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Enterotoxigenic Escherichia coli F4 (K88) (ETEC F4) is one of the main etiologic agents involved in neonatal and
post-weaning diarrhea in pigs, which generates significant economic losses due to highmortality andmorbidity.
An electrochemical sensor based on glassy carbon electrodes modified with a dispersion of multi-walled carbon
nanotubes plus 1% Nafion™ is proposed to detect and quantify ETEC F4 in stool samples of pigs. The preparation
of samples was made by dilution in phosphate buffer solutions (PBSs), followed by centrifugation and inactiva-
tion of the supernatant in autoclave. An irreversible oxidation peak was observed by cyclic voltammetry at a po-
tential close to 0.69 V. The best response was obtained for an optimum pre-concentration time of 10 min under
forced convection conditions. The electrochemical response performedby squarewave voltammetrywas obtain-
ed in 1/5000 fecal samples in PBS spiked with ETEC F4. A peak current vs. ETEC F4 concentration plot was con-
structed from successive additions of suspensions of ETEC F4 inactivated by autoclave. The limit of detection
(LOD), the limit of quantitation (LOQ) and the relative standard deviation were 6 × 104 CFU mL−1,
2 × 105 CFU mL−1 and 20%, respectively. The developed electrochemical method is simple, fast and economical
to quantify ETEC F4 in swine stool samples, making it useful for diagnosis monitoring in production facilities.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Diarrheal infections or colibacilosis in pigs generate significant eco-
nomic losses due to high mortality rates, decreased weight gain, delay
in the production and/or reproductive performance and increased ex-
penses due to the actions taken against the presence of a disease (treat-
ment, vaccinations, sacrifices, diagnostic tests, etc.) [1]. One of themain
etiologic agents involved in neonatal and post-weaning diarrhea (PWD)
is enterotoxigenic Escherichia coli F4 (K88) (ETEC F4) bacteria [2,3].
Moredo et al. indicate that for 95.5% of PWD, ETEC F4 is the triggering
agent [3]. The bacterium ETEC F4 constantly spreads in the immediate
surroundings of the pig, mainly through feces, food or water contami-
nated with feces and infection occurs by the fecal-oral [4].

The fimbriae are one of the virulence factors of ETEC F4. They are
long proteinaceous appendages radiating from the surface of the
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bacteriumwith a length of about 0.5 ± 1.5 μm. Fimbriae are spread pe-
ritrichously on bacteria [5]. In the structure of these protein appendages
are F4 and F18 antigens, with which the bacterium adheres to the mi-
crovilli of enterocytes early in infection.

A presumptive diagnosis of bacterial infections based on the clinical
picture, the risk factors associated with the pigs themselves and the en-
vironment where they are, is usually done in veterinary practice [6].

To avoid the use of broad-spectrum antibiotics and the generation of
multiple resistances, it would be desirable to have a simple diagnostic
tool that quickly allowsmonitoring the sanitary status of the production
facilities.

The detection of pathogenic microorganisms is carried out by tech-
niques based on typing and culture,molecular techniques (mainly poly-
merase chain reaction, PCR) and immunological methods (ELISA). The
first, less expensive, may have limitations for routine use due to the
time required to obtain results with trained professionals [7]. It is desir-
able to have other rapid and sensitive tools that help monitor the pres-
ence of pathogens in minimally equipped laboratories and/or in field
applications. In this regard, numerous investigations are underway
aimed to develop sensors for the detection of bacteria for use primarily
in the food industry because of the impact on human health [8–10].
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Thus, several methods for rapid detection of E. coli O157:H7 have been
developed. They are based on PCR [11,12], immunoassayswith enzymes
and various platforms (ELISA) [13], immunomagnetic methods [14] or
microchips-PCR arrays [15] and also several types of biosensors
[16–22], including aptamers with colorimetric detection [23].

Other devices are based on nanotechnology tools and electrochem-
ical transducers [24,25]. In these cases, electrochemical techniques rou-
tinely employed are impedance spectroscopy, cyclic voltammetry (CV),
chronoamperometry and square wave voltammetry (SWV), sometimes
combined with chemometric tools [26].

SWV has great advantages over other electrochemical techniques,
including increased sensitivity, short analysis time and a significant de-
crease of capacitive currents [27]. It has also been used to quantify bac-
terial cultures [26,28].

The use of modified electrodes allows improving the sensitivity, se-
lectivity, reproducibility and/or stability of electrochemical sensors.
Multi-walled carbon nanotubes (MWCNTs) have been used in the devel-
opment of sensors mainly because of their high electrical conductivity
and high surface/volume ratio [29,30]. Their catalytic and amplification
signal effects have been demonstrated in the electrochemical determina-
tion of biological molecules such as cytochromes [31], NADH [32] and
bacteria [28], among others.

The objective of this work is to develop an electroanalytical sensor
with SWV detection to monitor ETEC F4 bacterial populations directly
in stool samples of pigs. The sensor consists of a glassy carbon disk elec-
trode (GCE)modifiedwith a dispersion ofMWCNT in 1%Nafion™ aque-
ous solution. The electrochemical responses of suspensions of live
bacteria as well as bacteria inactivated in autoclave in phosphate buffer
solutions (PBS) were analyzed. The quantification was performed in a
concentration range between 6 × 106 and 3 × 107 CFU mL−1 (CFU =
live bacteria colony forming units). The electrochemical sensor perfor-
mance was checked on stool samples of pigs inoculated with ETEC F4
bacteria. As far as we know, this is the first time that the approach pro-
posed is used in this complex matrix.
2. Material and methods

2.1. Chemicals

MWCNTs (110–170 nm dia., 8–9 μm in length) were obtained from
Sigma. They were oxidized in (2:1) H2SO4/HNO3 by heating under re-
flux during 10 h to facilitate their dispersion in water. Then, they were
purified by centrifugation at 4000 rpm, the supernatant was removed
and they were washed with distilled water. This procedure was repeat-
ed 3 times. Finally, the suspension obtained was dialyzed using a
dialysis membrane of 100 kDa against distilled water until the pH of
the water was close to 7. A pH 7 10 mM PBS was prepared from the
corresponding phosphate salts. PBS was used to prepare bacterial sus-
pensions, to dilute samples of swine feces and as the supporting electro-
lyte for electrochemical measurements. The 5% (w/w) perfluorinated
Nafion™ was obtained from Aldrich.
2.2. Equipment and electrodes

Electrochemical measurements were performed with a potentiostat
PGSTAT 101 Autolab (EcoChemie, Utrecht, The Netherlands), controlled
by NOVA 1.7 software. A conventional glass cell of three electrodes was
used. The working electrode was a glassy carbon disk (3 mm dia.) from
BAS (USA) modified with MWCNT, the reference electrode was Ag/AgCl
and the counter electrode was a Pt wire of large area (A≈ 2 cm2). Mea-
surements of optical density (OD) were performed with a Spectrum SP
2000 UV–Vis spectrophotometer. Phenomenex™ nylon filters were
25 mm dia. with 0.45 μm pores. They were autoclaved during 15 min at
121 °C.
2.3. Bacterial strain

The reference strain of swine enterotoxigenic E. coliwas given by the
group of Biotecnología Animal, Facultad de Agronomía y Veterinaria,
Universidad Nacional de Río Cuarto. It corresponds to a regional isola-
tion and was characterized in the E. coli Reference Laboratory (Lugo-
Spain) [33]. It was determined by PCR analysis that the strain has the
proteinaceous fimbrial antigens F4 (K88+) and F18 and it is a producer
of STb and LT toxins which disrupt intestinal fluid homeostasis to cause
electrolyte-rich fluid hyper-secretion and diarrhea [34]. These toxins
are the main responsible of swine diarrhea.

2.4. Culture medium and ETEC F4 suspensions

The culture medium used in all experiments was trypticase soy
(Britania™) previously autoclaved during 15 min at 121 °C. Suspensions
of bacteria were prepared by inoculating 5 mL of trypticase soy broth
with an isolated colony on trypticase soy agar and incubating at 37 °C at
different incubation times (tinc). After incubation, the culturewaswashed
3 times by centrifugationduring15min at 2500 rpm, the supernatantwas
discarded and the sediment containing the bacteria was re-suspended in
PBS. Thus, all components of trypticase soy broth are eliminated and are
not oxidized in ETEC F4 determination. From this suspension, successive
1/10 dilutions in PBSwere conducted for all electrochemical experiments.

The concentration of each suspension was estimated from the OD at
625 nm, following thewell knownMc Farlandmethod. Thus, suspensions
of ETEC F4 in PBS at different concentrations were prepared, and the OD
of each suspension was measured. Simultaneously, each concentration
was determined by plate count. From OD values of each suspension vs.
concentration (10−8 cETEC F4) expressed as CFUmL−1 a good linear corre-
lation was obtained. It was expressed by the following equation:

OD ¼ 4:7� 2:9ð Þ � 10−2 þ 6:2� 0:4ð Þ � 10−2 � cETEC F4 r ¼ 0:9874:

2.5. Preparation of samples

Samples of live and inactivated bacteria were prepared in PBS.
Inactivated bacteria samples were used for measurements using the
method of standard additions in stool samples of pigs. Theywere spiked
with inactivated bacteria, which were given by the group of Salud
Porcina from the Departamento de Patología, Facultad de Agronomía y
Veterinaria, Universidad Nacional de Río Cuarto. The stool samples
were taken from the rectum of healthy adult animals, i.e., ranging in
age from4 to 22weeks, from confined farms in the towns of Salsipuedes
and Baigorria, Province of Córdoba, Argentina. Transportation to the lab-
oratory was performed using sterile containers refrigerated at 4 °C and
stored at this temperature until use.

A suspension with 1 g feces in 5 mL of PBS was prepared and centri-
fuged during 10 min at 500 rpm. The electrochemical measurements
were performed in the supernatant inactivated in autoclave and diluted
to 1/5000 with PBS. We have found that the matrix effects are minimal
under this condition. Successive additions of suspension of inactivated
ETEC F4 of a given concentration in PBS were done, and a standard ad-
dition plot was obtained.

2.6. Working electrode modification

The GCE was pretreated through a mechanical polishing with
0.05 μm alumina on a damp cloth and then twice sonicated in distilled
water at intervals of 1 min to remove residual alumina. It was rinsed
with distilledwater and dried in anoven at 37 °C. Then, theMWCNTdis-
persion was prepared by adding 1 mg of MWCNT to a 1% Nafion aque-
ous solution contained in an Eppendorf tube. The tube was then
introduced in an ultrasonic bath during 30 min. Thus, a homogeneous
dispersion was obtained. The modification of the GCE was performed



Fig. 2.Net currents of squarewave voltammograms of a suspension of ETEC F4 at different
preconcentration times: a) 0; b) 2 min; c) 4 min; d) 8 min and e) 16 min. cETEC F4 =
1.7 × 108 CFU mL−1.

222 L.V. Tarditto et al. / Microchemical Journal 127 (2016) 220–225
by placing 20 μL of 1 mg mL−1 MWCNT dispersion on the pretreated
electrode and dried in an oven at 37 °C during approximately 30 min.
Stabilizing the surface of the electrode was then carried out in PBS by
performing 20 consecutive voltammetric cycles at 0.100 V s−1 in the
−0.2 to 1 V potential window.

2.7. Electrochemical measurements

The electrochemical response of ETEC F4 suspensions was analyzed
by CV and SWV at GCE modified with MWCNT. The potential window
for SWV was from 0.4 to 0.85 V. SWV parameters were: ΔESW =
25mV,ΔES= 5mV, f= 10Hz and teq= 60 s, whereΔESW is the square
wave amplitude, ΔES is the staircase height, f is the frequency and teq is
the equilibration time.

3. Results and discussion

3.1. Electrochemical behavior of suspensions of live bacteria

As far aswe know, no report on electrochemical behavior for ETEC F4
is available in the literature. Cyclic voltammograms of suspensions of
bacteria, prepared from a culture after 6 h of incubation, were obtained
in a potential window from 0 to 1 V. As shown in Fig. 1, an irreversible
oxidation peak appears at about 0.69 V, whose current intensity de-
creases after few consecutive scans. On the other hand, its peak poten-
tial (Ep) shifts slightly to more positive values. This behavior suggests
the gradual passivation of the electrode surface, due to the possible
blocking effect of electro inactive anodic reaction product/s.

The electrochemical response of suspensions of ETEC F4was also an-
alyzed by SWV. Experimental net square wave currents (In) were
corrected by subtracting blank currents. Thus, a sigmoid shape curve be-
tween the net peak current (Ip,n) and frequency (f) was obtained.

These results indicate that adsorption of the analyte (bacteria or
their metabolites) would be coupled to charge transfer in the reaction
mechanism [35]. This phenomenon is of great importance for the
quantification of E. coli by pre-concentration on the modified electrode.
Pre-concentration experiments were performed in stirred suspensions.
The variation of Ip,n vs. the pre-concentration time (tpre) was analyzed.
As shown in Fig. 2, net currents tend to reach a steady state after
10 min. Therefore, this time was selected as the optimum for the pre-
concentration.

The electrochemical behavior of certain living cells has been studied
by several authors, who have suggested somemechanisms bywhich di-
rect electron transfer occurs from microorganisms to the electrode
Fig. 1. Cyclic voltammograms of 2.0 × 108 CFUmL−1 ETEC F4 suspensions in PBS.Working
electrode: GCE-MWCNT. v = 0.050 V s−1.
[36–38]. These mechanisms include the production of soluble redox
molecules which are released into the medium, direct contact between
the outer membrane of the cells and the electrode [39] and the partici-
pation of the electron transport chain, related to the microbial respira-
tion [40]. Despite all these suggestions, the mechanism of electron
transfer between microorganisms and the electrode surface is not yet
fully elucidated [41]. In fact, there are differentmolecules and/ormacro-
molecules as possible candidates to be oxidized in the 0.55–0.75 V
potential range in a suspension of ETEC F4, such as cytochrome c, ubi-
quinones and menaquinones, NADH, and succinate, which are both in
the cell membrane and in the cytoplasm. They are capable of being ox-
idized in the potential range mentioned above. For this reason we have
studied the response under both aerobic and anaerobic conditions, in
the presence and in the absence of bacteria (prefiltration) and also
with live or dead bacteria by cell lysis. In all cases we find an oxidation
current of variable intensity in the same region of potential (see below).

In order to further investigate the possible origins of the electro-
chemical response of ETEC F4 suspensions and optimize the conditions
for bacteria detection, SWV experiments in the presence and in the ab-
sence of cells were performed. For this, a suspension of ETEC F4 bacteria,
re-suspended in PBS, was divided into two equal parts. Then, cells were
filtered in one of them. In both cases it was observed that the oxidation
occurs at approximately the same potential (Fig. 3).

From SW voltammograms of Fig. 3, it may be suggested that the
electrochemical response would be related to the production of endog-
enous substances, which are released to themedium. In the presence of
bacteria, the response could be enhanced due to the direct transfer be-
tween the microorganisms in contact with the electrode surface.

This suggests that Ip,n would depend on the growth phase of themi-
croorganisms (Fig. 4) due to the changes occurring in the permeability
of cell membranes. Therefore, the electrochemical response of suspen-
sions of bacteria prepared from inocula in the exponential and station-
ary phases was analyzed.

Net currents from exponential phase are close to three times higher
than the net currents of stationary phase, due to an increased perme-
ability of cell membranes. Then, a growth curve was performed by
SWV and a similar behavior was found (data not shown).

The same tendency was observed with respect to the growth phase
when the response of the filtrates of bacteria suspensionswas analyzed,
but signals have slightly lower current intensities.

Experiments were also performed in oxygen or argon atmosphere,
with no significant differences between the square wave voltammo-
grams. Therefore, it is probable that the electrochemical response of
ETEC F4 is due to the production of endogenous redox molecules and
to the direct contact between the outer cell membrane and the



Fig. 3. Net currents of square wave voltammograms of a) 2.14 × 108 CFU mL−1 ETEC F4
suspension, b) in the absence of bacteria. Fig. 5. Calibration curve of suspensions of live ETEC F4 bacteria. Each point is an average of

three experimental measurements. Intercept =−(2.2 ± 0.2) × 10−2 μA; slope = (5.3 ±
0.1) × 10−9 μA mL UFC−1; r = 0.9990.
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electrode surface in an aerobic and/or facultative aerobic respiration
process. It has to be emphasized that this was not an impediment to
quantify ETEC F4, since the magnitude of the oxidation current was, in
fact, linearly proportional to the concentration.

3.2. Calibration curve for quantifying live bacterial suspensions

A linear relationship was found between Ip,n and the concentration of
bacteria in PBS (Fig. 5). The suspensions of bacteria were prepared from
an exponential phase inoculum (tinc = 6 h). The pre-concentration
time was 10 min. From regression results, a sensitivity of (5.3 ±
0.1) × 10−9 μA mL CFU−1 was obtained.

3.3. Inactivated bacteria suspensions. Calibration curve

Suspensions of bacteria were prepared as described in the experi-
mental section. Their concentrations were determined by OD measure-
ments (Section 2.4). Then, they were inactivated by autoclaving during
40 min at 121 °C. The electrochemical response of suspensions of
inactivated ETEC F4 (Fig. 6a) showed an Ep similar to suspensions of
live bacteria, but with a higher Ip,n and a slight shoulder before the
main peak.

This result demonstrates that the electrochemical signal of ETEC F4
would not be exclusive of viable cells, unlike other microorganisms
Fig. 4. ETEC F4 growth curve. tinc: incubation time.
[28,36,42,43]. Fig. 6b shows the calibration curve obtained in
inactivated suspensions of ETEC F4. The variation of Ip,n with cETEC F4 is
typical of adsorbed reactant systems, where saturation is reached for
high concentration of the analyte [44].
Fig. 6. a) Net currents of a square wave voltammogram of an ETEC F4 suspension
inactivated in autoclave. cETEC F4 = 4.72 × 108 CFU mL−1. b) Calibration curve
corresponding to inactivated ETEC F4 suspensions. The dash line was plotted to show
the trend.
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Assuming the initial portion of the graph as a straight line (see insert
of Fig. 6b), the linear regression (n = 15) is given by:

Ip;n ¼ 3:3� 0:9ð Þ � 10−2 μA½ � þ 4:1� 1:6ð Þ
� 10−8cETEC F4 μA mL CFU−1

h i
; r

¼ 0:9180

with a sensitivity of (4.1±1.4)× 10−8 μAmL CFU−1. Experimentswere
done by triplicate. A limit of detection (LOD)=6.2 × 105 CFUmL−1 and
a limit of quantitation (LOQ) = 1.9 × 106 CFU mL−1 were estimated.
They were calculated as [45]

LOD ¼ 3:3Sy=x
m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h0 þ 1

I

� �s

and LOD=3.03 LOD,wherem is the slope of the calibration plot, I is the
number of calibration samples and Sy/xis the residual standard devia-

tion. h0 is the leverage for the blank sample: h0 ¼ c2cal

∑
I

i¼1
ðci−ccalÞ2

where

ccal is themean calibration concentration and ci is each of the calibration
concentration values.

Clearly, a higher sensitivity (about ten folders) is obtained in
inactivated ETEC F4 than in suspensions of live bacteria. The liberation
of electroactive metabolites present in the inside of bacteria through
thermal treatment for inactivation would be a possible explanation for
this behavior.

3.4. Determinations in stool samples spiked with inactivated ETEC F4

The performance of the sensor was checked in stool samples. The
electrochemical response obtained from diluted 1/5000 stool samples
of pigs inactivated in autoclave is shown in Fig. 7 (line a). An increase
in Ip,n was clearly observed after the addition of ETEC F4 at a concentra-
tion of 2.00 × 107 CFU mL−1 (Fig. 7, line b).

Although the sensor is presented as nonselective, interferences in
the current signal due to the presence of other bacteria (usually found
in stool samples) and mainly from other molecules and/or macromole-
cules which are involved in cellular mechanisms, such as cytochrome a,
b and c, ubiquinones andmenaquinones, NADH, and succinate, are neg-
ligible in a 1/5000 dilution of swine feces. In addition, ETEC F4 determi-
nation was made using the method of standard additions. Thus, SWV
measurements on this sample spiked with successive additions of
Fig. 7. a) Net currents of squarewave voltammograms of a) 1/5000 dilution of swine feces
sample in PBS; b) 1/5000 diluted sample spiked with 2 × 107 CFU mL−1 ETEC F4.
ETEC F4 show that Ip,n increases with the concentration of ETEC F4 in
the 2 × 104–2 × 108 CFU mL−1 concentration range, as it was found
with inactivated bacteria (Section 3.3).

Experiments were done by triplicate. From the slope of the linear
portion (interval 2 × 104–8 × 105 CFU mL−1; r = 0.9980) of the three
Ip,n vs. cETEC F4 plots a relative standard deviation of about 20% was ob-
tained. The sensitivity was (8.08 ± 0.09) × 10−8 μA mL CFU−1 and a
LOD = 6 × 104 CFU mL−1 and a LOQ = 2 × 105 CFU mL−1 were
estimated.

Slightly higher sensitivity and slightly lower detection and quantifi-
cation limits were obtained in stool samples spiked with inactivated
ETEC F4 with respect to results of suspensions of pure inactivated
ETEC F4 in PBS (Section 3.3). So, with this methodology it is possible
the quantification of the ETEC F4 bacteria, inactivated by thermal lysis,
in spiked diluted matrix of porcine feces.

As compared to othermethods (see Table 1) this sensor shows a LOD
higher than that of the fluorescent immunoassay, but close to that of
PCR techniques, which is the most used for bacterial determination,
with the advantage of a shorter analysis time and a lower cost, easy han-
dling and it does not require isolation of ETEC F4 in a selective culture
medium. On the other hand, aminimum of pre-treatment of the sample
is necessary. Its use as screening tool is promissory.

4. Conclusions

An electrochemical sensor to detect and quantify the enterotoxigen-
ic E. coli F4 (K88) bacteria in swine feces was developed. The sensor is
based on a glassy carbon disk electrode modified with a dispersion of
multi-walled carbon nanotubes in 1% Nafion™ aqueous solution. The
ETEC F4 detection is performed through an irreversible oxidative signal
by square wave voltammetry.

Samples of swine feces free of ETEC F4 and spiked with a pathogenic
strain gave a detectable electrochemical signal by square wave volt-
ammetry. This behaviorwas observedwith both live bacteria and bacte-
ria inactivated by thermal lyses. However, a significant increase in signal
was observed for inactivated suspensions, possibly due to the presence
of electroactive components of the bacteria liberated during the thermal
pre-treatment.

Themethodology developed is fast, precise, economical and suitable
for direct electrochemical monitoring of the presence of ETEC F4 in
swine samples without any pre-treatment. To the best of our knowl-
edge, no reports exist in literature about electrochemical sensors for
the determination of ETEC F4 in stool samples of pigs. Thus, the sensor
Table 1
Limit of detection of more relevant techniques for determination of ETEC F4.

Technique Sample matrix Detection limit Ref.

Fluorescent
immunosensor

PBS 1.1 × 103 CFU mL−1 [46]
Stool sample 2.1 × 103 CFU g−1

Multiplex real-time
TaqMan PCR

Luria–Bertani broth 6.1 × 105 CFU mL−1 [47]

Real time-PCR Broth dilutions in
PBS

F4ab 106, F4ac 105 and F4ad
104 CFU mL−1a

[48]

Stool sample without
enrichment

F4ab 106, F4ac 106 and F4ad
104 CFU g−1

Stool sample with
enrichment

F4ab 103, F4ac 102 and F4ad
102 CFU g−1

Conventional PCR Broth dilutions in
PBS

F4ab 107, F4ac 106 and F4ad
106 CFU mL−1

Stool sample without
enrichment

Not detection

Stool sample with
enrichment

F4ab 106, F4ac 104 and F4ad
104 CFU g−1

Fluorescent
biosensor

PBS 1 × 102 CFU mL−1 [49]
Stool sample 2.5 × 102 CFU g−1

Electrochemical
sensor

PBS 6.2 × 105 CFU mL−1 This
workStool sample 6.0 × 104 CFU mL−1

a F4ab, F4ac and F4ad are variants of fimbriae F4.
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proposedmaybe a tool capable of screening tests to determine the pres-
ence of ETEC F4 and thus determine points of infection early.
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