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ABSTRACT: It is predicted that the antibiotic resistance crisis will result in an mAb-EspB-B7
annual death rate of 10 million people by the year 2050. To grapple with the N
challenges of the impending crisis, there is an urgent need for novel and rapid
diagnostic tools. In this study, we developed a novel monoclonal antibody—named
mAb-EspB-B7—that targets the EspB protein, a component within the bacterial type
3 secretion system (T3SS), which is mainly expressed in Gram-negative pathogens
and is essential for bacterial infectivity. We found that mAb-EspB-B7 has high affinity
and specificity toward recombinant and native EspB proteins; is stable over a range of
pH levels, temperatures, and salt concentrations; and retains its functionality in
human serum. We identified the epitope for mAb-EspB-B7 and validated it by competitive enzyme-linked immunosorbent assay
(ELISA). Since this epitope is conserved across several T3SS-harboring pathogens, mAb-EspB-B7 holds great potential for
development as an active component in precise and rapid diagnostic tools that can differentiate between commensal and pathogenic
bacterial strains. To this end, we integrated the well-characterized monoclonal antibody into an electrochemical biosensor and
demonstrated its high specificity and sensitivity capabilities in detecting pathogenic bacterial T3SS-associated antigens as well as
intact bacteria. We foresee that in the near future it will be possible to design and develop a point-of-care biosensor with multiplexing
capabilities for the detection of a panel of pathogenic bacteria.
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B INTRODUCTION

The emergence of multiple-drug resistant (MDR) bacterial
strains stems largely from the extensive, and sometimes
inappropriate, usage of antibiotics in the community and in
agriculture, as this misuse has exerted a strong selective
pressure on bacteria to develop resistance mechanisms against
various antibiotics."” In turn, the implications of the increasing
numbers of MDR bacterial infections in the clinic, in the
community, and in agriculture are constituting a growing
global public health concern.” MDR bacterial infections are
harder to treat and are associated with higher medical costs
than antibiotic-sensitive infections, and, perhaps more
importantly, there is a significant risk that MDR mechanisms
will be spread to other bacterial strains.* A parallel public
health concern is that the development and approval of new
antibiotics has not kept pace with the rising rates of morbidity
and mortality due to bacterial infections, giving rise to a
predicted annual death rate of 10 million people by 2050 due
to resistance to antimicrobials.’

Pivotal to the efficiency of controlling antibiotic resistance is
the ability to provide rapid and accurate surveillance and
diagnosis,” as is embodied in the WHO One Health concept
for addressing the MDR crisis.” In this regard, the major
disadvantages of currently available laboratory-based diagnos-
tics for the detection of bacterial infections are long processing
times, low sensitivity and specificity, and/or the need for
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specialized equipment that is expensive and requires highly
trained personnel.g_10 There is, thus, an imperative need for
more rapid, cost-effective, and sensitive assays that can identify
infective agents at the point-of-care (POC), without the
requirement for multistep processing.

A particularly promising means for providing such diagnosis
lies in monoclonal antibodies (mAbs) targeted against
pathogen-specific antigens. mAbs were previously demonstra-
ted as diagnostic agents for the detection of harmful
bacteria.''™'* In keeping with this line of thought, recent
advances in the discovery, engineering, production, and clinical
development of mAbs indicate their potential in the design of
rapid diagnostics.

A major need for rapid diagnosis includes strains of Gram-
negative bacterial pathogens, such as Escherichia coli, and
species of Salmonella, Shigella, Yersinia, and Pseudomonas,
which cause serious diseases, ranging from lethal diarrhea to
sepsis, leading to millions of deaths annually.'®'>'® An
essential component common to these bacterial pathogens is
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termed the type 3 secretion system (T3SS). The T3SS is a
syringe-like protein complex, which is responsible for injecting
virulence factors from the bacterial cytoplasm directly into the
human host cell."” This T3SS complex is essential for bacterial
virulence, as the injected proteins (effectors) manipulate key
intracellular host pathways (e.g., cell cycle, immune response,
cytoskeletal organization, metabolic processes, and intracellular
trafficking) that ultimately promote bacterial replication and
transmission.”

In the current study, we focused on the development of a
T3SS-specific mAb and its use in a bioelectronic diagnostic
device for the detection of enteropathogenic E. coli (EPEC),
the causative agent of infantile diarrhea.'” EPEC contains a
T3SS, which is absent from the nonpathogenic strains of E.
coli. The EPEC T3SS comprises more than 20 proteins, three
of which—EspA, EspB, and EspD—are highly exposed to the
extracellular environment. EspA forms a long filamentous
structure that bridges between the bacterial and host cells, and
EspB and EspD together form a translocator pore complex that
facilitates the passage of effectors across the host plasma
membrane. Of these three proteins, we chose to develop a
mAb (mAb-EspB-B7) with high affinity and specificity to the
T3SS protein, EspB.

Our rational for pinpointing EspB derived from the fact that
EspB is getting exposed to the extracellular environment
following EPEC entrance to the digestive system and in
response to thermal and chemical signals.””*' Based on the
number of T3SS complexes expressed on each bacteria and the
predicted number of EspB subunits found in each T3SS
complex, we estimate that there are approximately 100 EspB
molecules per each bacterial cell.””~>* Here, we report the
development and characterization of mAb-EspB-B7 and further
demonstrate its potential as a bio-recognition element in a
reliable and easy-to-use electrochemical biosensor. The mAb-
EspB-B7 demonstrated high specificity and affinity toward
EspB, binding capacity to soluble EspB and in the context of
whole bacteria, and high stability under a variety of conditions.
These characteristics make mAb-EspB-B7 an excellent
candidate to serve as an integral component of a mAb-based
biosensor. Indeed, a biosensor based on mAb-EspB-B7
demonstrated excellent performance in recognizing both
soluble EspB and in the context of the whole bacteria. Such
a biosensor can be used to monitor bacterial infections in the
community and provide rapid results at the POC.

B EXPERIMENTAL SECTION

The full description of the experimental for bacterial strains,
expression and purification of recombinant EspB, phage
panning, mAb-EspB-B7 expression and purification, enzyme-
linked immunosorbent assay (ELISA), surface plasmon
resonance (SPR), flow cytometry, and epitope mapping is
given in the Supporting Information.

In Vitro Type 3 Secretion Assay. In vitro T3SS assay was
carried out as described previously for EPEC* and
Salmonella.”® Detailed assay protocol can be found in the
Supporting Information.

Immunoblotting. Samples were subject to immunoblot-
ting as described previously.”” For specific details, refer to the
Supporting Information.

Co-elution of EspB and EspD-**His by Nickel Affinity
Chromatography. Co-elution assays were performed as
previously described.””*® Detailed co-elution protocol can be
found in the Supporting Information.

Effector Translocation Activity. Translocation assays
were performed as previously described.”® For further details,
see the Supporting Information.

Electrochemical Biosensor Fabrication. Electrochem-
ical biochips were fabricated and biofunctionalized as
previously reported.”*”** Further details are provided in the
Supporting Information.

Biosensor Measurements. The experimental description
for biosensor measurements is provided in the Supporting
Information.

B RESULTS

Binding Affinity and Specificity of mAb-EspB-B7 to
EspB. To evaluate the binding affinity of mAb-EspB-B7 to
EspB, we performed ELISA (Figure 1A) and SPR (Figure 1B)
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Figure 1. mAb-EspB-B7 binds EspB with high affinity. (A) mAb-
EspB-B7 binding affinity to purified EspB was evaluated by ELISA. A
96-well plate coated with EspB was incubated with serially diluted
mAb-EspB-B7. mAb-EspB-B7 binding was determined using anti-
human IgG HRP-conjugated antibody. The error bars represent =+
standard deviation (SD). (B) SPR sensorgrams of mAb-EspB-B7
binding to an EspB-coated chip. mAb-EspB-B7 was added at various
concentrations between 10 and 90 nM. Sensorgrams were fitted to the
steady-state model.

binding assays. We found that mAb-EspB-B7 binds EspB with
high affinity, with a Kp value of 17.4 nM. To determine
whether mAb-EspB-B7 binds specifically to EspB under native
conditions, we examined the binding of mAb-EspB-B7 to WT
EPEC, AescN (a mutant lacking a functional T3SS), AespB (a
mutant that does not express and secrete EspB), and AespB +
EspB-His (an espB null strain that overexpresses plasmid-
encoded EspB-His). The different strains grown under T3SS-
inducing conditions were separated into bacterial pellets and
supernatants, which were then analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
western blot using mAb-EspB-B7 in the detection phase. In
agreement with a previous study, we detected significant
secretion of EspB into the bacterial supernatant of WT EPEC,
but not into the supernatants of the AescN or AespB mutants
(Figure 2A).27 Moreover, we observed that overexpression of
EspB (AespB + EspB-His) resulted in a higher expression of
the protein within the bacteria (pellet) as well as a higher
secretion into the extracellular medium (Figure 2A).

mAb-EspB-B7 Binding to EspB in the Assembled
T3SS. To examine whether mAb-EspB-B7 can bind to the
native protein in the assembled T3SS, we used flow cytometry.
For this purpose, the bacterial strains grown under T3SS-
inducing conditions were incubated first with mAb-EspB-B7
and then with a secondary antibody conjugated to a
fluorophore. As expected, mAb-EspB-B7 binding was detected
in WT EPEC and in the AespB strain overexpressing EspB,
whereas no or minimal binding was detected in the AescN and
AespB mutant strains (Figure 2B).
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Figure 2. mAb-EspB-B7 binds to recombinant and native EspB. (A)
EPEC wild type (WT), AescN, AespB, and AespB expressing EspB-
His strains were grown under T3SS-inducing conditions for 6 h. The
bacterial pellets and supernatants were separated and analyzed using
SDS-PAGE and western blotting with mAb-EspB-B7. EspB expression
within the bacteria (pellet) was observed only for the AespB + EspB-
His strain, while EspB secretion (supernatant) was observed for both
WT EPEC and the complemented AespB + EspB-His strain. (B)
EPEC WT, AescN, AespB, and AespB + EspB-His bacteria were
grown under T3SS-inducing conditions for 3 h. Thereafter, 1 X 107
bacteria were incubated with mAb-EspB-B7, washed, and stained with
Alexa Fluor 488 goat anti-human IgG antibody. Flow cytometry
analysis was performed on a Gallios instrument (Beckman coulter).

Stability of mAb-EspB-B7 Binding under Various
Physiochemical Conditions. We evaluated the ability of
mAb-EspB-B7 to bind EspB under various conditions by
ELISA. We found that incubation of mAb-EspB-B7 in human
serum did not compromise the ability of the antibody to bind
EspB compared to its binding in a 3% milk solution (Figure
3A). Examination of mAb-EspB-B7 binding under different pH
conditions demonstrated that the binding was essentially not
altered under a wide range of pH values (5.6—7.4), with the
exception of pH 4.6, at which (as expected) there was a
reduction in binding capacity (Figure 3B). Interestingly, testing
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Figure 3. mAb-EspB-B7 binding to EspB under various conditions.
mAb-EspB-B7 binding to EspB was evaluated by ELISA (A) in
different media, (B) under various pH conditions, and (C) at different
NaCl concentrations. The error bars represent + SD.

mAb-EspB-B7 across a wide range of NaCl concentrations
demonstrated that only increased salt concentrations (>250
mM) affected the binding capacity of the antibody (Figure
3C). Finally, to assess the thermal stability of mAb-EspB-B7,
we determined its melting temperature, both alone and in
complex with purified EspB, using nanoDSF. The melting
temperatures of 75.4 and 82°C for mAb-EspB-B7 alone and in
complex with EspB, respectively (Figure S1), indicated high
mADb stability.

Noninterference of mAb-EspB-B7 with the EspB-—
EspD Interaction. The EspB protein is found in a complex
with another T3SS protein, called EspD, within the assembled
T3SS.> To confirm that the mAb-EspB-B7 epitope is exposed
following EspB—EspD interaction, we evaluated the ability of
EspB to co-elute with EspD in the absence or presence of
mAb-EspB-B7 (100 or 200 nM). We observed that the
presence of mAb-EspB-B7 did not affect the co-elution of EspB
with EspD (Figure 4), suggesting that mAb-EspB-B7 does not
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Figure 4. mAb-EspB-B7 does not interfere with the EspB—EspD
interaction. Supernatants of EPEC AespD expressing EspD-"His were
purified using Ni-NTA beads. EPEC AespD strain without the
pEspD-*His expression vector was used as a negative control.
Samples of supernatants (S) and elution (E) fractions were loaded on
SDS-PAGE and analyzed by western blotting with mouse anti-His and
anti-EspB antibodies (to avoid detection of the human EspB
antibody). Analysis of the supernatants confirmed EspB and EspD
secretion into the extracellular medium. The co-elution of EspB with
EspD-**His was not affected by the absence or presence (100 and 200
nM) of mAb-EspB-B7. Low EspB nonspecific binding to the Ni-NTA
beads was detected (in the absence of EspD-**His).

interfere with the EspB—EspD interaction. Low nonspecific
binding of EspB to the Ni-NTA beads was observed in the
negative control (a sample that did not express EspD->*His).

mAb-EspB-B7 Epitope Mapping. To identify the exact
epitope of mAb-EspB-B7 within the EspB protein, we designed
a peptide array of 78 cyclic peptides that covers the full
sequence of EspB (321 residues long). Each peptide was 15
residues long, with an overlap of 11 residues between the
peptides. Recombinant EspB (full-length) served as a positive
control, while bovine serum albumin (BSA) served as a
negative control. Incubation of mAb-EspB-B7 with the peptide
array revealed that mAb-EspB-B7 bound mostly to two cyclic
peptides within the array, namely, to peptides #49 (positions
193—207) and #50 (positions 197—211), which have the
sequences TSAQKASQVAEEAAD and KASQVAEEAA-
DAAQE of the EspB protein, respectively (Figure SA). To
confirm that this epitope is indeed recognized by mAb-EspB-
B7, we synthesized the following peptides: peptide #49;
peptide #50; a peptide that comprises the combined sequences
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Figure 5. mAb-EspB-B7 epitope mapping. (A) An EspB pepstar
peptide array of 78 cyclic peptides (15-residue-long peptides with an
11-residue overlap) was examined for mAb-EspB-B7 binding. Image
analysis was carried out with Genepix Pro 6.0 analysis software
(Molecular Devices) to detect antibody binding; fluorescence signals
were normalized showing their relative intensities. The putative
binding site of mAb-EspB-B7 along the EspB protein is marked in red.
The arrows indicate the signals obtained from peptides #49 and #50,
which displayed the highest signal intensities. (B—D) mAb-EspB-B7
binding to EspB following preincubation with peptide #49 and
peptide #49 scrambled (B), peptide #50 and peptide #50 scrambled
(C), or peptide #49 + 50 (D) was evaluated by competitive ELISA
and detected using anti-human IgG HRP-conjugated antibody.
Peptide #78 was used as a negative control. The error bars represent
+ SD.

of peptides #49 and #50 (TSAQKASQVAEEAADAAQE);
peptide #78, which was not detected by the mAb-EspB-B7 and
was therefore suitable as a negative control; and two peptides
with scrambled sequences of peptides #49 and #50.
Competitive ELISA between full-length EspB and the cyclic
peptides revealed that preincubation of peptides #49, #50, or
#49 + #50 (1 pug/mL) with mAb-EspB-B7 completely
abolished the ability of the antibody to bind full-length EspB
(Figure SB—D). To determine whether the competitive effect
is derived directly from the binding of mAb-EspB-B7 to the
peptides, we assessed the ability of mAb-EspB-B7 to recognize
and bind these peptides. We observed that mAb-EspB-B7 can
bind peptides #49, #50, and the combined peptide (#49 +
#50), while no binding was detected for the scrambled
peptides or for peptide #78 (Figure S2A—C). These results
confirm that the main mAb-EspB-B7 epitope is the
KASQVAEEAAD sequence of the EspB protein (peptide
sequences are presented in Figure S2D).

mAb-EspB-B7 Specificity toward EPEC EspB Homo-
logs. To assess the specificity of mAb-EspB-B7 toward EspB
homologs in other bacterial pathogens and its potential to be
used for detection of bacteria related to other infectious
diseases, bacterial cultures grown under T3SS-inducing

conditions were centrifuged, and supernatants and pellets
were analyzed by SDS-PAGE and western blotting using mAb-
EspB-B7. The following WT bacteria and T3SS-mutant strains
were cultured: EPEC; enterohemorrhagic E. coli (EHEC),
which causes a more severe disease than EPEC in humans;
Citrobacter rodentium, an EPEC-related mouse pathogen; and
Salmonella enterica serovar Typhimurium, which utilizes two
T3SSs for virulence. The strongest signal was observed for the
WT EPEC supernatant; a significant, but less strong, a signal
was also detected for C. rodentium; and an even less strong
signal was observed for EHEC (Figure 6). However, no signals

EPEC EHEC C. rodentium Salmonella
& ¢ & & & &
SIS
60 | w—— ’
45 | -

<« EspB

g Al
Figure 6. mAb-EspB-B7 binds EspB homologs in other T3SS-
expressing bacteria. Wild-type and mutant EPEC, EHEC, C.
rodentium, and Salmonella were grown under T3SS-inducing
conditions. EPEC, EHEC, and C. rodentium mutant strains contain
a deletion in the escN gene, while Salmonella contains a deletion in the
invA gene, which results in nonfunctional T3SSs in these mutants.
The bacterial cultures were centrifuged, and the supernatants were
collected, normalized, and analyzed by SDS-PAGE and western
blotting using mAb-EspB-B7.

were detected in the supernatants of Salmonella or any of the
T3SS-mutant strains. Sequence alignment of EPEC and C.
rodentium EspB proteins revealed high conservation between
the proteins and full conservation of the mAb-EspB-B7 epitope
sequence. Sequence alignment between EPEC and EHEC
EspB proteins revealed 80% similarity at the mAb-EspB-B7
epitope region (Figure S3).

Effect of mAb-EspB-B7 on Bacterial-Host Cell
Interaction. To examine the ability of mAb-EspB-B7 to
directly interfere with the bacterial infection of host cells, we
examined the translocation activity of WT EPEC in the
presence or absence of mAb-EspB-B7. For that purpose, we
infected HeLa cells with EPEC strains (WT and AescN) and
examined the cleavage pattern of JNK, a host protein that is
cleaved by a translocated EPEC effector known as NleD
(Figure S4A).”” WT EPEC caused extensive degradation of
JNK, relative to the uninfected sample and the samples
infected with the AescN mutant strain (Figure S4B). We found
that HeLa cells infected by WT EPEC in the presence of a high
concentration of mAb-EspB-B7 (400 nM) showed trans-
location activity similar to that of WT EPEC infection with no
addition of antibody. These results suggest that while mAb-
EspB-B7 was capable of binding EspB with high affinity and
specificity, this binding did not interfere with the protein
function and did not inhibit the T3SS translocation activity in
an ex vivo model.

Development of mAb-EspB-B7-Based Biosensor and
Its Application in Detecting Purified EspB Protein and
EspB-Presenting Bacteria. The potential of the developed
mAb-EspB-B7 in diagnostic applications may be exploited by
integrating it with an electrochemical biosensor. In particular,
impedimetric immunosensors show great promise in rapidly
detecting low concentrations of target antigens within a highly
simplified testing setup.’*>® We sought to demonstrate this
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potential by constructing a miniature electrochemical biochip
functionalized with mAb-EspB-B7, as illustrated in Figure 7A.
The impedance measurements yielded Nyquist plots that were
fitted to an equivalent circuit from which charge transfer
resistance (R,) values were obtained (see Supporting methods
pages S4—SS for further description). We recorded electro-
chemical impedance spectra (EIS) for the electrodes before
and after antibody immobilization, and these were compared
with measurements taken after a 10 min incubation of purified
EspB protein at varying concentrations. Using the Nyquist plot
(Figure 7B), we observed the effect of mAb-EspB-B7
immobilization on the R. In a bare electrode, the resistance
to charge transfer is small and impedance is dominated by
mass transfer (diffusion of the electroactive species), the so-
called Warburg impedance, which is evident in low
frequencies.”® The Warburg impedance is considerably
decreased following mAb immobilization as mass transfer is
no longer a significant factor. Instead, the contribution of R, to
the impedance is now largely dominant, as an insulating layer
of biomolecules is attached to the surface. Following a brief
incubation of 250 pg/mL purified EspB solution, we observed
a significant increase in R, which is directly correlated with
the bound antigen concentration further adding to the resistive
component of the impedance. We found that the addition of
purified EspB protein affects the R, in a dose-dependent
manner, enabling the distinction between different concen-
trations (Figure 7C). In addition, incubation of a nonspecific
antigen (microcystin toxin) showed no effect on the measured
R.. Similarly, no effect was observed from purified EspB
protein directly incubated on a bare electrode (Figure 7C),
indicating that the change in R reflects the specific binding of
EspB to the mAB-EspB-B7 antibody. The relative change in R,
exhibits an exponential dependence on concentration, as seen
in Figure 7D.

To examine the applicability of mAb-EspB-B7-based electro-
chemical biosensing in detecting whole bacteria harboring
T3SS (and present EspB), we grew WT EPEC and AespB
mutant strains under T3SS-inducing conditions and incubated
bacterial samples on the biochip. As shown in Figure 7E,
higher R, values were consistently recorded for EPEC WT
(mean R, change = 1.22 + 0.09) compared to the AespB
mutant strain (mean R, change = 0.86 + 0.12). The minimal
binding of the AespB strain was likely due to nonspecific
adsorption. It should be noted that following centrifugation
and lack of T3SS-inducing conditions, shedding of the complex
is likely to occur, consistent with our western blot analysis
shown in Figure 2. Nevertheless, the obtained signals were
shown to be significantly higher (36% + 15) in response to
EPEC WT compared to the AespB strain (p = 0.03). Overall,
these results demonstrated the potential of our biosensor to
detect EspB, both in its secreted form and an integral
component of the assembled T3SS complex in the context of
whole bacteria.

B DISCUSSION

In recent years, advances in mAb discovery and production
have ushered in the development of pathogen-specific mAb’s
to be used either per se as antibacterial drugs or to be
integrated into various diagnostic platforms for the detection of
specific pathogens. In the latter regard, the high affinity and
specificity of mAbs are characteristics that can be exploited in
diagnostic tools giving reduced false-positive/-negative results.
Such tools could provide rapid and accurate identification of
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Figure 7. mAb-EspB-B7-based impedimetric biosensor. (A) EIS-
based detection of whole EPEC cells is illustrated. Electrochemical
chips (with a working electrode radius of 0.6 mm) are fabricated in-
house using microelectronic fabrication technologies and are
subsequently modified with a thiolated mAb-EspB-B7 using thiol-
gold chemistry. The immobilization of mAb-EspB-B7 and capture of
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Figure 7. continued

antigen affect the impedance of the underlying electrode. An EIS
measurement thus allows for the interrogation of the electrochemical
system and separation of the individual components that affect the
circuit. The generated Nyquist plot is fitted to an equivalent circuit
from which the different resistance values are extracted (inset). (B)
The obtained Nyquist plots from measurements of a bare gold
electrode (bare GE), electrode after the immobilization of mAb-EspB-
B7 (GE+mAb), and mAb-EspB-B7-coated electrode after incubation
with 250 pg/mL purified EspB protein (GE+mAb+EspB). (C)
Relative R, values of purified EspB protein (1, 4, 10, and 250 ug/mL)
demonstrating a dose-dependent increase in R, No binding was
observed with an unrelated purified protein microcystin-LR (2 pug/
mL). In addition, incubation of purified EspB protein (2 g/mL) on a
bare electrode (without mAB-EspB-B7) showed no binding of EspB,
further supporting the specificity of the biosensor. Relative R, values
are the means of the R ratios (before and after antigen capture)
calculated from three to six measurements. The error bars represent +
SD. (D) Change in R, is exponentially dependent on EspB
concentration. (E) Specific binding of WT EPEC cells is indicated,
resulting in a larger contribution to R, compared with the AespB null
strain. The percent change in R, ratios measured for EPEC WT and
AespB was calculated and averaged from 20 repeats (five measure-
ments each containing four samples) for each strain. The mean of the
averaged ratios and the standard error of the mean were calculated.

bacterial agents at POC, thus supporting better clinical
management of patients and preventing the transmission of
infectious diseases in the community.

Here, we describe an mAb raised against EspB, an essential
component within the T3SS that is crucial for the infectivity of
numerous Gram-negative bacteria, including EPEC. Our
results demonstrate that mAb-EspB-B7 binds EspB with nM
affinity and high specificity. As commercial monoclonal
antibodies against bacterial species, targeted mostly against
common bacterial antigen such as the flagella or the bacterial
Lipopolysaccharides (LPS), have been reported to have
micromolar affinities,””*® the mAb-EspB-B7 holds greater
potential to allow efficient detection of bacterial pathogens due
to its nM affinity.

The antibody binding to its EspB target was stable over a
wide range of pH values, excluding acidic pH values, and across
various salt concentrations. A reduced binding capacity was
detected only under high salt concentrations (>250 mM),
suggesting that the antibody—antigen binding interface is
governed by electrostatic interactions. This idea is supported
by the observation that the identified EspB epitope contains
nearly 50% of charged amino acids, which might be involved in
the antibody—antigen binding. mAb-EspB-B7 demonstrated a
relatively high melting temperature, which was moderately
elevated when the antibody was complexed with its antigen.
This result suggests that EspB binding has a stabilizing effect
on the antibody, as was previously reported for anti-ricin
neutralizing antibody.”” Furthermore, the melting temperature
profile of mAb-EspB-B7 showed three distinct events that
probably correspond to the melting order of the Cy2 region,
followed by the Fab and Cy3, as reported previously.** This
melting profile indicates that mAb-EspB-B7 would be suitable
for applications that require relatively high thermal stability.

Epitope mapping using our specially designed cyclic-peptide
array revealed that mAb-EspB-B7 binds mostly to a specific
amino acid sequence located at positions 193—210 along the
EspB sequence. In a previous study, it was shown that this
region was not important for EspB—EspD interactions,”® a fact

that was further corroborated by our observation that mAb-
EspB-B7 does not disrupt the interaction between the two
proteins. Moreover, the observation that mAb-EspB-B7 binds
EspB as a component of the fully assembled T3SS complex
supports the notion that the epitope of EspB is exposed and
not buried within the EspB—EspD interface. It is noteworthy
that the peptide array results also identified an additional
region, corresponding to peptides #9—12, that demonstrated
mAb-EspB-B7 binding. This finding could perhaps suggest that
the epitope recognized by mAb-EspB-B7 is conformational
rather than linear. As the main epitope sequence (positions
193-210) is fully conserved in EPEC and C. rodentium, the
lower similarity along this second region might provide an
explanation for the reduced western blot signal that we
observed for C. rodentium EspB (Figure 6A). In addition, while
we observed mAb-EspB-B7 binding to a protein in the
supernatants of WT EHEC and C. rodentium, no binding was
detected in the Salmonella supernatant. This result is in
agreement with the presence of the epitope in EHEC and C.
rodentium but not in Salmonella (Figure S3).

The ability of mAb-EspB-B7 to recognize and bind C.
rodentium EspB is highly important, as it provides the scientific
grounds for the use of the mAb-EspB-B7 antibody as a
diagnosis tool of mice infection model. In addition, while mAb-
EspB-B7 did not demonstrate a reduction of bacterial
infectivity in the ex vivo system, we posit that examining it in
a mouse model will provide a more comprehensive picture that
will include the effect of the antibody in promoting certain
activities of the immune system against bacteria, such as
opsonization and phagocytic clearance. These activities may
prevent the spread of the bacterial infection within the host
body and induce a humoral response with serological memory
that will shorten the infection duration, promote recovery, and
provide cellular and serological memory.

Another key aspect of mAb-EspB-B7 is its ability to bind
both the secreted forms of EspB and EspB as a component of
the assembled T3SS complex within the bacterial cell. This
finding provides further support for its potential as a diagnostic
agent capable of detecting bacterial infections directly in
clinical samples in a short time with high accuracy, as
previously reported.*"**

Demonstrating the diagnostic potential of mAb-EspB-B7 in
electrochemical biosensing is particularly interesting. Here, we
developed a biochip, functionalized it with the specific mAb-
EspB-B7, and applied a label-free, EIS-based detection of EspB
or, alternatively, EspB-presenting bacteria by simply incubating
the sample for several minutes. Our direct approach to
electrode functionalization is advantageous compared to well-
established self-assembled monolayer (SAM) generation
methods since it involves a straightforward preparation and
avoids a complete electrode passivation often achieved with
SAM. We have shown that despite obvious limitations related
to nonspecific adsorption and sample inhomogeneity, the
biosensor provides a concentration-dependent signal that can
be fit to an exponential function yielding a calibration curve.
Nonlinear calibration curves have been previously reported in
impedimetric biosensors.**** In addition, we observed that the
biosensor differentiates between T3SS-containing and T3SS-
lacking bacteria, thus providing a simple tool to detect
pathogenic bacteria.
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B CONCLUSIONS

In this study, we characterized the mAb-EspB-B7 that binds
with high affinity and selectivity to a T3SS-exposed protein and
provided a proof of concept that this antibody can be
integrated into a miniaturized electrochemical biosensor that
can identify T3SS-containing bacteria. Future work with this
antibody should focus on its development for an antibacterial
drug and as part of a high-throughput diagnostic device, such
as a portable standalone antibody-based biosensor.
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