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Various diseases are spread by means of contaminated water or food, and the detection of pathogenic bacteria has great sig-
nificance for securing a proper healthy environment for human beings. In this article, microfiber gratings (MFGs) were fabricated
by using a high-frequency CO2 laser. ,e number of periods is 30, and the length of the period is 600 μm. A type of biosensor is
proposed in this study. Results showed that the biosensor was strongly sensitive to the concentration of Escherichia coli and a
maximum sensitivity of 1.15 nm/107CFUwas achieved.,emechanism of real-time sensing of preparedMFGwas also proposed,
which could be due to relationship between dip wavelength shift and the concentration of detected bacteria. ,e prepared MFGs
do not need any coating, and the proposed biosensor has a great potential for application in fields of medical treatment, biology,
and farming.

1. Introduction

For several decades, detection of pathogenic bacteria has
great significance in securing a proper healthy environment
for human beings due to various diseases spread through
contaminated water or food. Escherichia coli (E. coli) is an
easy indicator for fecal coliform contamination [1]. ,e
nonpathogenic population of E. coli mainly inhabits in the
intestinal tract of most mammalian species including
humans [2], which often causes severe intestinal and
extraintestinal diseases in areas such as bloodstream, the
urinary tract, and meninges [3–5]. Various techniques are
developed for the detection of E. coli including culture
methods, fluorescence, and microscopy [6]. However, most
of the traditional detection methods are time-consuming
and may take up to a whole week, resulting in a limitation to
the extensive and real application for real-time sensing [7, 8].
,us, sensitive, rapid, and accurate detection methods are
urgently required.

Due to their unique properties such as enhanced eva-
nescent fields, tight light confinement, and large waveguide
dispersion, microfibers have attracted extensive interests
since Tong’s first demonstration in 2003 [9, 10]. Microfibers

and related structures were intensively investigated for
various sensor applications, such as temperature sensor
[11–14], RI (refractive index) refractometer [15–18], and gas
sensor [19–21]. A biosensor based on conventional fused
fiber coupler was proposed by Tazawa et al. in 2007 [22]. It
has been known that the transmission spectrum of a
microfiber is strongly affected by the RI of the surrounding
medium because of evanescent field generated on the fiber
surface at the fused region. Hence, a higher sensitivity can be
obtained by properly decreasing the diameter of a micro-
fiber. Microfiber structure fabricated by Liao et al. [23] as a
RI sensor has a sensitivity of 2735 nm/RIU (refractive index
unit, RIU). In the article, we fabricated a type of biosensor
for the detection of E. coli concentration based onmicrofiber
gratings (MFGs), which has a great potential application for
real-time monitoring of the growth of E. coli.

2. Experimental Methods

2.1. Microfiber Preparation. Figure 1(a) shows the micro-
fiber fabrication diagram. Telecom single-mode fibers
(SMF28, Corning) were put carefully into the taper drawing
system, and then, a low-loss microfiber was fabricated by
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using the heating brushing technique [24]. Figure 1(b) is a
scanning electron microscope (SEM) image of the waist
region of the prepared microfiber, which indicates that the
diameter of the microfiber is about 2 μm.

2.2. Sensor Fabrication. MFGs were fabricated by using a
high-frequency CO2 laser. ,e number of periods is 30, and
the length of the period is 600 μm. ,e transmission spec-
trum of MFG displays resonant behavior due to periodic
modulation of microfiber surface RI.

,e free-standing MFG could be affected by environ-
mental factors such as physical vibration and air flow due to
its poor mechanical stability, which will produce large
measurement errors and disturb sensing results.

In order to improve the mechanical stability of MFG and
enhance the repeatability of the entire sensing system,
packaged MFG in a surrounding structure using a low RI
UV curable polymer (,orlabs) is essential. Figure 2 shows
the schematic diagram of the embedded MFG and experi-
mental setup. A microscope slide was firstly covered with
two small slides in parallel to create an open-top channel.
,en, two blocks of thin slides were used to seal the two ends
of the channel and to support the MFG sample in place.
,en, the fabricated MFG was placed into the channel, and
the entire coupler was suspended in the sensing environ-
ment. Several drops of UV curable polymer were used to fix
the MFG sample. ,e entire sensing sample was exposed
under UV radiation (UV LED system, ,orlabs) for 60
seconds. At last, an uncovered section with length about
15mm in the center of the channel was formed, which was to
be used for the E. coli sensing experiment. A semiconductor
laser diode (SLD, ,rolab S5FC 1550P-A2) with a central
wavelength of 1550 nm was used as the optical source. It was
connected to the input port of theMFG. An optical spectrum
analyzer (OSA) (Yokogawa, 6370C) was connected to the
outputs of the MFG to record the output transmission
spectra.

2.3. Biosensing Experiment. Culture medium without bac-
teria is a basic element in biosensing experiment, which is
significant for the culture of bacteria. Culture medium was

preserved at −20°C and refrigerated at 4°C. Other prepa-
ration works were performed at room temperature and
would last for about 5 minutes, during which the temper-
ature of culture medium would rise. Organic contaminants
adhered to the surface of the entire sensing sample, and
cuvettes were removed by washing with pure ethyl alcohol.

3. Results and Discussion

In this experiment, temperature is a main factor for the
reproduction behavior of the bacteria. ,us, the sensing
process was divided into two stages. At the first stage, the
culture medium had a low temperature and the reproduc-
tion of bacteria was slow. 3ml culture mediumwith an initial
bacterial concentration of 1× 107CFU/ml was dropped into
the channel of the sensing sample. Measured spectral re-
sponses were recorded every 30min. At the second stage,
bacteria reproduced actively at room temperature, which
was much faster than that in the first stage. ,e initial
bacterial concentration was 1.9×107CFU/ml. Measured
spectral responses were recorded every 5min. Dis-
tinguishing the two stages will contribute to the data
analyzation.

For the first stage, the initial bacterial concentration was
1× 107CFU/ml. Measured spectral responses were recorded
every 30min. Figure 3(a) illustrates the measured spectral
responses during the first 4 hours, and Figure 3(b) shows the
dip wavelength shift corresponding to the spectral responses.
,e dip wavelength showed a blueshift from 1554.68 nm to
1550.06 nm with the increase of time, with an average
blueshift speed of about 0.018 nm/min, which could be due
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Figure 1: (a) Microfiber fabrication setup; (b) the SEM image of the waist region of prepared microfiber. ,e diameter of each fused
microfiber is about 2 μm.
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Figure 2: Schematic diagram of the embedded MFG and exper-
imental setup.
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to the slow reproduction of bacteria in the culture medium at
low temperature. Figure 3(c) indicates the transmission
varies with the increase of measuring time.,e transmission
increased a little bit from −21.065 dB to −21.031 dB during
the first 30min, which could be due to the low concentration
of bacteria in the culture medium at low temperature. ,e
number of bacteria decreased during the first 30min. ,en,
the transmission decreased from −21.0318 dB to −28.402 dB
with further increase of time, which could be due to the slow
reproduction of E. coli. ,e number of E. coli gradually
increased.

For the second stage, the temperature of the tested
sample was the room temperature. ,e initial bacterial
concentration was 1.9×107CFU/ml. Measured spectral
responses were recorded every 5min. Figure 4(a) illustrates
the wavelength shift corresponding to the spectral responses

during the half-hour; and measured wavelength shift and
transmission loss with the increase of time are given in
Figures 4(b) and 4(c). Results indicate that the dip wave-
length has a linear blueshift from 1550.6 nm to 1535.36 nm
with the increase of time, with a blueshift speed of about
0.5 nm/min, much higher than that at the first stage
(0.018 nm/min). ,e fast reproduction rate of E. coli at the
room temperature is the main reason for the fast blueshift
speed at the second stage. ,e transmission decreased from
−28.4289 dB to −38.9895 dB. ,e decrease in speed of the
transmission at this stage is about 12 times in comparison
with that in the first stage. ,is phenomenon can be
explained by basic biology theories that the number of
bacteria in culture medium increases drastically. Experi-
mental results indicate that both the dip wavelength and
transmission can be employed to monitor the concentration
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Figure 3: (a) Measured spectral responses during the first 4 hours, which was recorded every 30min; the wavelength shift (b) and
transmission loss (c) during the first 4 hours, which were caused by the change of the bacterial concentration.
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of E. coli. Compared with transmission loss, dip wavelength
is a more sensitive factor (2.3 times).

In order to verify the relationship between bacterial
concentration and dip wavelength shift, 5ml culture me-
dium with E. coli (the initial concentration is 0.047%,
1× 107CFU/ml) was dropped into the channel of the
sensing sample and cuvette, respectively. ,e reproduction
rates of E. coli are the same for the culture medium with the
same volume at the same temperature. OD (optical density)
of the culture medium was measured by using a spectro-
photometer (Shimadzu, UV-2600). ,e average values of
OD were adopted from three cuvettes in order to obtain a
higher accuracy. Spectral responses and ODs were recorded
every 30min.

Time-dependent wavelength shift for real-time sensing is
given in Figure 5(a). Resonance wavelength was recorded
every 30min, and the total measuring time was 270min.,e
wavelength shift increased exponentially with the increase of

time. At the beginning of the sensing process (within
240min), the wavelength shifts slowly due to the slow re-
production rate of E. coli at low temperature. While after
240min, the wavelength shift dramatically increased, indi-
cating a drastic reproduction of E. coli at room temperature.
,is result is consistent with result in Figures 3 and 4.
Figure 5(b) illustrates the exponential relationship between
OD and dip wavelength. ,e dip wavelength shows a
blueshift from 1554.68 nm to 1515.26 nm with the increase
of OD. OD is proportional to the concentration of E. coli in
culture medium. It indicates that the concentration of E. coli
can be obtained from the value of wavelength shift according
to expressions in Figure 5.

,e behavior of the prepared sensor for the detection of
the concentration of E. coli is shown in Figure 6. It indicates
that the detected signal increased monotonously with the
increasing concentration of E. coli. An exponent fitting was
applied to the sensitivity variation with respect to dip
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Figure 4: (a) Measured spectral responses after 4 hours, which was recorded every 5min; the wavelength shift (b) and transmission loss
(c) caused by the change of the bacterial concentration.
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wavelength shift in Figure 6. A maximum sensitivity of
1.15 nm/107CFU was achieved by using the fabricated
sensor. It implies that real-time sensing of concentration of
E. coli can be achieved by using the MFG sample according
to the relationship between dip wavelength shift and the
concentration of detected bacteria.

Generally, the MFGs can allow power transfer between
the guided modes when a certain resonant condition is
satisfied, which leads to a series of transmission dips in the
spectrum. ,e coupling of modes with high diffraction
orders has been first demonstrated in conventional fibers.
,e MFGs can be used in simultaneous sensing application.
,e resonant condition of the MFGs can be expressed as

λres �
neff1 − neff2( Λ

N
, (1)

where λres is the resonant wavelength, Λ is the grating pe-
riod, N is the diffraction order, and neff1 and neff2 are the
effective indices for the lower- and higher-order guided
modes, respectively. Based on Eq. (1), for the same resonant
wavelength and the same coupled modes, the larger value of
N has the longer grating period Λ. ,e variation of ambient
refractive index (nex) can produce different changes to the
dissimilar mode indices, which leads to a modification of the
mode-index difference and induces the shift of the spectrum.
By taking a small variation of nex from Eq. (1), the sensitivity
of dip wavelength to refractive index can be expressed as

S �
dλ
dn

�
λ zΔ n/znex

(Δn − λ zΔ n)/zλ
. (2)

It is shown that the sensitivity is independent on either
the diffraction order or the grating period, but it is de-
pendent on the microfiber diameter and the operating
wavelength.

4. Conclusion

Real-time sensing for the concentration of E. coli based on
MFG structure is proposed and experimentally demon-
strated in this article. ,e MFG sample was fabricated based
on the taper drawing system by using the heating brushing
technique.,e performance of the sensor in culture medium
with E. coli in the wavelength domain was evaluated. Results
showed that compared with transmission loss, dip wave-
length is more sensitive to the concentration of bacteria. ,e
MFG-based sensor is capable of real-time sensing for the
concentration of E. coli. A maximum sensitivity of 1.15 nm/
107CFU was achieved in our experiment. ,e detection
mechanism could be due to the relationship between dip
wavelength shift and the concentration of bacteria. ,e
fabricated MFG structure does not need any coating.
Considering the simple structure, compact size, low cost,
and high sensitivity of the proposed MFG-based sensor, this
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Figure 5: (a) Time-dependent wavelength shift and resonance wavelength was recorded every 30min. (b) ,e relationship between dip
wavelength and optical density.
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research offers a sensitive, rapid, and accurate solution for
the detection of bacteria in advanced biology fields.
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