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Abstract
Thework describes a simple cotton swab-based colorimetric immunoassay as a rapid screening tool for pathogenic bacteria on poultry
processing plants. This immunosensing platform can be used for the detection of pathogens present on surfaces such as glass, stainless
steel and chickenmeat. Unlike the reported assays, here, cotton swab plays dual function: as a sample collector from the solid surfaces
and as detection platform. The immunoassay was tested for the detection of 4 different bacteria; Salmonella typhimurium, Salmonella
enteritidis, Staphylococcus aureus and Campylobacter jejuni. The immunoassays were fabricated by immobilizing specific antibody
for each bacterium on a cotton swab that is used to recover the cells from contaminated surfaces. Then, a sandwich immunoassay was
developed by immersing the cotton swab in different colored nanobead-conjugated antibody solutions which corresponds to different
bacteria. The immunoassays response was detected colorimetrically by following the change in the color intensity produced by the
nanobeads due to the specific binding on the cotton swab. This simple colorimetric assay is very sensitive with a detection limit of
10 cfu.mL−1. Furthermore, no significant cross reactivity of the immunoassays with non specific bacteria was observed indicating
good selectivity of the immunoassays. This simple, disposable and easy-to- use colorimetric platform shows great promise as rapid
qualitative and semi quantitative detection tool for microorganisms on food processing plants and other surfaces.
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Introduction

Foodborne diseases (FBD) are referred to as the infectious and
toxic diseases caused by pathogens that enter the body
through the ingestion of contaminated food with bacteria,

viruses, parasites, toxins or metals. These pathogens can be
also transmitted to human through the food chain [1–3].
Bacteria such as Salmonella, Staphylococcus aureus and
Campylobacter are common pathogens that cause human bac-
terial gastroenteritis which can be transmitted to human via
consumption of poultry products [4]. Results from a recent
study shows that most of the chicken infections in Saudi
Arabia are caused by Campylobacter jejuni pathogen [5].

In the food-processing industry, several types of surfaces
are used such as plastic, stainless steel and glass which can be
also subjected to contamination by pathogens. The contami-
nation of surfaces can be a serious public health issue. Several
outbreaks were found to be due surface contamination by
different bacteria. Therefore, early detection of pathogens in
both contaminated food and solid surfaces is necessary for
protecting consumer health and preserving food safety.

Different methods using various sensing principles have
been used for the detection of pathogenic bacteria which cause
foodborne diseases [6]. Conventional methods [6] such as
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culture-depending methods, microscopy, polymerase chain re-
action (PCR), serological and biochemical methods are widely
used. These methods are accurate, relatively sensitive and reli-
able. However, they suffer from disadvantages such as being
time-consuming (culturing takes up to 3 days, PCR and bio-
medical assays take at least few hours to complete), unsuitable
for field applications (require sophisticated laboratory equip-
ments) and are not user friendly. Thus, significant research
work is currently devoted to the development of new portable,
cost effective and user-friendly tools for the rapid and on-site
screening of pathogens. Immunoassays are also widely used
for the detection of pathogens [7–9]. The most commonly
used immunoassay technique is ELISA. Lateral flow assays
[10], immunomagnetic [8], immunofluorescence [11] and ra-
dioimmunoassay have been also employed for pathogens de-
tection. Some of the developed immunoassay methods pro-
vide advantages over the other conventional assays such as
rapidity, high specificity and portability. A number of tests
can be achieved by utilizing kits or small apparatuses which
facilitates onsite and point of care analysis. Optical
immunosensors have been also reported for pathogens detec-
tion based on different techniques such as fluorescence,
chemiluminescence, electrochemiluminescence [12–16], sur-
face plasmon resonance (SPR) [17], optical waveguide [18]
and surface enhanced resonance scattering (SERS) [19].

Because of the unique electronic, structural and optical prop-
erties of nanoparticles such as magnetic [8], fluorescent and
colored beads [20] and metal (gold or silver) nanoparticles
[19, 21], they have been widely used to improve the sensitivity
and performance of immunosensors. However, optical sensors
are still expensive and techniques like SPR cannot be easily
miniaturized. Moreover, most of the developed immunosensor
takes more than an hour to complete.

For the detection of pathogens on solid surfaces, a re-
covery step of the pathogen is required prior to analysis.
The swabbing method is the conventional way for recover-
ing pathogens from plastic, stainless steel and wood that
has been widely applied in food safety management proto-
cols. Cotton swab is the conventional swabbing tool that
has been widely employed for recovering pathogens form
contaminated surfaces. The pathogens are then usually re-
leased from the cotton by vortexing in extraction buffer
followed by plating or applying other analysis techniques
[22–25].

The increased interest in food safety necessitates the devel-
opment of new rapid detection methods for food contaminants
[26]. The new method has to be simple, low cost and portable
and can give precise results in short time. In this work, we
report a novel, simple and versatile cotton swab-based sand-
wich immunoassay for bacteria detection. The proposed im-
munoassay platform is fabricated on a cotton swab function-
alized with specific antibody for each bacterium. The cotton
swab is used to collect the pathogens such as Salmonella

Typhimur ium (St) , Sa lmone l la Enter i t id i s (Se) ,
Staphylococcus aureus (Sa) and Campylobacter jejuni (Cj)
from poultry processing plants surfaces. Then, the cotton is
immersed in colored nanobeads conjugated with specific an-
tibody for the corresponding bacteria. This sandwich immu-
noassay enables the collection as well as the detection of the
pathogens from solid surfaces using a single device. Different
from the conventional methods which rely on using the cotton
swabs only for pathogen recovery from the surface followed
by releasing the pathogens and then analysis or plating, the
proposed immunoassay requires only a single cotton swab to
perform the entire analysis process. This platform is easy to
use, rapid and low cost and can be applied for the detection of
other pathogens.

Experimental section

Materials and reagents

St (ATCC14028), Se (ATCC13076), Sa (ATCC6538) and Cj
(ATCC 29428) were purchased from American Type Culture
Collection (Manassas, VA). Murine Anti- Salmonella
Typhimurium monoclonal antibodies of St, Se, anti-Cj
monoclonal antibody of Cj and rabbit polyclonal antibody
of Sa were purchased from Biospacific (Emeryville, CA,
USA). Nanobeads around 50 nm size with three different
colors, blue, orange and green were purchased from
Polyesciences Inc. (Warrington, PA, USA). Carboxy-
functionalized cobalt-based magnetic nanoparticles with
50 nm diameter were purchased from Turbobeads (Zurich,
Switzerland). The DNA extraction kit and real-time PCR
reagents were obtained from QIAGEN (www.qiagen.com)
(Manchester, UK). The HPLC grade chloroform was
purchased from scharlau, (Barcelona, Spain). 1-ethyl-(3-
dimethylaminopropy) carbodimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) were purchased from
Fisher Scientific (Ontario, Canada). Dipotassium hydrogen
orthophosphate, potassium dihydrogen orthophosphate, sodi-
um chloride and bovine serum albumin (BSA) were pur-
chased from Sigma (Ontario, Canada),

Procedure

Bacteria culturing

Stock cultures of all strains except Cj were stored at -80 °C in
20% glycerol solution. Prior to use, the frozen culture is acti-
vated in trypticase soy broth (TSB, Oxoid, Hampshire, UK) at
37 °C with two consecutive transfers after 18- 20 h incubation
periods. The culture is centrifuged at 10000 Xg for 10 min at
4 °C and washed twice with trypticase soy broth. Cell suspen-
sions were prepared and the OD is adjusted at 600 nm to 0.5,
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which is equivalent to 108 cfu.mL−1. Then serially diluted
from 1 to 108 cfu.mL−1 in trypticase soy broth. Stock cultures
of Cj were grown for 4 h at 37 °C and then for 24–48 h at
42 °C under microaerophilic conditions in Boloton broth me-
dia (Oxoid LTD, UK) in an anaerobe jar with an active catalyst
and a microaerophilic gas generator pack. 10 fold serial dilu-
tions were made inMaximum Recovery Diluent (Oxoid LTD,
UK) and the viable cell numbers of Cj were determined by
surface plating on Columbia Blood agars (Oxoid LTD, UK).

Immobilization of antibodies on cotton swabs

The cotton swabs were activated by immersing them in a
mixture of 100 mL of 2 mM sodium periodate (NaIO4), and
1 mL of sulfuric acid overnight at room temperature. The
cotton swabs were then washed with cold distilled water ex-
tensively to remove the excess oxidizing agent. Periodate ox-
idation of cellulose cotton activation into aldehyde is charac-
terized by the FTIR spectroscopy (Fig. S1). FTIR spectra were
taken in transmission mode by KBr pellets for the treated and
untreated cotton samples.

The activated aldehyde group in the cotton swab is used to
couple the amino groups of the antibodies. 40 μl (50 ng.mL)
of antibody was mixed well with 1 mL of phosphate buffered
saline (PB saline) pH 7.4 for 3 min. Then, the activated cotton
was immersed in the antibody buffer solution overnight at
4 °C. The antibody linked cotton swab was washed with
PBS buffer to remove the unbound antibodies. The free alde-
hyde groups were blocked with BSA by incubating the cotton
in 1 mL of BSA (1 mg.mL) for 30 min at room temperature
followed by washing with PBS buffer for three times. The
antibody-linked cotton was stored at 4 °C in PBS for further
use.

The control samples were prepared by immersing the acti-
vated cotton swabs in 1 mg.mL solution of bovine serum
albumin (BSA) in PB saline overnight at room temperature.
BSA-linked cotton swabs were then extensively washed with
PB saline to remove the unbounded BSA and stored in PBS
buffer at 4 °C.

Conjugation of the antibodies to the nanobeads

300 μl of each (blue, orange and green) polymer beads or
magnetic beads were washed 3 times with water. EDC/NHS
solution was prepared by mixing, 100 mg of EDC and
100 mg of NHS in 10 mL of water. 300 μl of EDC/NHS
solution was added to the nanobeads and mixed for 20 min
at room temperature. EDC/NHS activated beads were
washed three times using PB saline followed by the addition
of 20 μl (50 ng.mL) of antibody and 300 μl of buffer. Each
specific antibody for a particular bacterial strain was mixed
with a particular colored bead. For example, Se specific
antibody was incubated with the blue nanobeads, St specific

antibody was incubated with the black magnetic nanobeads,
Sa specific antibody was incubated with the orange
nanobeads and Cj specific antibody was incubated with
green nanobeads overnight at 4 °C. Antibody-linked
nanobeads were then washed with buffer to remove the
unreacted antibodies. Finally, the remained active sites were
blocked by mixing the nanobeads with 1 mg.mL of BSA in
buffer for 30 min. Unbound BSA were washed with PB
saline and the antibodies-bound nanobeads were stored at
4 °C in buffer.

Screening assay

The screening procedure involved two steps. The assay steps
are shown in Scheme 1. The specific capture primary antibod-
ies (C-Abs) were conjugated to cotton swabs and developing
color solution of magnetic beads or colored polymeric
nanobeads were conjugated to secondary detection antibody
(D-Ab). The first step, the wet cotton-immobilized specific
antibody is swabbed over surfaces to pre-concentrate the bac-
teria from artificially contaminated surfaces with a serial dilu-
tion of target bacterial cells (a certain sampling area is chosen
such as (20 cm × 20 cm) and the swabs is rubbed and rolled
firmly several times across the sampling area). St, Se, Sa and
Cj were used for contaminating the surfaces of the chicken
meat, glass slide and stainless steel surfaces. The number of
bacteria on each surface is confirmed by swabbing, releasing
and culturing the cells followed by counting. After 10 min, the
cotton immobilized antibody-bacteria complexes were
washed with PB saline to remove the free cells from cotton.

The second step is the detection step in-which the bacteria
is sandwiched between the cotton immobilized antibody and
secondary detection antibody conjugated to colored
nanobeads. The cotton swab antibody-bacteria (cotton-C-
Ab-cell) complexes were immersed in developing color solu-
tion which contains colored nanopolymeric beads or magnet-
ic nanobeads linked with the D-Ab in buffer solution for
2 min. The cotton is then washed with buffer to remove the
unbound beads. The color of the beads bound to the cotton
swab indicates the specific bacterial stain present in the con-
taminated surface as shown in Fig. 1. Control samples were
done as above except, we swabbed the chicken, glass and
stainless steel surfaces without bacteria contamination. For
testing the selectivity of the assay, different antibody –bound
cotton swabs were used to collect different types of bacterial
cells from contaminated surfaces. After washing with PB
saline, the cotton swabs were immersed in the four different
colored nanobeads conjugated with the secondary antibodies.
Finally, the cotton swabs were washed with buffer to remove
the unbound beads. In the case of magnetic beads, the un-
bound particles can be separated either by normal washing or
by passing the cotton swab over a small magnetic sheet.
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PCR confirmation assay

Extraction of DNA The DNA from the bacterial culture was
extracted according to the protocol given by the QIAGEN
(http://www.congen.de). Briefly, 200 μl of bacterial culture

or 200 mg of food samples were suspended in 1 mL of lysis
buffer containing cetyltrimethylammonium bromide, with 2.
5μl of proteinase and kept at 60 °C for 30min then cooled and
centrifuged. 700 μl of the solution mixture was mixed with
500 μl of chloroform and precipitated by centrifugation with

Fig. 1 Salmonella typhimurium
screening results: St specific
antibody-conjugated cotton swab
and the black magnetic beads
captured the salmonella
typhimurium target cells from
chicken (a), glass plate (b) and
stainless steel surface (c). More
intense black sandwich
complexes were formed with
increasing concentration of
bacterial cells. Visual detection
limit for the samples from
chicken, glass and stainless steel
are 101,103 and 101 cfu.mL−1,
respectively. The experiments
were done in triplicates

Scheme 1 Schematic diagram of cotton swab bioassay for screening
pathogenic bacteria from contaminated surfaces. Aldehyde functionalized
cotton swab was linked with bacteria-specific antibody which then binds to
the target. The target complex then treated with different colored beads (in
which each colored bead is linked with specific antibody strain). The

pathogenic bacteria of interest present in the contaminated surfaces will
be identified from the color of the cotton surface by sandwich
immunocomplex formation. The unbound magnetic beads are separated
by magnet and the other beads were separated by washing
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14,000 g. The portion of the supernatant was mixed with PB
buffer containing guanidine hydrochloride and isopropanol in
QIAquick spin column and centrifuged at 18000 g for 1 min.
The flow through was discarded and the content was washed
with AW2 buffer and dried. Finally, 150 μl of elution buffer
was added and incubated for 1 min at room temperature and
centrifuged to collect the DNA.

Real time PCR Real time RCT was done according to the
CONGEN protocol. Total volume of 20 μl of PCR mixture
containing 5 μl of extracted DNA and FAM was used as a
fluorescent probe. Amplification of DNAwas monitored from
the increase in the fluorescence of FAM at 520 nm in real time.
Positive control reagent and master mixture were used for
positive and negative control, respectively.

Quantitative measurements

Our assay was intended to be used for visual observation of
the colour change of the cotton swabs fromwhite to colour via
bare eye. The intensity of the colour on the cotton swabs for
the targeted bacteria was increased by increasing the bacteria
concentrations from 10 cfu.mL−1 to 10 × 108 cfu.mL−1 for St,
Se and Cj. However, for quantitative measurements, the inten-
sity of the colour was determined by using the ImageJ pro-
gram developed at National Institute of Health after taking
images for the cotton swabs using a smart phone. The calibra-
tion curves were plotted as the colour intensity for each bac-
teria concentration as a function of bacteria concentration.

Results and discussion

Detection of pathogenic bacteria

Because of their low cost and ease of use, cotton swabs were
chosen in this work to play dual function as sample collector
from solid surfaces and substrate for the immunoassay. Cotton
is 99% cellulose with polyhydroxy groups. These hydroxyl
groups can be easily oxidized to active aldehyde groups for
the immobilization of biomolecules such as antibodies.
Appearance of new low intense peak in the FTIR at
1730 cm−1 in the activated cotton confirms the presence of
aldehyde group. Pathogenic bacteria such as St, Se, Sa and Cj
was screened with a sandwich assay. The pathogenic bacteria
were sandwiched between the primary antibody immobilized
on the cotton swab surface and a secondary antibody conju-
gated on colored nanobeads as shown in Scheme 1. The target
bacteria cells were preconcentrated by capturing the cells from
the surfaces by the cotton swabs to form antibody-cell com-
plex due to antigen-antibody interactions. In the subsequent
step, the secondary antibody conjugated with colored
nanobeads binds to the cells captured by the primary antibody.

As the antibodies are specific to the target cells, only a partic-
ular type of colored nanobeads will bind to the captured cell
causing a change in the color of the cotton surface.

Figure 1 shows the detection results for St using the pro-
posed approach. The cotton swabs linked to St C-Ab was
swabbed over surfaces of chicken meat, glass and stainless
steel which were artificially contaminated with St. After that,
the complex was treated with a solution of St D-Ab linked to
magnetic nanoparticles and a black color was detected.
Figure 1a, b, c show the immunoassay color response for St
bacteria concentrations (10 to 108 cfu.mL−1) spiked on chick-
en meat, glass and stainless steel surfaces, respectively. The
unbounded magnetic beads were collected either by washing
or by passing permanent magnet sheet close to the cotton
swab. Thus, the magnetic beads offer an advantage over the
polymer nanobeads by the capability of eliminating the last
washing step. As shown in Fig. 1, the intensity of the black
color on the cotton surface increases proportionally with in-
creasing the concentration of the cell counts for all the sam-
ples. When the cotton swab is treated with high concentration
of St bacteria, more cells was captured by the capture antibod-
ies and therefore, higher number of magnetic beads were at-
tached to the beads. The detection limit (LOD) of this simple
assay can be determined visually by human bare eye. For the
St results, it is clear that the visual LOD of St from the chicken
meat and the stainless steel plates were 101 cfu.mL−1, where-
as, the LOD from the glass slide was 102 cfu.mL−1. The strong
physical adsorption of St bacterial cells on glass is one possi-
ble reason for the higher LOD for St on glass plates. The LOD
obtained using our method (10 cfu.mL−1) for the chicken and
stainless steel surfaces is in comparable with the previous
results done by using immunomagnetic nanosphere and im-
munofluorescent nanosphere- based assays [26].

We have then applied the assay for the detection of the
other bacteria strains; Se, Sa and Cj and the results are shown
in the supporting information file (Fig. S2,3,4). Similar trend
was observed in all cases where the color intensity increased
with increasing the bacteria cell count. The LODs for Se were
102,101 and 101 cfu.mL−1 for the glass, chicken and stainless
steel surfaces, respectively. This result indicates better sensi-
tivity of our assay compared with the previously reported
results by FRET- based detection of Se in milk and water
(102 to103 cfu.mL−1) [27].

For the Sa assay, the LOD was 101 cfu.mL for all the three
surfaces. Zelada-Guillén et al. have developed a biosensor for
the detection of Sa on the skin using anti SaDNA aptamer as a
recognition receptor and single-walled carbon nanotubes
(SWCNTs) as an ion-to-electron potentiometric transducer.
This sensor has achieved higher LOD (103 cfu.mL−1) [28]
compared to our method.

For Cj, the LOD was also 10 cfu.mL−1 for the samples from
stainless steel surface. However, the LODs on chicken and glass
plates were 102 cfu.mL−1 presumably due to the strong
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interaction between those surfaces and campylobacter. Recent
report on quartz crystal microbalance (QCM)-based sensor for
the detection ofCj has shown a LOD of 150 cfu.mL-1 [29] that is
comparable to our LOD. A comparison of the detection range
andLODof the four bacteria stains on different surfaces is shown
in Table 1. This method obviously has comparable and - in some
cases - even better sensitivity than the reported methods.
Moreover, our colorimetric assay offers several advantages over
reported assays in terms of simplicity, low cost and capability of
using it for on-site detection as it is instrument-free. On the other
hand, as shown in Fig. 2, by using ImagJ software, we can

determine the color intensity and plot a relationship between
the cell count of each bacteria and the intensity of colors on the
cotton swabs indicating that this method can be used not only for
semi-quantitative analysis but also for accurate quantitative de-
tection provided that the photos are taken from the same angle.

PCR confirmation assays

The confirmation of binding of each bacteria with its corre-
sponding specific antibody were further confirmed by real-
time PCR. After performing the immunoassay on the cotton

Table 1 Comparison of the
different reported methods for the
detection of St, Se, Cj and Sa

Method Strategy LOD
(cfu.mL−1)

Reference

Salmonella Typhimurium

Electrochemical ELISA 20 [30]

Fluorescence Immunomagnetic and fluorescent nanosphere 10 [26]

Fluorescence aptamer-modified NaYF4:Ce/Tb
nanoparticles

25 [31]

Surface enhanced Rajan Au@Ag core/shell NPs
and ROX-modified apt

15 [32]

Colorimerty Magnetic and gold nanoparticle 28 [33]

Wireless magnetoelastic
(ME) biosensors

externally applied time varying magnetic field 160 [34]

Colorimetry Sandwich assay 10 This work

Salmonella enteritidis

RT-PCR FRET hybridization probe 45 [35]

Piezoelectric immunosensor Immobilization of the anti-Salmonella
enteritidis antibody onto
piezoelectric (PZ) crystals

1 × 105 [36]

FRET DNA nicking endonuclease 100 [37]

qPCR Thermonuclease encoding gene 10 [38]

LAMP specific gene 13.3 [39]

Colorimetry Sandwich assay 10 This work

Staphylococcus aureus

PCR S. aureus Specific nuc and sodA genes 10 and 50 [40]

PCR S. aureus NUC gene 10 [41]

Fluorescence Bioconjugated quamtum dots with
immunoglobulin

900 [42]

Electrochemical antiProtA antibody conjugated
magnetic beads

1 [43]

Fluorescence Nanogold linked CdTe nanocrystals 50 [44]

Fluorescence Sandwich affinity assay based on dual-peptide
recognition on magnetic nanoparticles

9 [45]

Colorimetry Sandwich assay 10 This work

Campylobacter jejuni

PCR Immunomagnetic separation and
amplification

10 [46]

Quartz crystal microbalance Gold nanoparticle conjugated antibody 150 [29]

Multiplex PCR Campylobacter jejuni specific gene
amplification

10 [47]

Immunochromatography fluorescent microspheres labeled with
polyclonal antibodies

106 [48]

Colorimetry Sandwich assay 10 This work
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swabs, the bacteria were eluted in buffer and the DNA was
extracted following the protocol described in the experimental
part. Figure 3 shows the real-time PCR results for various
concentrations of the three targeted bacteria Se, Sa and Cj
DNA collected from contaminated stainless plates. Figure 3
shows that there is an increase in the DNA amplification with
increasing the cell counts of the three bacteria from 10 to
108 cfu.mL−1 which is in agreement with the color intensity
response obtained by our method indicating the accuracy of
our assay.

Selectivity tests

Selectivity is a major indicator of the success of the assay
performance. Figure 4 summarizes the cross reactivity results
for the four targeted bacteria. Four cotton swabs conjugated
with antibody specific for each bacteria strain were used indi-
vidually for swabbing four surfaces which were artificially
contaminated with St, Se, Sa and Cj. Each cotton swab was
further incubated with a developing solution, which contains a

cocktail of nanobeads with different colors. Each color conju-
gated with specific antibodies for the various targeted bacteria.
After extensive washing, the colored beads on cotton swabs
treated with St, Se, Sa and Cj were washed away. Only the
cotton swabs treated with specific bacteria for a particular
assay exhibited a color which corresponds to the specific bac-
teria. No significant color was observed on the non specific
assays indicating good selectivity of the immunoassays.

Conclusion

In this work, a simple, rapid, low-cost detection assay for
pathogenic bacteria on the surfaces of poultry processing plant
is described. A specific antibody immobilized on cotton swab
is used for preconcentrating the pathogens. The captured bac-
teria are then detected colorimetrically with a secondary anti-
body conjugated to specific colored nanobeads.We have dem-
onstrated the detection of Salmonella Typhimurium,
Salmonella Enteritidis, Staphylococcus aureus and
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Fig. 2 The color intensity as a function of increasing concentration of St (a), Se (b), Cj (c), Sa (d) on chicken, glass plate and stainless steel surfaces. The
experiments were done in triplicates
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Campylobacter jejuni by the formation of various colors on
cotton surfaces. Our method offers advantages over other as-
says in terms of simplicity and low cost since the cotton swab
was used for both collecting the sample as well as for detec-
tion. Moreover, the assay showed good sensitivity and selec-
tivity. It can be used by non-skilled personnel as it is instru-
ment-free. However, this assay is semi- quantitative and can
be integratedwith a smart phone in order to obtain quantitative
results. We believe that this immunoassay can have a potential
application for the rapid screening of bacteria in food and
contaminated surfaces.
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