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Background: Enteric bacteria are the inhabitants of the human gut and may cause diarrhoeal disease with high mortality rates in
certain communities. The presence of enteric bacteria in faecal matter is confirmed with the gold standard of culture-based assays.
Culturing methods are time-consuming, and the bacteria cannot be confirmed rapidly. Hence, molecular assays are becoming the
preferred method in developed countries. Polymerase chain reaction (PCR) offers improved and rapid detection; however, post-
amplification visualisation requires specialised equipment, limiting its use in underdeveloped communities. Considering the need for
a simple, rapid, and portable visualisation assay for field use, a lateral flow immunoassay (LFIA) for detecting and confirming amplified
genes of Salmonella, Shigella, and Vibrio species was developed.

Methods: Using the agarose gel electrophoresis as a control to LFIA, banked deoxyribonucleic acid (DNA) samples were tested for the
presence of Salmonella, Shigella, or Vibrio species genes. The IpaB (Salmonella spp.) targeting the Salmonella pathogenicity islands,
IpaH (enteroinvasive Escherichia coli [EIEC]/Shigella spp.) targeting the invasion plasmid antigen H gene of Shigella spp., and EIEC
and SodB (Vibrio spp.) targeting the superoxide dismutase genes if present in the samples were amplified with labelled primers and
visualised concurrently on agarose gel electrophoresis and LFIA test strips.

Results: The LFIA detected bacterial genes in 33% (44/133) of the samples that displayed positive bands on the agarose gel
electrophoresis. No cross-reactivity was detected for enteric strains tested other than Salmonella, EIEC/Shigella, and Vibrio spp.
Statistical analysis confirmed a substantial agreement between the test and control methods.

Conclusion: The proof-of-concept LFIA has demonstrated its ability to detect enteric bacterial genetic material and can be optimised

as an alternative to agarose gel electrophoresis for the post-PCR amplification detection of pathogens.
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Introduction

Enteric bacteria are responsible for a vast proportion of diarrhoeal
outbreaks worldwide, with less developed countries reporting
frequent diarrhoeal outbreaks.! These bacteria manifest in the
human gut with symptoms of bloody or watery diarrhoeal
episodes and severe dehydration, and may lead to death when
untreated.? The onset is rapid and can escalate to an outbreak,
depending on the source of infection.

Factors that fuel the spread of the outbreaks in less developed
or impoverished communities are the lack of clean, safe water
for consumption, recreational use without causing harm,
contaminated water sources, and poor sanitation infrastructure.??
The entry of faecal contaminants into water sources can have
disastrous consequences, particularly for the poor, children
under five years of age, the elderly, and immunocompromised
individuals. Enteric bacteria responsible for diarrhoeal outbreaks
are diarrhoeagenic Escherichia coli, Salmonella, Shigella, and
Vibrio species.*®

The detection and identification of these bacteria and other
contaminants are pivotal in the treatment processes required to
reduce outbreaks. Sample collection is an essential componentin
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the successful diagnosis of microbial pathogens. Water samples
are collected in sterile glass bottles and analysed for the presence
of pathogens using multiple tube fermentation or membrane
filtration methods.”® Human faecal samples are collected into
sterile sample bottles and kept at clinics or medical rooms for
varying periods before laboratory analysis.”

The gold standard for diagnosing enteric pathogens has been
conventional culture-based methods followed by confirmatory
tests, such as biochemical and serological analysis. Shortfalls
of these methods are the extensive isolation process and
relatively late diagnosis because of the protracted time frame of
microbiological analysis.>"

Outbreaks occurring from contamination of water sources may
be source-tracked to determine the initial causative agent.
Pathogen source-tracking is limited as the methods rely on
culture-based techniques.’”? Culture methods for pathogen
identification may be unsuitable if bacteria enter a viable but
non-culturable state and cannot be resuscitated by culturing.’>'*

The integration of molecular methods for the direct detection of
pathogens is increasing in diagnostic laboratories as it reduces
the accurate detection time. These methods offer high specificity
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and sensitivity, ease of use, and reduced analysis and detection
time.>1%15 Assays such as the multiplex polymerase chain reaction
(PCR) can detect multiple pathogens in a single assay and have
successfully detected enteric bacteria, reducing the analysis time
from three days to 18-24 hours.’®'” Most PCR methods utilise gel
electrophoresis to view the amplified products, which requires
specific equipment and expertise for the gel electrophoresis,
thereby confining its usage to a laboratory.’®'* New detection
technologies are continuously developed to serve the increasing
need for accurate results in shortened time frames and for use in
settings outside a laboratory.

The development of biosensors has taken detection technologies
into a new era. Biosensors are analytical devices that can convert a
biological reaction into an electrical signal.?° Biosensors available
for application range from enzyme-based, immunosensors,
and DNA biosensors to thermal and piezoelectric sensors. They
are utilised for clinical and commercial assays, with a specific
biosensor being used to detect amplified nucleic acid sequences
known as nucleic acid lateral flow immunoassays (NALFIA).2"-26
The first biosensor application developed by Clark Jr was in 1962
for the detection of glucose using an electrode. This was the
foundation of biosensors, with further developments leading to
the commercial biosensor for glucose detection in 1975.2

Lateral flow immunoassay (LFIAs) to detect prevalent enteric
pathogens from human or environmental samples could
positively impact the diagnostic analysis. This would improve
the detection, reduce the time for analysis, and be a fast, simple
assay. This study aimed to develop a simple, rapid, and portable
visualisation test for detecting Salmonella, EIEC/Shigella, and
Vibrio species housekeeping genes. Housekeeping genes are the
genes essential for cellular existence, irrespective of their specific
function.* The NALFIA technology formed the backbone of this
proof-of-concept study with the attempt to develop a LFIA to
detect four diarrhoeal pathogens (EIEC, Salmonella, Vibrio, and
Shigella spp.). DNA extracted from samples was amplified using
a multiplex PCR assay. The presence or absence of the amplified
genes was visualised using both the agarose gel electrophoresis
and LFIA.

Methodology

The study obtained ethical clearance from the Faculty of Health
Sciences Academic Ethics Committee (AEC51/01-2010).

Reagents

All solvents, chemicals, and salts used in the study were of
analytical grade. Sodium, sodium citrate (20X SSC) was prepared

Table I: Primers used for the genus-specific PCR assay3°3'

by mixing 3 M NaCl (Merck, Germany) and 0.3 M trisodium citrate
(Merck, Germany). Tris-buffered saline (1X TBS) was prepared
by dissolving 20 mM tris, pH 7.5 (Merck, Germany) and 500 mM
NaCl (Merck, Germany) in distilled water. A blocking buffer (1%
casein enzymatic hydrolysate) was prepared accordingly. Anti-
dye antibodies as test capture reagents against Texas Red (TR),
Alexa Fluor 405 (AF), and BODIPY® FL (BO) were purchased from
Invitrogen Corporation, California. Biotinylated anti-mouse IgG
antibody (Vector Laboratories, USA) was used as the control
capture reagent. Colloidal gold nanoparticles conjugated with
streptavidin were purchased from BioAssay Works, USA.

DNA isolation

DNA isolated from environmental samples was purified
according to the Guanidinium thiocyanate (GuSCN) method.?®
The laboratory-developed method for extracting DNA from
numerous types of samples consists of lysing, capture, and DNA
elution. The bacterial pellet was suspended in a lysis buffer and
incubated at 70 °C for 10 minutes. After lysis, the DNA in the
supernatant was bound to silica particles in the presence of the
chaotropic salt GUSCN.? The bound DNA was filtered through
a spin column and washed to remove any residual impurities.
Thereafter, the purified DNA was eluted into a low-salt buffer.
The eluted DNA was stored at -20 °C until use. The DNA yield for
S. typhimurium was 2.40 pug/ml, 0.207 pug/ml for V. cholerae, and
1.56 pg/ml for S. dysenteriae.

Environmental samples such as animal feed, wastewater, and
dishcloths were collected, and the research group extracted
DNA from these samples for other studies. The DNA was stored
at -80 °C. The stored, eluted DNA was used for PCR amplification
and visualisation on the agarose gel electrophoresis and LFIA.

PCR

A genus-specific PCR assay was used to amplify the selected
genes for Vibrio, Salmonella, and EIEC/Shigella species.? The sodB
gene was targeted for Vibrio spp., the IpaB gene for Salmonella
spp., and the IpaH gene for EIEC/Shigella spp.?® Biotin-labelled
forward and antibody-labelled reverse primers were synthesised
for use in the LFIA (Invitrogen, USA), as shown in Table I. The
reaction mixture consisted of 1X QIAGEN Multiplex PCR Master
Mix (QIAGEN, Germany). Added to this, 100 pmol of each labelled
primer, 2 ul of the DNA template, and PCR-grade water to make
up the 20 pl final volume. A 2 pl of V. cholerae O1, S. dysenteriae, or
S. typhimurium DNA mixture was included as the positive control,
and the negative control was included without template DNA.

Pathogen Primer Sequence (5’ — 3’) Expected product size (bp) Reference

Shigella & EIEC IpaH-F Biotin-CCT TGA CCG CCTTTC CGATA 606 30
IpaH-R Texas Red-X-CAG CCA CCCTCT GAG GTACT

Salmonella IpaB-F Biotin-GGA CTTTTT AAA AGC GGC GG 314 30
IpaB-R Alexa Fluor 405-GCC TCT CCC AGA GCC GTCTGG

Vibrio SodB-F Biotin-AAG ACC TCA ACT GGC GGT A 248 31
SodB-R BODIPY FL-GAA GTG TTA GTG ATC GCC AGA GT

EIEC - enteroinvasive Escherichia coli
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LFIA test strips

A sandwich format LFIA was developed to enable the detection
of the amplified PCR products. The test strips consisted of a
nitrocellulose (NC) membrane with immobilised tag-specific
antibodies for binding and detecting amplified genes. The
sample pad was used to apply the amplified PCR products and
mixed with a running buffer to migrate along the test strip. This
was followed by a conjugate pad soaked with gold nanoparticles,
which binds to the amplified gene for visualisation, and an
absorbent pad to remove the excess sample from the test strip
(Pall Life Sciences, USA; BioAssay Works, USA). The presence
of one or more pathogens in the sample was indicated by the
formation of a red line at the specific test region and the control
region. For this study, the LFIA test strips were manufactured by
the researcher using the manual application of antibodies on the
NC membrane and manually assembled before the experiments.

Preparation of LFIA test strips

Vivid 170 NC membranes (Pall Life Sciences, USA) were cut into
40 x 0.6 mm strips. Optimised concentrations of specific anti-
bodies (test lines) 0.15 mg/ml anti-BO (sodB), 0.15 mg/ml anti-AF
(IpaB), 0.05 mg/ml anti-TR (IpaH), and 0.005 mg/ml biotinylated
mouse antibody (control line) were blotted on the NC membrane
with plastic backing, with the Bio-Dot SF microfiltration
apparatus (Bio-Rad, USA). The NC membranes were blocked with
casein enzymatic hydrolysate (Sigma-Aldrich, Germany) and
dried at ambient temperature. Each NC membrane contained a
total of four independent lines: three test lines and one control
line. The glass fibre conjugate pad (Millipore Corporation, USA)
(0.5 x 0.6 mm) was soaked in 10 pl gold conjugate and allowed
to air dry. The glass fibre sample pad (Millipore Corporation,
USA) and cellulose absorbent pad (Millipore Corporation, USA)
were cut into 10 X 0.6 mm strips. LFIA strips were assembled on
cardboard backing with non-toxic, solvent-free adhesive and
stored in a dry place until used.

Assay procedure

The PCR-amplified nucleic acid sequences labelled with biotin
and the anti-dye antibody against the specific dye antibodies
(immobilised on the NC membrane) were mixed with phosphate-
buffered saline (pH 7.0) and loaded onto the sample pad of the
test strip. The mixture migrated onto the conjugate pad by
capillary action, which was followed by the release of colloidal
gold nanoparticles from the conjugate pad. The gold-analyte
complex migrated to the NCmembrane and wasimmobilised and
concentrated at the specific recognition site
because of the antibody-tag label interaction

Sample pad

1st Conjugate pad

Anti-Bo antibody ¥ Anti-Texas red antibody ¥ Anti-AF 40S antibody Y
Bo biotinylated DNA "b Texas red biotinylated DNA%  AF 405 biotinylated DNA LS

Streptavidin 4:}» Gold Nanoparticles @

Figure 1: Schematic representation of the LFIA test with colloidal gold
nanoparticles before (A) and after (B) use3?

result. The presence of light red lines was recorded as positive,
indicating the immobilisation of the antibody-tag label and the
biotin-streptavidin at the test region. The absence of the gene at
the test region would not produce the antibody-tag label and
biotin-streptavidin complexes needed for the red line formation.
Test strips were deemed invalid in the absence of a control line.

Amplified DNA visualisation on LFIA

The laboratory-assembled LFIA test strips were used to detect the
presence of the selected enteric pathogens in 138 stored DNA
samples. The stored DNA application was included to determine
the detection efficacy of the test strips from the environment and
validate the LFIA concept. DNA was amplified according to the
abovementioned PCR protocol, and the nucleic acid sequences
were visualised using the LFIA strips and the standard agarose
gel electrophoresis. The data obtained from the LFIA strips were
compared to the results obtained on the gel electrophoresis
and statistically analysed for reliability parameters with Cohen'’s
Kappa coefficient test.

Results

LFIA

The developed test strip detects the presence of amplified PCR
products using primers labelled with two different tags. The test

and the biotin-streptavidin reaction (Figure 1).
An internal control included in the assay was
observed by the formation of a red line at the
control region of the test strip.

ST test line
Control line

Strips were read, and results were recorded

123123123

VC test line——

V. cholerae S. typhi

SD test line

S. dysenteriae

after 15 minutes and no later than 30 minutes.

Figure 2: The lateral flow assay strips displaying the presence of specific pathogens indicated

The presence or absence of a red line was
recorded as a positive/negative qualitative

by the red line at the targeted location for V. cholerae (VC), S. typhi (ST), S. dysenteriae (SD),
and control line (indicated by arrows)
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Table II: Comparison of gel electrophoresis and LFIA results for environmental samples that tested positive for the selected pathogens

Methods Agarose gel electrophoresis
sodB IpaB IpaH
Positive Negative Positive Negative Positive Negative
NALFIA Positive 14 14 9 0 5 2
Negative 0 2 8 24 5 50
n 30 41 62

NALFIA - nucleic acid lateral flow immunoassay

Table Il1: Reliability parameters for the selected detection genes on the LFIA

Multiplex LFIA Vibrio spp. (sodB) Salmonella spp. (IpaB) EIEC/Shigella spp. (IpaH)
Sensitivity 0.68 1.00 0.53 0.50
Specificity 0.83 0.12 1.00 0.96
Positive predictive value 0.64 0.5 1.00 0.71
Negative predictive value 0.85 1.00 0.75 0.90
Efficiency 0.84 0.53 0.80 0.89
Kappa 0.64 0.11 0.55 0.54
EIEC - enteroinvasive Escherichia coli, LFIA - lateral flow immunoassay
strip is labelled with the tag-specific antibody, and recognition Reliability parameters of sensitivity, specificity, positive

occurs upon conjugation of the tag and tag-specific antibody.
The complex is visualised when it conjugates to coloured
particles, such as gold nanoparticles, that produce a red line
at the test region of the test strip. The test strips used for the
detection of Vibrio (VC), Salmonella (ST), and EIEC/Shigella (SD)
housekeeping genes displayed a red line for each of the positive
amplified PCR products, as demonstrated in Figure 2.

LFIA and gel electrophoresis comparison using DNA
samples

A total of 138 banked DNA samples were analysed using the
assembled LFIA test strips and agarose gel electrophoresis for
comparison. Five of the 138 samples analysed were excluded
from statistical analysis as the results were invalid (no control
line). Results were recorded qualitatively by the presence or
absence of a test line. The samples were previously tested for the
selected genes, and their presence/absence was known for this
analysis.

Ofthe 30 positive Vibrio spp. DNA samples tested for the presence
of the superoxide dismutase gene (sodB) on gel electrophoresis,
the 248 bp gene was visualised in 14 (47%) samples. A total of
28 (93%) samples produced a positive test line for the sodB gene
on the LFIA strips. From the 46 samples tested for the invasion
plasmid antigen B (lpaB) gene of Salmonella spp., the 314 bp
gene was visualised in 17 (37%) samples on gel electrophoresis
and nine (19%) samples on the LFIA strips. A total of 62 samples
were analysed for the invasion plasmid antigen H (IpaH) gene
EIEC/Shigella, of which 30 samples were the selected negative
control group. There were 10 (31%) samples that contained
the IpaH gene on gel electrophoresis, and seven (22%) samples
displayed a positive test line on LFIA strips (Table II).

False positives (FP) were defined as samples producing positive
results on LFIA but negative on gel electrophoresis, and the
inverse as false negatives (FN). The total FP and FN for the sample
size were 16 (12%) and 13 (10%), respectively.

predictive value, negative predictive value, efficiency, and
kappa coefficient are presented in Table Ill. The sensitivity and
specificity parameters for the multiplex LFIA were 0.68 and 0.83,
respectively. An inversely proportionate correlation is noted for
the sensitivity and specificity of the individual genes, with the
sodB gene having a sensitivity of 1.00 and a specificity of 0.12.
Both IpaB and IpaH sensitivity values were 0.53 and 0.50, and
specificity values were larger than 0.90.

Positive predictive values ranged from 0.50 to 1.00, and negative
predictive values were larger than 0.75. The efficiency value for
a multiplexed LFIA is more than 0.80, indicating that more than
80% of the results correlated between the test and reference
method. As per Landis and Koch, a kappa coefficient of 0.64 can
be interpreted as substantial agreement between the test and
standard method.?

Discussion

The presence of red lines at the test and control regions of the
test strip demonstrated the potential of a LFIA test strip to detect
bacterial DNA in samples. A shortfall of the study was using
stored DNA samples instead of newly extracted DNA from freshly
collected samples. The use of stored DNA samples (-20 °C) for the
analysis may have reduced the detection of the amplified sodB
gene on gel electrophoresis, as a larger number of the sodB gene
was detected on LFIA instead. As observed by Al-griw et al.3*
DNA stored at temperatures of -20 °C, 4 °C, and 25 °C produced
lower DNA vyields. A lower DNA yield may have impacted the
variation of positive samples detected by gel electrophoresis
versus LFIA.

The reduced detection of the IpaB and IpaH genes on the LFIA
may have been due to various factors during the manufacturing
process and reagent preparation for this specific batch of test
strips.> Possible degradation of the stored, extracted DNA could
also have resulted in the poor replication of data.?¢ Analysis of
the bands displayed on the agarose gels was faint for the IpaB
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genes. Hence, the amplicon concentration may have been below
the detectable limit for the test strips, resulting in the absence of
bands on the LFIA.

Considering the context of the study as a proof of concept, the
percentages of FP and FN demonstrated the need for further
optimisation of the multiplex LFIA. The presence of FP and FN
can be explained by the level of detection of each gene. It was
observed that the highest FP values were for the sodB gene, and
the most FN values were for the IpaB gene. This correlates to
the band intensities visualised on the LFIA for each of the genes
analysed, with the sodB gene producing the deepest intensity
for positive samples followed by IpaH, and the lowest band
intensities were noted for the IpaB gene.

The sensitivity and specificity parameters indicate the probability
of a positive or negative result of a diagnostic test, respectively.’”
For a sensitivity value of 0.68 for the LFIA, numerous factors
may have influenced this outcome. The lack of sensitivity of the
antibody at the recognition site or the loss of gold nanoparticles
during the migration of the gold-analyte complex along the test
strip to the recognition site may be responsible, considering
the study was designed to prove a concept.3® The larger size
(606 bp) of IpaH amplified DNA may have migrated extremely
slowly through the test strip and evaporated before binding
at the detection site, with a consequent lower positive yield
on the LFIA. The colour intensity of the positive bands for the
IpaB positive samples was exceptionally light, indicating a sub-
optimal gold nanoparticle concentration.®

Human error during the manufacture of test strips may have
been a contributor. The strips were manually produced,
requiring approximately 4-5 hours to manufacture 12 test strips.
Human error is eliminated when the manufacture of test strips
is automated. Approximately 2 500 lateral flow test strips can be
produced in an hour using automated diagnostic test assembly
equipment.

Despite the low (44%) LFIA-positive identification, this assay
demonstrated the potential of use as an alternative visualisation
toolforrapidly detecting enteric bacteriain developing countries.
Currently, gel electrophoresis requires approximately 3-4 hours
for 40 samples, from preparing agarose gels to visualising
the genes. In contrast, LFIA tests can analyse 40 samples on
prepared test strips in 30 minutes. LFIA test strips can be easily
manufactured using automated systems once optimised, and
they can be stored at ambient temperature before use; however,
agarose gels need to be freshly prepared and used immediately.
The comparative cost of point-of-care testing (POCT), such
as lateral flow assays for HIV, versus laboratory-based testing
demonstrated POCT to be more cost-effective.?

Additional work to improve the detection and optimise this
assay will continue to produce a test to meet the necessary
requirements for future use. As healthcare needs are rapidly
changing, the ability to provide faster results for rapid decision-
making is being addressed with POCT. Dima highlighted the
preference for molecular methods for detecting infectious
diseases, citing the rapid and targeted analysis of PCR.4 This LFIA

concept combines the molecular testing method of PCR with
attempted multiplexing of the detection of infectious diarrhoeal
pathogens. The pathogens selected for this assay have been
observed to be responsible for diarrhoeal outbreaks in Southern
Africa. Thus, the assay could assist in their rapid detection from
human and environmental samples.

As the needs of the Greater South differ from those of the Greater
North, diagnostic technologies requiring minimal training
and resources, rapid turnaround times, and independence
from power supply challenges are becoming a preference. An
advantage of readily available commercialised LFIAs over gel
electrophoresis is the ease of use and reduced time to obtain
a result. The proof-of-concept lateral flow assay can be utilised
for the rapid identification of diarrhoeal pathogens, thereby
affecting treatment interventions while confirmatory gold
standard microbiological analysis is conducted in laboratories.

Further developments for the LFIA as POCT, additional
optimisation of the test strip, validation, and clinical sample
testing are necessary. Upon completion of the optimisation
and validation for the line intensities, assay sensitivities, limit of
detection, and lifespan of the test strips, large-scale automated
production will be explored before clinical sample testing. The
LFIA may be used for various applications, such as healthcare
testing and environmental and food testing, when the assay has
been validated.

Conclusion

This study demonstrated that the multiplex PCR LFIA can be
used to detect amplified DNA of prevalent diarrhoeal pathogens
from stored DNA, extracted from environmental samples. The
multiplex PCR LFIA provides an easy-to-use portable system with
the potential for use as a point-of-care rapid screening system
outside well-equipped laboratories. This will reduce the burden
of diarrhoeal disease caused by the selected pathogens tested,
thereby positively influencing people’s lives and developing
countries’ economies.
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