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ABSTRACT
In this work, a TiO2 coated etched long-period grating (e-LPG) fiber optic biosensor is developed for the detection of Escherichia coli (E.
coli) bacteria in food items. Label-free Escherichia coli bacteria monitoring is done over the detection range of 0 cfu/ml–50 cfu/ml using an
advanced spectral interrogation mechanism. The thin film deposition of 40 nm TiO2 over the e-LPG is confirmed by the microscopy method,
such as scanning electron microscopy. In our proposed biosensor design, T4-bacteriophage is covalently immobilized over the TiO2 coated
fiber surface. This biosensor system has reached sensitivity at 2.55 nm/RIU. Our experiments confirm the resolution and the limit of detection
(3σ/S) of 0.0039 RIU and 10.05 ppm, respectively. The proposed biosensor with enhanced sensitivity is suitable for monitoring harmful
pathogens/infectious agents in various food products.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020571., s

I. INTRODUCTION

E. coli is the most common bacteria found in food items and
water whose consumption is harmful to human beings.1–5 Earlier,
the monitoring of such bacteria is done using antibodies,2,3 nucleic
acids,4,5 bacteriophages,6 etc. To detect such harmful pathogenic
bacteria, various research groups have followed both label and label-
free detection methods. Specific dyes are used in the label detec-
tion method,6 making this method more costly and complicated.
In the label-free sensing method,1 changes in the sensor surface
are monitored, such as the variation in the analyte refractive index
(nA-RI) or variation in thickness of the bio-layer coated on the fiber.
These surface changes modify the optical properties of the optical
sensor, mainly resulting in the resonating wavelength shift. Hence,
a label-free sensor helps in the real-time monitoring of bacteria
effectively.

In Ref. 7, Bragg grating, especially long-period grating (LPG),
has been used for label-free biochemical sensing. The authors have
fabricated two LPG based fiber optic sensors (LPG-A: grating period
= 615 μm; length: 2.46 cm, and LPG-B: grating period = 370 μm;
length: 2.035 cm) demonstrating limits of detection (LODs) ∼ 7.6
mg l−1 and 0.5 mg l−1, respectively. Here, bacteria interaction is

monitored through an IgG/anti-IgG bioassay. Another interesting
work is performed in Ref. 8, where E. coli bacteria detection is done
with an optical deforming method. Here, a tapered optical fiber
with dielectrophoretic (DEP) trapping is used for the rapid label-free
detection of bacteria in water. The authors have achieved 95 200%
RIU (refractive index unit) sensitivity and 5.2 × 10−6 RIU (at 0.5%
intensity stability) detection limit, respectively.

In this paper, a TiO2 coated e-LPG biosensor is developed using
a single-mode optical fiber (SMF-28), as shown in Fig. 1. The metal-
oxide coating is done over the e-LPG region to enhance the sensi-
tivity of the suggested label-free fiber optic biosensor. Our real-time
experiments confirmed the capability of our proposed coated e-LPG
biosensor for monitoring significantly smaller index variations of
pathogenic bacteria, such as E. coli, in food items and water.

II. MATERIALS AND METHODS
The schematic of the suggested TiO2 coated e-LPG fiber optic

biosensor is shown in Fig. 1. We have used an optical grating (long-
period grating) with 3 cm length, 9 μm core radius (r), and 125
μm cladding radius, respectively. With this specification, the LPG
is fabricated using a 248 nm Krypton Fluoride (KrF) excimer laser
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FIG. 1. Schematic of the proposed TiO2 coated e-LPG biosensor with the
experimental setup.

(LumonicsTM). The long-period grating (LPG) then anneals at a tem-
perature of 150 ○C to release the excess hydrogen. Here, the LP01
mode propagates as cladding modes with suitable symmetry, i.e.,
(LP0m, where m = 2, 3, . . .). In general, the filtering wavelength, λR,
for the LPG is expressed as9

λR = (neff
01 − neff

0m ) ⋅Λ, (1)

where Λ is the grating pitch and neff
01 and neff

0m are the effective mode
index of the LP01 and LP0m modes, respectively.

For metal-oxide coating over the LPG region, cladding is par-
tially removed from the fiber by dipping the LPG region vertically
into 4% concentrated hydrogen fluoride (HF) solution for nearly
3 h at 20 ○C. Due to etching, the cladding diameter changes from “d
= 125 μm” to “d = 30 μm.” In general, the filtering wavelength of the

e-LPG is given by10

ΔλR = μ2
∞ ⋅ λ3

0Λ
8π3nclr3

⎡⎢⎢⎢⎢⎢⎣

1√
(n2

cl − n2
ex)
− 1√
(n2

cl − n̄2
ex)

⎤⎥⎥⎥⎥⎥⎦
, (2)

where ncl is the cladding refractive index and nex is the external
refractive index, respectively. A real-time monitoring system for
etching the long-period grating using hydrofluoric (HF) acid solu-
tion is shown in Fig. 2(a). An optical interrogator (HBM-FS22DI)
is used to observe the filtering wavelength during the etching pro-
cess. The etching step results can be analyzed by monitoring the
wavelength shift of LPG with respect to the etching time.

After the etching process, a thin coating of titanium oxide
(TiO2: 99.99% pure) over the sensing surface of the long-period
grating sensing head is carried out. For this, an electron beam gun–
cum–thermal evaporation system is used, which is purchased from
HPVI (High Vacuum Products and Instruments), Bangalore, India.
This instrument is working on both the modes: thermal evaporation
and electron beam gun. In our experimental work, we have used the
electron beam gun method rather than thermal evaporation to pre-
cisely evaporate titanium oxide. In addition, the wastage of material
is less, and the purity of the material is substantially high. The deflec-
tion angle is set to 270○ , and it is a thyristor-controlled system based
on high voltage. In addition, its feed is done by Teflon insulation
rated for 15 K V/100 Amps.

Moreover, we can control the X-direction and Y-direction
beams with the help of beam knobs. With this knob, important
parameters can be controlled, such as frequency, electron beam, and
amplitude. Next, we have maintained the vacuum up to 10−6 mbar
using this instrument. We have used a customized rotational holder
that can hold optical grating to rotate at 360○ angle. These rota-
tions are performed at 30 rpm for the uniform TiO2 deposition over
a long-period optical grating sensing head. Figure 2(b) shows the
complete coating process with a rotational mechanism. The coating
thickness of TiO2 over the sensing head is monitored by using a dig-
ital thickness monitor (DTM) employed in an evaporation chamber.

FIG. 2. (a) Etching process setup; (b)
TiO2 deposition over the etched long-
period grating (e-LPG) using the rota-
tional mechanism.
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FIG. 3. Absorbance spectrum of the TiO2 solution used for coating of the e-LPG
biosensor. The inset shows the TiO2 coated e-LPG biosensor for monitoring the E.
coli bacteria.

Finally, a SiO2 layer is deposited over TiO2 for better binding and
detection of E. coli bacteria.

Next, the etched region is neutralized with HF acid followed
by washing with de-ionized water. Furthermore, TiO2 solution is
synthesized with the microwave-assisted hydrothermal method. In
addition, the absorption spectrum of TiO2 has been recorded with
UV–Vis–NIR spectroscopy; see Fig. 3.

E. coli culturing is done by taking frozen pieces of E. coli bac-
teria to seed Luria-Bertani (LB) for 8 h–12 h. The dilution of E. coli
culturing was plated on the LB agar for colony forming unit (cfu)
measurements. Next, T4-bacteriophage solution is prepared by mix-
ing 110 μl of E. coli culture with 5 ml cooled top agar. The mixture is
incubated at 35 ○C for 12 h. After incubation, macroplaque is devel-
oped over the lawn of bacteria. The content is passed through a 0.25
μm filter to obtain the phage stock for experiments. Here, the phage
concentration is measured with plaque forming units (pfu).

III. EXPERIMENT AND RESULTS
The suggested TiO2 coated e-LPG biosensor is 2.5 cm in length,

and the experimental setup is shown in Fig. 1. A sensor head is pre-
pared by depositing 40 nm TiO2 over the e-LPG with 30 μm diame-
ter. The biosensor is spliced to a 5 m long patch cord for interrogator
connections. The presence of bends near the e-LPG biosensor may
lead to measurement errors. The ends of coated e-LPG are fixed with
the fiber holders to fix the sensor position.

Moreover, all experiments are conducted at constant room
temperature to avoid temperature fluctuations. Light from the
broadband light source (Ocean Optics LS1) is launched to the
TiO2 coated e-LPG sensor. For frequency response measurements,
the proposed sensor is connected to the optical spectrum analyzer
(Yokogawa AQ6370C) with 0.45 nm spectral resolution.

First, immobilization of T4-bacteriophages over the coated sur-
face of LPG is carried out using the incubation process. Next, LPG

samples are exposed to 3-aminopropyltris(trimethylsiloxy)silane for
2 h–4 h. As a result, the silane thin-film immobilizes with the
amino function group on the top of the coated e-LPG surface, fol-
low Fig. 1.11 Next, these samples are placed in methanol solution
and then de-ionized water for almost 30 min. These amino groups
bind with T4-bacteriophages and help in the label-free detection of
E. coli bacteria. Therefore, samples are finally put in the bacterio-
phage solution with 108 pfu/ml for nearly 3 h. The complete covalent
binding of T4-bacteriophage is summarized in Fig. 1. Furthermore,
analyte refractive index sensitivity (nA-RI) measurements are per-
formed with the Abbe refractometer (Atago DR-M2) at λ = 1.55 μm.
The variation of the filtering wavelength (λB) with respect to nA-RI is
shown in Fig. 4(a). The slope of λB in contrast to nA-RI confirms the
sensitivity of 12.64 nm/RIU and 2.55 nm/RIU for the bare e-LPG
and coated e-LPG, respectively.

FIG. 4. (a) Plot of Bragg wavelength vs analyte refractive index (nA-RI) for the
developed biosensor and (b) its corresponding frequency response.
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FIG. 5. Plot of the change in wavelength (spectral shift) with respect to various
experiment stages.

FIG. 6. Plot of the change in wavelength (spectral shift) with respect to the E. coli
bacteria concentration (in cfu/ml).

The frequency response of the suggested metal-oxide coated e-
LPG sensor is plotted in Fig. 4(b). The signal noise is calculated in
terms of standard deviation of the reflected signal, and it is nearly
3.35 pm for our design. The resolution and the limit of detection

FIG. 7. Refractive index measurements with respect to the E. coli bacteria
concentration.

(3σ/S) are 0.0039 RIU and 10.05 ppm, respectively.12 Therefore,
any filtering wavelength shift greater than 10.05 ppm is valid for
the proposed fiber optic biochemical sensor. In addition, the wave-
length shifts are calculated using Eq. (2). It has been observed that
with adsorption measurements, E. coli bacteria wipe out from the
fiber surface during buffer washes. However, with the proposed sen-
sor design, E. coli bacteria bind to the coated TiO2 surface due to
immobilized T4-bacteriophages covalent bond.

Figure 5 shows the change in wavelength (spectral shift) vs
various experiment stages, i.e., pre-buffer wash, E. coli incubation,
and post-buffer wash. The response time of the suggested biosen-
sor is nearly 30 min. In addition, the change in wavelength (see the
y-axis) in the range 2.5 nm–4.5 nm after the bacteria incubation
confirms the E. coli binding over the TiO2 coated e-LPG with dif-
ferent concentrations. For this, we have plotted the change in wave-
length (from pre-buffer wash to post-buffer wash) with respect to the
E. coli concentration (in cfu/ml), see Fig. 6. It starts saturating after
45 cfu/ml, due to a decrease in the refractive index of bacteria. Sim-
ilarly, the main reason for the low “change in wavelength” at lower
bacteria concentrations is the less e-LPG surface covered by E. coli
(Table I).

Finally, we have studied the effect of bacteria concentration on
the refractive index behavior of the bacteria samples. We have again

TABLE I. Sensitivity comparison of etched-fiber based optical sensors.

Cladding diameter after Coating Sensitivity Reference
the etching process (μm) material used δλ/δn (nm/RIU)

32 . . . 7 13
18.4 . . . 1.3 14
30 Reduced graphene oxide 1.5395 15
30 TiO2 2.55 This work

Rev. Sci. Instrum. 91, 125001 (2020); doi: 10.1063/5.0020571 91, 125001-4

Published under license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

used an Abbe refractometer, maintaining the accuracy of 0.0001
RIU, see the y-axis of Fig. 7. The net refractive index variation of 7.4
× 10−4 RIU is observed for the E. coli concentration from 0 cfu/ml to
50 cfu/ml, as per Fig. 7. This means that the TiO2 coated e-LPG with
a sensitivity of 2.55 nm/RIU must demonstrate a wavelength shift
of nearly 18.87 nm. In addition, this confirms the binding of E. coli
bacteria over the TiO2 coated surface of the proposed biosensor.

IV. CONCLUSION
In conclusion, we have reported a 40 nm TiO2 coated e-LPG

ultrafast, highly sensitive, label-free, and cost-effective biosensor
for the monitoring of E. coli bacteria over the detection range of
0 cfu/ml–50 cfu/ml. The proposed biosensor has a device sensi-
tivity of 2.55 nm/RIU. The resolution and the limit of detection
(3σ/S) as per the experiments are 0.0039 RIU and 10.05 ppm,
respectively. The refractive index variation of the TiO2 solution
may improve device sensitivity. With better stability, high dura-
bility, and label-free operation, the proposed optical grating-based
sensor is suitable for various future integrated optical biosensor
applications.

ACKNOWLEDGMENTS
This work was financially supported by the project “Design

and Development of Deployable Thin Film based Evanescent Field
Sensor to Check the Quality of food from Adulteration” funded
by the Council of Scientific and Industrial Research (CSIR), India,
under Sanction No. 70(0077)/19/EMR-II—Dated: 17 July 2019,
and IIT(ISM) Project No. CSIR (32)/2019-2020/663/ECE. This
project was sponsored by the Council of Scientific and Indus-
trial Research (CSIR)-Central Scientific Instruments Organisation
(CSIO), Chandigarh 160030. The authors would like to thank
Professor T. Srinivas (IISc Bangalore), Dr. Umesh Kumar Tiwari
(CSIR-CSIO), and Dr. Sudipta Sarkarpal (CSIR-CSIO) for provid-
ing the necessary technical and experimental support. This work
was also partially funded by seed money grant under Project No.
MAHE/DREG/PhD/IMF/2019.

DATA AVAILABILITY

Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

REFERENCES
1S. Kaushik, U. Tiwari, Nilima, S. Prashar, B. Das, and R. K. Sinha, “Label-free
detection of Escherichia coli bacteria by cascaded chirped long period gratings
immunosensor,” Rev. Sci. Instrum. 90, 025003 (2019).
2P. Arora, A. Sindhu, N. Dilbaghi, and A. Chaudhury, “Biosensors as innovative
tools for the detection of food borne pathogens,” Biosens. Bioelectron. 28, 1–12
(2011).
3K. Rijal, A. Leung, P. M. Shankar, and R. Mutharasan, “Detection of pathogen
Escherichia coli O157:H7 AT 70 cells/ml using antibody-immobilized biconical
tapered fiber sensors,” Biosens. Bioelectron. 21, 871–880 (2005).
4A. J. Baeumner, R. N. Cohen, V. Miksic, and J. Min, “RNA biosensor for the
rapid detection of viable Escherichia coli in drinking water,” Biosens. Bioelectron.
18, 405–413 (2003).
5B. V. Dorst, J. Mehta, K. Bekaert, E. R. Martin, W. De Coen, P. Dubruel,
R. Blust, and J. Robbens, “Recent advances in recognition elements of food and
environmental biosensors: A review,” Biosens. Bioelectron. 26, 1178–1194 (2010).
6S. Balasubramanian, I. B. Sorokulova, V. J. Vodyanoy, and A. L. Simonian, “Lytic
phage as a specific and selective probe for detection of Staphylococcus aureus—A
surface plasmon resonance spectroscopic study,” Biosens. Bioelectron. 22, 948–
955 (2007).
7F. Chiavaioli, C. Trono, A. Giannetti, M. Brenci, and F. Baldini, “Characterisation
of a label-free biosensor based on long period grating,” J. Biophotonics 7, 312–322
(2014).
8Y.-H. Tai, C.-W. Lee, D.-M. Chang, Y.-S. Lai, D.-W. Huang, and P.-K. Wei,
“Escherichia coli fiber sensors using concentrated dielectrophoretic force with
optical defocusing method,” ACS Sens. 3, 1196–1202 (2018).
9M. Singh, S. K. Raghuwanshi, and O. Prakash, “Ultra-sensitive fiber optic gas sen-
sor using graphene oxide coated long period gratings,” IEEE Photonics Technol.
Lett. 31(17), 1473–1476 (2019).
10K. S. Chiang, Y. Liu, M. N. Ng, and X. Dong, “Analysis of etched long-period
fiber grating and its response to external refractive index,” Electron. Lett. 36, 966–
967 (2000).
11S. P. Chandran, S. Hotha, and B. L. V. Prasad, “Tunable surface modification
of silica nanoparticles through ‘click’ chemistry,” Curr. Sci. 95, 1327–1333 (2008),
see https://www.currentscience.ac.in/php/toc.php?vol=095&issue=09.
12F. Chiavaioli, C. A. Gouveia, P. A. Jorge, and F. Baldini, “Towards a uniform
metrological assessment of grating-based optical fiber sensors: From refractome-
ters to biosensors,” Biosensors 7(2), 23 (2017).
13R. de Paiva Corotti, Jr., J. Thaler, H. J. Kalinowski, M. Muller, J. L. Fabris, and
R. C. Kamikawachi, “Etched FBG written in multimode fibers: Sensing charac-
teristics and applications in the liquid fuels sector,” J. Microwaves, Optoelectron.
Electromag. Appl. 14(1), 51–59 (2015).
14J. F. Kuhne, A. M. Rocha, V. de Oliveira, H. J. Kalinowski, and R. C.
Kamikawachi, “Experimental and numerical study on refractive index sensors
based on fibre Bragg gratings inscribed in multimode fibre,” Meas. Sci. Technol.
29(2), 025102 (2018).
15N. K. Radhika, B. S. Kavitha, S. Asokan, and S. S. Gorthi, “Detection of copper
nanoparticles templated by DNA using etched fibre Bragg grating sensor,” IEEE
Sens. J. 20(16), 9179–9186 (2020).

Rev. Sci. Instrum. 91, 125001 (2020); doi: 10.1063/5.0020571 91, 125001-5

Published under license by AIP Publishing

https://scitation.org/journal/rsi
https://doi.org/10.1063/1.5036693
https://doi.org/10.1016/j.bios.2011.06.002
https://doi.org/10.1016/j.bios.2005.02.006
https://doi.org/10.1016/S0956-5663(02)00162-8
https://doi.org/10.1016/j.bios.2010.07.033
https://doi.org/10.1016/j.bios.2006.04.003
https://doi.org/10.1002/jbio.201200135
https://doi.org/10.1021/acssensors.8b00258
https://doi.org/10.1109/lpt.2019.2932764
https://doi.org/10.1109/lpt.2019.2932764
https://doi.org/10.1049/el:20000701
https://www.currentscience.ac.in/php/toc.php?vol=095&issue=09
https://doi.org/10.3390/bios7020023
https://doi.org/10.1590/2179-10742015v14i1426
https://doi.org/10.1590/2179-10742015v14i1426
https://doi.org/10.1088/1361-6501/aa9c52

