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Abstract: The prevalence of foodborne diseases is continuously increasing, causing numerous hos-
pitalizations and deaths, as well as money loss in the agri-food sector and food supply chain world-
wide. The standard analyses currently used for bacteria detection have significant limitations with
the most important being their long procedural time that can be crucial for foodborne outbreaks. In
this study, we developed a biosensor system able to perform robust and accurate detection of Sal-
monella spp. in meat products after a 3-min analysis. To achieve this, we used a portable device
developed by EMBIO Diagnostics called B.EL.D (Bio Electric Diagnostics) and a cell-based biosensor
technology (BERA). Results indicated that the new method could detect the pathogen within 24 h
after a 3-min analysis and discriminate samples with and without Salmonella with high accuracy
(86.1%). The method’s sensitivity, specificity, and positive and negative predictive values ranged
from 80 to 90.5%, while the limit of detection was determined to be as low as 10 CFU g in all food
substrates.

Keywords: Salmonella; cell-based biosensor; bioelectric recognition assay; membrane-engineering;
food; meat; meat products

1. Introduction

Salmonellosis, caused by Salmonella bacteria, is a major global public health issue
with around 93.8 million cases of gastroenteritis and approximately 155,000 deaths annu-
ally [1]. There are currently about 2500 distinct serotypes or serovars among Salmonella
bongori and Salmonella enterica, the two species of Salmonella. Salmonella enterica ser. En-
teritidis and Salmonella enterica ser. Typhimurium are two of the most significant Salmo-
nella serotypes that are transmitted from animals to humans, with Enteritidis being the
most frequently reported serovar in human salmonellosis cases in the EU and the United
States, and Typhimurium being the most prevalent and disseminated serovar globally
[2,3].

Salmonella can survive in various environments and adapt to different conditions,
making it a common contaminant in food. It can cause illness when people consume con-
taminated raw or undercooked food or when food handlers have inadequate cleanliness
during preparation [4]. Salmonella can also be transmitted to humans through contact with
contaminated pets. Foods that commonly cause salmonellosis include raw or under-
cooked eggs, unpasteurized dairy products, fruits and vegetables, and red meat, poultry,
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and shellfish [5]. Although measures have been developed to control its incidence, salmo-
nellosis infections still occur and can lead to hospitalizations and deaths [6].

The infectious dose of Salmonella can vary based on various factors, and it is usually
low, less than 1000 cells [7]. Therefore, there is a need for pathogen detection and proper
control, and new methodologies, such as biosensing techniques, are being developed for
this purpose. However, current detection techniques have several drawbacks. Biosensors,
such as piezoelectric, optical, and electrochemical biosensors, have been developed to de-
tect Salmonella in food, but very few studies have been done utilizing cell-based biosensors
for this purpose [8-10].

The study aimed to develop and validate a biosensor system for the detection of Sal-
monella spp. in food using a cell-based biosensor technology and a portable device called
B.EL.D. The system was tested on cured meat samples and frozen ready-to-eat meat and
meat products. The study also evaluated seven protocols with different broths and incu-
bation times to detect and discriminate the pathogen among other bacteria, using the ISO
6579-7: 2017 standard as the gold standard method to validate the results [11].

2. Materials and Methods
2.1. Collection of Samples and Experimental Design

A total of hundred samples (n = 100) of cured meat and frozen ready-to-eat meat and
meat preparations were collected from a local meat processing company. The study was
conducted in two phases (Phase 1 and Phase 2). To assess the biosensor’s ability to detect
the pathogen in these food substrates, fifty samples (n = 50) were evaluated in Phase 1
using three alternative protocols (Protocols 1-3) developed based on the ISO 6579-7:2017
methodology [11]. Phase 2 of the project then involved the evaluation of four distinct
methods (Protocols 4-7). The ISO 6579-7:2017 methodology served as the foundation for
these protocols as well, although the incubation times were greatly shortened to test the
biosensor’s ability to detect the pathogen within 30 h or less (Table 1).

From each sample (n = 100), four different samples were prepared for testing. Three
were inoculated with Salmonella spp. at 0.6, 1, and 2 log CFU g (see Section 2.2) and were
utilized as positive samples, and one was left uninoculated to be used as the negative
sample [control]. Pathogen’s absence in the control samples was confirmed through anal-
ysis according to the ISO 6579-7:2017 method (Microbiology of the food chain —Horizon-
tal method for the detection, enumeration and serotyping of Salmonella). In the case of
presumptive Salmonella spp. colonies in control samples, pathogen’s presence was further
investigated through biochemical tests using API20E.

Table 1. Protocols studied during Phase 1 and 2 for the development and evaluation of the newly
developed biosensor system.

Phase Protocol Procedure Total
Broths/Incubation Time Incubation
Phase 1 1 BPW 24h —» RVS 24 h 48 h
2 BPW 24h ¥ MKTTn 24 h 48 h
3 BPW 24h  » RVS 6h —»M broth 24h 54 h
Phase 2 4 BPW 24 h 24 h
5 BPW 6h » RVS 24h 30h
6 BPW 6h » RVS 18 h 24 h
7 BPW 6h 7 MKTTn 18 h 24 h
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2.2. Bacteria Culturing and Sample Inoculation

Salmonella enterica subsp. enterica serovar Enteritidis WDCM 00030 and Salmonella
enterica subsp. enterica serovar Typhimurium WDCM 00031 were used throughout this
study. Ahead of any experimental analysis, Salmonella spp. cultures were grown over-
night at 37 °C and serially diluted. The samples were then inoculated by placing 25 g of
each food substrate in sterile stomacher bags and spraying the bags with the correct path-
ogen dilution to reach the desired inoculation level (0.6, 1, and 2 log CFU g-1). The follow-
ing sample treatment was carried out accordingly to the respective protocols (Table 1).

2.3. Bioensor Development and Analysis of the Samples

Cell culture was conducted according to Apostolou et al. [9] utilizing African green
monkey kidney epithelial cells (Vero cells). Briefly, cells were cultured with a medium
comprising Dulbecco’s medium with 10% fetal bovine serum (FBS), 10% streptomy-
cin/penicillin, and 10% L-glutamine and l-alanine and incubated at 5% CO: and 37 °C.
Vero cells were detached from the culture dishes using Trypsin/EDTA (10 min at 37 °C)
and collected by centrifugation (6 min/1000 rpm/25 °C), to a final density of 2.5 x 106 mL".
The cell pellet was resuspended in 400 pL PBS containing 5 pg mL-! antibody (monoclonal
mouse anti-Salmonella spp. (A, B, C, D & E Groups) from antibodies-online) and incu-
bated on ice for 20 min. Then, the cell-antibody mixture was transferred to electroporation
cuvettes (Eppendorf Eporator, Hamburg, Germany) (4 mm) and electroporation was per-
formed by applying two square electric field pulses at 1800 V/cm. The mixture was then
transferred to a Petri dish (60 x 15 mm) containing nutrient medium and incubated over-
night at 37 °C and 5% CO:. The next day, the medium was discarded from the Petri dish
and the membrane-engineered cells were mechanically detached and collected with a
fresh medium in Eppendorf tubes [12].

EMBIO DIAGNOSTICS develops and produces the B.EL.D device utilized for the
method’s development and the novel biosensor system’s validation (EMBIO DIAGNOS-
TICS Ltd., Cyprus). The tool monitors electric signals from various biorecognition mod-
ules and is a portable multichannel potentiometer with a replaceable connector consisting
of eight screen-printed electrodes. The Bioelectric Recognition Assay (BERA), a powerful
cell-based biosensor technology, acts as the device’s foundation and high-accuracy A/D
converters are employed for measurements, providing high throughput and speedy anal-
ysis. Finally, the device connects with an Android or iOS device through Bluetooth 4.0,
allowing the end-user to get prompt notification of the test findings. The samples were
analysed as previously described by Hadjilouka et al. [10]. In a nutshell, 20 pL of the mem-
brane-engineered cells (~5 x 10* cells) were added on each of the eight screen-printed elec-
trodes and after 120 s, 20 uL of each sample were added on top of the membrane-engi-
neered cells. Every measurement lasted three minutes, and data were sent to a cloud
server, where they were used to instantaneously calculate results using a newly created
algorithm and display them on the Android/iOS screen. A total of two thousand (n =2000)
tests were conducted for all hundred samples (5 tests per sample) and during each test,
the samples underwent eight separate analyses due to the utilization of the set of eight
different sensors (Figure 1).

2.4. Algorithm for Response Processing and Statistical Analysis

For each sample, each test produced a time series with 720 voltage detection data
points. Data analysis was carried out according to Hadjilouka et al. [12] using libraries in
the python programming language. Following an analysis of the data from the positive
and negative samples, a one-way analysis of variances (ANOVA) was performed to iden-
tify statistical differences. The thresholds that separate positive from negative samples
were then defined, along with the limit of detection (LOD). After producing data-stored
result arrays for positive and negative samples the system was eventually able to instantly
classify the samples as being “above” or “below” the LOD, after each test.
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Figure 1. Development of Salmonella spp. biosensor system.
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After comparing the results obtained by the biosensor with the conventional tech-
niques, performance indicators for the novel approach were calculated. These indicators
were: Accuracy (Acc), Sensitivity (Se), Specificity (Sp), Positive Predictive Value (PPV),
and Negative Predictive Value (NPV).

3. Results and Discussion

Table 2 summarizes the findings of the outcomes from all seven protocols. The inves-
tigation was conducted in two phases (Phase 1 and Phase 2), and the samples that were
analyzed included cured meat samples, frozen ready-to-eat meat, and meat preparations.
In Phase 1, the biosensor’s capacity to identify Salmonella spp. was investigated following
three different protocols and in Phase 2, four alternative procedures were examined to
determine whether the biosensor could identify the pathogen within 30 h or less.

Table 2. Performance indices of the seven studied protocols.

Performance Phase 1 Phase 2

Indices Protocol 2 Protocol 3 | Protocol 4 Protocol 5 Protocol 6 Protocol 7
MKTTn48h Mbroth54 | BPW24h RVS30h MKTTn 24 RVS24h

h h

Accuracy 97.7% 83.8% 90% 78.5% 88.8% 78% 86.1%

Se. 100% 66.6% 100% 50% 89.6% 84.7% 85.7%

Sp. 97% 88% 87.5% 87.5% 87.5% 60.7% 86.3%

PPV 90.9% 57.1% 66.6% 55.5% 92.8% 84.7% 80%

NPV 100% 91.6% 100% 34.8% 82.3% 60.7% 90.5%

Phase 1:

Results indicated that the biosensor could accurately discriminate between samples
with and without Salmonella spp., with a limit of detection (LOD) of 0.6 log CFU g~ and
high accuracies ranging from 83.8% to 97.7%. Incubating samples with different enrich-
ment broths increased the population of Salmonella to high levels (25 log CFU g). This
increase in population enhanced the biosensor’s ability to detect positive samples even
when the initial inoculation level was very low (0.6 log CFU g™) (Figure 2). This ability
was observed in all three protocols and showed a statistically significant discrimination
power. Protocol 1, however, was found to have the best discrimination ability with the
highest accuracy of 97.7%. These results suggested that the newly developed biosensor-
based method could detect Salmonella spp. in meat and meat products.

Phase 2

Tests conducted using all four protocols showed that the biosensor could discrimi-
nate between samples with and without Salmonella spp. in less than 30 h, but with lower
accuracies compared to Phase 1, ranging between 73.3% and 86.1%. Reducing the incuba-
tion time resulted in lower levels of Salmonella’s final population (3.5-4 log CFU g in-
crease), leading to reduced accuracy in the biosensor’s ability to discriminate positive from
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negative samples compared to the first phase of experiments, especially when the initial
inoculation level was very low (0.6 log CFU g™). Consequently, the limit of detection
(LOD) of the method increased to 1 log CFU g-1. Protocol 4 was unable to produce reliable
results regarding the pathogen’s absence/presence. Protocols 5 and 7 were found to have
the best discrimination power among the four protocols, with an accuracy of 88.8 and
86.1%, respectively. However, since Protocol 7 has the shortest incubation period (24 h), it
was selected as the most appropriate for the detection of Salmonella spp. in meat and meat
samples using the newly biosensor system.
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Figure 2. Phase 1: Biosensor response in protocol 1(a), protocol 2 (b), and protocol 3 (c) in samples
without Salmonella spp. (0 log CFU g™) and with Salmonella spp. at 0.6, 1, and 2 log CFU g™ (initial
inoculation level). The error bars represent the standard errors of the mean value of all replications.
The columns marked with different letters indicate that the response was significantly (p < 0.05)
different from the respective one obtained from control samples.
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Figure 3. Phase 2: Biosensor response in protocol 4(a), protocol 5 (b), and protocol 6 (c), and protocol
7 (d) in samples without Salmonella spp. (0 log CFU g™) and with Salmonella spp. at 0.6, 1, and 2 log
CFU g! (initial inoculation level). The error bars represent the standard errors of the mean value of
all replications. The columns marked with different letters indicate that the response was signifi-
cantly (p <0.05) different from the respective one obtained from control samples.

Four different enrichment and pre-enrichment broths (RVS, MKTTn, M broth, and
BPW) were employed for the seven procedures, with various combinations and incuba-
tion times for each stage of the process (Table 1). The use of BPW is appropriate for the
initial, non-selective enrichment of bacteria, particularly pathogenic Enterobacteria, and for
this reason it was utilized in all protocols [13]. Both RVS and MKTTn are selective enrich-
ment broths used for the isolation of Salmonella spp. and they are both suggested by the
ISO 6579-7: 2017 method for the detection of the pathogen [14,15]. M broth is an enrich-
ment broth that can be used to grow a range of microorganisms, including Salmonella spp.,
however it is less sensitive than RVS or MKTTn [16].

Results obtained from all seven protocols indicated that the reduction of incubation
time resulted in lower accuracy and performance characteristics of the method. More spe-
cifically, when the total incubation time was shortened from 48 h to 30 h and 24 h, respec-
tively, the method’s accuracy fell from 97.7% to 88.6% and 86.1% in the tests where RVS
was the primary enrichment broth (Protocols 1, 5, and 7). Similarly, the accuracy de-
creased from 83.8% to 78% when the total incubation period was shortened from 48 h to
24 h in the assays where MKTTn was the primary enrichment broth (Protocols 2 and 6).
This was attributed to the fact that the augmented incubation periods resulted in higher
final population levels of the pathogen, thus enhancing the response of the biosensor after
the reaction between antibody and antigen. Overall, the RVS broth-based protocols had
higher discrimination power than the MKTTn broth-based protocols.

Regarding Protocols 3 and 4, with the longest and shortest incubation periods, re-
spectively, they were considered inappropriate for the newly developed method, for dif-
ferent reasons. Protocol 3 indicated high accuracy (90%) and performance characteristics.
Nevertheless, due to its lengthy procedure time it was appropriate for a rapid method.
Contrary to this, Protocol 4 was found unsuitable since it was unable to successfully dis-
tinguish between positive and negative samples, even when the bacterium was initially
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present at high population levels (2 log CFU g1). The protocol’s lack of ability to properly
discriminate Salmonella was due to the use of BPW as the only employed broth, since it is
a non-selective enrichment broth that encourages the growth of various microorganisms.
As a result, the growth of other bacteria in the sample, likely in significantly larger num-
bers, was not inhibited. Additionally, the results showed that there was no significant dif-
ference in the potential dynamic measured in samples tested with and without the path-
ogen (at initial inoculation levels of 0.6 and 1 log CFU g1) in this protocol. This similarity
was observed because the potential dynamic measured in the samples was not only influ-
enced by the reaction between the antibody and antigen but also by the non-homeostatic
membrane potential of microorganisms, which is essential for their behavior and survival.
Although a statistically significant decrease in potential dynamic was observed when the
initial pathogen inoculation level was at 2 log CFU g, the method was still not entirely
reliable in distinguishing between samples. Finally, it should be mentioned that the new
method was unable to differentiate negative from positive results without the addition of
the biosensor, indicating the importance of the reaction between the antibody and the an-
tigen in the newly developed system.

4. Conclusions

The study demonstrated the effectiveness of a portable cell-based biosensor system
in detecting Salmonella enterica ser. Enteritidis and Salmonella enterica ser. Typhimurium in
meat and meat products. The technique was designed based on the ISO 6579-7:2017 stand-
ard and provides results within 3 min after a 24-h enrichment step. The biosensor system
is combined with user-friendly software that interfaces with an Android/iOS device
through Bluetooth 4.0, allowing for immediate access to test results. The biosensor tech-
nology showed an accuracy of 86.1% and a limit of detection of 1 log CFU g-!, making it a
useful screening tool for the rapid detection of Salmonella spp. in meat and meat products.
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