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In this paper we present a new type of highly sensitive label-free sensor based on long-period gratings
(LPG) coated with T4 bacteriophage (phage) adhesin. The adhesin (gp37) binds Escherichia coli B (E. coli B)
by recognizing its bacterial lipopolysaccharide (LPS). The LPG biofunctionalization methodology is based
on coating LPG surface with nickel ions capable of gp37 histidine tag reversible binding. For the first time
recombinant adhesive phage protein has been used as a receptor molecule in biosensing scheme. The
specificity of LPS binding by adhesin has been tested with LPG-based device and confirmed using
Western blot, Enzyme-Linked Immunosorbent Assay (ELISA) and BIACORE methods. The LPG-based
sensor can measure bacterial contamination in real time and with a high accuracy. We show that T4
phage adhesin binds E. coli B LPS in its native or denatured form. The binding is highly specific and
irreversible. The applied procedure allows for obtaining reusable biosensors.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

Pathogenic bacteria early detection is critical for food industry
and water reservoirs monitoring. Not only live microbial contam-
ination is dangerous for human health and life, but also their
products such as bacterial toxins, which may cause septic shock of
the organism when they are released in large quantity during
bacterial cells lysis (Crosby et al., 1994).

Bacteriophages are viruses specific towards bacteria strains.
They are increasingly used in therapy as a tool for combating
pathogenic bacteria and for bacteria identification by phage typing
(Ultizur and Ultizur, 2006). They are also applied for phage-based
display of peptide libraries (Castel et al., 2011). Applications of
phages can be also extended by their immobilization on different
surfaces, and in such a way development of bacteria sensors
(Smietana et al., 2011). Immobilization of biologically-active ma-
terial, such as whole phage particles, is very important from
sensing point of view and is recognized as challenging. The
immobilization method depends on nature and morphology of a
ozowska),
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phage particle, as well as on application of the sensing device
under development.

T-even phages (T2, T4 and T6) have been widely used as model
systems for exploring their biological nature. T4 phage is the best-
studied representative of this group. Its structure, genome replica-
tion and expression, as well as the morphogenetic pathways that
underlie phage assembly and the release of phage progeny from
infected hosts have been described in details (Petrov et al., 2010).
The mature virion of T4 bacteriophage consists of a 1150 Å-long,
850 Å-wide hemiicosahedral head, a 1000 Å-long cocylindrical
contractile tail (210 Å-in-diameter), which is terminated with a
460 Å-diameter baseplate, and six 1450 Å-in-length fibers at-
tached to the baseplate. The phage particle is composed of more
than 40 different structural proteins and 172-kbp double-stranded
DNA (dsDNA) (Leiman et al., 2003). Phage particles contain
adhesins which are receptor-recognizing proteins capable of
binding with specific bacteria cell components such as LPS
(endotoxins) as well as membrane proteins such as OmpC (Yu
and Mizushima, 1982).

Bacteriophage T4 recognizes and binds LPS of Escherichia coli B
strain using adhesin located on a long tail fiber (LTF) of phage
particle. The LTFs can protrude from the phage tail for more than
1000 Å and have a total molecular weight of more than half a
million Daltons. The T4 LTFs are composed of four different
proteins, also called as gene product (gp), in particular gp34,
ectronics (2014), http://dx.doi.org/10.1016/j.bios.2014.07.027i
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gp35, gp36, and gp37 (Bartual et al., 2010). The fiber can be
separated into proximal and distal segments composed of gp34
trimmers, followed by a monomer of gp35, whereas the distal part
of the fiber contains a trimmer of gp36 and a trimmer of gp37. The
gp37 is the phage adhesin and its C-terminal region is composed
of 1026 amino acids residues. The adhesin is responsible for
hosting bacterial LPS and thus bacteria recognition.

Application of adhesin for bacteria detection seems to be a
better solution for biosensing than manipulating with the phage
particles. The protein is more stable in terms of an intact structure
than the whole particle. The adhesin can be obtained in large
quantities with no bacterial contaminations and finally it can be
immobilized on a surface with a well-defined orientation.

The cell wall of a Gram-negative (G-) bacteria such as E. coli is
composed of a peptidoglycan layer and an outer membrane. The
LPS together with proteins and phospholipids are components of
G-bacteria outer membrane. LPS contains a lipid part (lipid A)
anchored in bilayer membrane and polysaccharide portion (O-
antigen) localized mainly outside the outer membrane bilayer in
such a way that its hydrophilic portion protrudes from the cell into
an aqueous environment (Wang and Lin, 2001). O-antigen com-
ponent is one of many virulence determinants. It is also a receptor
site for a wide variety of bacteriophages (Wright and Kanegasaki,
1971). T4 bacteriophage adsorbs to glucosyl-α-1.3-glucose disac-
charide localized at the core of E. coli B LPS (Leiman et al., 2010).
LPS of pathogenic bacteria is toxic to humans and it is usually
considered as a main reason of a septic shock in living organism
that is often accompanied by severe infections. Also endotoxins,
which are released after bacteria cells lysis, are very dangerous to
human health even after bacteria death (Wilson et al., 2002). That
is why endotoxin detection is as important as detection of the
bacteria itself.

Traditional methods for bacterial detection, which include
culture collection, are effective but usually require at least one
day of processing. Endotoxin detection in biological samples is
usually performed using Limulus Amebocyte Lysate (LAL) assay
(Levin, 1970). The advantage of this method is high sensitivity and
potential for quantitative analysis. However, there are also some
disadvantages of the method which include high process cost (the
lysate is an aqueous extract of blood cells from horseshoe crab),
complex quantitation of LAL enzyme activity, required for optimal
process conditions, i.e., measurement of the endotoxin in biologi-
cal samples such as plasma disturbed by presence of various
interfering factors (Hurley, 1995). Moreover, the assay recognizes
lipid A (anchored in membrane) of the LPS molecule and cannot
discriminate their variants for different G-bacteria. For this reason
false-positive results can occur due to lack of recognition specifi-
city (Mamat et al., 2013). The specificity among bacterial species is
determined by O-polysaccharide structure of O-antigen portion of
the LPS. This unit differs from strain to strain and thus shows an
enormous structural variability, as well as determines the serolo-
gical specificity of the LPS and stand as a fingerprint for bacteria
(Zourob et al., 2008). It must be emphasized here, that phage
adhesin recognizes saccharide determinants localized in O-antigen
portion. This mechanism allows for a very specific determination
of G- bacterial strain or its endotoxin. The specific recognition can
be also obtained using LPS-capturing monoclonal antibodies
(Nieradka et al., 2014), but during the immobilization procedure
the antibodies may lose some biological activity and/or can be
immobilized in undefined orientation. In turn, adhesin containing
histidine-tag can be immobilized with well-defined orientation
and, as we show in this paper, is active even under denaturing
conditions.

In recent years there has been much interest in application of
label-free detection mechanism. The phenomenon is based on
cumulating or binding biological material on sensor's surface and
Please cite this article as: Brzozowska, E., et al., Biosensors and Bioel
detection of its presence without application of florescent labels.
The label-free sensing mechanism is often employed when using
optical fiber sensors, where change in thickness or optical proper-
ties of the bio-layer is detected. These sensors have number of
advantages, which include real-time detection, immunity to elec-
tromagnetic field, high resistance to harsh environmental condi-
tions, as well as possibility of multiplexing, and capability for
remote sensing. Recently, a significant attention has been focused
on application of optical fiber gratings, which are made as a
periodic modulation of a core of optical fiber. When the period
of the grating is about 100 to 700 mm, the grating is called long-
period grating (LPG). Under special phase-matching conditions
(Vengsarkar et al., 1996), the grating will couple the fundamental
core mode to discrete cladding modes that are rapidly attenuated
due to absorption and scattering. The coupling from the guided
mode to the cladding modes is wavelength-dependent, so one can
obtain a spectrally selective loss. A number of sensors based on
LPGs have been proposed for temperature, strain, hydrostatic
pressure, bending and RI sensing (Shu et al., 2002; Smietana
et al., 2012). The main advantage of LPG-based sensors is their
high sensitivity to variations in thickness and optical properties of
the material surrounding the LPG, what makes it possible for
application in label-free sensing devices (Jang et al., 2009;
Smietana et al., 2011). LPG-based platform can perform real-time
monitoring of interactions between bio-molecules at the surface of
the grating. Moreover, the advantages of the LPG sensor include
simple fabrication using several available methods and easy
adjustment of the resonant wavelength (Smietana et al., 2010,
2014; Vasiliev et al., 1996). It must be noted that a number of
investigated liquids, including the buffer and bacteria solutions
used in some experiments, would accelerate corrosion of metal-
containing devices. For this reason, the LPG surface must be
corrosion-resistant as well as biocompatible. Due to its simplicity,
specifically the absence of fragile or corrosive overlays, the device
is even reusable (Chen et al., 2007a).

In this work the binding reaction of adhesin–LPS is applied for
highly sensitive label-free LPG-based biosensors. First, adhesin–
LPS binding was analyzed using reference biochemical methods
such as Western blot or ELISA. Next, the biofunctionalization of
sensor surface by histidine-tag protein coordination using nickel
ions has been performed. The LPG-based biosensor can be applied
for bacteria as well as for bacterial toxins detection. It should be
noted that both adhesin (sensing layer) and LPS (target material)
are biomolecules, and that is why the presented LPG-based sensor
can be applied for detection of an even at a molecular level.
Moreover, it must be emphasized that described biosensor func-
tionalization method with adhesins gives ability for low-cost
biosensitive molecule exchange and sensor's surface regeneration.
To the best of our knowledge, the work reported in this paper is
the first attempt at real-time monitoring of the presence of specific
LPS using adhesin-coated LPG-based measurements.
2. Methods

2.1. Preparation of adhesin and LPS

2.1.1. Expression and purification of gp37 adhesin
Two expression vectors coding phage adhesin gp37 and cha-

peron proteins (gp57, gp38) were obtained from Dr. M. J.van Raaij
(Spain). E. coli BL21(DE3)STAR (Promega) strain was transformed
with the plasmids. The protein expression and purification was
performed according to the modified method described by Bartual
et al. (2010). Transformed bacteria were grown at 37 °C in LB
medium (10 g/L Bacto-tryptone, 5 g/L yeast extract, 10 g/L sodium
chloride) supplemented with ampicillin and streptomycin
ectronics (2014), http://dx.doi.org/10.1016/j.bios.2014.07.027i
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(50 mg/L) with limited access to oxygen. The limitation allowed for
reaching an optical density A600 approximately of 0.6. Protein
expression was induced using 0.05 mM IPTG (Roche) followed by
overnight incubation at 16 °C. Cells were harvested and suspended
in 50 mM Tris/HCl (pH¼8.0) lysis buffer containing 0.2 M NaCl,
10% glycerol and 1% Triton X-100 supplemented with protease
inhibitor cocktail tablets (Roche), than sonicated 8 times for 30 s
with 1 min-long breaks. After sonication a MgSO4 was added to
the final concentration of 10 mM and next the lysate was supple-
mented by DNAse (Sigma) (0.01 mg/ml) and incubated on ice for
30 min. Next, after debris removal by centrifugation (14,000 rpm
for 50 min) supernatant was mixed with Ni2þ chromatography
agarose (Sigma) and incubated on a rotary shaker for 1 h at 37 °C.
After batch chromatography the gel was washed using lysis buffer
aiming to remove unbounded proteins. The proteins bound to gel
were eluted using lysis buffer containing 250 mM imidazole.
Imidazole was removed via dialysis on centrifugal filters contain-
ing membrane (Millipore) with a cut-off of 100 kDa. Concentration
of proteins was determined using the BCA method applied by
Smith et al. (1985) and analyzed in SDS-PAGE electrophoresis
using 7.5% gels according to the method reported by Laemmli
(1970).

2.1.2. Circular dichroism (CD) spectroscopy analysis
CD spectra were recorded at room temperature with a Jasco

J-715 spectropolarimeter. The spectra were measured in 50 mM
Tris/HCl buffer (pH¼8.0). Path length of 1 mm was used. Concen-
tration of the proteins solutions was 0.07 mg/ml.

2.1.3. LPS extraction and purification
All of the bacterial strains used in the experiments were

obtained from the Polish Collection of Microorganisms (PCM) of
the Institute of Immunology and Experimental Therapy, Polish
Academy of Sciences (Wroclaw, Poland). E. coli B (PCM1935), E. coli
O56 (PCM2372), and Hafnia alvei (PCM1189). LPSs were extracted
from dry mass of bacterial cells using a hot phenol/water extrac-
tion method reported by Westphal and Jann (1965). LPSs purifica-
tion was performed using method described by Fischer et al.
(1983). The LPS obtained after ultracentrifugation (5 h,
40,000 rpm (Beckmann)) was washed with phosphine saline
buffer (PBS) and lyophilized.

2.2. Adhesin–LPS binding tests

2.2.1. Western blot using biotinylated LPS
LPS biotinylation was performed according to method de-

scribed by Caccavo et al. (1999). The adhesin–LPS bounding test
was performed with Immobilon-P membrane (Millipore) after
protein transfer from polyacrylamide gel (Towbin et al., 1979).
Blocking reaction was performed using 1% BSA in Trisma Base
Saline buffer containing 0.05% of Tween-20 (TBS-T). The mem-
brane was washed three times with TBS-T. Next, the biotinylated
LPS was added for one night incubation at 4 °C. After subsequent
washing with TBS-T the avidin conjugated with horseradish
peroxidase (HRP) (Thermo Scientific) was added for one hour
incubation at RT. The membrane was washed three times using
TBS-T and installed on HRP substrate-3-amino-9-ehtylcabazole-
solution (0.1 M sodium acetate, pH¼5.2 supplemented with
H2O2).

2.2.2. Enzyme-Linked Immunosorbent Assay (ELISA) test with
biotinylated LPS

ELISA test was performed using modified procedure described
by Ugorski and Krop-Watorek (1999). 96-well plate (Maxisorp)
was covered with adhesin (2 mg per well) dissolved in carbonate
buffer pH¼9.6 and incubated overnight at 4 °C. After washing
Please cite this article as: Brzozowska, E., et al., Biosensors and Bioel
using TBS-T buffer, the blocking step was performed using 1% BSA
solution. Next, the biotinylated LPS was added in range from 0.4 to
6 mg per well and after washing the reaction with HRP-avidin was
performed. Finally, the 3.3′,5.5′-Tetramethylbenzidine (TMB) sub-
strate was added to yield caloric reaction measured at λ¼409 nm
with a Biotec microplate reader. The negative control was well
covered with adhesin, but with no LPS. All the trials were
performed in triplicate and the mean value was calculated with
the standard deviation range.

BIACORE analysis. The kinetics of binding was measured with a
BIACORE T200 system which employs a surface Plasmon reso-
nance (SPR) effect. The system was supported with Series S Sensor
Chip NTA (GE Healthcare). The experiments were performed using
0.01 M HEPES pH 7.4, 0.15 M NaCl, 0.005% v/v Surfactant P20 (HBS-
P) buffer (GE Healthcare), 0.5 mM nickel solution, 30 mg/ml ad-
hesin solution, 100 mg/ml LPS solutions (in case of kinetic experi-
ments the concentration of LPS was 0.3 to 5 mM) and 350 mM
Ethylenediaminetetraacetic acid (EDTA) as a regeneration solution.
Nickel activation and capture with histidine-tag protein were done
using a constant flow of 10 ml/min for one minute. The contact
time with analytes was 2 min-long with flow rate of 30 ml/min at
25 °C.

2.3. Monitoring of LPS real-time binding using biofunctionalized
LPG-based sensor

2.3.1. Fabrication of LPG
The LPGs were written in hydrogen-loaded Corning SMF28

fiber using Pulse Master 840 high-power KrF excimer laser
(λ¼248 nm) from Light Machinery. A pulse repetition rate was
set to 100 Hz, pulse duration to 12 ns, and peak pulse energy was
about 10 mJ. The UV exposure has been done through an ampli-
tude chromium mask (Λ¼226.8 mm) for about 7 min. The grating
length was 4 cm. In order to stabilize the LPGs optical properties,
they were annealed after exposure at 150 °C for �4 h to release
the excess of hydrogen. The LPGs were monitored in a spectral
range from 1100 to 1700 nm, and had a single resonance wave-
length (λR) near λ¼1245 nm. In order to enhance the sensitivity of
the gratings to properties of the external medium, i.e., thickness of
the forming layer and its refractive index (RI), the gratings were
etched in HF acid for about 3 h. The etching procedure resulted in
obtaining the final sensor operation at the vicinity of the dual
resonance regime (Chen et al., 2007b). The optical transmission of
the fiber was monitored during the LPG fabrication process in
order to obtain the desired spectral attenuation notch. The RI
sensitivity of the structures before functionalization defined as λR
shift induced by change of external RI (next) and investigated using
liquids with different RI is shown in Fig. 1. As can be seen, the
sensitivity highly depends on next and is about 2600 up to
6900 nm per RI unit (RIU) for measurements away and close to
dispersion turning point, respectively (Shu et al., 2002; Smietana
et al., 2011).

2.3.2. Biofunctionalization of LPG
The biofunctionalization of LPG surface was performed accord-

ing to method described by Kalisz et al. (2014). In the LPS
detection experiment the endotoxin of E. coli B and E. coli O56
were used as positive and negative control, respectively. The
concentration of LPS in solution was 200 mg/ml. The optical
transmission of the LPG in the range of λ¼1550–1700 nm was
monitored using a NKT Photonics SuperK COMPACT superconti-
nuum white light laser source and Yokogawa AQ6370C optical
spectrum analyzer. The ambient temperature during the measure-
ments was set to 22 °C and monitored with HP 34970A Data
Acquisition Unit equipped with a thermocouple. The tension of the
LPG was held constant throughout the experiment.
ectronics (2014), http://dx.doi.org/10.1016/j.bios.2014.07.027i
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Fig. 1. RI sensitivity of the LPG, where (A) shows transmission spectrum at
different external RI and (B) shows corresponding shift of the resonance wave-
length vs. external RI.

Fig. 2. CD spectra of the gp37 adhesin. The concentration of the protein in water
was 0.07 mg/ml.
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3. Results and discussion

3.1. Expression, purification and CD analysis of gp37 adhesin

Recombinant T4 phage adhesin (gp37) was obtained according
to procedures described in Section 2.1.1. The expressed protein
contained an amino-terminal six-histidine expression tag for
convenient purification. The gp37 was mostly expressed as inclu-
sion bodies, but also in soluble form. The output method described
by Bartual et al. (2010) has been modified in order to obtain more
gp37 protein in soluble form. Use of elevated concentrations of
NaCl, glycerol and Triton X-100 in the lysis buffer and then
aeration reducing during bacteria cultivation, allowed for obtain-
ing almost 100% of soluble protein after bacterial cell disruption.
Adhesin was purified by affinity chromatography on Ni2þ agarose,
eluted from the gel using 250 mM imidazole in 50 mM Tris/HCl
(pH¼8.0) lysis buffer. The buffer contained 0.2 M NaCl, 10%
glycerol and 1% Triton X-100. The protein was further purified
using Amicon Ultra centrifugal filters with cut-off at 100 kDa.
Purified protein after dialysis was analyzed with SDS-PAGE elec-
trophoresis and CD spectroscopy. The CD spectroscopy is often
applied for analysis of secondary structure of biomolecules, in
particular proteins and peptides. The method is based on mea-
surement of difference in absorbance of right- and left-circularly
polarized light by an analyzed substance. The CD spectra between
260 and approximately 180 nm can be analyzed for the different
secondary structural types such as alpha helix, beta sheet (parallel
Please cite this article as: Brzozowska, E., et al., Biosensors and Bioel
and antiparallel), turn, and others (Sreerama and Woody, 1994).
The shape of the spectral curve, as well as its maxima and minima,
provide useful information about the investigated protein (Ranjbar
and Gill, 2009). CD spectra analysis of our samples have shown
that phage adhesin was folded after biosynthesis and purification.
The spectra exhibited properties characteristic for α-helical pro-
teins with maxima at 193 nm crossover those at 203 nm and give
minima at 223 nm (Fig. 2).

Further CD data analysis using Spectra Manager software
version 1.10.00 revealed that adhesin secondary structure con-
sisted of an α helix (36%), β strand (16%) and random coils (30%).
Furthermore, viral chaperon proteins were co-expressed (gp57
and gp38) which led to adhesin correctly folding (Qu et al., 2004).
However, it is known that the crystal structure of 561–1026-amino
acid fragment of gp37 adhesin determined by Bartual et al. (2010),
contains mostly beta-sheets secondary structure. It should be also
noted that the crystal structure was determined only for 375-
aminoacid fragment (one third part) of gp37 adhesin (Bartual
et al., 2010; Leiman et al., 2010).

3.2. Colorimetric specificity experiments

The specificity of T4 phage adhesin binding to bacterial LPS
have been studied using Western blot and ELISA tests. In Western
blot assay adhesin was in a denatured form. The protein bound to
biotinylated LPS of E. coli B and gave visible reaction in comparison
to LPS of E. coli O56, where no reaction was observed (Fig. 3A).

The ELISA assay also clearly showed the lack of E. coli O56 LPS
binding by adhesin. The absorbance at λ¼409 nm obtained after
incubation of adhesin with the E. coli O56 LPS was at the same
level as for all LPS concentrations (in the range 0.4 to 6 mg/well)
and was equal to the control sample containing no LPS. The results
obtained by ELISA test are presented in Fig. 3B.

The results of the assay have shown that adhesin can bind E.
coli B LPS and their binding curve reaches a plateau point for the
LPS concentration of about 3 mg. The ELISA and Western blot tests
have shown that T4 adhesin can selectively bind to LPS of E. coli B
being in native conformational form as well as after thermal
denaturation (under SDS-PAGE conditions). It is highly probable
that for receptor recognition a presence of characteristic motifs in
amino acid sequence is required. The candidates are Gly-X-His-X-
His motifs in four non-tandem copies and/or aromatic amino acid
side chains (Tyr, Trp, Arg), which are attractive candidates for
sugar residues binding and may affect host specificity
(Miroshnikov et al., 1998). The binding specificity depends also
on the type of LPS components and structure. Gp37 is known to
ectronics (2014), http://dx.doi.org/10.1016/j.bios.2014.07.027i
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Fig. 3. The results of sandwich Western blot assay (A) and sandwich ELISA assay
(B). (1) negative reaction of adhesin with LPS of E. coli O56, (2) positive reaction of
adhesin with LPS of E. coli B, and (3) high molecular weight standard. Fig. 4. BIAcore sensorgrams showing purified adhesin protein (30 mg/ml) captured

across the NTA surface of the Series NTA S Sensor Chip where (A) shows lack of LPS
binding by adhesin in case of LPS of (1) Hafnia alvei and (2) E. coli O56.
Subfigure (B) shows kinetic of LPS E. coli B binding by adhesin. The amount of
LPS was 0.3 to 5 mM.
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interact with the glucosyl-α-1,3-glucose terminus of E. coli B LPS
(Bartual et al., 2010). E. coli O56 O-specific part of LPS is built from
sialic acid (Gamian et al., 1994), and the H. alvei PCM1189 LPS
O-specific part is built up of branched hexa- to octasaccharide
repeating units differing in the number of lateral glucose residues
(Katzenellenbogen et al., 2005).

3.3. SPR experiments

In ELISA test the immobilization of gp37 was random and the
orientation of protein was undefined, where for SPR analysis the
orientation was in turn well defined. In SPR experiment the NTA
sensor chip has been used. The chip is designed to bind histidine-
tagged biomolecules such as adhesin. Histidine-tagged protein was
captured on the chip by chelation of Ni2þ through nitrilotriacetic
acid on the surface and histidine residues in the protein tag. The
immobilization of the adhesin was well defined with the head
domain extended toward aqueous environment. Such ordering
allowed for efficient LPS binding.

The studies using SPR have proven that the protein can
specifically recognize and bind E. coli B lipopolysaccharide. More-
over, adhesin does not recognize/bind LPS of E. coli O56, nor LPS of
H. alvei (Fig. 4A). The SPR studies have also shown that adhesive
molecule can bind the E. coli B LPS irreversible (Fig. 4B).
Please cite this article as: Brzozowska, E., et al., Biosensors and Bioel
3.4. Detection of E. coli LPS with optical fiber sensor

Fabrication and biofunctionalization of highly sensitive LPG-
based sensor was made according to procedure described in
Section 2.3. The first step of biofunctionalization was the silaniza-
tion of the sensor surface (fused silica) using 3-Glycidyloxypropyl-
trimethoxysilane in order to allow the epoxy groups exposition
and then their reaction with primary amines belonging to N-(5-
amino-1-carboxypentyl) iminodiacetic acid (AB-NTA) motif. After
coating of the sensor surface with NiCl2 the nitrogen atom and
hydroxyl groups of AB-NTA were involved in Ni2þ ion coordina-
tion and two more valences were still available for interaction with
histidine residues of the adhesin.

The LPG-based sensor with immobilized adhesin was used in
the experiment to test of E. coli LPS binding. The LPS of E. coli B was
indicated as positive – recognized and bound by adhesin and the
LPS of H. alvei as negative which was not specifically recognized by
the protein. During the experiment sensor was immersed in the
LPS solutions and then extensively washed in PBS. The most
representative spectra obtained at each stage of the experiment
for negative and positive LPS are shown in Fig. 5A and B,
respectively. It can be seen that reactions of adhesin and E. coli B
LPS significantly shift the resonant wavelength, in contrast to LPS
ectronics (2014), http://dx.doi.org/10.1016/j.bios.2014.07.027i
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Fig. 5. Transmission spectra of the LPG at each of the stage of the experiment,
where (A) shows response in case of negative Hafnia alvei and (B) positive E. coli B
LPS.

Fig. 6. Resonance wavelength shift for a test LPG induced by incubation in
(A) negative Hafnia alvei and (B) positive E. coli B LPS.
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of H. alvei which just slightly modifies the wavelength (Fig. 6).
Adhesin–LPS binding reactions cause an increase of both RIs,
which corresponds to an increase in bio-overlay density, and in
thickness of the LPG sensor bio-overlay. Growth of the bio-overlay
increases effective refractive index of cladding modes propagating
in the LPG section. According to Eq. (1), which specifies relation
between λR

m, Λ, effective refractive index or core (neff
01) and m

cladding modes (ne
m
ff

0 ), when the n m
eff
0 increases it is followed by

increase in spectral separation of the two resonances. Since only
the left resonance is analyzed in this work, its left shift can be
observed with formation of the bio-overlay.

λ Λ= −( )n n (1)R
m m

eff
01

eff
0

The experiment where response to H. alvei is analyzed, takes
place closer to the dispersion turning point of the LPG. According
to the results shown in Fig. 1, the grating shows there the highest
sensitivity, but determination of the resonance wavelength is
problematic at this point. With growth of the bio-overlay, i.e.,
increase in external RI and thickness of the overlay, the resonances
increase their spectral distance, but simultaneously the sensitivity
decreases (Shu et al., 2002). Obtained shift of the resonance
wavelength as a result of incubation in the negative LPS may be
also induced, as mentioned above, by some binding, but taking
into account the exceptionally high sensitivity in this range, the
Please cite this article as: Brzozowska, E., et al., Biosensors and Bioel
effect is small. The experiment performed using the same LPG
after regeneration and with positive E. coli B LPS (Figs. 5B and 6B)
takes place for significantly lower RI sensitivity than in case of
incubation in H. alvei. Nevertheless, the response to positive E. coli
B LPS is almost three fold higher. The obtained shift reaches 15 and
5.3 nm for LPS of E. coli B and H. alvei, respectively. This effect
clearly showed the possibility of bacterial endotoxin detection by
LPG-based sensor coated by a specific protein. The difference in
initial conditions may be induced by slight difference in tension
applied to the grating in both the cases or by incomplete removal
of the bio-film after first of the processes.
4. Conclusion

For the first time the phage adhesin has been applied for
bacteria and their endotoxin sensing application. This protein can
be obtained as recombinant protein in E. coli expression system
and purified with a high yield. Phage adhesin is highly specific as
well as can recognize and bind to its lipopolysaccharide receptor
even under denaturing conditions. The phage adhesin seems to be
a better biomolecule for a biosensor receptor than a whole
bacteriophage, due to its higher stability and lack of bacterial
ectronics (2014), http://dx.doi.org/10.1016/j.bios.2014.07.027i
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contamination. Moreover, it can be immobilized to the sensor's
surface in a well-defined orientation. The LPG-based biosensor
coated with the protein using the methodology allows after its
application for the biomolecule or biocomplex removal followed
by sensor's regeneration.

The functionalization procedure using histidine-tagged recom-
binant proteins offers ability for sensor's recoating with different
types of adhesive proteins.

The sensor can be used not only for selective detecting of E. coli
B bacteria, but also for detecting of bacterial toxins which are
generated after bacterial cell lysis and are very dangerous for
human health. The presented biosensor is able to measure the
bacterial contamination in real time and with a high accuracy. The
new sensing concept can be enhanced when other biomolecules
(adhesins) are applied.
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