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Abstract— Pathogenic bacteria cause thousands of human
infections every year. Their effective detection can prevent
diseases, decrease the cost of patient hospitalizations, and thus
enhance the standard of people’s life. Here, we present a
bioinspired sensor for bacteria detection in water, which is
based on long-period fiber grating (LPFG) and α-mannoside
receptor. Embedding of p-aminophenyl-α-D-mannopyranoside,
sensitive to E. coli strain, into the biosensor, allows mimicking
natural bacteria adhesion to the host cell. The receptor has
been covalently immobilized by a thiourea bond to the LPFG
platform to ensure stable and reproducible work. The lowest
detectable concentration of bacteria was equal to 103 colony
forming unit ml−1 .
Index Terms— Biosensor, bacteria, carbohydrate, long period
fiber grating, fiber-optic biosensor, α-mannoside.

I. I NTRODUCTION
ATHOGENIC bacteria, as harmful microbes, have been
challenging scientists to develop biosensors for many
years. Their complex structure and behavior, like communication (quorum sensing) [1] and motility [2], make this
goal even more difficult to reach. At the same time, their
detection is essential for the sake of human health as
every year, millions of people die or become hospitalized
because of bacterial infection [3]. Nowadays, there are many
techniques employed in bacteria determination. Traditional
microbiological laboratory-based methods like culture and
colony counting [4] or biochemical assays: ELISA, PCR are
time-consuming, expensive, require advanced equipment and
trained staff, therefore unavailable for everyone especially at
a point of care, in the field or developing countries [3].
Biosensor, the device containing two main components: a
transducer and a bioreceptor, has the potential to revolutionize
whole-cell bacteria detection, but only few examples have
managed to overcome this challenge [3], [5]–[7]. The most
popular approaches are based on electrochemical [8], optical [9], or surface plasmon resonance (SPR) [10] transducers.
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Fig. 1. Scheme of the LPFG modified with AP-MAN with attached bacteria
presenting the mechanism of LPFG working.

Among the optical sensors, special attention is paid to the
long-period fiber grating (LPFG) platform [11] which exhibits
high sensitivity towards surrounding refractive index (RI)
and can be applied for label-free biochemical sensing [12].
A receptor can selectively capture bacteria, and thus, it is an
indispensable and a crucial part of every biosensor. The LPFG
has been used in bacteria detection utilizing various receptors
like bacteriophages [13], [14], bacteriophage-adhesins [15],
antibodies [16] or enzymes [17].
Here, we present for the first time a label-free Escherichia
coli sensor based on the combination of highly sensitive platform, LPFG, with α-mannoside – bacteria capturing element
(Fig. 1). The sensor exploits the natural affinity of bacteria
to specific carbohydrates, a moiety occurring in almost every
living organism and which is a basis of the bacteria-host cell
recognition [18].
Some of the bacteria produce, characteristic of each strain,
surface lectins in the form of a hair-like structure called
fimbriae [19]–[22]. Carbohydrates present polyvalent specificity towards bacteria depending on the type of the fimbriae [22], [23]. For instance, E. coli, including uropathogenic strains, possesses mostly type 1 fimbria built from
mannose-binding FimH adhesins and therefore exhibits mannose specificity.
Up to the date, carbohydrates remain unused in LPFG
based sensors. A few examples showed their application as
receptors in bacterial sensors based on other transducers [24].
For example, mannose functionalized: luminescent CdS [25]
or gold [26] nanodots, polymer [27] or iron oxide nanoparticles [28] were used for E. coli recognition. Thiol-terminated
α-mannoside has been applied in label-free E. coli detection
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by electrochemical impedance spectroscopy [29]. Moreover,
the bacteria-mannose affinity was enhanced by introducing a
linking bridge made from concanavalin A [30], [31] or by
inducing a phenyl residue to mannose-containing oligosaccharides [32]. A similar effect was observed for fluorescent oligo
(phenyleneethynylene)s modified with 4-aminophenyl-α-Dmannopyranoside (AP-MAN) termini groups [33]. Compared
with mannose, applying aromatic-α-mannoside improves affinity to fimbriae type 1 due to a hydrophobic binding pocket on
the lectins surface [22], [32], [34].
Herein, AP-MAN has been covalently attached to the LPFG
surface through a thiourea bond to ensure high stability of the
sensor. The device, exposed to the E. coli BW25113 as a positive control and E. coli BW25113 mutant and Burkholderia
thailandensis as two negative controls, showed sensitivity as
low as 1000 bacteria in the sample. Moreover, we observed
efficient bacteria binding to the sensor surface, like the appearance of a biofilm.
II. E XPERIMENTAL D ETAILS
A. Reagents
Methanol, ethanol (anhydrous, ≤0.005% water), sulfuric
acid (95-98%), hydrochloric acid (37%), p-aminophenyl-αD-mannopyranoside (AP-MAN), hydrofluoric acid (48%),
(3-aminopropyl)triethoxysilane (APTES), glycine (≥99%),
phosphate buffer saline (PBS) tablet, N,N-dimethylformamide
(DMF, 99.8%), sodium carbonate, 4-(dimethylamino)pyridine,
triethylamine, 1,4-phenylene diisothiocyanate (PDITC, 98%),
Luria-Bertani Broth (LB, Lennox) were bought from SigmaAldrich (Canada). Bacteria E. coli strain BW25113 wildtype and mutant lacking gene FimH (negative control) and
B. thailandensis (negative control) were provided by the
INRS-Institut Armand-Frappier Research Centre.
Bacterial strain was cultivated in Luria-Bertani (LB) media
for 5 h at 37◦C then centrifuged at 10 000 rpm for 3 min,
washed twice with PBS and resuspended in PBS. The bacterial
enumeration, expressed in CFU (colony forming units), was
determined by plating on LB-agar (1.5%) Petri dishes.
B. Procedures
1) LPFG Fabrication: The LPFG sensing platform was
inscribed in the core of a single mode optical fiber (Corning
SMF-28TM ) by UV exposure through an amplitude chromium
mask ( = 226.8 μm) using Pulse Master 840 high-power
KrF Excimer laser λ = 248 n, LumonicsTM Lasers: Pulse
Master®-840). A pulse repetition rate was set to 100 Hz, pulse
duration to 12 ns, and peak pulse energy was about 10 mJ.
The optical fiber photosensitivity was increased by hydrogen
pre-loading (150 bar in hydrogen chamber for 15 days) which
requires post-process annealing at 150◦C for 4 hours, to release
the excess of hydrogen and stabilize the optical properties.
High sensitivity of LPFG in a dual resonance regime was
obtained by slow etching of the cladding with hydrofluoric
acid. This etching shifted the resonance wavelength close to
the dispersion turning point, where the sensitivity of the LPFG
is the highest [35]–[37].

2) Instrumentation and Experimental Set-Up: The light
was applied to the LPFG by an NKT Photonics SuperK
COMPACT supercontinuum white light source while the spectra were taken by a Yokogawa AQ6370C optical spectrum
analyzer (OSA) in the spectral range of 1100–1700 nm (Fig.1).
A digital refractometer VEE GEE PDX-95 was used to measure the RI of the liquids [38].
An LPFG exhibits high sensitivity towards environmental
and structural parameters such as surrounding RI, tension,
and temperature. To obtain reproducible results, all collateral
factors need to be fixed. Even slight solvent evaporation
can change RI of the medium and cause false-positive or
unreproducible data. Therefore, in order to maintain constant
conditions of the experiment, the tension of the LPFG was
controlled by a piezo tension controller (Strain Gauge Reader
TSG001 ThorLabs, Ultra-High-Resolution Motion System
NanoPZTM , Newport) and its constant value was achieved by
gluing the bare fiber with epoxy to the silica-made sealed
flow-cell. The cell was designed to protect the media from
evaporation and to simplify the sensor operation process
like cleaning and bacteria incubation. The temperature was
controlled during the experiment with an accuracy of 0.06◦C
(HP 34970A Data Acquisition Unit).
An Optical Microscope Olympus BX51 was used to visualize the sensor surface bond with bacteria after the detection.
The water contact angle was measured using Celestron
5 MP Handheld Digital Microscope Pro. For this, a 1 μl drop
of water was placed on the glass slide for 10 seconds, and the
photo was taken. The experiments were repeated five times,
and the average value was reported.
3) LPFG Functionalization: A reliable and stable biosensor
requires a permanently immobilized receptor, e.g., by a covalent bond. For this purpose, we applied a protocol of sensor
functionalization which includes the following steps: surface
cleaning, silanization, post-activation, receptor attachment, and
surface blocking. The cleaning step comprises the LPFG
immersion for 30 min in hydrochloric acid and methanol
mixture (1:1, v/v) followed by water rinsing and quick
vacuum drying. It allows to remove organic contaminations
as well as enhance the number of surface hydroxyl groups,
required for the next reaction. After that, to introduce amines
groups to the surface the LPFG was covered with APTES
by a gas phase deposition method [39], [40]. The process
was carried out for 30 min in a vacuum desiccator filled
with argon, in the presence of 30 μl APTES and 10 μl
triethylamine (catalyst of the process), followed by 48 h curing
in an argon atmosphere [13] (Fig. 2). In the next step of the
functionalization process, amine groups were activated by a
homobifunctional crosslinker, 1,4-phenylene diisothiocyanate
(PDITC) [41]. For this, the LPFG was incubated for 2 h
in 100 mM PDITC and 100 mM 4-(dimethylamino)pyridine
in anhydrous DMF. Afterward, the surface was washed by
DMF and ethanol and dried in a vacuum for 1 h. To attach
the receptor, the LPFG was immersed 20 mM AP-MAN in
carbonate buffer pH = 9.2 for 1 h (Fig. 2). The unreacted
active surface groups were blocked by glycine (50 mM glycine
in carbonate buffer pH = 9.6, 30 min of incubation) to
avoid nonspecific interactions (Fig. 2). After that, the sensor
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Fig. 2.
Scheme of the LFPG surface functionalization process and the
receptor, AP-MAN attachment.

Fig. 4. a) Images of the water droplet deposited on the glass surface: before
cleaning, after cleaning and after silanization process. Optical microscopy
images were taken after the LPG incubation in b) E. coli BW25113 wild type
by 5, 30, 60 and 90, c) E. coli BW25113 mutant by 90 min (negative control).

Fig. 3. Transmission spectra of an over-etched LPFG in the various refractive
index of the solution, insert: the spectral shift of the resonance wavelength as
a function of RI of liquid used for calibration.

was extensively washed with PBS and incubated in bacteria
suspended in PBS for 90 min. The spectrum was recorded in
a fresh solution to avoid any false positive results.
III. R ESULTS AND D ISCUSSION
A. LPFG Characterization
The LFPG fabrication process was followed by its sensitivity characterization. For this, the transmission spectra were
recorded when LPFGs were immersed in the solutions of
different refractive indices (Fig. 3). The sensor sensitivity
is expressed by the slope of the linear regression between
resonance wavelength and refractive index. The spectral shift
refers to the global sensitivity, i.e. to the displacement of both
bands. For the following experiments, we selected the LPFG
with the sensitivity of about 7200 nm RIU−1 within the RIU
range of 1.3333-1.3399 RIU.

the glass decreased contact angle from 45◦ to an immeasurable value, while further silanization process re-increased
it up to 57◦ making the surface hydrophobic (Fig. 4a).
The value obtained for APTES modification is similar to
the reported [42], but the comparison is problematic due to
different experimental conditions and methodology applied by
the authors [43].
After the receptor, AP-MAN immobilization to the LPFG
surface, we tested the attachment of bacteria to the platform.
For this, the obtained sensor was incubated in a bacterial suspension for different times, starting from 5 min. Images taken
from an optical microscopy revealed that the process needs to
be longer since 5 min of incubation provided only a few bacteria attached to the probe (Fig. 4b). However, increasing the
contact time to 90 min resulted in the sensor surface covered
with bacteria in the form reminiscent a biofilm. This could
be expected because E. coli are capable of forming a biofilm
on mannose or mannose-like surfaces [44], [45]. Biofilms are
formed when bacteria aggregate and adhere to each other
on the surface, and also making a matrix by producing
extracellular polymeric substances [46]. Furthermore, a photo
of the negative control (E. coli BW25113 mutant) displayed
negligible number of bacteria confirming the efficacy and
specificity of the functionalization protocol (Fig. 4c).

B. Surface Imaging
Covalent immobilization of the receptor required proper
LPFG processing. The water contact angle measurements
allowed to examine the impact of the two first steps of the
functionalization on the surface wettability. The cleaning of

C. Live Bacteria Detection
The bacteria detection comprised a three-step procedure
introduced to provide the most reliable data. Firstly, following
the receptor immobilization and surface blocking procedures,
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Fig. 5. a) The transmission spectrum recorded for living E. coli BW25113
105 CFU ml−1 : raw data (blue dots) and a fitted curve (red line), b) fitted
curves before (blue solid curve) and after LPFG incubation with E. coli
BW25113 at concentrations 103 (red dotted curve), 105 (purple dashed curve)
and 107 CFU ml−1 (green dotted and dashed curve) in PBS.

we recorded a reference spectrum of the LPFG in PBS.
Secondly, the sensor was incubated in the bacteria suspension
(known concentration) for 90 min. Finally, the LPFG was
extensively washed to rinse off weakly bonded bacteria, and
the new spectrum was taken in clean PBS.
In Fig. 5a, we can see that upon the functional layers
and bacteria attachment to the LPFG, the single resonance
is attenuated and splits up into two resonances. The graph
presents the recorded raw data (blue dots) and the fitted
curve (red line). We used a spline curve fitting method in
limited bandwidth of the spectrum ( ∼ 50 nm) using the
Matlab function to achieve a smooth and real minimum of
the spectrum. A fitting parameter was adjusted to minimize
the noise fluctuation, while the R-square was monitored to be
higher than 0.95. The minimum position then found from the
fitted curves.
Fig. 5b presents a reference spectrum (blue line), taken
before the sensor incubation in bacteria suspension and the
spectra obtained for the detection of a few bacteria concentrations. The double resonance is well defined and expands
upon increasing bacteria concentration, reaching a plateau at
105 CFU ml−1 and after that shrinks for 107 CFU ml−1 .
The experimental details are shown in Fig. 6a, where we
present the wavelength of both resonances as a function of
the number of measurements. Five measurements were taken
at each step of the experiment to ensure the stability of
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Fig. 6.
a) The experimental steps as a function of the recorded wavelength, before and after the LPFG incubation in bacteria, obtained in PBS,
b) the spectral shift of the resonance wavelength as a function of E. coli
BW25113 concentration measured in PBS.

the signal. For each bacteria concentration, we calculated
the average of the resonance wavelength. The difference
between the averages of double resonance for reference and
103 CFU ml−1 bacteria (λR Bac - λR Ref = λRef−Bac )
equals λRef−Bac = 2.97 nm, and it is the lowest concentration which causes a significant shift of the spectrum
for the presented biosensor (Fig. 6). For 103 CFU ml−1
bacteria determination, the relative standard deviation for five
subsequently taken measurements was equal to 0.8% (RSD =
0.8%, n = 5 measurements) which proves high stability of
the applied experimental setup. The presented biosensor was
tested for detection of several bacteria concentrations and
Fig. 5b presents the achieved dependence between the double
resonance spectral shift and concentration of bacteria with
a linear range within 103 CFU ml−1 and 105 CFU ml−1
with a correlation of determination R2 = 0.997. The lowest
detectable concentration equals to 103 CFU ml−1 (RSD =
8.3%, n = 3 sensors prepared independently) is similar to that
recorded with LPFG modified by bacteriophages [13], [14].
The advantage of the presented sensor is the broad availability
of the receptor, which does not require prior purification and
preconcentration. Furthermore, the detection is not limited
only to the one type of bacteria; thus, the sensor can be used as
a first stage test of the water purity before the highly selective
detection.
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large-scale production and stability. We believe that presented
senor, as a first stage test, can help to improve diagnostics
which can be further extended by detailed examination if
needed.
IV. C ONCLUSIONS

Fig. 7.
Fitted curves before (Reference, blue curve) and after LPFG
incubation with fimbriae-less mutant E. coli BW25113 at 105 CFU ml−1
in PBS (red curve) (negative control).

Moreover, contrary to the previous work with bacteriophage T4, applying a new receptor [13], [14], AP-MAN,
allowed detecting several concentrations of bacteria using
one fiber by consecutive sensor incubations with increasing
concentrations of bacteria suspension. This is possible due
to the nature of the receptor, which “attracts” bacteria, while
bacteriophages are their natural enemies and destroy them.
The maximum spectral shift was observed for
105 CFU ml−1 bacteria followed by a signal drop after sensor
incubation with bacteria 107 CFU ml−1 (Fig. 6). One of the
reasons for that can be the specificity of carbohydrate-protein
interaction. Carbohydrates are mostly capable of forming
hydrogen bonds and hydrophobic interactions, which are
generally weak [47]. To increase such low affinity, the lectin
can bind multiple oligosaccharide epitopes [48]. However, the
lectin-based system has a short lifetime, which among others
results from shallow binding pockets. Bearing in mind that all
concentrations were tested by the same sensor, 90 min each,
the whole experiment lasted 360 min. After this time the
lectins could start detaching from the sensor surface and were
washed out after incubation with the highest concentration.
To improve carbohydrate recognition, divalent cations, such
as Ca2+ and Mn2+ , can be added to the bacteria solution
in future experiments. As reported in [49] they can help
to shape the binding site or bind the carbohydrate directly.
However, the presented sensor is not intended to be used for
such a long time. Thus, during the measurement of a single
concentration, duration of the carbohydrate-protein binding
should not affect the reliability of the LPFG biosensor.
The negative control was conducted using live bacterial suspension prepared right before the experiment from the freshculture. We applied two types of bacteria at a concentration
of 105 CFU: E. coli BW25113 mutant strain, which has no
fimbriae and B. thailandensis. In both cases, we obtained the
shift of the spectrum equal to λR NegBac = 3.50 nm which
is three times less than λR Bac = 9.52 nm obtained for the
detection of the same concentration (105 CFU ml−1 ) of wild
type E. coli BW25113. (Fig. 7). It means that negative controls
are undetectable at concentrations below 105 CFU. Although
AP-MAN receptor shows lower selectivity compared to others
like bacteriophage or antibodies, its advantage is the price,

To conclude, we established the proof-of-concept of the
bioinspired sensor for detection of bacteria in water mimicking
natural bacteria-host interaction, which has never been presented in that configuration before. For this, we applied LPFG
and a carbohydrate-derivative which exhibits affinity to fimbriae positive E. coli strains. The receptor has a broader specificity than well-known bacteriophages and therefore provides
an entry-test for potentially contaminated water. To ensure
high stability of the sensor, the receptor was covalently
attached to the surface by thiourea bond. We were able to
monitor the spectrum for several bacteria concentrations with
the lowest detectable value equal to 1000 cells per milliliter
of the target sample.
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