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The objective of this work was to validate the antibody-conjugated fluorescent dye-doped silica nanoparticle- (FDS-NP-) based
assay for the rapid detection of Campylobacter jejuni in chicken samples using ISO16140:2003 single-laboratory validation
guidelines. This assay reversed the paradigm of microbial testing. The noncultured FDS-NPs increased the fluorescent light
signal of the test, not the cell numbers, and significantly reduced the detection time. Validation results showed that relative
detection level (LOD) of the assay was 103 cfu/ml. The antibody-conjugated FDS-NPs were evaluated for the detection of C.
jejuni in 140 chicken samples collected from slaughterhouses (50 carcass rinse water, 60 rectal swabs, and 30 viscera contents)
against ISO 10272 reference method with duplex PCR confirmation. The relative accuracy (AC), relative specificity (SP), and
relative sensitivity (SE) were 95.67%, 100%, and 94.87%, respectively. The inclusivity test of C. jejuni strains was 100% positive.
The exclusivity test demonstrated no cross-reactivity with 32 strains of non-Campylobacter strains. The FDS-NP assay was very
fast and specific, with time to result of 30min compared with the 2–5 days required by the reference method. The noncultured
FDS-NPs demonstrated comparable performance to the cultured reference method to detect C. jejuni in poultry samples. It is
applicable for effective screening of poultry product category.

1. Introduction

Campylobacter spp. from chicken has been considered the
major cause of gastrointestinal campylobacteriosis [1].
Outbreaks of C. jejuni were reported worldwide with
chicken meats identified as implicated foods [2, 3]. In
the United States, the number of patients with C. jejuni
infection was as high as 1000 per 100,000 population.
However, more than 80% of chickens are marketed without
detectable Campylobacter [4]. In poultry processing plants,
about 65% of Campylobacter positive flocks were reported
in the central and northeastern regions of Thailand [5],

and 26.6% were reportedly found in the central markets.
During slaughter and processing, there is a chance of bac-
terial contamination to the finished products.

The detection and identification of the microorganisms
are of great importance for poultry production to allow
implementing proper and timely interventions that can
ensure safety of the products. Traditional microbiological
methods of detecting and enumerating bacteria usually
require several days to yield reliable results. In many cases,
the products have already been used by the consumers before
the analyses are completed. Therefore, alternative rapid
assays based on different microbiological methods are

Hindawi
Journal of Nanomaterials
Volume 2018, Article ID 4571345, 10 pages
https://doi.org/10.1155/2018/4571345

http://orcid.org/0000-0003-4385-6899
http://orcid.org/0000-0002-8998-5429
http://orcid.org/0000-0002-1434-8396
http://orcid.org/0000-0003-4882-5565
https://doi.org/10.1155/2018/4571345


constantly developed [6]. The effective testing of bacteria
requires methods of analysis that meet a number of challeng-
ing criteria. Time and sensitivity of analysis are the most
important limitations related to the usefulness of microbio-
logical testing. Bacterial detection methods have to be rapid
and very sensitive since the presence of even a single patho-
genic organism in foods may be an infectious dose [7]. Most
rapid methods utilize principles of microbiological-, chemi-
cal-, biochemical-, immunological-, and molecular-based
techniques, which may require cells, metabolites, or genetic
materials of the target bacteria for detection. The methods
that are nonculture-based method could further reduce time
required for growth and production of microbial metabolites
for detection.

The current development of nanotechnology has affected
a variety of sciences including microbiology. The research
findings have changed traditional methods into nanoscale
that can be combined with different techniques to develop
detection methods. Combining sol-gel and microemulsion
techniques, Santra et al. [8] synthesized FDS-NPs, which
encapsulated thousands of fluorescent dye molecules inside
the nanoparticles. The silica nanoparticles gave high intensity
of the fluorescent signal and high photostability due to dye
molecules doped within silica matrix. They showed high
solubility, low toxicity, and easy conjugation with various
applications with several biomolecules, with or without
surface modifications. The experiments on synthesis, char-
acterization, and application of the FDS-NPs were reported.
Hun and Zhang [9] used FDS-NPs for the determination of
calcium in the blood serum. Zhao et al. [10] used FDS-NPs
combined with flow cytometry for single bacterial cell
quantification. A method suggesting the use of nanoparti-
cles for the detection of Mycobacterium tuberculosis was

also reported [11]. Extensive reviews on the applications
of nanoparticles in rapid detections were carried out by
Koedrith et al. [12, 13].

Our research group had developed silica and ferromag-
netic nanoparticle-based detection for Vibrio cholerae in
seafoods, Salmonella spp., E. coli O157:H7, and C. jejuni in
poultry and products [14–18]. These methods showed poten-
tial applications in the routine use. Schematic illustration
of the silica nanoparticle-based test method is shown in
Figure 1. However, they require proper validation to dem-
onstrate the performance compared with that of the refer-
ence methods. The antibody-conjugated dye-doped silica
nanoparticle-based detection has potential to provide a
rapid and accurate screening test results for slaughter-
houses to manage the pathogen-free and infected flocks
into the processing line. The practice will enable proces-
sors to avoid cross-contamination to processing equipment
and eventually poultry meats.

Alternative microbiological test methods require
proper validation as guided by ISO 16140:2003 [19], the
general principles and the technical protocol for the val-
idation of alternative methods in the field of microbiolog-
ical analysis of food, animal feeding stuffs, and environmental
and veterinary samples, or by AOAC validation
methods, to ensure that accuracy, specificity, sensitivity,
ruggedness, and consistency of the method are met
before use in the industry.

Therefore, the objective of this work was to validate test
kit based on fluorescent dye-doped antibody-conjugated
silica nanoparticles (FDS-NPs) for the rapid detection of
Campylobacter jejuni in chicken samples following the
single-laboratory method validation procedure of ISO
16140:2003 standard.
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Figure 1: (a) Schematic illustration of the detection of C. jejuni using FDS-NPs as signal reporters. (b) Visualization of C. jejuni with
FDS-NPs complex under fluorescent microscope. The bound C. jejuni showed extremely bright orange color with FDS-NPs at 1000x.
Scale bar indicates 2μm.
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2. Materials and Methods

2.1. Cultures and Preparation of Bacteria. C. jejuni (ATCC
33560), ranging from 101 to 107 cfu/ml, was used to deter-
mine the limit of detection (LOD). Reference strains of C.
jejuni (ATCC 33291, ATCC 33560, and ATCC 81176) and
47 in-house isolates of Campylobacter spp. from chicken
samples were used for inclusivity testing. All Campylobacter
strains were grown under microaerobic conditions (5% O2,
10% CO2, and 85% N2) on the modified charcoal-
cefoperazone-deoxycholate agar (mCCDA, Oxoid, UK) at
42°C for 48 h. Other nontarget bacteria (103 cfu/ml), Bacillus
megaterium, Citrobacter freundii, Escherichia coli, Klebsiella
pneumoniae, Proteus vulgaris, Pseudomonas aeruginosa,
Salmonella Typhimurium (DMST 562), Shigella flexneri,
and Vibrio cholerae, and E. coli (n = 10) and Salmonella
spp. (n = 13) in-house isolates from slaughterhouse samples
were grown in Tryptone Soya Broth (TSB, Oxoid, UK) at
37°C overnight and used as exclusive strains. All test bacteria
were collected and diluted with phosphate buffer saline
(1x PBS, pH7.4). The initial bacteria concentrations were
determined using McFarland number 0.5 (Thermo Scientific,
USA) and verified by mCCDA plating methods.

2.2. Collection and Preparation of Chicken Samples. All
chicken samples: carcass rinse water (n = 50), rectal swabs
(n = 60), and viscera contents (n = 30), were collected from
slaughterhouses in Thailand. The collected samples were
transported on ice to the laboratory within 2 h and proc-
essed immediately after arrival. In general, 1.0ml of car-
cass rinse water and rectal swabs and approximately 1.0 g
in weight of viscera contents were prepared and 10-fold
serially diluted with 0.85% of sodium chloride (NaCl).
Then, 0.1ml aliquots of the prepared samples with appro-
priate dilutions were taken and separately analyzed,
according to the protocols as described below to determine
the presence of C. jejuni in the samples.

2.3. Direct Culture with Duplex PCR Assay for Identification
of C. jejuni. The standard method for culturing C. jejuni
was ISO 10272:2006 [20]. The confirmation was modified
to use duplex PCR for 16S RNA and hipO genes specific
to C. jejuni to replace biochemical tests of hippuricase
activity. Briefly, aliquots of 0.1ml samples were directly
applied onto modified charcoal-cefoperazone-deoxycholate
agar (mCCDA) plates, supplemented with cefoperazone
(32mg/l) and amphotericin B (10mg/l), followed by incu-
bation at 42°C for 48 h under microaerobic conditions.

Colonies with characteristics of greyish, moist, and metallic
sheen were identified as thermophilic Campylobacter spe-
cies. The suspected colonies were counted, and five colonies
were selected for duplex PCR analysis for confirmation. To
prepare the DNA template, the selected colonies were
suspended in sterile water and boiled for 10min. The
supernatants (5μl per assay) were collected and used as
PCR templates.

For PCR amplification, the 16S RNA and hipO primers
were specifically designed for thermophilic Campylobacter
and C. jejuni, respectively. The corresponding nucleotide
sequences are shown in Table 1. The PCRmixtures contained
5μl of PCR master mix (Molecular Biology Tools, Taiwan),
1.5μl of each PCR primer (10μM), and sterile water to a final
volume of 25μl. Amplification reaction was conducted in
T100™ Thermal Cycler (Bio-Rad, USA) with the following
conditions: 95°C for 5min for initial denaturation, followed
by 30 cycles of 95°C for 30 sec, 59°C for 30 sec, and 72°C for
30 sec, and final extension at 72°C for 5min. The PCR prod-
ucts were analyzed by agarose gel electrophoresis. The sam-
ple containing specific DNA bands of approximately 816
and 323-bp in length corresponding to 16S RNA and hipO
genes, respectively, was determined as a C. jejuni, whereas
the presence of only 16S RNA fragments was identified as
Campylobacter species. No amplification products were con-
sidered as negative results.

2.4. Synthesis of FDS-NPs and Surface Modifications. Synthe-
sis of FDS-NPs and surface modifications were carried out as
previously described [14, 15, 17, 18]. Briefly, mixtures of
cyclohexane (75ml), Triton X-100 (17.7ml), and n-hexanol
(18ml) as oil, surfactant, and cosurfactant phases, respec-
tively, were mixed with 4.8ml aliquots of Rubpy dye solution
(20mM in deionized water). Then, 1ml of tetraethyl orthosi-
licate (TEOS) as silica precursors and 0.6ml of ammonium
hydroxide as initiators for polymerization reaction, respec-
tively, were added in and mixed by stirring for 24h. After-
wards, the FDS-NPs were obtained by precipitation with
acetone. After centrifugation, they were washed with ethanol
and deionized water several times to remove the excess sol-
vents and unabsorbed dye, dried at 100°C for 48 h, and kept
in the dark until further used.

For surface modifications, the FDS-NPs (32mg) were
added in 1mM of acetic acid containing 10% of tri-
methoxysilylpropyl diethylenetriamine (DETA) and stirred
for 30min to produce the amine functional group. Then,
the carboxyl functional group was generated by adding
20ml of N,N-dimethylformamide containing 10% of

Table 1: List of 16S RNA and hipO PCR primers for identification and confirmation of C. jejuni.

Target genes Primer names Sequences (5′ → 3′) Lengths (bp) References

16S RNA
C412F GGATGACACTTTTCGGAGC 816 [21]

C1228R CATTGTAGCACGTGTGTC [22]

hipO
CJF ACTTCTTTATTGCTTGCTGC 323 [23]

CJR GCCACAACAAGTAAAGAAGC

Note: 16S RNA: 16S ribosomal RNA gene; hipO: hippuricase gene; F: forward orientation; R: reverse orientation; CJ: C. jejuni; and C1228, C412F: primers
for Campylobacter.
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succinic anhydride and stirred for 6 h under nitrogen gas.
Transmission electron microscopy (TEM) from Hitachi
High Tech (model 7700, Japan) and Fourier-transform (FT)
Raman spectroscopy from Bruker (model Vertex70+RamII,
Singapore) were used to determine the shape and size of
FDS-NPs and the functional groups on the nanoparticle’s
surfaces, respectively. All chemicals and reagents used were
from Sigma-Aldrich (USA).

2.5. Bioconjugation of Specific Antibody for C. jejuni. Fol-
lowing chemical modifications, the surfaces of FDS-NPs
were further cross-linked with 1-ethyl-3-(3-dimethyl amino-
propyl) carbodiimide hydrochloride (EDC) and N-hydroxy
succinimide (NHS) system, followed by glutaraldehyde
cross-linking and bioconjugation with specific monoclonal
antibody (0.1mg/ml, ab33023; Abcam, UK) towards C.
jejuni. The particles were blocked with bovine serum
albumin (BSA, 1%) in Tris-HCl solution (40mM, pH8.0),
washed with PBS (1x, pH7.4), and then stored at 4°C until
further use.

2.6. Visual Detection of C. jejuni Using Antibody-Conjugated
FDS-NPs as Reporters. Aliquots of 0.1ml bacterial culture
were incubated with 20μl of antibody-conjugated FDS-NPs
at room temperature (25°C) for 30min with gentle agitation.
The bacteria cell/FDS-NP complexes (approximately 20μl)
were dropped onto a slide and covered with clover glass.
The presence of C. jejuni in each sample was visually
observed under a fluorescence microscope (Carl Zeiss, Primo
Star iLED, USA) with excitation wavelength of 312 nm. The
images were captured with a digital camera (Canon, EOS
700D, Thailand). PBS buffer (1x) was used as a negative con-
trol throughout the experiments. The presence of large fluo-
rescent orange dots with movement of live bacterial cells was
denoted as a positive result, whereas the samples containing
only very small fluorescent orange dots with Brownian
movement of the nanoparticles indicated a negative result.

2.7. Validation of the Assay Using ISO 16140:2003 as
Guidelines. According to ISO 16140:2003 [19], there were 3
tests to perform: relative detection level (LOD), selectivity
(inclusivity/exclusivity), and comparative study.

2.7.1. Relative Level of Detection. The LOD was tested with
pure culture of C. jejuni ATCC 33560 at different concentra-
tions with six independent replications.

2.7.2. Selectivity Test. The inclusivity tests were conducted
with pure cultures of 50 strains including C. jejuni ATCC
33291, ATCC 33560, and ATCC 81176 and 47 Campylobac-
ter isolates collected from poultry slaughterhouses and con-
firmed and enlisted in our laboratory. On the other hand,
the exclusivity tests were against nontarget organisms using
32 strains of Bacillus megaterium, Citrobacter freundii,
Escherichia coli, Klebsiella pneumonia, Proteus vulgaris, Pseu-
domonas aeruginosa, Salmonella Typhimurium (DMST
562), Shigella flexneri, and Vibrio cholerae, including in-
house isolates of 10 E. coli, and 13 Salmonella strains.

2.7.3. Comparative Study. According to EN ISO 16140 stan-
dard, a minimum of 60 products from 3 product types under
the poultry category must be analyzed with approximately
50% positive and 50% negative products. The reference
method was modified ISO 10272-1:2017 “Microbiology of
the Food Chain—Horizontal Method for Detection and Enu-
meration of Campylobacter spp.—Part 1: Detection Method”
[20]. Samples were prepared and divided to test in parallel
with FDS-NPs and the reference methods. Suspected colo-
nies on mCCDA were confirmed by duplex PCR. Results
from FDS-NPs were used for calculation of relative accuracy
(AC), relative specificity (SP), and relative sensitivity (SE) in
comparison with results of the reference method. The values
were calculated for each poultry sample type and in pool
results. Positive predictive value (PPV) and negative predic-
tive values (NPV), as well as Cohen’s kappa index of concor-
dance (k), were calculated to determine the efficacy of the
assay for detection of C. jejuni against the reference method.
The formula for calculations is as follows:

AC = PA + NA
N

× 100,

SP = NA
PD + NA × 100,

SE = PA
PA +ND × 100,

PPV = PA
PA + PD × 100,

NPV = NA
NA +ND × 100,

k = 2 × PA ×NA − PD ×ND
PA + PD × PD +NA + PA + ND × NA +ND ,

1

where PA is positive accordance, PD is positive deviations,
NA is negative accordance, ND is negative deviations, and
N is number of analyzed samples, respectively [19].

3. Results

3.1. Principle ofC. jejuniDetectionUsingAntibody-Conjugated
FDS-NPs. The principle of this method was to use FDS-
NPs to attach on target cell surface. The loose particles
were washed out, and the remaining aliquot was observed
under fluorescent microscope for rapid detection of target
cells of Campylobacter. The attempts were to increase light
signals to identify the target cells under a fluorescent
microscope, not to increase cell numbers that required
much longer detection time. Results could be obtained
in 30min.

3.2. Synthesis and Characterization of FDS-NPs. FDS-NPs
were prepared using water-in-oil microemulsion-based tech-
niques. The FDS-NPs had spherical shape and sizes of
approximately 50nm in diameter, as revealed by TEM
image (Figure 2).
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3.3. Surface Modification of FDS-NPs for Antibody
Attachment. The surfaces of FDS-NPs were successfully mod-
ified with amine and carboxyl groups. The modification
allowed the particles to attach to glutaraldehyde cross-link that
could connect to monoclonal antibodies against Campylobac-
ter jejuni. The presence of the functional groups on the nano-
particle surface was confirmed with FT-Raman analysis.
Figure 3 demonstrated amine group N-H stretching at wave
number 3216cm−1 and carboxyl group (C=O) at 1639cm−1.

3.4. Validation of Antibody-Conjugated FDS-NP Assay Using
ISO 16140:2003 Guidelines. FDS-NPs were validated against
standard mCCDA plating method (ISO 10272:2006) with
multiplex PCR confirmation following ISO 16140:2003. Rel-
ative detection level, selectivity (inclusivity/exclusivity tests),
and comparative studies for relative accuracy, specificity,
and sensitivity were tested.

3.4.1. Relative Level of Detection (LOD). Figure 4 demon-
strated the relative level of detection (LOD) of FDS-NP test.
Images of cells under fluorescent microscope indicated that
the FDS-NPs could detect Campylobacter at 103 cfu/ml. No
orange spot was observed at 102 cfu/ml level.

Please see Supplementary Materials (available here) for
information on Section 3.4.1.

3.4.2. Selectivity Test: Inclusivity and Exclusivity. The alterna-
tive FDS-NPs method was tested against 50 strains of C.
jejuni for inclusivity. Results showed that the FDS-NPs could
detect 100% of all inclusive strains. FDS-NPs also gave 100%
negative results for all 32 exclusive strains tested. No cross-
reaction was observed among the tested strains.

Please see Supplementary Materials for information on
Section 3.4.2.

3.4.3. Comparative Study: Relative Accuracy (AC), Relative
Specificity (SP), Relative Sensitivity (SE), Positive Predictive
Value (PPV), and Negative Predictive Value (NPV). The tests
provided results for calculation of relative AC, SP, SE, PPV,

and NPV values. The Samples of 3 types from poultry cate-
gory, 50 carcass rinse samples, 60 rectal swabs, and 30 viscera
contents, were analyzed in parallel with reference and alter-
native methods. Sample types represented low, medium,
and high naturally contaminated levels. The values were cal-
culated by comparing with results from the reference
method, mCCDA plating with duplex PCR confirmation
(Figure 5). Calculated results were shown in Table 2.

Figure 5 demonstrated gel patterns of samples containing
specific DNA bands of approximately 816 and 323 bp in
length of corresponding 16S RNA and hipO genes. The lanes
with two bands were determined as positive results of C.
jejuni, whereas the presence of only 16S RNA fragments rep-
resented Campylobacter species. Lane C, control, was C.
jejuni ATCC 33291, and lanes 1–9 were C. jejuni isolated
from viscera contents. Amplified products that failed to show
these two bands were considered as negative result (lane N).

FDS-NPs exhibited high efficiency for samples with
medium to high contamination levels (Table 2). The
values of AC, SP, and SE (%) of the FDS-NPs, for carcass
rinse samples, were also high at 92.00, 100, and 86.67,
respectively. The values for rectal swab samples were 98.33,
100, and 98.3. The values of viscera contents were also high
at 96.67, 100, and 96.42.

This observation was supported by high values of PPV at
100% for all sample types tested. PPV values were calculated
from PPV = true positive results PA / true posive PA + fa
lse positive PD × 100. The alternative FDS-NPs could
detect C. jejuni target in all poultry samples and give no
positive deviation.

There were 4 negative deviations with carcass sam-
ples, 1 with rectal swab and 1 with viscera content sam-
ples. The deviation affected the SE values of the test. The
NPV values that indicated false negative outcomes were
calculated from NPV = true negative results NA /true nega
tive NA + false negative ND × 100. The values of NPV
were 83.33% for carcass rinse samples but were 50%
and 66.67% for rectal swab and viscera contents, respectively.
The low values could be caused by low numbers of negative
samples (NA) of rectal swabs and viscera contents. A few
deviated results,ND = 1 in this case, but at low negative sam-
ples (NA = 2), greatly affected the NPV values.

The comparison was made with all sample types, 140
samples, of the poultry category, and results were tabulated
in Table 3. There were 111 PA or TP without any PD or
FP. However, 6 NDs were observed. The number of NA or
TN was 23.

Table 4 demonstrated pool results of 140 samples for cal-
culations of AC, SP, SE, PPV, NPV, and k values. It was
found that the AC, SP, and SE values of the FDS-NP alterna-
tive method were high, with values of 95.67%, 100%, and
94.87%, respectively. PPV and NPV values were at 100%
for positive and 79.31% for negative predictions. The PPV
value of 100% indicated no false positive of this test. The
NPV value of 79.31% indicated that false negative could be
found in this test compared with results from the reference
method. The combined results showed very high correlation
of the alternative and reference methods with the Cohen
kappa index (k) of 0.86.

Figure 2: A TEM image of FDS-NPs. The synthesized FDS-NPs
were spherical with average sizes of approximately 50 nm. Scale
bar indicates 200 nm.
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4. Discussion

4.1. Fluorescent Dye-Doped Silica
Nanoparticle Characteristics

4.1.1. Principles of FDS-NP Method. FDS-NP assay is a non-
cultured method. The principles for detection of C. jejuni
used antibody-conjugated FDS-NPs as signal reporters and

relied on the increase of fluorescent signal rather than the
increase of target cells. Fluorescent dye-doped molecules
inside the FDS-NP particles and the number of particles
covering the target cells produced significant light intensity
for observation under the fluorescent microscope. The spe-
cific binding to target C. jejuni cells was aided by specific
monoclonal antibody immobilized on the surfaces of nano-
particles. The excitation wavelength of 312 nm enables the
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Figure 3: FT-Raman spectra of FDS-NPs with amine and carboxyl surface modifications. The spectra at 3216 and 1639 cm−1 indicate the
existence of amine and carboxyl functional groups on the particles.
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bacterial cells. Positive (103 to 105 cfu/ml) and negative (102 cfu/ml) results under fluorescent microscope were demonstrated. The relative
LOD of the proposed assay was 103 cfu/ml.

6 Journal of Nanomaterials



fluorescent dyes in the nanoparticles to emit wavelengths of
590–600nm. C. jejuni in complex with antibody-conjugated
FDS-NPs showed extremely bright orange with rounded sur-
face and moved randomly that could be observed easily
under fluorescent microscope. In this study, a positive sam-
ple can be discriminated from a negative sample through
brightness of the fluorescent signals. The positive samples
had much brighter fluorescent light compared with the small
and dispersed orange dots of the negative samples. The com-
plex could be discriminated clearly from the irregular-shaped
aggregates (if any).

4.1.2. Characteristics of FDS-NPs. The size of FDS-NPs of
approximately 30–60 nm was consistent with that previously
reported [14, 15, 17, 18]. Thepwiwatjit et al. [14] reported the
FDS-NPs with relatively narrow size of 29–43 nm. The size
distribution usually depended on synthesis techniques,
equipment, time, maximum speed, size of magnetic stirrer,
and container. After synthesis, the individual particle could
be separated from big aggregated particles using centrifuga-
tion at low speed.

The surfaces of FDS-NPs were modified with amine and
carboxyl groups. DETA and succinic anhydride were used to
modify amine and carboxyl groups on the particle surface.
The EDC/NHS coupling was treated on the particle surface
for enhancing stability of the carboxyl group. FT-Raman
spectra showed peaks at wave numbers 3400 to 3280 cm−1

that represent −NH2 asymmetric and symmetric stretching
vibration. The data supported the existence of amino group
from being modified by DETA. The band of 1630–
1600 cm−1 indicated the C=O symmetric stretch [24] due to
the addition of the carboxyl group on the particle surface.

This finding was corresponding well with that of Gunase-
karan et al. [25], Tansub et al. [17], and Tuitemwong et al.
[18] who suggested that wave numbers 3500–3220 cm−1 indi-
cated amine group N-H stretching and 1850–1550 cm−1 for
carboxyl group C=O on the FDS-NP surfaces.

4.2. Validation of FDS-NP Assay Using ISO 16140:2003
Guidelines. Method validation is designed to confirm that
an analytical procedure for a specific test is reliable, repro-
ducible, and suitable for its intended application. These
analytical methods need to be validated prior to the imple-
mentation in routine. It is especially true for this novel
nanotechnology platform, where paradigm is changed from
increasing target cell numbers to increasing signal of the
target cells that were captured by antibody-conjugated
FDS-NPs. In this single-laboratory validation, there are
three tests to follow: relative detection level, selectivity (inclu-
sivity/exclusivity tests), and comparison study, to demon-
strate relative accuracy (AC), relative specificity (SP), and
relative sensitivity (SE) against the reference method.

4.2.1. Relative Detection Level (LOD). The objective of relative
detection level was to determine the level of contamination to
obtain 50% of positive results. To determine the LOD of the
proposed assay, the FDS-NPs and reference methods were
used to test various concentrations of the target C. jejuni
ATCC 33560 ranging from 101 to 107 cfu/ml (n = 6). It was
found that the level of detection was 103 cfu/ml. Results
showed that approximately 103 cfu/ml of C. jejuni without
enrichment gave positive signal as images shown in
Figure 4. This assay was based on immune detection using
specific antibody to detect the C. jejuni, the same principle
as enzyme-linked immunosorbent assay (ELISA). Hochel
et al. [26] applied the indirect competitive ELISA to deter-
mine Campylobacter spp. in foods using chemiluminescent
substrate to give signal; they reported relative LOD in the
range 104–106 cfu/ml. Sails et al. [27] developed a PCR ELISA
assay to detect C. jejuni and C. coli in water and reported the
LOD with enrichment process at cells lower than 103 cfu/ml.
The FDS-NPs showed the favorable LOD compared to both
methods. The lower LOD level could be achieved by applying
short-time enrichment (2–4h) before the test.

4.2.2. Selectivity: Inclusivity and Exclusivity. The FDS-NPs
with monoclonal antibody showed high selectivity to C.
jejuni. The selectivity was 100% positive to all C. jejuni targets
and 100% negative to non-C. jejuni organisms. No cross-
reactivity was found in the tests of non-Campylobacter strain
(exclusivity). The monoclonal antibody presented good spec-
ificity against C. jejuni with the presence of components such
as fecal, feed, and lipid that might interfere to the FDS-NP
attachment to target cells. The selectivity relied on specific
binding of monoclonal antibodies with target C. jejuni
owing to its 15 amino acids that were specific with the tar-
get organism [28].

4.2.3. Comparative Study. FDS-NPs showed high values of
AC, SP, and SE to different levels of contaminations in car-
cass rinse, rectal swab, and viscera content samples. No false
positive was observed. However, there were false negatives

816 bp

323 bp

M C 1 2 3 4 5 6 7 8 9 N

Figure 5: Gel patterns of PCR products for confirmation of C. jejuni
contamination by duplex PCR assay. Positive result showed two
bands of PCR amplicons specific for 16S RNA (816 bp) and hipO
(323 bp) genes. Lane M: molecular weight marker; lane C: C.
jejuni (ATCC 33291) as a positive control; lanes 1–9: selected C.
jejuni colonies from the mCCDA plates of viscera contents; and
lane N: sterile water was used as a negative control.
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with rectal swab and viscera samples that could be resulting
from the interference of sample matrix on attachment of
the particles on cell surface. Target cells at concentrations less
than 103 cfu/ml (LOD) were not detected by this method and
produced not detected results (false negative).

The values of PPV and NPV demonstrated proportion of
true positive and true negative results of the FDS-NP assay.
High values of both numbers demonstrated high percentages
of true positive and negative proportions. PPV value was cal-
culated as the number of true positive over true positive com-
bined with false positive results. The value of 100% indicated
no false positive of this test.

Carcass rinse samples had high NPV values of 83.33%
indicating low rate of false negative results. The NPV value
of both rectal swabs and viscera contents was relatively low
as 50% and 66.67%, respectively. However, both sample types
(rectal swabs and viscera contents) had only one discrepancy
each, and carcass washing samples had 4 discrepancies. This
false negative observation may be due to the low number of
target cells, 103cells/g. The results of mCCDA plate count
with PCR assay gave positive for cells less than 103 cfu/g,
but FDS-NPs displayed negative results. However, the low
NPV values could be explained that it was because of too
small numbers of negative samples (NA = 1 and 2) in this
test. One discrepancy from 1 NA produced NPV of 50%.
A low number of negative samples could introduce bias
in the calculations. It was difficult to find negative samples
from naturally contaminated cloacal swabs and viscera
content samples.

With the pooled data, n = 140, the performance indexes,
AC, SP, and SE, were high at 95.67%, 100%, and 94.87%,
respectively (Table 4). The values of PPV and NPV were
100% and 79.31%, respectively. The PPV values indicated
good positive agreement, without positive deviation, of the
two methods.

The Cohen kappa values were defined by Cohen [29]
and Landis and Koch [30] as values of ≤0.20 indicated
poor agreement, between 0.21 and 0.40 fair agreement,
between 0.41 and 0.60 moderate agreement, between 0.61
and 0.80 good agreement, and ≥0.81 very good agreement.
In this case, the Cohen kappa value of the two methods
was 0.86 indicating very good agreement between the
two methods.

Compared to other findings, the 48 h real-time PCR for
Campylobacter spp. had AC, SP, and SE for fruit and vegeta-
ble products of 98.33%, 96.77%, and 100%, respectively. The
values for dairy products were lower to about 93.3%, 88.24%,
and 100% [31]. The use of PCR combined with ELISA for
Campylobacter detection compared with culture method
gave a Cohen kappa value of 0.83 [32]. The FDS-NPs were
able to give results equivalent to the more complicated
method but with much less detection time and equipment.
Lund et al. [33] used real-time PCR to determine Campylo-
bacter spp. in chicken feces. The results showed relative
LOD of 100–150 cfu/ml but the sample preparation and
instrument were more complicated and time-consuming.
The FDS-NPs were proved to be effective and rapid with
almost real-time results for the rapid screening of C. jejuni

Table 2: Calculations of AC, SP, SE, PPV, and NPV values of the proposed assay for detection of C. jejuni in various analysed samples against
the direct culture with duplex PCR assay as a reference method.

Analyzed samples PA PD ND NA N+ (PA+ND) N− (NA+PD) Total AC (%) SP (%) SE (%) PPV (%) NPV (%)

Carcass rinses 26 0 4 20 30 20 50 92.00 100 86.67 100 83.33

Rectal swabs 58 0 1 1 59 1 60 98.33 100 98.30 100 50.00

Viscera contents 27 0 1 2 28 2 30 96.67 100 96.42 100 66.67

Note: PA: positive accordance; PD: positive deviations; NA: negative accordance; ND: negative deviations; N: number of analyzed samples; N+: total of positive
samples compared with a reference method; N−: total of negative samples compared with a reference method; AC: relative accuracy; SP: relative specificity; SE:
relative sensitivity; PPV: positive predictive value; and NPV: negative predictive value.

Table 3: Comparison of the proposed FDS-NPs assay for detection of C. jejuni in all samples (n = 140) against the direct culture on mCCDA
with duplex PCR assay as a reference method. TP: true positive; FP: false positive; TN: true negative; FN: false negative.

Reference method
Direct culture on mCCDA/PCR assay

Positive (+) Negative (−)

Antibody-conjugated FDS-NP assay

Positive (+) TP 111 FP 0

Negative (−) FN 6 TN 23

Total 117 23

Table 4: The values of AC, SP, SE, PPV, NPV, and kappa coefficient of the FDS-NP assay for detection of C. jejuni in all samples (n = 140)
against the reference method.

Target bacterium PA PD NA ND N+ (PA+ND) N− (NA+PD) Total AC (%) SP (%) SE (%) PPV (%) NPV (%) k

C. jejuni 111 0 23 6 117 23 140 95.67 100 94.87 100 79.31 0.86
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and could be used in routine works with farm, chicken on
truck, or poultry sample category.

5. Conclusion

The noncultured FDS-NPs with monoclonal antibody were
successfully constructed with good consistency. Functional
groups, amide and carboxyl, were attached onto the parti-
cle surface. Glutaraldehyde cross-linker could capture the
functional group and allow antibodies to attach to the
other end. That allowed FDS-NPs to readily bind on C.
jejuni cell surface. The captured cells were extremely
bright orange with rounded surface and movable under
microscope. They could be discriminated clearly from the
irregular shape aggregates.

Single-laboratory method validation of FDS-NPs
against standard mCCDA plating with duplex PCR confir-
mation, following ISO16140:2003 guidelines, indicated that
the FDS-MPs had a limit of detection level (LOD) of
103 cfu/ml. The method offered good specificity as all strains
of Campylobacter jejuni were detected (inclusivity), and no
cross-reactions were observed among the non-C. jejuni and
other microflora tested (exclusivity). This performance was
determined by analyzing 140 naturally contaminated sam-
ples from 3 types of poultry product category. The pooled
sample relative accuracy (AC), specificity (SP), and sensitiv-
ity (SE) were high at 95.67%, 100%, and 94.87%, respectively.
A very good agreement between the FDS-NPs and reference
method was observed with Cohen kappa value of 0.86. It was
evident that noncultured FDS-NP method was very specific
with much shorter time, 30min, compared to 2–5 days of
the cultured reference method. The performance of FDS-
NP method was equivalent to that of the reference method.

Data Availability
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included within the supplementary information file.
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