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a b s t r a c t

An evanescent wave fiber optic sensor for detection of Escherichia coli (E. coli) outer membranes proteins
(EcOMPs) using long period gratings (LPGs) as a refractometric platform is presented. The sensing probes
were attained by the functionalization of LPGs inscribed in single mode fiber using two different
methods of immobilization; electrostatic assembly and covalent binding. The resulting label-free
configuration enabled the specific recognition of EcOMPs in water by monitoring the resonance
wavelength shift due to refractive index changes induced by binding events. The sensors displayed
linear responses in the range of 0.1 nM to 10 nM EcOMPs with sensitivities of �0.156370.005 nm
decade�1 [EcOMP, M] (electrostatic method) and �0.159770.004 nm decade�1 [EcOMP, M] (covalent
method). The devices could be regenerated (under low pH conditions) with a deviation less than 0.1% for
at least three subsequent detection events. The sensors were also applied to spiked environmental water
samples.

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

The increasing need for devices capable of performing reliable,
fast and in situ measurements in the field of biochemical detection
is guiding researchers to look for new technologies (Baldini et al.,
2012). One possibility is provided by optical refractometers, which
measure the change in refractive index associated with a bio-
chemical response. In these type of sensors the crucial phenom-
enon is interaction, typically evanescent, of an optical signal with a
sensitive layer which experiences a change on its own refractive
index in the presence of an analyte. This variation will cause a
change in light propagation conditions leading to a change in the
properties of the transmitted optical wave (intensity, frequency,
phase). In the specific case of biological sensors the binding events
cause an increase of the mass on the surface which results in an
increase of the effective refractive index of the propagated optical
wave. Fiber optic refractometers are increasingly popular due to
the benefits that optical fiber technology offers such as: immunity
to electromagnetic interferences, chemical and biological inert-
ness, small size, and capability for in-situ, real-time, remote, and
distributed sensing. Among the most popular fiber optic refracto-
metric devices for biosensing application are surface plasmon
resonance (Slavík et al., 2001), fiber tapers (Zibaii et al., 2010),
x: þ351 220 402 437.
etched fiber Bragg gratings (Chryssis et al., 2005) and LPGs (DeLisa
et al., 2000). Among these, LPGs is the only one where the physical
integrity of the fiber is preserved thus increasing the robustness of
the sensor to use and handling (Pilla et al., 2012).

A LPG consists of a periodic modulation of the fiber core
refractive index with a period (Λ) in the range of hundreds of
microns. This perturbation must comply with the phase matching
condition between the core fundamental mode and a forward
propagating cladding mode for the optical fiber. Thereby, in an
LPG, the core mode can be coupled into one or more of the several
cladding modes of the fiber whenever the matching condition is
verified, resulting in several resonances centered at discrete
wavelengths in the transmitted spectrum (Bhatia and
Vengsarkar, 1996). This mechanism provides the possibility of
interaction between the optical signal and the external medium
through the evanescent field of the cladding modes and also
means that these devices are intrinsically sensitive to the sur-
rounding refractive index (SRI) (Patrick et al., 1998). LPGs are
among the most promising fiber optic-based RI transducers to be
employed for unlabeled biochemical assays (Fan et al., 2008). LPGs
present high sensitivity to refractive index measurement, which
can be increased and tuned by properly choosing the fabrication
parameters (Shu et al. 2002) and/or using high refractive index
overlays (Pilla et al., 2012). In terms of fabrication, they are easier
and less expensive to obtain when compared with surface plas-
mon resonance-based fiber optic sensors which, in turn, are
usually more sensitive. Nevertheless, although this is a promising
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platform, several aspects regarding the practical implementation
of biosensors using LPGs require further investigation. In this
work, practical aspects of biosensors implementation using LPGs
are investigated in a bacterial detection application. Namely, the
influence of the type of functionalization strategy, calibration,
quantification and specific detection are addressed. In particular,
the present work describes the use of an Escherichia coli DNA
aptamer (herein called ECA) for the determination of E. coli in
water by the identification of EcOMPs using a LPG as a refracto-
metric platform. The aptamer raised against EcOMPs (Bruno et al.,
2010) containing 36 nucleotides was immobilized using two
different methods of immobilization: electrostatic assembly (using
a cationic polymer) and with covalent binding (using an organo-
functional alkoxysilane molecule). The functionalization of the
bare LPG by these two different methods of immobilization
originate sensing heads with different characteristics that were
characterized and tested against EcOMPs and validated with
spiked environmental water samples.
2. Materials and methods

2.1. Apparatus

The characterization setup was constituted by a FS2200SA
Braggmeter from Fibersensing, SA (Portugal), a fluidic system
containing 2 reaction chambers with capacity of 750 mL, that
operate in continuous mode by manual injection and a laptop
with LabVIEW software that receives and processes the readout
information. Each sensing element was characterized using the
FS2200SA Braggmeter (working in the 1500–1600 nm range with
2.5 pm of resolution) and modified to measure signals both in
reflection and transmission mode in separate channels. A sche-
matic illustration of the setup is presented in Fig. 1. The inset of
the figure shows a scheme of the LPG structure with the descrip-
tion of the mode coupling mechanism and the spectra of incoming
light and of transmitted light, it also illustrates the shift of the
Fig. 1. Experimental setup with the detail of the sensing head; inset: scheme of LPG stru
the cladding), Λ represent the period of the grating and L the length of the LPG. The setu
transmission mode, with 2.5 pm of resolution), a fluidic system containing 2 reaction cha
The fiber was fixed with two clamps in the both sides and outside the fluidic chamber. T
laptop with LabVIEW software that receives and processes the readout information is a
resonance peak for increasing surrounding refractive index (SRI) of
the wavelength field. LPGs are intrinsically sensitive to external
refractive index, exhibiting changes in the position of the reso-
nance wavelength (λR). The resonant coupling of light to a
particular cladding mode is given by the phase matching condition
(Erdogan, 1997), Eq. (1).

n n( ) (1)R
m

eff core eff cladding
m

, ,λ Λ= −

where Λ is the grating period, and neff,core and neff,cladding are the
effective indexes of the guided modes and mth-cladding mode,
respectively. Following the phase matching condition, a change in
the surrounding refractive index (SRI) will induce a shift in the
resonance wavelength due to the variation of the nmeff,cladding, which
is dependent on the external refractive index.

The changes in the LPG resonant peak are monitored in real
time by the unit. The real time tracking of the spectral peak
position was implemented using a standard threshold peak
detection algorithm from Labview software. In addition, at each
stage during the sensing head assembly and the affinity assay the
spectrum could also be recorded. The fibers were properly fixed
with fiber clamps in both sides, and a small mechanical tension
was applied with a translation stage to avoid strain/curvature cross
sensitivity. The center wavelength of each resonance peak is given
by the phase matching condition, which is expressed as a function
of the difference of the effective index of the core and mth
cladding mode and the grating period. Thus, any external para-
meter able to modify those will modify the phase matching
condition and consequently the LPG center wavelength. In such
way the LPG is sensitive to surrounding environment conditions
such as temperature, strain, curvature and refractive index
(Vengsarkar et al., 1996 and Bhatia et al. 1996). The experiments
were carried out in a temperature-controlled environment with a
precision of 70.1 °C. Furthermore, the test chamber allowed to
submit the LPG to a fixed pre-tension to eliminate cross-sensitivity
to strain and curvature.
cture, principle and mode of operation (the waves represent the modes coupling to
p is constituted by a FS2200SA Braggmeter (working in the 1500–1600 nm range, in
mbers with capacity of 750 mL, that operate in continuous mode and simultaneously.
he sensing region (containing the LPG device) is place inside the fluidic chamber. A
lso part of the setup.
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2.2. Reagents and solutions

A lawn of E. coli ATCCs 8739™ was purchased from ATCC (USA)
and EcOMPs were extracted according to Bruno et al., (2010). The
E. coli ATCCs 8739™ is a fecal strain non-pathogenic. Nonetheless,
the targeted proteins are expressed in both non-pathogenic and
pathogenic E. coli, so the pathogenic nature of the strain used to
obtain the analyte does not involve a change in the analytical
characteristic of the assay. “36 mer DNA oligo (5′-amine-GTC TGC
GAG CGG GGC GCG GGC CCG GCG GGG GAT GCG-3′) synthesis
scale: 0.2 mM, purification HPLC, 5′ modification-amine was pur-
chased from Sigma-Aldrich (Spain). Salts for buffer solutions were
prepared in double-deionized water, o2 MΩ cm at 25 °C from
ELGASTAT-UHQ (UK). Hydrochloric acid (HCl) was purchased from
Merck (Germany), magnesium chloride was purchased from Pan-
reac (Spain), (Tris(hydroxymethyl)aminomethane (Tris) were
obtained from Fluka (Germany), (3-aminopropyl)triethoxysilane
97% (APTES) was obtained from ABCR (Germany), 0.1% (W/V) poly-
L-lysine (PLL), dimethyl suberimidate (DMSI), potassium chloride
(KCl), sodium chloride (NaCl), SSPE buffer 20x concentrate
(1� ¼0.150 M sodium chloride, 0.010 M sodium phosphate,
0.001 M EDTA), Tris–EDTA, microcystin-LR (Mcyst-LR) were
obtained from Sigma (Germany). The buffers used in this work
were: resuspension buffer: TE (10 mM Tris pH 7.5–8.0; 1 mM
EDTA); immobilization buffer: SSPE (1:10), (diluted from
20� SSPE); affinity buffer (50 mM Tris/HCl pH 7.4, 250 mM NaCl,
5 mM MgCl2) and measurement buffer (10 mM Tris/HCl pH 7.4,
100 mM KCl). All the reagents were of analytical grade.

2.3. Experimental methods

2.3.1. Extraction and determination of EcOMPs concentration
A lawn of E. coli ATCCs 8739™was grown on a blood agar plate

overnight at 37 °C. Bacteria were washed from the plate with the
extraction buffer and transferred to 10 ml of cold 1.5 M MgCl2 in
sterile nuclease-free water. The suspension of bacteria was left
overnight at 4 °C to allow the chaotropic action of MgCl2 to extract
the membrane proteins. The resultant pellet was washed again
with buffer and centrifuged (Bruno et al. 2010). The liquid was
collected and the final concentration of EcOMPs was estimated
spectrophotometrically at 280 nm (Jing and Bowser, 2011).

2.3.2. LPGs fabrication and characterization
The gratings were fabricated in-house by using an electric-arc

setup (Rego et al. 2001). The LPGs were written in a standard SMF-
28 fiber (Corning, USA) using the following set of fabrication
parameters: an axial tension of 50.0 mN, arc discharges with an
electric current of 9 mA and arc duration of 0.5 s.

The fiber is illuminated with a white light source and the
spectrum is monitored in real time by using an optical spectrum
analyzer (OSA), Ando AQ-6315B, with a maximum wavelength
resolution of 0.5 nm. The sequence arc discharge/fiber displace-
ment is repeated several times until a required attenuation value
for the resonance peak (monitored with the OSA) is obtained. As
the discharges are being made the resonance peak increases in
depth and becomes narrower until a maximum loss is reached.
The grating period was 396 mm in order to produce a resonant
wavelength at approximately 1560 nm, corresponding to the 6th
order cladding mode. The period of the grating was chosen
according with previous work (Caldas et al., 2009). The length of
the used LPGs are around 40 mm depending on the number of
periods necessary to achieve the desired resonant wavelength and
loss (between 80–90 periods). This way, deriving from this
fabrication process, the particular LPGs may differ in their spectral
shape and precise value of attenuation. Nevertheless their sensi-
tivity to refractive index depends specifically on the cladding order
mode excited and is identical for all LPG fabricated. From this point
forward, whenever LPG resonance will be referred, it will be
relatively to the 6th order cladding mode.

The sensitivity of the LPG to the SRI was also studied for the
range between 1.321–1.345 (Fig. S1), corresponding to the range of
interest for biological measurements (Zibaii et al., 2010), and was
found to be about 14773 nm RIU�1. The LPG was characterized in
terms of SRI and its transmission spectra for different SRIs were
recorded. The SRI was changed by using solutions of distilled
water with different percentages of ethylene glycol at constant
temperature (25 °C). Each liquid sample had its RI previously
characterized with an Abbe refractometer using the sodium D line
(589 nm). The necessary adjustments, considering the sensing
head operation at 1550 nm, can be made using the Cauchy
equation with the respective coefficients (Fogg et al., 1955; El-
Kashef, 2000). The corrected sensitivity of the device considering
the wavelength of the studied resonance is around 150 nm RIU�1

(Gouveia, 2013). The LPGs have also a known sensitivity to
temperature variations and a characterization was performed to
determine if their thermal behavior was within the expected
values. By monitoring its behavior while immersed in cooling
hot water, the thermal sensitivity of the sensing device was
obtained. From the slope of the calibration curve presented in
Fig. S2 it can be estimated a sensitivity of 11371 pm °C�1.
Therefore, during the experiments the thermal fluctuations was
kept below 70.1 °C, thus avoiding cross-sensitivity to this
parameter.

2.3.3. Sensing heads assembly
The LPGs surface were functionalized using two different

processes; an electrostatic method, using PLL as cationic polymer
and a covalent method, using APTES. Prior to functionalization of
the LPG, they were cleaned by immersion in 5 M HCl for 30 min at
room temperature, followed by rinsing in DD water and with Tris–
HCl buffer. The sensing head of type 1 SH1 were coated with 0.1%
PLL for 30 min at room temperature and then were washed with
Tris–HCl buffer. The silanization of the LPG's surface, for the
assembly of sensing head of type 2 (SH2), was performed by
immersing the cleaned grating sample in fresh 10% APTES (in
ethanol) for 1 h, also at room temperature. For activation of the
fiber surface, the silanized LPGs were immersed in 25 mM DMSI in
Tris–HCl buffer solution for 30 min at room temperature. Both
sensing heads were incubated with 200 nM of ECA overnight at 4 °
C. The sensing heads were rinsed between all steps with Tris–HCl
buffer.

2.3.4. EcOMPs detection assay
The sensing heads were incubated with several varying con-

centrations of EcOMPs, in the affinity buffer for 1 h. The sensor
response was tested in the concentration range from 0.1 nM to
30 nM. Between all concentrations steps the sensing heads were
washed with Tris–HCl buffer and then the wavelength shift of the
resonance peak was acquired with the FS2200SA and recorded
with the laptop with the fiber immersed in the measurement
buffer. After a complete assay the sensing heads were washed with
a 2 M HCl solution for 30 min, to regenerate the DNA probe for re-
use.
3. Results and discussion

3.1. Sensing heads characterization – SEM and AFM analysis

SEM and AFM analysis were conducted over both sensing heads
at the different steps of the functionalization and the assembling
process. The obtained images of SEM and AFM are shown in



Fig. 2. SEM (top) and 3D AFM (bottom) images of SH1 for a) and SH2 for b). a1) after wash with HCl; a2) functionalization with PLL; a3) immobilization of 1 mM of ECA; a4)
immobilization of 1.19 mM of EcOMPs; b1) after wash with HCl; b2) functionalization with 10% APTES; b3) functionalization with 25 mM DMSI; b4) immobilization of 1 mM of
ECA; b5) immobilization of 1.19 mM of EcOMPs.
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Fig. 2a) and b), for sensing heads SH1 and SH2 respectively. In
Fig. 2a1) and b1), a roughened surface is observed resulting from
the washing with HCl, for the activation of the surface. After the
functionalization with PLL SH1 surface became smoother as can be
seen in a2). The effect of the functionalization of SH2 in the surface
of the LPGs is presented in b2) and b3), corresponding to APTES
and DMSI immobilization, respectively. It was observed that the
surface is smoothed by application of the aminosilane but does not
appear as smooth as the surface functionalized with PLL. Also, it
can be seen that the immobilization of the DMSI is not uniform,
and that the layer is quite thick, about 10 nm. After the immobi-
lization of the ECA, a3) for SH1 and b4) for SH2, it can be observed
that the AFM images of each type of sensing heads surface are
quite different. The surface of SH2 is more heterogeneous than the
SH1. A possible explanation may be that the previous layer of
DMSI, was not evenly distributed, causing a heterogeneous layer of
ECA. Regarding the immobilization of EcOMPs, in both sensing
heads was observed that some of the bacterial mass is still present.
These residuals can eventually cause perturbations on the assay
due to the comparatively large mass and proximity to the surface.
Subsequent trials with EcOMPs solutions were filtered using
0.2 μm filter.

3.2. ECA LPG biosensor behavior

The detailed principle of ECA LPG biosensor is illustrated in
Fig. 1, using SH1 as an example. The LPG sensing principle
primarily relies on measuring the shift in λR, due to the changes
in the refractive index of fiber surroundings. The functionalized
aptamer with an amine group at its 5′ end was bound to the
optical fiber with an inscribed LPG (Λ¼398 mm) that was modified
using two different processes, physisorption and covalent binding.
As described in the sensing head assembly procedure, SH1 was
modified with a cationic polymer-PLL (electrostatic interaction)
and SH2 was modified by silanization using APTES and DMSI
(silane chemistry). The polycationic nature of the PLL leads to its
electrostatic attraction onto a negatively charged surface in an
aqueous environment at neutral pH.

On the other hand, to immobilize biomolecules covalently to
the silica surface, as in SH2, a chemical bond has to be formed
between a functional group of biomolecules and the amino group



Fig. 3. Transmission spectra of the LPG reporting the wavelength shift of the resonance before and after the functionalization of the LPG surface, after the immobilization of
the capture probe and following affinity-assay (ECA–EcOMPs) for a) SH1 and b) SH2.
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of the linker. Herein was used DMSI, a water soluble and mem-
brane permeable cross-linking agent to convert the amino groups
into reactive imidoester (Hermanson, 1996). The imidoester func-
tional group is a specific acylating group accessible for the
modification of primary amines and has minimal cross reactivity
to other nucleophilic groups in proteins (Mattson et al., 1993).
Both, activated sensing heads were then incubated with 200 nM of
ECA.

Subsequently, the sensing heads were incubated with several
varying concentrations of EcOMPs. Between all these steps the
shift of the resonance wavelength position was measured. In the
presence of EcOMPs, the ECA folds around the proteins and forms
an EcOMPs-ECA complex. The formation of this complex causes an
increase in the effective refractive index of the cladding mode and
consequently a decrease of the wavelength of the resonance. In
Fig. 3 are presented the transmission spectra of the LPGs reporting
the wavelength shift of the resonance during the immobilization
procedure and following the affinity assay for SH1 and SH2. These
results represent the medium values of 5 experiences with
different LPG devices.

The wavelength shift observed is of about 1.670.4 nm from the
bare LPG to the affinity assay with EcOMPs for SH1, while for SH2
the difference is of about 0.4870.3 nm, for n¼5.

After the immobilization of the DMSI it was observed a
wavelength shift to higher values of wavelength reducing the
overall shift of the complete assay for SH2. Usually, adding layers
to the LPG surface results in increasing refractive index and shift of
the resonance wavelength to lower wavelengths. In this case, the
opposite behavior took place. This behavior could be linked to a
non-uniform deposition of the DMSI layer, as can be seen in
Fig. 2b3), causing a consecutive heterogeneous layer of ECA and
leading to a lower reproducibility in consecutive experiments.
Fig. 4. Calibration plots of a) SH1 and b) SH2 for the affinity assay of the complex ECA–E
temperature; inset: linearization of calibration plots.
3.3. Sensor performance against EcOMPs

The self-assembly of the ECA and consecutively EcOMPs, onto
the bare LPG surface, increases the effective index of the LPG
cladding mode resulting in a shift of the resonance as a function of
the surface mass (which is also increasing). The sensor perfor-
mance was tested by the evaluation of SH1 and SH2 against
increasing concentrations of EcOMPs ranging from 0.1 nM to
30 nM. Measurements were conducted at room temperature in
the measurement buffer.

It was found that the interaction between ECA and the EcOMPs
were much faster during the first periods of the calibration and
decrease along the time with the increase of the EcOMPs con-
centration. This behavior can mean that the surface of the sensing
heads becomes rapidly covered and the linkage of arriving EcOMPs
to the surface is then increasingly difficult.

In Fig. 4 is presented the LPG calibration plots relative to the
wavelength shift of the resonance during the affinity assay of the
complex ECA–EcOMPs ranging from 0.1 nM to 10 nM of EcOMPs
for SH1 and SH2.

The incubation of ECA with EcOMPs for concentrations
between 0.1 nM and 10 nM in affinity buffer progressively
increases the SRI of the LPG surface and subsequently shifts the
resonance for shorter wavelengths. For both sensing heads, a
logarithmic relationship was verified between the resonance
wavelength and the EcOMPs concentration with sensitivities of
�0.156370.005 nm decade�1 [EcOMP, M] (SH1) and
�0.159770.004 nm decade�1 [EcOMP, M] (SH2).

Although the probe is sensitive to temperature, the effects of
thermal fluctuations (70.1 °C) during the measurements can be
neglected, since 0.1 °C is equivalent to 11.3 pm variation shift.
However, it is a further work objective to implement a system that
allows temperature independent measurements whereas LPG are
cOMPs ranging from 0.1 nM to 10 nM of EcOMPs; measurements in buffer at room
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highly sensitive to temperature variations. Also, some other
aspects need to be taken in consideration. The reproducibility of
the LPGs by electric arc is a critical issue. It is quite difficult to write
gratings with the exactly same characteristics such as, length,
resonance wavelength and attenuation (depth). The resonance
sharpness affects the resolution (White and Fan, 2008) as well as
the wavelength, because the evanescent field is proportional to the
wavelength, and the length of the device is, by itself, important
due to the exposed sensing area.

Moreover, the functionalization process also features some
concerns. Small uniformities during functionalization process can
cause surface irregularities which may cause irreproducible
results. As can be seen in Fig. 2, during the SEM and AFM analysis
were observed some defects during some steps of the functiona-
lization, more pronounced in the covalent process, as can be seen
in Fig. 2b3) during the functionalization with 25 mM DMSI, which
seem to result in less steady functionalized surfaces and conse-
quently to a deformation of the resonance peak, whose behavior is
noticeable in Fig. 3b).

Considering all these issues, the results obtained, correspond-
ing to the average of a 5 assays experiment, are quite encouraging
showing a reproducibility that would be adequate for preliminary
alarm system of the presence of E. coli proteins.

In addition, all the above issues indicate that there is much room
for improvement. In this context, to the best of our knowledge no
information about reproducibility in biosensing with LPGs was
reported so far, being therefore an open issue worth of investigation.

3.4. Regeneration of sensing heads

In the previous work, Queirós et al., 2013, a extensive study
about regeneration was done, using other solutions such as urea or
glycine, and the best results were for HCl 2 M, being the regenera-
tion solution used in this work. The regeneration of the sensing
phase was tested by carrying out consecutive binding and washing
steps. The shift of the resonance was measured after the immo-
bilization of 200 nM of ECA (DNA probe) and after the binding
between the ECA with 10 nM EcOMPs; then, the sensing heads
were washed with a 2 M HCl solution for 30 min, to regenerate the
probe for re-use and re-incubate with 10 nM EcOMPs. The shift of
the resonance was measured again to verify if the probe was able
to rebind to the probe. According to the LPG principle the removal
of the EcOMPs decrease the SRI and consequently the λR shifts to
upper values of wavelength, as can be seen in Fig. 5.

As can be seen the wavelength increases with the removal of
the EcOMPs and decreases again, to the same value, after the
immobilization of the EcOMPs, which demonstrates the surface is
entirely regenerated after 30 min and capable of detecting EcOMPs
Fig. 5. Regeneration of sensing heads a) SH1 and b) SH2. Resonance peak wavelength v
after the binding between the ECA with 10 nM EcOMPs, after the regeneration of sensin
EcOMPs. The red arrow represent the moment where the HCL was added.
again with the same sensitivity, through at least 3 trials (con-
secutive and after regeneration). This assay was performed for
both sensing heads and the same behavior was verified. These
sensing heads shows good stability and regeneration due to their
ability to detect EcOMPs in successive binding and washing events.

3.5. Cross-reactivity to other molecules

The aptamer herein used have been previously tested by Bruno
et al., 2010, against other bacteria and has been demonstrated that this
aptamer do not bind Salmonella enterica nor Campylobacter jejuni. To
assess the non-specific binding of other molecules that could be
present in water systems the different sensing heads were incubated
with 1 nM EcOMPs and with 1 nM of Microcystin-Leucine, Arginine
(Mcyst-LR) and with a mixture of both for 60 min in the affinity buffer.
This Mcyst-LR concentration is the recommended maximum level of
Mcyst-LR in waters established by (WHO – World Health
Organization, 1998). The shift of λR induced by the complex ECA–
EcOMPs for both types of sensing heads was much higher (about 95%)
than the shift obtained when incubating in Mcyst-LR solution alone. In
the case of the mixture EcOMPs–Mcyst-LR the shift of the λR presented
a similar value to the complexes ECA–EcOMPs. These results show the
specificity of EcOMPs binding to the DNA aptamer even in the
presence of potential interferences.

3.6. Detection of EcOMPs in environmental water samples

In order to investigate the application of the present method to
the analysis of environmental waters (pH 6.5), spiked waters were
tested and the corresponding relative errors calculated. Environ-
mental water samples were collected in a well and stored in amber
glass bottles previously rinsed with double-deionized water. The
pH and ionic strength of the water samples were adjusted by
addition of affinity buffer (50:50), and they were stored at 4 °C
until analysis. These assays were carried out with sensors cali-
brated within 0.1 nM to 30 nM of EcOMPs, Fig. 6a) and b).

The average recoveries (recovery is the value of the variance
between the concentration measured with the sensor and the
concentration of the spiked solution used to test real samples) of
three spiked solutions for SH1 and SH2 were 123.39% and 106.06%,
respectively, thus presenting an error of about 23.39% for SH1 and
6.06% for SH2. A closer looks at the results, however, shows that
the recovery in the lower concentration range is much better, and
that the error increases as the concentration increases. This results
from the fact that the assays were made with the sensors being
successively exposed to higher concentrations with no prior
regeneration. For this reason there is a cumulative error and some
saturation effect. Therefore, in the region of higher interest, at the
alue during several steps: after the immobilization of 200 nM of ECA (DNA probe),
g heads (with 2 M HCl solution for 30 min) and after the re-incubation with 10 nM



Fig. 6. Calibration plots of a) SH1 and b) SH2 for the affinity assay of the complex ECA (200 nM)–EcOMPs ranging from 0.1 nM to 30 nM of EcOMPs (blue points) and samples
(red points); inset: linearization of sample points. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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lowest concentrations the sensor performance was at its best with
a very good recovery rate.

The performance and applicability of the developed biosensor
was not compromise once the analysis allows the detection of E.
coli proteins and, in the case of drinking waters, the simple
presence of E. coli bacteria in a sample invalidate the use of this
water. Therefore, in this case a presence/absence test is sufficient
to analyze the sample. In addition, if the proposed use of the
sensor will be the continuous monitoring of bathing waters, it is
necessary to find a correlation between EcOMPs and E. coli cells,
since the legislated parametric values are expressed in CFU –

colony forming units, to complement the analysis.
4. Conclusions

A label-free biosensor using a LPG as a refractometric platform
for the detection of EcOMPs based on the specific recognition
between a DNA aptamer capture probe and bacteria proteins was
proposed. In general terms, SH1 presented better results in terms
of reproducibility and uniformity of functionalization, but never-
theless both sensing heads have an identical performance in terms
of detection. The biosensor SH2, offered more accurate results in
the analysis of real samples. The sensing heads were regenerated
(under low pH conditions) and the deviation of the subsequent
detection was less than 0.1%. Moreover the sensors offered
simplicity in designing and analysis as well as low limit of
detection. The performance and applicability of the developed
biosensor allows the detection of E. coli proteins proving its use as
a preliminary alarm system of the presence of E. coli in waters.

These analytical features, as well as its fabrication easiness and
operational convenience, make it a promising method for the
detection and quantification of E. coli outer membrane proteins.
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