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Abstract: The enterotoxigenic Escherichia coli (ETEC) strain is one of the most frequent 
causative agents of childhood diarrhea and travelers’ diarrhea in low-and middle-income 
countries. Among the virulence factors secreted by ETEC, the exoprotein EtpA has been 
described as an important. In the present study, a new detection tool for enterotoxigenic 
E. coli bacteria using the EtpA protein was developed. Initially, antigenic sequences of 
the EtpA protein were selected via in silico prediction. A chimeric recombinant protein, 
corresponding to the selected regions, was expressed in an E. coli host, purified and 
used for the immunization of mice. The specific recognition of anti-EtpA IgG antibodies 
generated was evaluated using flow cytometry. The tests demonstrated that the 
antibodiesdeveloped were able to recognize the native EtpA protein. By coupling these 
antibodies to magnetic beads for the capture and detection of ETEC isolates, cytometric 
analyses showed an increase in sensitivity, specificity and the effectiveness of the 
method of separation and detection of these pathogens. This is the first report of the 
use of this methodology for ETEC separation. Future trials may indicate their potential 
use for isolating these and other pathogens in clinical samples, thus accelerating the 
diagnosis and treatment of diseases.

Key words: diarrheagenic, detection, ETEC, magnetic beads.

INTRODUCTION
Diarrhea is a disease that is classified as an 
important cause of morbidity and mortality 
and is observed in many regions of the world. 
According to the World Health Organization, 
in 2017, diarrheal diseases were the second 
leading cause of death in children under five 
years of age, second only to pneumonia. Each 
year, diarrhea kills about 582,000 children in 
this age group (Cohen et al. 2022). In the world, 
there are about 1.7 billion cases of diarrheal 
disease recorded every year (WHO 2017, Kumar 

et al. 2016). Diarrhea can be defined when 
bowel movements occur three or more times 
per day, with soft or liquid stools, which are due 
to changes in secretion mechanisms, osmosis, 
or inflammatory and infection processes of 
intestinal cells (WHO 2017, Canani et al. 2015). 

The list of enteropathogens that cause 
diarrhea is extensive and includes bacteria, 
parasites and viruses. Among bacterial 
pathogens, Escherichia coli has an important 
role as a causative agent, and is diagnosed in 
more than 49% of patients that are hospitalized 
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for diarrhea in low- and middle-income 
countries (Taniuchi et al. 2012, Walker et al. 
2010). Escherichia coli is a non-pathogenic 
facultative anaerobic bacterium belonging 
to the Enterobacteriaceae family, which is 
predominant in the human gastrointestinal tract 
and establishes its colonization in the first hours 
of life (Trung et al. 2005, Nataro & Kaper 1998) 

Diarrheagenic E. coli strains can be divided 
into six main categories based on distinct 
epidemiological and clinical characteristics, 
which are specific determinants of virulence 
that affect a wide variety of cellular processes 
and have an association with certain serotypes. 
The categories are enteropathogenic E. coli 
(EPEC), enterohemorrhagic E. coli (EHEC), 
enterotoxigenic E. coli (ETEC), enteroaggregative 
E. coli (EAEC), enteroinvasive E. coli (EIEC), and 
diffusely adherent E. coli (DAEC) (Trung et al. 
2005, Taniuchi et al. 2012, Kaper et al. 2004).

The enterotoxigenic E. coli (ETEC) strain 
is considered to be one of the most frequent 
causative agents of pediatric diarrhea and 
travelers’ diarrhea in low- and middle-income 
countries. This strain results in approximately 
100 million cases of diarrhea and 60,000 deaths 
per year in children under the age of five 
(Anderson et al. 2019, Bagamian et al. 2020).

There are no appropriate methods for the 
identification of ETEC in developing countries. 
For this reason, many laboratories that conduct 
studies on diarrhea in these countries do not 
include ETEC in their routine diagnosis. New 
techniques for the detection of ETEC are of great 
relevance since they can guide epidemiological 
investigations, prevent unnecessary invasive 
procedures and serve as a tool to monitor 
infected patients for immediate treatment 
(Karch et al. 1999, Qadri et al. 2005).

The diagnosis of the pathogens that cause 
diarrheal diseases is usually carried out via 
various assays, including serotyping, plaque 

culture assays, microscopy, molecular biology 
and immunoassays. The main characteristics of 
an ideal test for the diagnosis of these diseases 
should include speed, relatively low cost, and 
high sensitivity and specificity (Antikainen et al. 
2013, Zboromyrska et al. 2014).

In recent years, with the emergence of 
nanotechnology, new horizons and perspectives 
have been explored to achieve low limits of 
detection of pathogens (Zhou et al. 2012). 
Different shapes, sizes and compositions of 
nanoparticles have been used for the detection 
of various microorganisms, mainly aiming at 
increasing the amplification of the detection 
signal (Najafi et al. 2014, Sung et al. 2013, Yang 
et al. 2007). One example is the use of magnetic 
microparticles to improve the detection limit of 
conventional ELISA (Shen et al. 2014, Wang et al. 
2012).

The present study proposes a method 
for diagnosing ETEC by detecting the EtpA 
protein using flow cytometry. An increase in 
the sensitivity and specificity of the assay was 
observed when magnetic beads containing the 
antibody were used. 

MATERIALS AND METHODS
Recombinant protein design 
The sequence of the gene corresponding to 
the EtpA protein was acquired in the GenBank 
database (registration number: AAX13509.2 - ncbi.
nih.org). The design of the recombinant protein 
was performed in a chimera structure. Through 
in silico analyses, three regions of the native 
protein that presented higher immunogenicity 
were chosen. The BepiPred 1.0 server was used 
to predict immunogenic regions. The analysis of 
accessibility to the protein surface was performed 
using the NetSurfP program; prediction of 
protein disorder through the program IUPRED.
enzim.hu and molecular weight prediction by 
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the Expasy-ProtParam program. The structure 
of the native EtpA protein was visualized in the 
I-TASSER program. After the in silico genetic 
analysis, the recombinant sequence was sent to 
IDT (Integrated DNA Technologies) for chemical 
synthesis of the gene sequence. 

Gene cloning
After obtaining the synthetic gene, the fragment 
corresponding to the EtpA protein was cloned 
into the plasmid vector pGEM®-T Easy (Promega) 
using the enzyme T4 DNA ligase (Invitrogen), 
following the manufacturer’s instructions. 
Subsequently, the transformation of the binding 
system in E. coli TOP 10 cells (Invitrogen) was 
performed, followed by plasmid extraction 
using the Qiaprep Spin Miniprep kit (Qiagen). 
The plasmid extraction product was analyzed 
via electrophoresis on 0.8% agarose gel in 1x TBE 
buffer (40 mm Tris, 40 mM boric acid and 0.5 
M EDTA). Following this, the resulting colonies 
were selected by confirming the presence of 
the EtpA gene by polymerase chain reaction 
(PCR), using the enzyme Taq DNA polymerase 
(Invitrogen), using the primers R-EtpA (5` 
TCTAGAGAATTCTTATGCTGATCCTGCAGCA 3`) 
and F-EtpA (5` GGATCCGATGATGACGATAAG 3`), 
followed by analysis via electrophoresis on 0.8% 
agarose gel. Colonies that showed amplification 
at a size corresponding to the gene were 
subjected to plasmid extraction, followed by 
enzymatic restriction with BamHI and EcoRI 
enzymes. The gene was subjected to a binding 
with the enzyme T4 ligase to the expression 
vector pRSET-A (Invitrogen) and was digested 
with the same enzymes. After transformation 
into E. coli Top 10, colonies presenting the target 
gene were subjected to plasmid extraction and 
subsequently transformed into E. coli, BL21(DE3) 
pLysS (Promega) for recombinant protein 
expression.

Expression and isolation of the chimeric re-
combinant EtpA (crEtpA)
A colony of E. coli BL21(DE3) pLysS containing the 
plasmid EtpA-pRSET-A was pre-inoculated into 
test tubes containing 3 mL of liquid LB medium 
with 100 µg/mL of ampicillin and 11 µg/mL of 
chloramphenicol. The tubes were incubated in 
a shaker at 37 °C for 16 hours. Then, the pre-
inocula were transferred to a 2 L Erlenmeyer 
flask containing 1 L of liquid LB medium and 
containing the same antibiotics. After the 
transfer, the inoculum was again placed in the 
shaker at the same temperature until it reached 
a DO600nm of 0.6, which was measured in a 
spectrophotometer. Upon reaching this level of 
bacterial growth, the IPTG inducer (isopropyl-β-
D-thiogalactopyranoside) at a final concentration 
of 1 mM was increased in the bacterial culture. 
Induction was performed for 4 hours, followed 
by centrifugation of the culture at 3,094 xg for 15 
minutes at 4 °C. The supernatant was discarded 
and the bacterial pellet that was formed was 
stored in a freezer at -20 °C for the subsequent 
sonication process.

To obtain the crEtpA, initially, the post-
induction bacterial pellet was lysed using 
sonication. This was performed using an 
ultrasonic processor (UP50H, Hielsher 
Ultrasonics) with the addition of 2.5 mL of MCAC-
0 buffer (20 mM Tris pH 7.9; 0.5 M NaCl; 10% 
glycerol and 1 mM PMSF). Then, the sonicated 
content was centrifuged at 20,000 xg at 4 °C and 
the native supernatant that was formed was 
used for the purification of the recombinant 
protein. The expression confirmation was 
performed using the western blot technique 
and was developed using the Western Breeze 
kit (Qiagen), following the instructions provided 
by the manufacturer. Subsequently, purification 
was evaluated using 12% polyacrylamide gel 
electrophoresis (SDS-PAGE) as described by 
Maniatis et al. (1988). The purified protein was 
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concentrated on a Centriprep Centrifugal Filter 
devices YM-3 (Millipore) column, following the 
manufacturer’s recommendations. After this 
process, excision of the histidine tail using the 
enzyme enterokinase (New England Biolabs) 
along with the resin Tripsin Agarose Inhibitor 
(Sigma Aldrich), following the manufacturer’s 
instructions. After this step, the excision of the 
histidine tail was evaluated using SDS-PAGE.

Production and isolation of anti-crEtpA 
polyclonal antibodies 
After purification and excision of the histidine 
tail, crEtpA was applied to ten Balb/C mice 
(CEUA/INPA number 019/2014). Three biweekly 
immunizations were performed with 50 
µL of recombinant chimeric EtpA (1 µg/µL) 
together with 50 µL of Freund’s adjuvant. After 
immunizations, the mice were intraperitoneally 
anesthetized with 90 mg.kg-1 of ketamine 
(Dopalen, Vetbrands) in combination with 16 
mg.kg-1 of xylazine (Anasedan, Vetbrands) for 
blood collection via venipuncture of the caudal 
vein. At the end of the 45 days, the animals were 
anesthetized and euthanized for the collection of 
whole blood. The monitoring of the IgG humoral 
response against crETpA was performed using 
ELISA, following a protocol previously published 
by our team (Sousa et al. 2014). The anti-crEtpA 
IgG antibodies obtained were isolated from the 
serum of immunized mice using protein A resin 
(Sigma Aldrich), following the protocol provided 
by the manufacturer. Purified IgG antibodies were 
quantified using Bradford reagent (Bio-Rad).  

Evaluation of the recognition of anti-crEtpA 
IgG antibodies to diarrheagenic bacteria 
Diarrheagenic E. coli samples (EHEC, EAEC, EIEC, 
EPEC, DAEC and ETEC) belonging to the Oswaldo 
Cruz Foundation sample bank (ILMD-FIOCRUZ). 
This study was approved by the Ethics Committee 
of the Amazonas State University, under approval 

number: CEP 266/2006. The isolates were grown 
separately in test tubes containing liquid LB 
medium. After the growth of the strains (37 °C for 
16 hours), the bacteria were centrifuged at 20 000 
xg at room temperature. The pellets that were 
formed were washed three times with filtered 
PBS wash buffer (PBS 1X; 5% albumin; 1% azide 
pH 7.2) and resuspended with 300 µL of the same 
solution. Purified anti-crEtpA IgG antibodies (at 
a concentration of 20 µg/mL) were added to the 
pellets and, subsequently, the samples were 
incubated for 45 minutes at room temperature. 
After the incubation period, the samples were 
washed three times via centrifugation (3,622 
xg) with PBS wash buffer. The next step was the 
addition of secondary anti-mouse antibody IgG 
Alexa FluorTM 488 (Sigma-Aldrich) diluted 1:200 
(5 µg/mL) in PBS wash buffer. After the addition 
of the secondary antibody, the samples were 
incubated for 45 minutes, washed again three 
times with PBS wash buffer via centrifugation 
and read on the flow cytometer (FACSCanto™ 
II, BD). The aforementioned experiment was 
performed three times in order to analyze the 
reproducibility and generate reliability in the 
results obtained. 

The same test was subsequently performed 
with eleven different ETEC isolates belonging 
to the Oswaldo Cruz Foundation E. coli clinical 
sample bank (ILMD-FIOCRUZ). The presence of 
the EtpA gene in these isolates was confirmed in 
previous studies using PCR. 

Detection of ETEC by antibodies coupled to 
beads	
Carboxy-terminated magnetic beads (FB-101 
1 µm BcMag™, Bioclone Inc) were prepared 
following the manufacturer’s instructions. 
Coupling was performed using 1 µg/µL of anti-
crEtpA IgG antibodies in active beads with 
1-ethyl-3-(3dimethylaminopropyl) carbodiimide 
chloride (EDAC). In order to evaluate the degree 
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of recognition of the anti-crEtpA IgG antibodies, 
clinical isolates 144 and 178 of ETEC from the 
Oswaldo Cruz Foundation sample bank (Fiocruz 
Amazônia) were cultured in LB nutrient broth at 
37 °C for 16 hours before use. After growth, the 
cells were centrifuged at 20,000 xg for 3 minutes. 
Then, the pellets obtained were resuspended in 
50 µL of PBS buffer - ethidium bromide (0.016 
mg/mL) and incubated for 30 minutes in the 
dark. Afterwards, the labeled bacteria were 
resuspended in 450 µL of PBS 1X and 2 µL of 
the magnetic beads coupled to the anti-crEtpA 
antibody were added. After adding the beads, 
the solution was kept under light shaking for 
1 hour. Then, the samples were washed with 
PBS 1X using a Magjet separation rack (Thermo). 
This washing procedure was performed ten 
times with the ETEC samples and also with the 
tubes identified as reaction controls. After the 
washes, the secondary anti-mouse IgG antibody 
conjugated to Alexa FluorTM 488 fluorochrome 
(Sigma-Aldrich) at a concentration of 5µL/mL 
was added and the systems were incubated for 
30 minutes, then washed ten times with PBS 1X. 
After this step, the samples were resuspended in 
200 µL of PBS and analyzed in a flow cytometer 
(FACSCanto™ II, BD). The specificity analysis of 
the experiment was performed using different 
isolates of diarrheagenic E. coli (DAEC, EPEC, EIEC, 
EAEC and ETEC). Different controls were used 
in this assay in order to avoid interpretation 
biases: C1 (Control 1) – only magnetic beads; C2 – 
blocked magnetic beads + secondary antibodies; 
C3 – magnetic beads + primary antibody (anti-
EtpA) + secondary antibody; C4 – bromide-
labeled bacteria; C5 – just bacterial strain 144; 
C6 – just bacterial strain 178. The analyses were 
performed using FACS DIVA, Flow-Jo version 10.0 
software and GraphPad Prism 5.0.

Statistical analysis
Statistical evaluations were performed using 
Prism software (GraphPad Inc.). Comparisons 
between samples were performed using one 
way ANOVA. Significance was considered when 
p was ≤ 0.05.

RESULTS 
Design and production of the crEtpA
The chimeric version of the EtpA protein 
(GenBank AAX13509) developed in this study 
was designed with three epitopes selected from 
the prediction of accessibility to the protein 
surface, immunogenic regions and three-
dimensional structure analysis. The selected 
regions are located, respectively, in the ranges 
25° to 107° (VGNAKATGSVEGEKSPRRGVRA 
M A L S L L S G M M I M A H P A M S A N L P T 
G G Q I V A G S G S I Q T P S G N Q M N I H Q N 
S Q N M V A N W N S F D I ) ;  3 5 0 °  t o 
374°(ITATGGQGGGEVYVGGGWQGKDSNI) and from 
470° to 492° (VSKTETTQSPPHTQFAPTAAGSA) of 
the complete amino acid sequence of the EtpA, 
from which the synthetic gene was designed 
to obtain a chimeric EtpA (Figure 1a). This was 
successfully cloned into vector pRSET A (Figure 
1b-d).

E. coli host expression was confirmed by 
western blot using anti-6xHisG antibody (Figure 
1e), and the crEtpA protein was isolated using 
Ni-NTA column chromatography (Figure 1f, 
channel 1). The purified crEtpA presented an 
electrophoretic profile with a molecular mass 
of 16 kDa, corresponding to what was expected 
from the in silico analysis using the Expasy-
ProtParam program. After the isolation of crEtpA, 
excision of the histidine syrup was performed 
with the enzyme enterokinase (Figure 1f, channel 
2), presenting a protein band with a lower 
molecular weight. 
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Evaluation of specific antibodies 
Indirect ELISA analysis demonstrated that 
Balb/C mice immunized with crEtpA were able 
to produce anti-crEtpA IgG antibodies (Figure 
2a), which were successfully purified using the 
affinity chromatography technique (Figure 2b). 

The anti-crEtpA antibodies produced were 
able to recognize with specificity the native 
antigen EtpA present on the surface of the 
ETEC isolates tested, when analyzed for the 
presence of fluorescence using flow cytometry 
(Figure 3a). The samples were analyzed for 

their morphometric characteristics by the size 
(FSC-A) and complexity (SSC-A) of the bacterial 
population in a dotplot and the gate strategy was 
established (Figure 3b). The antigen-antibody 
recognition analysis was revealed through the 
positive dotplot within the gate, represented 
by the displacement of the events recognized 
by the secondary antibody to the primary anti-
crEtpA antibody, in relation to the negative and 
positive controls (Figure 3c-d).

As shown in Figure 3e, with regards to 
the evaluation of the degree of specificity of 

Figure 1. Selection of EtpA protein epitopes, construction and expression of the chimeric protein. (a) sequence of 
the gene corresponding to the EtpA protein. The sequences selected for production of the chimeric recombinant 
protein are highlighted in yellow; (b) 1; 2; 3; 4; 5: analysis of the PCR products of the samples that were amplified 
in the pGEM T-EtpA vector; M - molecular mass marker of 500 bp (Ludwig Biotec); (c) 1: analysis of the restriction 
profile of the recombinant plasmid with the enzymes EcoRI and BamHI; 2: undigested pRSET A vector; M: molecular 
mass marker 1 Kb (Ludwig Biotec); (d) restriction analysis profile of pRSET-EtpA expression plasmid. Samples 2 and 
5 confirming the correct construction of the vector with the size of the expected bands. M: molecular mass marker 
1 Kb (Ludwig Biotec); (e) immunoblot against the histidine tail for the detection of EtpA protein expressed in E. coli 
BL21. M: molecular mass marker prepared with different proteins containing the histidine tail; (f) electrophoresis 
profile in SDS-PAGE gel of the elutions of the purified EtpA protein in an NI-NTA-Agarose column. M: molecular 
weight marker (Color Plus Biolabs: 10-230 kDa).  
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anti-crEtpA recognition against EHEC, EAEC, 
EIEC, EPEC and DAEC strains, it is possible 
to observe a baseline fluorescence when 
the specificity of anti-EtpA antibodies of 
approximately 2% was evaluated. This results 
from the non-specific reaction of anti-mouse 
IgG secondary antibodies conjugated to Alexa 
FluorTM 488 fluorochrome to cellular antigens. 
This basal shift was also observed in the control 
samples, to which only the secondary antibody 
was added in the reaction, representing the 
cut off of the cytometric analyses. The results 
showed a significant increase (p-value=0.005) 
of recognition percentage (about 4% more) 
produced for EtpA antigen recognition in ETEC, 
contributing to the validation of the specificity 
of anti-EtpA antibodies.  

When evaluating the degree of sensitivity 
of recognition of anti-EtpA antibodies in 
different ETEC strains, our results, as shown in 
Figure 3f, show the occurrence of variation in 

the expression of EtpA protein. Fluorescence 
percentages ranged from 2 to 20%, depending 
on the isolate tested.

ETEC detection by the anti-EtpA bead system  
A new cell-sorting method aimed at increasing 
the specificity of the ETEC EtpA+ bacteria 
detection assay using anti-crEtpA antibodies 
coupled to magnetic beads was proposed in 
this study (Figure 4a).  Initially, the morphology 
(FSC-A) and complexity (SSC-A) of these events 
were observed after cell sorting (Figure 4b). 
Autofluorescence analysis in unlabeled bacteria 
(EtBr-/Alexa Fluor 488-) demonstrated no 
interfering reactivity (Figure 4c). The analyses 
for the determination of double positive events 
after cell sorting in ETEC EtpA+ (EtBr+/Alexa 
Fluor 488+) samples (Figure 4d) showed a high 
capacity for separation and enrichment of 
ETEC EtpA+ bacteria by the proposed method. 
This was demonstrated by the significant 

Figure 2. ELISA of the humoral response of immunized mice and SDS-PAGE analysis of purified antibodies. (a) 
indirect serum ELISA for humoral response analysis of mice immunized with the crEtpA protein. C1 to C4: animals 
immunized with purified crEtpA. Adjuvant Ctrl-: animal immunized only with the adjuvant; (b) 12% SDS-PAGE 
analysis of purified antibodies from mice immunized with the crEtpA protein, channels 1 and 2: electrophoretic 
profile of two column elutions of purified antibodies containing protein A resin (Sigma Aldrich). Ctrl: control.
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difference (p-value=0.001) of the percentage 
of double positive fluorescence observed in 
strain 178 (12.1%) compared to other isolates of 
diarrheagenic E. coli (EPEC 0.4%) Figure 4e).

DISCUSSION 
This study aimed to develop a method to 
facilitate the detection of Escherichia coli ETEC, 
an important diarrheagenic bacterium. The EtpA 
adhesin used for detection was chosen as a 
target protein in the development of this study 
because it is a conserved protein within the 
ETEC pathovar (Luo et al. 2015, Kumar et al. 2016).  
However, the expression of proteins with a high 
number of residues can lead to the production 
of insoluble proteins due to the formation of 

inclusion bodies (Pouresmaeil & Azizi-Dargahlou 
2023), which hinders their purification and limits 
their further use. Therefore, considering the high 
molecular mass of EtpA (177 kDa) (Fleckenstein 
et al. 2006), the linear epitope selection 
approach with high probability of exposure and 
immunogenicity was used according to the in 
silico analysis tools used. This strategy led to 
the production of a highly soluble chimeric 
protein, which facilitated its further purification 
via affinity chromatography.

The selection of epitopes using in silico 
analysis for the production of chimeric 
recombinant proteins has been shown to be an 
approach that reduces the risks of insolubility 
of the recombinant protein. In this study, 
the production of IgG antibodies observed 

Figure 3. Morphometric analysis of E. coli labeled with fluorescent anti-crEtpA IgG antibody. (a) schematic 
representation of the immunoassay using anti-crEtpA IgG antibodies and their recognition to the native protein 
in ETEC (prepared using biorender.com) (b) size (FSC-A) and complexity (SSC) analysis of E. coli. (c) percentage 
of fluorescence of the negative control sample; (d) percentage of fluorescence of ETEC EtpA labeled with the 
fluorescent anti-crEtpA IgG antibody; (e) percentage of the fluorescence labeling of anti-crEtpA against different 
subtypes of E. coli (f) percentage of anti-crEtpA fluorescence against different clinical isolates of ETEC with PCR 
confirmation of the presence of the EtpA gene. Diffusely Adhering Escherichia coli; EAEC - Enteroaggregative 
Escherichia coli; EIEC - Enteroinvasive Escherichia coli; EPEC - Enteropathogenic Escherichia coli; ETEC - 
Enterotoxigenic Escherichia coli. 
** p-value < 0.001 in the one-way ANOVA.
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in the serum ELISAs of immunized animals 
demonstrated the immunogenic capacity of the 
chosen epitopes. Further studies may be carried 
out to identify which epitopes of the chimeric 
protein produced were effective for antibody 
production.

The strategy proposed in the present study 
has been addressed in other studies that aimed 
at the diagnosis and/or vaccine (Montero et 
al. 2023, Ramos et al. 2023). As an example of 
the use of this approach for the development 
of vaccines against E. coli ETEC and EHEC, we 
can cite the studies of Montero et al. (2023) and 
Jeshvaghani et al. (2019), who grouped different 
antigens into chimeric proteins and used them 
in mouse immunizations. After the challenge 
with the bacteria, it was found that antibodies 
against these proteins were able to confer partial 

protection against the pathological effects of 
the bacteria (Jeshvaghani et al. 2019, Montero et 
al. 2023).

The cytometric analyses performed 
indicated that the IgG anti-crEtpA antibody 
developed was able to recognize the native EtpA 
protein present in the flagella of ETEC bacteria. 
Despite presenting a baseline reactivity against 
the other subtypes analyzed, the recognition 
of ETEC was significantly higher. This baseline 
recognition was also observed in control assays 
using only the secondary antibody, indicating 
non-specific reactivity. Another important 
observation is the variation in reactivity 
among the eleven clinical ETEC isolates used, 
which indicates that the bioavailability of the 
EtpA antigen may vary among isolates, as also 
observed by Chakraborty et al. (2019). These 

Figure 4. Morphometric analysis of E. coli captured using magnetic beads. (a) schematic representation of the 
immunoassay using anti-crEtpA magnetic beads and its recognition of the native protein in ETEC (prepared 
using biorender.com); (b) size analysis (FSC-A) and complexity (SSC) of E. coli captured using magnetic beads; (c) 
percentage of fluorescence of the negative control sample; (d) fluorescence percentage graph of ETEC double 
labeled with ethidium bromide and anti-crEtpA in magnetic beads; (e) percentage of fluorescence labeling 
of anti-crEtpA against different diarrheagenic E. coli subtypes. Diffusely Adhering Escherichia coli; EAEC - 
Enteroaggregative Escherichia coli; EIEC - Enteroinvasive Escherichia coli; EPEC - Enteropathogenic Escherichia coli; 
ETEC - Enterotoxigenic Escherichia coli. *** p-value < 0.0001 in the one-way ANOVA.
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differences may be related to the different 
groups of colonization factors to which these 
strains belong (Chakraborty et al. 2019). 

The use of the anti-crEtpA antibodies 
produced in this study, in association with the 
magnetic beads, caused an increase in specificity 
to ETEC, as well as greater reactivity when 
compared to assays using the free antibody. 
Different studies have applied magnetic beads 
for the detection of E. coli O157:H7, such as 
Jayamohan et al. (2015), who reported the 
detection of up to 3 CFU/100 mL in wastewater 
effluents. Shen et al. (2014) reported detection 
of 68 CFU mL-1 in PBS and 6.8 × 102 to 6.8 × 103 CFU 
mL-1 in feed samples. Wang et al. (2015) reported 
the detection of a concentration equal to 104.45 
CFU/mL-1 in electrochemical sensors. The study 
presented here is the first to report the use of 
anti-crEtpA IgG antibodies coupled to magnetic 
beads for the detection of ETEC.

Therefore, in the present study, the 
sequence chosen for the construction of the 
chimeric protein from the in silico analyses 
allowed the production of polyclonal antibodies 
in mice that were capable of recognizing native 
enterotoxigenic E. coli. However, the detection 
levels of this protein may be even higher if the 
assay is applied to fresh samples, since EtpA is 
modulated by ETEC’s contact with intestinal host 
cells (Roy et al. 2009) 

The flow cytometry analyses allowed us to 
characterize the antibodies obtained, and the 
use of magnetic beads, in conjunction with anti-
crEtpA antibodies for the isolation of ETEC in 
samples, shows a promising methodology that 
can be used to accelerate the diagnosis of this 
pathogen. Future research may seek to make 
this detection faster, such as with the use of 
the recently developed technique known as 
critical offset magnetic particle spectroscopy 
(COMPASS) (Vogel et al. 2022), which uses the 

same immunodetection principle as described 
here. 
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