applica-
tion [14]. On the other hand, MoS2 has unique properties like
thermal stability, low toxicity, high surface to volume ratio, high
electron mobility, presence of free sulfur group for hydrophobic
interaction that has drawn the interest of scientific community for
application in biosensing [15] and lower full width at half max-
imum [16]. In this regard, Kaushik et al. developed the MoS2

nanosheet functionalized fiber-optic SPR biosensor for sensitive
detection of E.coli [14]. Immunosensor was developed by immo-
bilizing the E.coli monoclonal antibodies and using wavelength
interrogation method, exhibiting a strong linear relationship with
increasing concentration of E.coli. It is nonspecific to other
bacteria groups and exhibits practical application in a real sample
like water and orange juice. Further, Halkare et al. also devel-
oped the AuNPs based LSPR biosensor for detection of E.coli
using bacteriophage as a recognition element [17]. As the bacte-
riophage reacts with specific bacterial strain, the proposed sensor
can be employed in detection of a specific bacterial strain only.

This study uses a versatile Multi-Core Fiber (MCF) struc-
ture for sensing of Shigella. MCF offers many advantages like
high sensitivity to small refractive index (RI) variations due to
inter-coupling between cores of MCF, compact architecture, low
connection loss with Single-Mode Fiber (SMF), and easy fabri-
cation [18]. MCF consists of the multiple cores inside common
cladding of optical fiber that offers high degrees of freedom
in fiber parameters [19]. MCF, being a versatile wave-guiding
system, has been often used for developing sensors for RI [20]–
[22], shape [23], vibration [24], [25], twist [26], temperature
[18], [27], strain [28], and bending [29], [30].

To our knowledge, this is the first paper that demonstrates the
AuNPs and MoS2-immobilized MCF based processed system
for detection of Shigella bacteria. Here, the proposed online sen-
sor uses a short segment of MCF spliced with SMF using a fusion
splicer in a controlled manner [31]. Thereafter, the MCF surface
is immobilized with MoS2/Au-NPs in a controlled process to
develop a miniaturized probe for sensing. Encouragingly, the
linearity range of proposed sensor for Shigella bacteria is quite
high (1 to 109 CFU/mL), detection time (5 min) is less and the
detection limit (1.56 CFU/mL) is significantly low.

II. EXPERIMENTAL SECTION

A. Materials and Instruments

Step index single-mode optical fiber (Core diameter:
9 µm, cladding diameter 125 µm) was procured from

Shenzhen EB-link Technologies Co., Ltd, China. Multi-
core fiber (Core diameter: 6.1 µm, cladding diameter 125
µm) was purchased from Fibercore Ltd., UK. Hydrogen
tetrachloroaurate (HAuCl4), tri-sodium citrate, molybdenum
disulfide (MoS2) powder (234842, Sigma-Aldrich), n-methyl
pyrrolidone (NMP), 11-Mercaptoundecanoic acid (11-MUA),
Acetone, hydrogen peroxide (H2O2), sulfuric acid solution
(H2SO4), ultrapure water, (3-mercaptopropyl) trimethoxysi-
lane (MPTMS), Phosphate-buffered saline (PBS), N-(3-
Dimethylaminopropyl)-N’-Ethyl carbodiimide hydrochloride
(EDC), and N-Hydroxysuccinimide (NHS) were purchased
from Sigma-Aldrich, Shanghai. Shigella sonnei (S. son-
nei) (BNCC 108852) bacteria purchased from BeNa cul-
ture collection, China. The sequences of all DNA oligonu-
cleotides (FC-TGT, 190916L87; BPM-TGT, 190916L88; NC-
TGT, 190916L89, and IPA Probe, 190916A16) were pur-
chased from Shanghai Generay Biotech Co., Ltd, China.
Bovine serum albumin (BSA), streptavidin (SA), and (3-
aminopropyl)triethoxysilane (APTES) from Shanghai Aladdin
Bio-Chem Technology Co., LTD, China. Nutrients such as
peptone, beef powder, sodium chloride (NaCl), and agar were
procured from a local vendor, Liaocheng, China. All reagents
were of analytical grades and used without further purification
in the experiment. De-ionized (DI) water of specific resistivity
(>18 MΩ.cm) obtained from Milli-Q system was used to prepare
all aqueous solutions.

The optical characteristics of AuNPs and MoS2-NPs solutions
were analyzed by an Ultraviolet-visible (UV-Vis) spectropho-
tometer (HITACHI-3310). The MoS2-NPs synthesis was carried
out using an ultrasonic cleaner, sonicator probe (Ningbo Scientz
Biotechnology Co., Ltd., China), and centrifugation machine.
The morphology of NPs was determined by a high-resolution
transmission electron microscope (HR-TEM) (Talos L120C,
Thermo Fisher Scientific) and compositional analysis was deter-
mined by Energy Dispersive X-ray (EDX) spectroscope attached
to TEM. The autoclave was used to prepare the media and
clean the glassware. A Shaker incubator was used to grow
the bacteria and a biosafety cabinet was used to perform the
bacterial experiment. The Field Emission Scanning Electron
Microscopy (FE-SEM, Gemini, Carl Zeiss Microscopy) was
used to characterize the NP-immobilized sensor probe.

B. Fabrication of Sensor Probe

To fabricate the sensor structure, an advanced fusion splicer
(FSM-100 P+ ARC Master, Fujikura) was used to splice the
short section of MCF with SMF as shown in Fig. 1 [22], [31],
[32]. The core and cladding diameter of SMF is 9 µm and 125
µm, respectively which is close to core (6.1 µm) and cladding
diameter (125 µm) of MCF hence facilitates the splicing and
the spliced image is shown in Fig. 1. The splicing has been
performed using cladding alignment technique and the typi-
cal coupling loss is less than 0.01 dB. First, polymer coating
of fiber was removed by a stripper, and dust over fiber was
cleaned by ethanol before splicing. After splicing, 1 mm of
MCF section was considered for the sensor probe, thus sensor
structure is named as SMF-MCF probe. The core of MCF is
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Fig. 1. Fabrication steps of MoS2/Au-NPs-immobilized SMF-MCF fiber sensor probe.

highly germanium doped as compared to SMF. Thereafter, to
emanate the evanescent waves (EWs) and coupling of modes,
sensor structure was etched using 40% hydrofluoric acid (HF)
for 15 min. Thus, there are two types of sensor structure: namely
probe 1: unetched probe and probe 2: etched probe. The sensor
was developed using both probes and the sensing performance
was compared.

The proposed sensing probes primarily work on core mis-
match technique since core diameter of SMF and MCF are 9 µm
and 6.1 µm respectively. This helps in excitement of several
modes inside the MCF that propagate through its seven cores.
A reduced cladding diameter of etched fiber and wide cores
help increase the sensitivity of the proposed sensor. Here, wide
cores map to expanded mode-field radius of an MCF by etched
expanded core (EEC) technique [32]. In EEC, heat is generated
at germanium doped core due to HF acid, thus expanding the
core of MCF from 6.1 µm to 28 µm in a uniform way (as shown
in Fig. 1).

The outer cladding thickness, i.e., the minimum distance
between cladding outer surface and center of outermost core,
also decreases due to etching. The EWs from outermost core
also couples to the coating surface and helps in sensing by
interaction with analytes [19]. The protocol for synthesis of
AuNPs [33] and MoS2-NPs [14] are discussed in Section A.I.A
of Appendix. Immobilization technique is discussed in detail in
Section A.I.B of Appendix using Fig. 1 [34]. The schematic for
LSPR measurements is discussed in Section A.I.C of Appendix
using Fig. A-1 [35]. The light from the tungsten-halogen source
is launched at the 1st end of the bifurcated cable and is coupled to
the sensing probes through an adapter connected at the 2nd end of
the bifurcated cable. The light interacts with the functionalized
probe and the reflected light from the tip of the sensor goes

Fig. 2. Experimental setup for detection of Shigella bacteria using a proposed
sensor probe.

to the spectrometer through the 3rd end of the bifurcated cable
as shown in Fig. 2. Culture steps (37 °C for 48 h in aerobic
conditions) of Shigella sonnei bacteria is discussed in Section
A.I.D of Appendix using Fig. A-2.

III. RESULTS AND DISCUSSION

A. Characterization of Nanoparticles

The morphology of NPs plays an important role in the fab-
rication of biosensors, thus require proper characterization to
improve sensing performance. The primary investigation of NPs
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Fig. 3. UV-Vis absorbance spectrum of AuNPs, and MoS2-NPs solution along
with their images.

can be performed by measurement of absorbance spectrum using
a UV-Vis spectrophotometer as shown in Fig. 3. The peak ab-
sorbance wavelength of synthesized AuNPs and MoS2-NPs was
found at 519 nm and 330 nm, respectively. The morphology and
material composition of NPs are shown in Fig. A-3 of Appendix.

HR-TEM image (Fig. A-3a) shows the synthesized AuNPs
are spherical, whereas, Fig. A-3b shows the TEM-EDS analysis
of the synthesized AuNPs confirming the presence of gold (Au).
Similarly, Fig. A-3c shows the HR-TEM image of spherical
MoS2-NPs, and Fig. A-3d is a TEM-EDS image that shows
the material composition of synthesized NPs as molybdenum
(Mo). The size of the synthesized AuNPs is obtained through
ImageJ software that is shown as a histogram in Fig. A-3a (Inset).
As the chemical route for synthesis limits the size uniformity,
this shows the average diameter of AuNPs as 13 nm. As per
earlier experimental data, this size of AuNPs is more sensitive for
detection of living organisms [22]. Similarly, average diameter
of MoS2-NPs is found as 2.3 nm as shown in Fig. A-3c (Inset).

B. Characterization of a Nanoparticles-coated Sensor Probe

Characterization of sensor probe was performed by imaging
of NPs-immobilized probe through FE-SEM. Fig. 1 shows the
cross-sectional view of non-etched- and etched multicore fiber.
In non-etched fiber, the core diameter is 6.1 µm that is visible in
the CCD image and seven core of diameter 28 µm is observed
in etched fiber of Fig. 1. The core of MCF is highly Ge-doped
that etch easily in HF-acid and widen the core diameter. The
cladding diameter of non-etched and etched fiber is 125 µm and
94 µm, respectively as shown in Fig. 1.

Then, to check the coating of NPs over sensor structure,
NPs-immobilized probe was characterized using FE-SEM at
lower and higher magnification. Fig. A-4a (Appendix) shows
the picture of sensor structure at lower magnification (30 X).
The NPs around sensor surface can be also seen at higher
magnification. Fig. A-4b shows the coating of AuNPs, whereas
Fig. A-4c shows the coating of AuNPs and MoS2-NPs over fiber
structure. The thin coating of 2.3 nm of MoS2-NPs exists over
13 nm-AuNPs. Fig. A-6a and A-6b show the SEM images of
sensor probe before and after detection of Shigella bacteria at
the same magnification (5 KX), respectively. It can be seen from
the figures that there is a regular arrangement of the bacterial

TABLE I
DIFFERENT OLIGONUCLEOTIDESA USED FOR SENSING OF

SHIGELLA SONNEI [1]

ATGT – target; FC – fully complementary; BPM – base pair mismatched; NC – non-
complementary; BReceptor; CAnalyte.

cells over the functionalized probe after an interaction. This can
be attributed that hybridization takes place at the fiber surface
and changes the RI based on the concentration (CFU/mL) of S.
sonnei [1].

C. LSPR Sensing Results

The MoS2/AuNPs-immobilized sensor probe was further in-
cubated in 12 µL of 100% acetic acid, 150 µL of 98% APTES,
and 12 mL of 95% ethanol for 30 min at room temperature.
The unbounded APTES molecules were removed by ethanol and
fiber was dried by N2 gas. Further, an aminated sensor probe was
kept in 10% glutaraldehyde solution for 1 h. Thereafter, it was
kept in 0.05 mg/mL SA for 3 h and rinsed with PBST solution
(PBS plus 0.05% Tween 20). The SA-immobilized fiber sensing
probe was further functionalized with a 1 µM biotin-labeled IPA
DNA probe dissolved in TE buffer for 1 h. The TE buffer was
prepared using the 20 mM Tris-HCl of pH 8.0 and 0.5 M MgCl2.
Then, biotin-labelled probe was rinsed with PBST and kept in
a 1% BSA solution for 1 h to block the non-specific absorption
sites.

For S. sonnei bacterial detection, solutions of different con-
centrations in the range of 1 to 109 CFU/mL were prepared.
Further, several oligonucleotide probes were used i.e., Fully
Complementary probe (FC) which can exactly bind to the target
site and produces high fluorescence and absorbance, One-Base
mismatched probe (BPM) which cannot bind firmly to target site
and thus produces very low fluorescence and low absorbance,
and Non-complementary probe (NC) which cannot bind to target
site at all and thus no fluorescence and very low absorbance
signal can be produced. Table I shows the sequences of DNA
oligonucleotides used for the sensing of Shigella sonnei. 200 µL
of Cy5.5-labeled probe was dissolved in 1 mL of Shigella Sonnei
bacterial solution and centrifuged it for 5 min. Thereafter, the
pellet was dissolved in PBS and allowed for hybridization with
the DNA probe on fiber surface through SELEX process [36].
To measure the different concentrations (CFU/mL) of Shigella,
the sensor probe was regenerated using 0.5% sodium dodecyl
sulfate (SDS) solution (pH 1.9) for 1 min followed by rinsing
the probe with PBST.

To measure the detection time, initially, two concentrations of
bacterial solutions (10 CFU/mL and 100 CFU/mL) were mea-
sured using FC-TGT AuNPs/MoS2-NPs functionalized non-
etched sensor probe and found that sensor is saturated after
5 min and achieves maximum absorbance as shown in Fig. A-7
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Fig. 4. Bacterial sensing results and linearity plots of (a, b) FC-TGT, (c, d) BPM-TGT, (e, f) NC-TGT using AuNPs/MoS2-NPs functionalized etched sensor
probe.

(Appendix). Thus, detection time of sensor is found as 5 min.
Here, absorbance value at t = 0, shows the absorbance in the
presence of PBS only, then PBS solution was replaced with the
known bacterial concentration.

First, a non-etched fiber structure was used for detection of S.
sonnei using three Oligonucleotides i.e., FC-TGT, BPM-TGT,
and NC-TGT. Fig. A-8a shows the bacterial sensing result of FC-
TGT functionalized non-etched sensor probe. The absorbance
increases with an increase in Shigella concentration (CFU/mL)
as the active sites of the probe get blocked and absorb more
light. It is well reported that bacterial cells form electrostatic
interaction with the metal NPs, helps them to get attached to the

NPs coated optical sensor probes [37]. During sensing experi-
ment, the lower concentration to higher concentration of Shigella
was taken and before detecting the higher concentration, the
sensor probe was rinsed with 0.5% SDS solution (pH 1.9) for
1 min to regenerate the sensor probe. Fig. A-8b shows its linear-
ity plot, the linear range of FC-TGT functionalized non-etched
sensor probe lies in the range of 1 - 1×109 CFU/mL. The sensor
shows saturation after 1×109 CFU/mL. The limit of detection
(LoD) of this sensor probe is 2.30 CFU/mL and its detection
time is 5 min. Here, LoD is defined as three times the standard
deviation of blank samples multiplied by the inverse of calibra-
tion curve slope [1]. Similarly, Fig. A-8c shows the bacterial
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sensing result of BPM-TGT functionalized non-etched sensor
probe, and Fig. A-8d shows its linearity plot in the range of 1 -
1×109 CFU/mL, and its LoD is calculated as 4.89 CFU/mL.

Thereafter, Fig. A-8e shows the bacterial sensing result of
NC-TGT functionalized non-etched sensor probe, and Fig. A-8f
shows its linearity plot in the range of 1 - 1×109 CFU/mL,
its LoD is calculated to be 5.59 CFU/mL. Similar experiments
were conducted with the etched sensor probes due to their
pertinent advantages. In MCF, supermodes are generated due
to superposition of isolated linearly polarized (LP) modes in
its cores [20]. Due to the core mismatch of SMF-MCF struc-
ture, the fundamental modes of SMF excites the supermodes in
MCF. Due to etching of MCF structure, these supermodes are
enhanced thereby enhancing the sensitivity of the etched system.
Here, Fig. A-9a shows the bacterial sensing result of FC-TGT
AuNPs-functionalized etched sensor probe with LoD as 1.98
CFU/mL. Due to AuNPs, sensor works on LSPR phenomena
but it can be observed from Fig. A-9b is that its accuracy of
sensing is too low (0.9235) in comparison to AuNPs/MoS2-NPs
functionalized etched sensor probe (shown in Fig. 4b). Same
testing was performed using AuNPs/MoS2-NPs functionalized
etched sensing probe. Fig. 4a shows the bacterial sensing result
of FC-TGT AuNPs/MoS2-NPs functionalized etched sensor
probe. It is quite evident from Figs. A-9b and 4b, that there
is a significant improvement in sensing accuracy and LoD due
to immobilization of MoS2-NPs over AuNPs. The absorbance
changes in the case of etched sensing probe (Fig. 4a) are also
high concerning non-etched sensor probe shown in Fig. A-8a.
Its linearity plot is observed to be in the range of 1 - 1×109

CFU/mL as shown in Fig. 4b. The accuracy also improved and
its LoD lowered down to 1.56 CFU/mL in comparison to the
non-etched sensor probe.

Similarly, Fig. 4c shows the bacterial sensing result of BPM-
TGT functionalized etched sensor probe, and Fig. 4d shows its
linearity plot, the LoD, 3.40 CFU/mL that is better than the non-
etched BPM-TGT sensor probe. Fig. 4e shows the bacterial sens-
ing result of the NC-TGT functionalized etched sensor probe and
Fig. 4f shows its linearity plot in the range of 1 - 1×109 CFU/mL,
which LoD is 2.85 CFU/mL. These results also show that etched
MCF sensing probe is better than the non-etched MCF sensing
probe for the detection of Shigella bacteria. From the results
of Figs. 4 (a-f), it is concluded that a fully-complementary
DNA probe exhibits the maximum absorbance variation due to
high fluorescence/absorbance in comparison to another DNA
probe. It also shows that maximum absorbance change occurs
due to specific DNA hybridization, not from the non-specific
adsorption. These are the reason behind the lower LoD and
higher accuracy in sensing the Shigella bacteria.

As per Table II, the FC-TGT is a fully-complementary DNA
probe that one responsible for detection of Shigella. The other
DNA oligonucleotides were used to show the specificity of the
sensor probe. The sensor probe was tested using three types of
oligonucleotides, FC-TGT, NC-TGT, and BPM-TGT, and found
that it shows more selectivity response with FC-TGT. Thus, it
also proves that proposed sensor is selective. Overall, as from
Table II, FC-TGT etched SMF-MCF sensing probe is better
concerning accuracy and LOD.

TABLE II
COMPARISON OF PROPOSED SENSORS

TABLE III
COMPARISON WITH EXISTING SHIGELLA BIOSENSORS

a not reported, A∗ - Real-time loop-mediated amplification technique,
B∗ - Voltage controlled signal amplification.

In this work, to nullify the interference of PBS also detected
the only PBS buffer using the same fiber, and the absorbance
value of only PBS was taken as a blank. Thus, there was no
interference of PBS in concentration-dependent absorbance of
Shigella.

D. Comparison With Existing Shigella Biosensors

Table III shows the comparative study of a few techniques
that are reported for Shigella detection. The proposed sensor
exhibits lower LoD than the other proposed sensors which
further suggest the advancement of the sensor reported in the
present study. Several methods like loop-mediated amplifica-
tion technique, PCR, and voltage-controlled signal amplification
techniques are available for detection of Shigella species [1], [4],
[38], [39]. These methods suffer from various drawbacks such
as time taking, expensive instrumentation, complex procedure,
less specificity, and sensitivity. Due to these limitations, these
methods are difficult to be applied in real-time detection of
samples. Thus, it is important to develop a fast and more effective
method for detection of Shigella species. The proposed sensor in
the study can detect the bacteria as low as 1.56 CFU/mL, which
works well in a real scenario.

IV. CONCLUSION

Present study demonstrated the LSPR based sensitive,
repetable, and reusable, specific, fiber optic sensor for detection
of Shigella. The sensor probe had been fabricated using splicing
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Fig. A-1. Schematic for detection of Shigella bacteria using a proposed sensor probe.

of a short section of MCF with SMF, thereafter coupling of
modes was enhanced by etching method. NPs such as AuNPs and
MoS2-NPs have been used to generate localized plasmons and
increase sensitivity. To increase the specificity of the sensor, IPA
probe has been functionalized over sensor probe, then various
DNA oligonucleotides have been used during the detection.
FC-TGT oligonucleotides are more responsible for detection of
S. sonnei than BPM-TGT, and NC-TGT. The sensor works better
in the range of 1 - 1×109 CFU/mL. The detection limit of etched
FC-TGT sensor probe and detection time was 1.56 CFU/mL and
5 min, respectively, which is substantially smaller in comparison
to other proposed sensors. Due to low LOD, the proposed sensor
is more suitable to diagnose dysentery in the human body.
Moreover, this sensor offers other advantages like simplicity,
real-time detection, and suitability. The work could focus on
the possibility to use the proposed sensor probe to detect other
bacteria in the field of aquaculture (Tenacibaculum Maritimum
and Vibrio Splendidus, etc), marine life, etc. The fiber biosensors
can be also used for detection of protein, antibodies, toxic gases,
metal ions, several serum-based biomolecules.

APPENDIX A

A.I. Experimental Section

A. Synthesis of AuNPs and MoS2-NPs: Turkevich method
was used to synthesize different sizes of AuNPs by varying
the concentration of tri-sodium citrate [33]. In proposed work,
AuNPs were synthesized and immobilized over the fiber struc-
ture to improve the sensitivity of sensor. For this, 15 mL of an
aqueous solution of HAuCl4 (150 mL, 100 mM) was boiled at
100 °C. Thereafter, tri-sodium citrate (1.8 mL, 38.8 mM) was
added to the boiled solution of HAuCl4. The resultant solution
continued to heat and stirred further for 5 min. Then, a red wine

color solution appears after 5 min of stirring that shows the
preliminary appearance of 10 nm AuNPs.

Molybdenum disulfide nanoparticles (MoS2 - NPs) were syn-
thesized by ultrasonication of MoS2 powder in the n-methyl
pyrrolidone (NMP) organic solvent [14]. Typically, 30 mg of
MoS2 was added in 10 mL NMP and sonicated for 3 h in the ul-
trasonic bath machine. Thereafter, homogeneous suspension of
MoS2 was sonicated by a high-power ultra-sonicator for 10 min
at room temperature. The output power of 1000 W, with ON and
OFF cycle of 9 sec, and 6 sec is used to avoid overheating. Then,
the dissolved solution had been centrifuged at 4000 rpm for 1 h
at room temperature. The supernatant was collected and stored
in the 50 mL glass bottle at room temperature for further use in
the experiment.

B. Immobilization of AuNPs and MoS2-NPs over MCF-SMF
sensor probe: The schematic diagram showing step by step
immobilization of AuNPs and MoS2 over the surface of a fiber
structure is shown in Fig. 1 [34]. First, a bare fiber structure
was cleaned using an ultrasonic machine in acetone for 20 min.
Then, fiber structure was kept in Piranha solution (30% H2O2

and 70% H2SO4) for 30 min to remove the unbounded particles
and to produce the OH group over the surface of fiber structure.
Afterwards, OH-immobilized fiber was kept in an ethanolic
solution of 1% MPTMS for 12 h that helps in immobilizing
the AuNPs over the fiber surface.

The unbound MPTMS was removed by rinsing the fiber with
ethanol and drying it with nitrogen gas for further process. There-
after, MPTMS-coated fiber structure was dipped in AuNPs for
48 h. The AuNPs were immobilized over fiber structure through
an inexpensive dip-coating technique. The unbounded AuNPs
were removed by rinsing the fiber using ethanol and drying it
by flowing nitrogen gas. The dip-coating technique was also
used for the immobilization of MoS2-NPs over optical fiber as
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Fig. A-2. Culture steps of Shigella sonnei bacteria.

Fig. A-3. High-resolution transmission electron microscopic images of - (a) AuNPs, (c) MoS2-NPs and energy-dispersive spectroscopic images of - (b) AuNPs,
(d) MoS2-NPs [Inset shows histogram of a diameter of (a) AuNPs, and (b) MoS2-NPs].

shown in Fig. 1. The AuNPs-coated optical fiber was dipped into
1 mL of MoS2-NPs solution for 20 sec and dried for 2 min. For
uniform coating and proper interface with AuNPs, these steps
were carried out several times [14]. Thereafter, immobilized
fiber was kept in an oven at 50 °C for 2 h for the proper robustness
of MoS2-NPs.

C. LSPR Measurements: The schematic of the experimental
setup is shown in Fig. A-1. It consists of the tungsten-halogen
light source (HL-2000, wavelength range: 200–1000 nm, Ocean
Optics Inc., USA) and spectrometer (USB2000+, wavelength
range: 200–1100 nm, Ocean Optics Inc., USA) as the detector.
The IPA-Probe/MoS2/AuNPs-functionalized SMF-MCF sensor
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Fig. A-4. (a) SMF-MCF sensor probe, (b) showing the presence of AuNPs, and (c) AuNPs/MoS2-NPs over sensor probe.

Fig. A-5. SEM-EDS images of (a) AuNPs-immobilized sensor probe, and (b) MoS2/AuNPs-immobilized sensor probe, showing the presence of Au (a), and
Au/Mo (b), respectively.

structure is connected to the bifurcated optical fiber (SPLIT-
400-VIS-NIR, Ocean Optics Inc., USA) and inserted into a
1 mL tube consisting of a different bacterial concentration under
consideration (CFU/mL). The light source and spectrometer
were connected to the first two ports and the sensor probe was
connected to the third port of bifurcated optical fiber. First, a

blank sample (only PBS) was measured as a reference signal
then a different concentration of Shigella bacteria prepared in
PBS solution was injected around the sensing probe and corre-
sponding LSPR spectra were recorded. Then, sensing probe was
rinsed using a 0.5% SDS solution (pH 1.9) for 1 min followed
by rinsing the probe with PBST to remove the previous Shigella
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Fig. A-6. SEM images of sensor probe (a) before, and (b) after detection.

Fig. A-7. Detection of (10, and 100 CFU/mL) S. sonnei using FC-TGT
AuNPs/MoS2-NPs functionalized non-etched sensor probe for 6 min.

bacteria and dried after each measurement. The LSPR spectra
were recorded through Ocean View software of spectrometer
connected to the computer. The proposed sensor works on the
principle of LSPR phenomena that states that absorbance value
changes due to the variation in the RI surrounding the sensor
probe [35].

D. Culture of Shigella sonnei Bacteria: S. sonnei were cul-
tured in the medium containing 1.25 g of peptone, 0.75 g of beef
powder, 1.25 g of NaCl in 250 mL DI water with or without
3.75 g of agar. The bacterial concentration was determined using
a conventional surface plate count method as shown in Fig. A-2.
S. sonnei was added in the flask containing media using tip probe
and kept in a shaker incubator at 37 °C, 200 rpm, overnight. The
bacteria grown in the media overnight were diluted to different
concentrations. 50 µL of diluted bacterial culture was added
into petri-dish and kept in an incubator at 37 °C for 48 hours
in aerobic conditions for further growth of bacterial colonies.
Thereafter, bacterial colonies were counted manually at differ-
ent concentrations, and CFU/mL was calculated as shown in

Fig. A-13. For sensing, the bacterial solution was serially diluted
to the desired concentration using bacterial media. Then, the
specific sequences of 200 µL of aptamer/oligonucleotide (Cy-5
labelled sequences) were allowed to bind with the 1 mL of
Shigella Sonnei in the presence of media for 5 min. Thereafter,
solution of each concentration was centrifuged at 4000 rpm for
5 min to obtain the pellet of bacterial cells and to remove the
interference of bacterial media. Further, the pellet was diluted
in 1 mL of phosphate buffer saline (1X PBS) buffer solution for
measurement.

A.II. Results and Discussion

To confirm the immobilization of AuNPs and AuNPs/MoS2

over sensor structure, SEM-EDS of nanoparticles coated sensor
structure was also performed. Fig. A-5 shows SEM-EDS images
of (a) AuNPs-immobilized sensor probe, and (b) MoS2/AuNPs-
immobilized sensor probe, showing the presence of Au (a), and
Au/Mo (b), respectively. Now, these images depict that Au is
present in Fig. A-4b (AuNPs-immobilized probe) and Au/Mo
are present in Fig. A-4c (AuNPs/MoS2-immobilized probe). In
these figures, other materials are found due to composition of
fiber structure (Silica, SiO2) and reagent used in synthesis of
AuNPs and MoS2.

E. Performance Study: Repeatability and Reproducibility
Test: To test the repeatability, 106 CFU/mL of Shigella bac-
terial solution was measured using FC-TGT AuNPs/MoS2-NPs
functionalized etched sensor probe then sensor probe was regen-
erated using 0.5% SDS solution (pH 1.9) for 1 min followed by
rinsing the probe with PBST. Thereafter, same concentration of
new solution was detected and found there is negligible change
in absorbance as shown in Fig. A-10a. This result shows that
repeatability of sensor probe is better.

Similarly, to test the reproducibility, three similar sensors
were fabricated with the optimized parameter and protocol as
discussed in paper, and tested the 104 CFU/mL Shigella bacterial
solution. Fig. A-10b shows the bacterial sensing results of three
sensors based on FC-TGT AuNPs/MoS2-NPs functionalized
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Fig. A-8. Bacterial sensing results and linearity plots of (a, b) FC-TGT, (c, d) BPM-TGT, (e, f) NC-TGT using AuNPs/MoS2-NPs functionalized nonetched
sensor probe.

Fig. A-9. (a) Bacterial sensing results, and (b) linearity plots of FC-TGT AuNPs- functionalized etched sensor probe.

Fig. A-10. (a) Repeatability, (b) and reproducibility test using FC-TGT AuNPs/MoS2-NPs functionalized etched sensor probe.



4080 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 12, JUNE 15, 2021

Fig. A-11. (a) HR-TEM image of synthesized MoS2 – nanosheet, and (b) EDS image confirms that the synthesized nanosheet is molybdenum (Mo).

Fig. A-12. (a) Bacterial sensing results, and (b) linearity plots of FC-TGT AuNPs/ MoS2-Sheet functionalized etched sensor probe.

Fig. A-13. Shigella sonnei colony in the flask.

etched sensor probe. There is an insignificant variation in
absorbance of sensing result of three sensors and standard error
is too low, it means reproducibility of sensor is also good.

Effect of Temperature: A well-defined incubation conditions
and nutrition’s were required for Shigella sonnei bacteria. There
was aerobic condition and 37 °C culture temperature for growth
and survival of this type of bacteria. Thus, an incubator was

used to keep pre-defined temperature. As, main objective in
this work was to detect the live bacterial cells, thus 1 ml tube
of bacterial solutions were kept in a dry bath at 37 °C during
the measurement. Shigella sonnei bacteria cannot survive at
different incubation conditions and give the proper results of
measurement.

MoS2-Sheet: Further, to check the performance of molyb-
denum disulfide (MoS2) nanosheet and nanoparticles, an ex-
periment was carried out with the functionalization of MoS2-
nanosheet at the place of nanoparticles. For this purpose, first
MoS2–nanosheet was synthesized as per protocol discussed by
Kaushik et al. [14]. Here, Fig. A-11a shows the HR-TEM image
of synthesized MoS2 – nanosheet, and Fig. A-11b confirms
that the synthesized nanosheet is molybdenum (Mo). Thereafter,
same protocol as discussed earlier was used for functionalization
of MoS2 – nanosheet over optical fiber structure.

Here, Fig. A-12a shows the bacterial sensing result of FC-
TGT AuNPs/MoS2-sheet functionalized etched sensor probe.
As per linearity plot shown in Fig. A-12b, its accuracy is 0.9853,
and LoD is obtained as 1.68 CFU/mL.

Fig. 4a shows the bacterial sensing result of FC-TGT
AuNPs/MoS2-nanoparticles functionalized etched sensor probe
and its LoD and accuracy are 1.56 CFU/mL and 0.997 obtained
from linearity plot shown in Fig. 4b. Thus, based on the exper-
imental results it can be concluded that sensing performance
of MoS2-nanoparticles is better than MoS2-nanosheet. It is due
to a higher surface area of smaller size (approx. 2.2 nm) of
MoS2-NPs.
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