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The accidental contamination of Salmonella in raw and processed foods is a major problem for the food
industry worldwide. At present many of the currently used methods for Salmonella detection are time and
labour intensive. Therefore, rapid detection is a key to the prevention and identification of problems
related to health and safety. This paper describes the application of a new quartz crystal microbalance
(QCM) instrument with a microfluidic system for the rapid and real time detection of Salmonella
Typhimurim. The QCMA-1 bare gold sensor chip which contain two sensing array was modified by
covalently immobilising the monoclonal capture antibody on the active spot and a mouse IgG antibody on
the control spot using a conventional amine coupling chemistry (EDC-NHS). The binding of the Salmonella
cells onto the immobilised anti-Salmonella antibody alters the sensor frequency which was correlated to
cells concentration in the buffer samples. Salmonella cells were detected using direct, sandwich, and
sandwich assay with antibody conjugated gold-nanoparticles. The performance of the QCM immunosen-
sor developed with gold-nanoparticles gave the highest sensitivity with a limit of detection (LOD) ~10-20
colony forming unit (CFU) ml™! compared to direct and sandwich assay (1.83 x 102 CFUml™! and
1.01 x 10% CFU ml™?, respectively). The sensor showed good sensitivity and selectivity for Salmonella in
the presence of other bacteria in real food samples and helped in reducing the pre-enrichment step, hence,

demonstrating the potential of this technology for the rapid and sensitive microbial analysis.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Salmonella serotypes are among the most common bacteria
responsible for foodborne gastroenteritis and can be classified as
a potential microorganism for bioterrorism [1]. Approximately 76
million food-borne illnesses resulting in 5000 deaths have been
reported in the United States alone [2]. The World Health Organiza-
tion (WHO) reported that salmonellosis caused by Salmonella sp. is
the most frequently reported food-borne disease worldwide [3].
Therefore, the ability to rapidly detect and identify this pathogen is
extremely important to maintain public health safety and security.
The two most commonly found types of Salmonella are Salmonella
Typhimurium and Salmonella enteritidis [3]. As well as the problem
of food-borne illness, losses due to microbial spoilage and contam-
ination in food and agricultural products usually have a significant
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economical impact on the country producing these products. At
present many of the currently used methods of Salmonella detection
are time consuming and labour intensive. Hence, to avoid the sale of
contaminated foods, expensive inventories are held at the produc-
tion site while samples are tested which often takes more than
3 days. Since food products have short shelf life, they are released
before microbial results are available. Rapid detection of pathogens
and spoilage microorganisms in foods before distribution is there-
fore critical to ensure food safety and quality [4,5].

Various methods have been developed and are used for the
detection of Salmonella spp. Conventional culture methods used for
the detection of Salmonella involve blending of the food product in a
pre-enrichment media to increase the population of the target
organism, followed by plating onto selective or differential agar plates
to isolate pure cultures. These are then examined by phenotypic
analysis or metabolic markers. A major drawback is that these
methods are labour-intensive and also take 2-3 days for the results
to be known and up to 7-10 days for confirmation [6,7]. Enzyme-
linked immunosorbent assays (ELISA), although faster than the
conventional culture methods, still require sample enrichment before
analysis and also around 2 h to conduct the assay [8] and sensitivity
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~103-10* CFU ml™. Recently, methods based on nucleic acid probes
and polymerase chain reactions (PCR) have been reported. However,
the total time frame of the analysis can add up to several hours and
also requires trained personnel to conduct the assays [9]. Current
developments in biosensors for microbial detection and identification
have resulted in the availability of methods which are rapid, sensitive
and simple to perform [10]. These technologies come with unique
capabilities for real-time and on-site analysis which can provide
immediate interactive information regarding the sample being tested
and enable food facilities to take corrective measures before products
are released for consumption [11].

QCM biosensor systems are known as label-free technology
where the detection is conducted using direct binding without
the need of labelled reagents. However, sensitive detection of target
analytes is usually conducted using sandwich assay formats. QCM
immunosensors have been reported for rapid and specific detection
of different bacteria such as Salmonella paratyphi with a LOD of
1.7 x 102 CFUmI™! [12], Listeria monocytogenes with a LOD of
107 CFUmI™! [13], S. Typhimurium with a LOD 107 CFUml™! [14],
Escherichia coli with a LOD of 1.7x10°CFUmI™! [15], and
S. Typhimurium with a LOD of 102 CFU ml™' [16]. Antibody immo-
bilisation is important for the successful development of a QCM
immunosensor and various method of immobilisation have been
applied such as the use of silanised layer [17], polymer membrane
[18,19], Langmuir-Blodgett film [20], Protein A [14,17,18,21] and
self-assembled monolayer (SAM) [12,22,23]. The SAM technique is
one of the simplest methods which provide a reproducible, ultra-
thin and well-ordered layer suitable for antibodies immobilisation
and has the potential in improving detection sensitivity and
reproducibility of the sensor. Mass-amplified QCM assays were first
developed by Richards and Bach [24] and also Ward and Ebersole
[25] to further improve the detection sensitivity. In particular, gold
nanoparticles have been used as signal enhancement probes in a
wide application in the diagnostics arena. Su and Li [26] reported a
QCM immunosensor for direct detection of Salmonella using anti-
Salmonella-magnetic microbeads for sample concentration as well
as signal amplification which achieved an LOD of 10% CFU ml™".

This paper describes the development of an immunoassay for
S. Typhimurium using a QCM gold sensor and the application of
gold nanoparticles in enhancing the detection sensitivity of the
sensing system. A direct immunoassay format was first developed
where the capture antibody (mouse monoclonal antibody against
S. Typhimurium) was immobilised onto a thiol monolayer functio-
nalised gold electrode surface with N-hydroxysuccinimide (NHS)
ester as a reactive intermediate. The construction of S. Typhimurium
standards plot was then prepared using different concentration of
bacterial cells. Several formats of Salmonella binding assays were
constructed and the results evaluated and compared for assay
sensitivity. Immuno-gold nanoparticles were utilised as mass
amplifiers to improve the sensitivity of the QCM immunosensor
for the detection of Salmonella in food samples.

2. Experimental
2.1. Reagent

Mouse monoclonal antibody against S. Typhimurium was
purchased from Abcam Ltd, UK, thiotic acid (TCA), thiosalicylic
acid (TSA), thiodiglycolic acid (TDGA), thiodipropionic acid (TDPA),
3,3-dithiodipropionic acid (DTDPA), 11-mercaptoundecanoic acid
(11-MUDA), 16-mercaphexanoic acid (16-MUDA), phosphate buf-
fer saline tablet (PBS), potassium ferrocyanide (K4Fe(CN)s.3H,0)
and N-hydroxysuccinimide (NHS) were purchased from Sigma
Aldrich, UK. 1-(3-(dimethylamino) propyl)-3-ethylcarbodiimide
hydrochloride (EDC) was purchased from Pierze Ltd. UK. Buffered
peptone water, Salmonella chromogenic media, and Salmonella

chromogenic media supplement were purchased from Oxoid Ltd.,
UK. SDI RapidCheck SELECT Salmonella Primary and Secondary
Media were purchased from Strategic Diagnostics Inc., UK.
LOCATE®™ R-Biopharm ELISA Kit was purchased from R-Biopharm,
Germany. Sodium hydroxide (NaOH), Triton-X 100, glysine and
sodium dodecylsulphate (SDS) were purchased from Merck,
Germany.

2.2. Instrumentation

A fully automated QCMA-1 biosensor system utilizes the direct
detection capabilities of quartz crystal microbalance (QCM) tech-
nology and sensor chips were obtained from Sierra Sensors GmbH
(Hamburg, Germany). Au coated QCMA-1 sensor chips (20 MHz)
possess two sensing arrays each, enabling the measurement of
active and control sensor surfaces simultaneously. The operating
temperature of the assays was 25 °C and the flow rate of the buffer
was 80 ul min~! throughout the assay. The data presented in this
work are the averages of 3 data points for the assays described
unless otherwise stated.

2.3. Bacterial cultures and food samples

S. Typhimurium (Salmonella enterica subsp. enterica, ATCC®
53648) and E. coli, ATCC® 11229 were obtained from LGC
Promochem, Middlesex, UK. Klebsiella pneumonia, Enterobacteria
spp, Pseudomonas sp, Staphylococuss aureaus were donated by
Bedford Hospital NHS Trust (Bedford, UK). The strains were
maintained in 50% glycerol in nutrient broth at -20 °C. The pure
culture of bacterial strains was grown on nutrient agar plates at
37 °C for 24 h and then stored at 4 °C until used. Salmonella
chromogenic agar (SCA) was prepared by mixing 25 g of Salmo-
nella agar with 1 vial of Salmonella chromogenic supplement in
500 ml of sterile water and heated until boiling. The agar was then
poured into a sterile disposable plastic Petri dish at 40 °C under a
laminar flow. Nutrient broth medium and buffered peptone water
were prepared by mixing 13 g and 28 g, respectively, in 1 1 of water
and autoclaved for 15 min at 121 °C.

Phosphate buffered saline (PBS), comprising of 0.13 mM
NaH,PO,4, 0.5 mM Na,HPO4 and 0.51 mM NaCl, pH 7.4 was pre-
pared by dissolving five buffer tablets in 11 distilled-deionised
water. Acetic-Acetate buffer 0.2 M, pH 5.0 was prepared by mixing
70 ml of 0.2 M sodium acetate (27.2 g 1! and 30 ml of 0.2 M acetic
acid (1.15 ml of glacial acetic acid was made up to 100 ml of
deionised water).

Chicken meat samples were purchased from a local retailer
outlet in Milton Keynes, UK. The meat samples were immediately
place in sterile buffered peptone water and SDI (Strategic Diag-
nostics Inc, UK) primary media for pre-enrichment before use. Full
procedure is listed in Section 2.9.

2.4. Preparation of Salmonella cells

S. enterica subsp. enterica serovar Typhimurium ATCC 53648
was used as a standard reference for Salmonella detection. The
S. Typhimurium inoculum was prepared by sub-culturing from an
overnight culture plate into nutrient broth (10 ml) in a 25 ml
universal bottle. The culture medium was shaken continuously at
100 rpm, 37 °C in an incubator shaker (24 h). The culture (10 ml)
was used to inoculate a second Duran bottle containing 100 ml
nutrient broth and incubated for 24 h at 37 °C. Cell harvesting
was then carried out using centrifugation (Hettich Rotina 38,
Germany) at 3000 rpm, 30 min. at room temperature. The cells
were washed three times with phosphate buffer saline (PBS) and
than suspended in PBS to the required dilution. Optical density of
the harvested cells was measured at 600nm (UV/VIS
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spectrophotometer, Perkin-Elmer Lambda 20, GenTech Scientific,
Inc. USA) and appropriate 10 fold serial dilutions were of the
Salmonella suspension in saline (0.85%). A 0.1 ml of each dilution
was spread plated onto Chromogenic Agar plate and the plates
were incubated overnight at 37 °C for 24 h. Colony forming unites
(CFU) on the agar plates were then counted as CFU ml™'. The
numbers of cell in each dilution was used when plotting the
Salmonella standard curve for QCM immunosensor.

2.5. Gold sensor chip modification

The bare gold sensor chip (QCMA-1) was pre-treated with plasma
etching with 50 W power, 1 min exposure with continuous Nitrogen
flow. The cleaned chip was submerged immediately after plasma
treatment into 5 mM solution of a thiol or sulfide compound prepared
in absolute ethanol and allowed to stand for 24 h. Various thiol
solutions were used such as 16-Mercaptohexadecanoic acid (16-
MUDA), 11-Mercaptoundecanoic acid (11-MUDA), Thioctic acid
(TCA), Thiosalicylic acid (TSA), Thiodiglycolic acid (TDGA), Thiodipro-
pionic acid (TDPA) and 3, 3-dithiodipropionic acid (DTDPA). All thiol
solutions were prepared in ethanol at 5 mM solution. The gold chips
were then rinsed with ethanol and then water and dried under
nitrogen gas. The sensors were stored at 4 °C till use.

The SAM coated sensor chips were characterized by cyclic
voltametry analysis with 5mM of potassium ferrocyanate in
0.1 M KCL. This experiment was conducted to verify the deposition
of thiol monolayer on the gold surface. Scan for potassium
ferrocyanide was set to 5 cycles from 0 to 0.5V relative to Ag/
AgCl reference electrode. Stock solutions of 50 mM potassium
ferrocyanide were prepared in 0.1 M KCl. Measurements were
performed using the Autolab Type II (Eco Chemie, The Nether-
lands) with General Purpose Electrochemical System (GPES)
4.7 software.

For the assay the sensor chip was docked to the QCMA-1
instrument and primed with running buffer (10 mM PBS, pH 7.4)
at a flow rate of 80 ul min~!. Monoclonal anti-Salmonella antibo-
dies (capture antibody) and mouse IgG antibody (control anti-
body) were then immobilised on the sample and control sensing
arrays, respectively, using conventional amine coupling chemistry.
Sensor surfaces were first activated with 1:1 mixture of 400 mM
EDC and 100 mM NHS by injecting simultaneously across the two
sensing spots for 3 min (240 ul). A 50-200 ugml™! of mouse
monoclonal antibody (in sodium acetate buffer, 100 mM, pH 5.0)
was injected on the active sensor array for 3 min (240 pl). For the
control spot array (background signal) a 50-200 pg ml™! mouse
IgG antibody (in sodium acetate buffer, 100 mM, pH 5.0) was
injected on the control sensor array for 3 min (240 ul). Non-
reacted NHS esters were then capped with 1 M ethanolamine,
pH 8.5 for 3 min (240 pl total volume) with further sensor surface
blocking carried out by injecting 200 pg ml~'BSA solution in buffer
(240 ul) on both active and control sensor spots.

2.6. Optimisation of Salmonella detection

Three different assays formats were constructed and these
include direct assay, sandwich assay and sandwich assay with
antibody functionalised nanoparticles. The direct detection was
conducted by the injection of Salmonella cells after the immobi-
lisation of monoclonal antibody on the gold surface via the thiol
monolayer. Different concentrations of the Salmonella suspension
were prepared in PBS (0, 10, 25, 50, 10%, 103, 10%, 10°, 10° and
107 CFU ml™"). Cell suspensions were then injected over Salmonella
capture antibody and mouse IgG functionalised sensor surfaces for
3 min to allow binding interactions (240 pl). The frequency
changes due to the Salmonella cells binding were recorded at
180 s after the injection started. After the binding of Salmonella

either the surface was regenerated by injection of 100 mM HCI
(1 min, with 80 ul) or the assay was continued to perform a
sandwich assay.

Sandwich assay was conducted after the binding of the cells to
the sensor surface, 250 pg ml™!, Salmonella detection antibody or
Salmonella detection antibody modified Au nanoparticles (rabbit
polyclonal antibody) were injected on the sensor surface for 3 min
(240 pl). After 3 min dissociation period under running buffer flow,
the sensor surface was regenerated by injection of 100 mM HCI
(1 min, 80 pl). The limit of detection (LOD) was calculated as the
signal obtained from the Salmonella concentration that is equiva-
lent to the 3 times the standard deviation of the signals obtained
from the blank spot array. All assays were repeated in triplicates
and experiments repeated using 2 different sensors.

2.7. Modification of Au nanoparticles with anti-Salmonella
detection antibody

The antibody- colloid gold conjugate was prepared according to
the procedure described by Zhao-Peng et al. [27] and reported in
our previous publication [28,29]. Anti-Salmonella polyclonal anti-
body was conjugated to 40 nm Au nanoparticles and used in
the assay.

2.8. Specificity of the assay to S. Typhimurium

Gram negative (Enterobacteria spp, Pseudomonas spp and K.
pneumonia) and gram's positive (Staphylococcus aureus) bacteria
were used to examine the specificity of the immunosensor assay. A
procedure similar to the sandwich assay with nanoparticles was
followed. A 240 pl of cell suspension of the different bacteria
(1.0 x 10* CFU ml™!) was injected on the sensor surface and was
regenerated with 80 ul of 100 mM HCI after injection of each
bacteria suspension.

2.9. Comparative study

A set of fresh chicken samples (25¢g) non-inoculated
and inoculated with S. Typhimurium (10° CFUmI™), E. coli
(10° CFU ml™!), mixed S. Typhimurium and E. coli (10° CFU ml™!)
were placed in sterile stomacher bag. A 225 ml of pre-warmed
(42 °C+ 0.5 °C) supplemented RapidCheck SELECT Primary media
(Strategic Diagnostics Inc., SDI, UK) was added to the each
stomacher bag containing the chicken samples. The samples bags
were then placed into a stomacher device and were stomached for
30 s. The bags were then closed loosely and incubated for 16 h at
42 °C+ 0.5 °C. After the incubation, 0.1 ml of the pre-enriched
samples were transferred to a tube containing 1.0 ml of Rapid-
Check SELECT secondary media (Strategic Diagnostics Inc SDI, UK)
and incubated for another 6 h.

Another similar set of samples were enriched with buffer
peptone water and were incubated for 16 h at 37 °C + 0.5 °C. After
the incubation, 0.1 ml of pre-enrichment samples were transferred
into selective enrichment broth Rappaport Vasiliadis (RV) (1.0 ml)
and was incubated for another 6 h. Aliquots from the broth were
then removed and used for testing as listed below.

2.9.1. Chromogenic Agar method

A 10 pl of the liquid samples prepared as above were inoculated
on the Salmonella chromogenic agar plates using inoculation loop
and incubated for 24 h at 37 °C. Purple colonies grown on the agar
plates were then counted (CFUs), indicating the presence of
Salmonella in the samples.
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2.9.2. ELISA kit

LOCATE® SALMONELLA R-Biopharm ELISA kit (R-Biopharm
Rhone LTD, UK) procedure was used in this comparative studies.
The preparation of the chicken samples was as reported above.
The liquid samples were then heat killed at 80 °C for 30 min in a
water bath as recommended by the procedure supplied with the
kit. A 100 ul of each sample were then pipetted into the ELISA
microtitre well and incubated for 30 min at room temperature.
S. Typhimurium pure culture was prepared by serial dilution (0 to
10'° CFU mI™! in PBS) and used as standards. The absorbance was
measured at 450 nm using BMG Flurostar galaxy ELISA plate
reader (Aylesbury, UK). The standard plot of S. Typhimurium
absorbance versus CFUml™' was conducted and the unknown
Salmonella cells detected in the samples were then calculated from
the standard plot.

2.9.3. QCM immunosensor

The preparation of the chicken samples was conducted as
reported for the ELISA kit above (Heat Killed at 80°C for
30 min). A sandwich assay with nanoparticles similar to that
reported previously was followed. A 240 ul of samples were
injected on the antibody functionalised sensor surfaces. Sensor
was then regenerated with 80 pul of 100 mM HCI after injection of
each sample.

3. Results and discussions
3.1. Characterisation and optimization of the sensor signal

Bare gold QCMA-1 sensor chips were used in this work as the
sensor platform. The modification of the chip using different
length of thiol molecules to form a self- assembled monolayer
(SAM) was carried out and the layer formed on the surface of the
sensor characterised using cyclic voltammetry with potassium
ferrocyanide. The strong orientation of the thiol monolayer is
based on Au-thiolate bond forming with the gold surface of the
sensor chip with the tail carboxyl group exposed at the
monolayer-air or monolayer-liquid interface [30]. Fig. 1, shows
the cyclic voltammogram of the bare gold chip before and after
deposition of different thiol compounds. The bare Au electrode
gave a reversible cyclic voltammogram (curve a), indicating a clean
gold surface, which allow the ferrocyanide ions to interact with
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Fig. 1. Cyclic voltametry analysis of the QCMA-1 sensor chip before and after
deposition of 5 mM thiol solutions; (a) bare gold (b) 3,3-dithiodipropionic acid
(DTDPA) (c) Thiodipropionic acid (TDPA) (d) Thiosalicylic acid (TSA) (e) Thioctic
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acid (16-MUA), prepared in ethanol. Scan rate was set at 50 mV s™', potential scan
was set at 0-0.5 V, with 5 mM potassium ferrocyanide prepared in 0.1 M KCI.
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the electrode surface. The formation of the MUDA-monolayer
(curve fand g) on the gold electrode resulted in a highly insulating
surface which blocked almost all the faradic currents. However,
the modified gold electrode with the short-chain thiols, TCA, TSA,
TDGA, TDPA and DTDPA (curve b, c, d, e), showed less insulation
which can indicate less coverage of the surface. Therefore, 16-
MUDA and 11-MUDA coated chips can be used for the antibody
immobilisation. In this work 11-MUDA coated chips were selected
as the thiol surface for further assay developments. After deposi-
tion of thiol (11-MUDA) on the gold surface, the sensor chip was
docked in the QCMA-1 instrument and primed with running
buffer to wet the surface of the sensor with continues buffer flow
(80 pl min™"). Anti-Salmonella capture monoclonal antibody and
mouse IgG were then immobilised on the active sensor array and
the control sensor array, respectively, using conventional EDC-NHS
chemistry [31].

3.2. Optimisation of antibody immobilization

Efficient antibody immobilisation is important for enabling
sensitive antigen detection hence different concentrations were
examined to optimise the assay. Four different antibody concen-
trations were immobilised (50 pg ml™! to 200 ug ml™!) prepared in
acetate/acetic acid buffer, pH 5.0, 0.1 M with EDC-NHS using
11-MUDA functionalised sensor chips with 3 min injection time.
Fig. 2, show the frequency changes achieved with increasing the
antibody concentration. From theses sensorgrams, antibody con-
centration of 200 ug ml™! gave the maximum response change
(750 Hz) and therefore, this concentration was chosen for all
Salmonella binding assay. No higher concentration of antibody
was tested in order to minimise the cost of the assay.

3.3. Optimization of Salmonella binding assay

Three format of Salmonella binding assay were tested in order
to achieve the optimal detection limit for the sensor. The initial
format was a direct binding assay where the Salmonella cells were

injected on the antibody immobilised surface. Fig. 3(A), shows the
frequency change response with the increasing concentration of
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the Salmonella cell. A linear relationship between —df (Hz) (active
signal after subtracting the background signal) and Salmonella
concentration was found in the range of 50CFUmI™! to
10% CFU ml™! with a correlation coefficient of 0.97. The limit of
detection (LOD) was determined at~2 x 10 CFU ml™'. The time of
the assay for each Salmonella concentration was about 5 min. In
the sandwich assay format (Fig. 3B) the frequency signal changed
linearly when increased the Salmonella cells. A linear relationship
between -dF (active signal after subtracting the background
signal) and Salmonella concentration was found in the range of
25 CFU ml™! to 107 CFU ml™! with a correlation coefficient of 0.95.
The time of the assay for each Salmonella concentration was
around 9 min. The limit of detection (LOD) was determined
at~1.01 x 10 CFU ml™ ..

To enhance the sensitivity of the QCMA-1 immunosensor device,
the application of gold nanoparticles conjugated with anti- Salmo-
nella detection antibody was constructed. Gold nanoparticle antibody
conjugate was used as the detection layer after the injection of
Salmonella cell. An optimum detection antibody concentration used
for the immobilisation on 1 ml gold nanoparticles was found to be
100 pg ml™! (optimisation data not shown). Fig. 4, show the fre-
quency changes were enhanced more significantly at lower Salmo-
nella concentration when using the gold nanoparticle detection
antibody conjugate in the sandwich assay format. The performance
of this format gave the highest sensitivity with a limit of detection
(LOD) down to 10-20 CFU ml™! as compared to direct and sandwich
assay format without the application of gold nanoparticles. The
application of nanoparticle-antibody conjugate also did not show
nonspecific binding on the electrode surface under the absence of
target bacteria (no change to the signal for the control background).
This sensor performance showed a significant potential in reducing
detection limit (LOD) of S. Typhimurium as compared to the
previously reported results with the conventional QCM systems for
bacteria detection (102-107 CFU mlI™") (Table 1).

Bio-functional nanoparticles also have been successfully
employed as mass amplifiers [39] in a QCM DNA sensor for the
detection of E. coli 0157:H7 which reduced the detection limit
from 10° CFUmI™! to 2.7 x 10> CFUmI™! after the amplification
with streptavidin conjugated nanoparticles [40,41].
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Previously reported QCM immunosensors and detection limits achieve for selected pathogenic bacteria.

Bacteria Limit of detection (LOD) (CFU ml™?) Matrix Time per assay (min) Reference
S. Typhimurium 10-20 PBS 12 This finding
S. Typhimurium 102 BHY broth/chicken meat solution 60 [16]
S. paratyphi 1.7 x 10? PBS 50 [12]
M. tuberculosis 2.0 x 102 Sputum 30 [32]
S. Typhimurium 10° Chicken exudates Not stated [33]
S. Typhimurium 10° PBS 30 [34]
E. coli 103 BHY broth 30-50 [26]
Salmonella spp. 10* PBS 10 [19]
S. enteritidis 10° Saline solution 35 [35]
E. coli 1.7 x 10° Food samples 20-30 [34]
E. tularensis 5x 106 PBS 35 [36]
S. Typhimurium 107 Not stated 40 [37]
P. aeruginosa 1.3 x 107 Nutrient broth 20 [38]
L. monocytogenes 107 Tris buffer 30 [13]
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Fig. 5. Frequency response profile for Salmonella binding compared with other
bacteria tested using the sandwich assay with gold nanoparticles labelled antibody.
The concentration of all bacteria tested was 10* CFU ml™".

3.4. Cross-reactivity of the immunosensor with other bacteria

Cross-reactivity describes the specificity of the antibody applied
in the assay and is an important analytical parameter regarding
specificity and reliability of immunosensor devices [42]. The speci-
ficity of the immunosensor developed in this work was investigated
in relation to other bacteria such as gram's negative (Enterobacteria
spp., K. pneumonia and Pseudomonas sp.) and gram's positive
(S. aureus) as the most common bacterial contaminants in food
samples [43]. The above bacteria were used to replace S. Typhimur-
ium cells in the assay and used at 10* CFU ml™". The results show
that the detection of S. Typhimurium at 10 CFU ml™! could be
distinguished from the other bacteria used at the same concentra-
tion (Fig. 5). Cross-reactivity only occurs with Enterobacteria spp.

S.typhimurium E.coli Mixed Non inoculated  Negative

samples control

Fig. 6. Response and selectivity of the QCMA-1 immunosensor with chicken
samples inoculated with S. Typhimurium (10° CFUml™"), E. coli (10° CFUml™")
and mixed culture of S. Typhimurium and E. coli (10° CFU ml™") after 16 h incubated
in primary SDI media and buffer peptone media and 4 h incubation in secondary
SDI media and RV media (a) QCMA-1 immunosensor (b) ELISA kit.

and K. pneumonia which show slightly higher about 9.8 and 8.2%,
respectively. While the other bacteria which were tested show
negligible interference. The specificity of this immunosensor system
using other Salmonella species has not been conducted due to
problems acquiring infectious microorganisms.

3.5. Food samples analysis

The presence of pathogenic bacteria in foods needs to be
detected at low level [44,45] and pre-cooked chicken is an
important meat to be examined to test the performance of the
QCMA-1 immunosensor. Fig. 6, show the results obtained when
meat samples experimentally contaminated with S. Typhimurium
(10°CFUmI™"), E. coli (10°CFUmI™') and mixed culture of
S. Typhimurium and E. coli (10° CFUmI!) were analysed and
compared with un-inoculated samples in two different enrich-
ment media. The low LOD achieved in the QCMA-1 immunosensor
is clearly distinguishing S. Typhimurium from samples inoculated
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with E. coli and mixed culture which indicate the selectivity of the
sensor and these were better results when compared with the
commercial ELISA kit. This sensor show very low response as
the cross-reactivity with sample inoculated with E. coli. The use of
the SDI (Strategic Diagnostics Inc) Salmonella enrichment media
also could eliminate growth of other bacteria including E. coli in
the samples and promote the growth of Salmonella which is highly
beneficial in reducing the background response. This effect was
also confirmed when using the chromogenic agar media, which
show lower E. coli on the plates (data not shown).

From the figures in the paper the sensors were found to be
reproducible and stable during a 24 h use, but further investiga-
tions will need to be conducted to confirm these findings.

4. Conclusion

A QCMA-1 immunosensor with nanoparticle amplification was
successfully developed for rapid, sensitive and specific detection of
S. Typhimurium. The detection limit was as low as 10-20 CFU ml™!
of Salmonella cells and the detection time was within 12 min for
each sample. This study proved that nanoparticle-antibody con-
jugates could be employed to effectively improve the sensitivity of
QCM immunosensors for bacteria detection. Compared to the
direct detection method, the nanoparticle amplification method
improved the QCM immunosensor response for Salmonella detec-
tion. The selectivity of the QCMA-1 immunosensor was also
demonstrated by distinguishing S. Typhimurium in the mixed
culture.
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