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Abstract: Traditional methods of detecting foodborne pathogens take several days to produce
the required results. Furthermore, various molecular techniques (e.g., PCR) that also produce
reliable results in the detection of pathogenic bacteria have been introduced, but the cost-time ratio
required does not allow them to be considered a substantial solution to this specific problem. Three-
dimensional (3D) printing technology provides the ability to design and manufacture microfluidic
analytical devices using conventional 3D printers, which, in combination with colorimetric loop-
mediated isothermal amplification (LAMP), may further simplify the process. The overall reduction in
time and cost may provide the opportunity to upscale this diagnostic modality. Moreover, unlike most
microfluidic analytical devices, this technique is simpler and more user-friendly, as it does not require
any expertise or additional equipment apart from a conventional oven. A 3D-printed microfluidic
analytical device in combination with LAMP was developed and tested for the simultaneous detection
of foodborne pathogens in food samples. A total of 150 commercial food specimens (50 milk,
50 chicken, 50 lettuce samples) were analyzed for possible contamination with Salmonella typhimurium,
Listeria monocytogenes and Escherichia coli. The 3D-printed microfluidic device was 100% precise for
both negative (80 samples) and positive samples (7 samples were positive for S. typhimurium, 28 for L.
monocytogenes, and 35 for E. coli) for all pathogens. Overall, the amount of data analyzed led to a high
level of confidence in the precision of this device. As such, this new 3D device in combination with
LAMP provides a precise detection method for food pathogens with a low detection limit.

Keywords: microfluidic device; LAMP; 3D printing; food pathogens

1. Introduction

Foodborne diseases remain a current issue with consequences for public health but also
the economy. They are brought on by consuming tainted food or drink. The great majority
of the estimated more than 250 different foodborne diseases are bacterial infections [1].
Reports from the EFSA (European Food Safety Authority) indicate that Salmonella spp.,
Escherichia coli, and Listeria monocytogenes are among the top ten foodborne pathogens
regarding both the number of cases and the severity of the diseases [2]. Epidemiological
data from recent years show that cases of salmonellosis that occurred in Europe decreased
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slightly from 94,477 in 2015 to 65,208 cases in 2023; however, they still maintained high
levels. In the case of L. monocytogenes, which reached 2183 cases in 2015, and Shiga
toxin-producing E. coli (STEC), of which there were 5035 incidents in 2015, their numbers
increased to 2738 and 6084, respectively [3]. From the above data, it can be concluded that
incidents of foodborne infections do not seem to have decreased over the years. Based on
this, the detection of pathogenic bacteria in the food industry is still a current issue and
needs to be addressed.

However, the traditional methods of detecting foodborne pathogens take several
days to produce the required results and although they are reliable, they are considered
insufficient, since they cannot keep up with increases in production in the food industry.
Furthermore, various molecular techniques (e.g., PCR) that also give reliable results in
the detection of pathogenic bacteria have been developed, but the cost-time ratio they
require does not allow them to act as a substantial solution to this specific problem. Some
studies on innovative (pneumatic) techniques for the detection and identification of food
contaminants, such as microfluidics (a new technological trend that is developing rapidly
in the food sector), have had very promising results as they are used to optimize already
existing techniques. In these techniques, the several steps of sample preparation and
analysis are combined and controlled by the movement of fluids within a miniaturized
device called a microchip [4]. Microfluid chips can be further combined with loop-mediated
isothermal amplification (LAMP), which is a well-established, rather rapid and dependable
tool for the detection of DNA [5]. Its greatest advantages include constant temperature for
the amplification of the target sequence instead of thermal cycles and the greater amount
of DNA received when compared to PCR.

Three-dimensional printing technology provides the ability to design and manufacture
microfluidic analytical devices using conventional 3D printers, which in combination with
LAMP will further simplify the process. The overall reduction in time and cost will give
the opportunity to apply this diagnostic modality at a large scale. Moreover, unlike most
microfluidic analytical devices, this technique is simpler and more user-friendly, as it does
not require any expertise or additional equipment beyond a conventional oven.

The aim of the present study was the development and testing of a 3D-printed mi-
crofluidic analytical device in combination with LAMP for the simultaneous detection
of foodborne pathogens in food samples, in order to demonstrate its suitability for the
rapid, sensitive, and simultaneous processing of several samples. This device can serve as
a standardized, easy to use, and inexpensive tool for routine analysis.

2. Materials and Methods
2.1. Food Sample Collection

During the study period, from November 2022 to March 2023, a total of 150 commercial
food specimens (50 pasteurized milk, 50 raw chicken, 50 lettuce samples) were collected
from local markets in order to be analyzed for possible contamination with S. Typhimurium,
L. monocytogenes, and E. coli.

2.2. Microbiological Tests

Each sample was microbiologically tested on selective agar plates. A sample quantity
of 25 g along with 225 mL of buffered peptone water (BPW) was homogenized for 30 s in a
stomacher (Laboratory Blender Stomacher 400, Seward Medical, West Sussex, England). A
total of 0.1 mL of the homogenized sample was then moved to 9.9 mL BPW and 0.1 mL
of this diluted sample was placed on selective CHROMagar™ LISTERIA (Bioprepare
Microbiology, Athens, Greece) for L. monocytogenes testing, on selective CHROMagar™
ORIENTATION (Bioprepare Microbiology, Athens, Greece) for E. coli testing, and, after 24 h
of pre-enrichment in BPW, was transferred to selective CHROMagar™ SALMONELLA
PLUS (Bioprepare Microbiology, Athens, Greece) for S. Typhimurium.
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2.3. DNA Extraction

Initially, 25 g of the food samples was placed in sterile bags with the addition of 225 g
of diluent solution (10% dilution) and homogenized in a stomacher. From the homogenized
solution, 1500 uL of sample was taken and centrifuged for 3 min at 12,000 rpm. The
supernatant was then discarded to collect its lower phase, which consisted of a concentrate
of the sample cells. After the collection was made, the DNA of these cells was isolated
following a methodology developed in our laboratory [6], based on the classic phenol-
chloroform method with some modifications to improve its performance. In particular,
genomic DNA (gDNA) extraction relied on cell wall disruption by boiling for 10 min
and ultrasonic bathing (Elma TI-H 10, Elma Schmidbauer GmbH, Singen, Germany) for
additional 10 min with a power of 200 w. Eventually, each sample was centrifuged at
11,000 rpm for 2 min and the aqueous phase was collected. When compared to other
commercial kits for DNA extraction, this particular almost instrument-free protocol (which
only requires a centrifuge, freezer, heating block, and ultrasonic bath) presents significantly
similar limits of detection while requiring almost the same amount of time but is much less
costly for each processed sample [6].

2.4. Fabrication of the Microfluidic Analytical Device

The microfluidic device was designed with Autodesk Fusion 360 software, with final
dimensions of 24 x 22 x 9 mm and with 1.5 mm diameter channels for better and easy
transfer of fluid. Then, the design was further processed in CHITUBOX software (v1.8.1,
CBD Technology Co., Ltd., Shenzhen, China) with the following settings: exposure time: 2 s,
lift distance: 6 mm, lift speed: 65 mm /min, bottom exposure time: 12 s, layer height: 0.040
mm, retract speed: 120 mm/min. Finally, printing was carried out using a Phrozen sonic
mini 4 k 3D printer, with transparent liquid resin PRIMA Value UV Resin STANDARD
CLEAR, density 1.1 g/mL, as the printing material.

The device was divided into 3 different parts, namely a lid, upper part, and bottom
part, each of which would be complementary to the other and would be combined after
printing (Figure 1). The reason this device was not designed as a single piece was to
avoid other problems that could occur after printing. For example, during curing with
UV radiation, a small amount of liquid resin remained inside the channels, which then
solidified, causing them to clog, and the fluid could not pass through them. Each device
contains 8 different channels, so it can analyze 8 samples simultaneously, as shown in
Figures 1 and 2.

Bottom part ——* |, Y

Wells containing
LANP mix

Figure 1. Three-dimensional image of the microfluidic analytical device.
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Figure 2. Microfluidic analytical device.

2.5. Loop-Mediated Isothermal Amplification (LAMP) Method

The technique used to detect the DNA of food pathogens was the colorimetric loop-
mediated isothermal amplification (LAMP) method. The final assay solution prepared
amounted to 25 pL and consisted of 15 uL WarmStart® Colorimetric LAMP 2X Master Mix,
2 uL primer solution, 5 uL molecular-grade water, and 3 pL bacterial DNA isolated from
the samples. Each solution contained separate primers for S. typhimurium, L. monocytogenes,
and E. coli, which were selected according to Srisawat and Panbangred, 2015 [7], Tang et al.,
2011 [8], and Ramezani et al., 2018 [9], respectively. The prepared LAMP mixture was placed
in each of the 8 small wells contained in the bottom part of the above-mentioned device,
closed with the lid to protect the mixture, and stored in frozen conditions (—20 °C). On the
day of analysis, microbial DNA was added and placed into an oven at 65 °C for 40 min. Any
color change from purple to yellow (the color of the pH indicator dyes) indicated that the
sample was positive for the particular pathogen according to the LAMP principle [10]. The
color change occurs due to the production of protons during the amplification of Bst DNA
polymerase in combination with the low concentration of the buffer in the colorimetric
LAMP mixture.

2.6. Method Standardization

Briefly, 925 g of the studied food (milk, chicken, lettuce) was divided into two al-
most equal amounts. An initial amount of 475 g was further contaminated with an
overnight culture of (S. Typhimurium ATCC 14028, L. monocytogenes ATCC 35152, and
E. coli ATCC 25922). The known microbial pathogens’ concentrations in the foods started
from 107 cfu/mL and then sub-tenfold serial dilutions were made until the final concentra-
tion reached 10! CFU/mL (positive controls). The remaining amount of 450 g was used for
the preparation of negative controls and it was contaminated with an overnight culture of
Staphylococcus aureus ATCC 25923 to obtain a final concentration of 10* CFU/g (negative
controls) (Figure 3). The cultural microbiological method and the colorimetric LAMP assay
methodologies were compared for the detection of the food pathogens.

2.7. Statistical Analyses

The 95% confidence intervals of the positive predictive value (PPV) and negative
predictive value (NPV) were calculated based on the Wilson Score interval [11]. Data from
all food products were pooled for each pathogen to calculate these statistics. The PPV and
NPV were defined as follows:

PPV — True positives
~ True positives + False positives
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True negatives
NPV = s i :
True negatives + False negatives

Food Samples

Enrichment 24 h DNA extraction
Culture in selective LAMP/PCRin
plates agar microfluid device
Identification of Identification of
species samples

Figure 3. Overview of the experimental approach.

The 95% confidence interval (CI) of an estimated positive or negative predictive value
p was calculated based on the following equation:

54 Z p-p) , 7
CI:P+ﬂiZ\/PTm+E

ZZ
1+%

with the Z-score equal to 1.96 for the 95% confidence intervals and n being the total number
of positive or negative samples. The following aggregate gold standard was used: positive
cultured and real-time PCR isolates expressed a positive result while negative cultured and
real-time PCR isolates expressed a negative result.

3. Results and Discussion

The European Commission has highly prioritized food monitoring due to the food
safety crises that occurred in recent years. The European Commission’s White Paper on
Food Safety suggests controls from “from farm to fork” and includes official controls, the
implementation of advanced food safety standards as per Codex Alimentarius” microbio-
logical criteria, improved methods of detection, and extensive quality control at laboratory
level [12]. The detection thresholds of the developed device are listed in Table 1. The sensi-
tivity of the technique shows similar results with previous studies [13] in which the same
variant of the present DNA isolation method (based on the classical phenol-chloroform
method) was used and followed by identification using colorimetric LAMP. As shown in
Table 1, the limit of detection for L. monocytogenes is 10> CFU/mL for all the food samples
compared to 10! CFU/mL for S. Typhimurium and E. coli.
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Table 1. Detection limits of the 3D microfluidic analytical device.

Limits of Detection (cfu/mL)

L. monocytogenes 102
Milk S. typhimurium 10!
E. coli 10!
L. monocytogenes 10%
Chicken S. typhimurium 10!
E. coli 10!
L. monocytogenes 102
Lettuce S. typhimurium 10!
E. coli 10!

Regarding the results of the analyzed commercial food samples, of the 50 milk samples,
0 (0%) were positive for S. Typhimurium, 2 (4%) were positive for L. monocytogenes, and
4 (8%) were positive for E. coli. Of the 50 chicken samples, 5 (10%) were positive for
S. Typhimurium, 11 (22%) were positive for L. monocytogenes, and 17 (34%) were positive for
E. coli. Finally, regarding the 50 lettuce samples, 2 (4%) were positive for S. Typhimurium,
15 (30%) were positive for L. monocytogenes, and 14 (28%) were positive for E. coli (Table 2
and Figure 4).

Table 2. Analyses of 150 commercial food samples for detection and identification of S. typhimurium,
L. monocytogenes, and E. coli.

S. typhimurium L. monocytogenes E. coli
Culture/3D Device Culture/3D Device Culture/3D Device
Milk 0/0 2/2 4/4
Chicken 5/5 11/11 17/17
Lettuce 2/2 15/15 14/14
Total 7/150 28/150 35/150

Positive sa tive sample

‘Negative sample Positive samples
Figure 4. Example of results of the analysis of commercial food samples using LAMP and the 3D
microfluidic device.

As shown in Table 2, all samples were correctly identified as positive or negative
with both the LAMP 3D microfluidic device and the reference methods. Therefore, the
sensitivities and specificities for all pathogens were 100%. As such, the estimated values
of the PPV and NPV were 1, or 100%, for each pathogen. Based on the available data, the
statistical analysis in Table 3 demonstrates narrow confidence intervals (Cis) for the PPVs
of L. monocytogenes and E. coli, of 12 and 10%, respectively. The PPV of S. Typhimurium had
a wider CI of 35% due to the low quantity of commercial food samples that tested positive
for this pathogen (7 samples). As such, more data are needed to statistically prove the
method’s precision with respect to positive results for S. Typhimurium, but based on the
results for L. monocytogenes and E. coli, it is expected to be precise. The CIs of the NPV were
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just 3% for each pathogen, demonstrating that the method is certain to provide precise
negative results.

Table 3. Confidence intervals (95%) of the positive and negative predictive values of the 3D microflu-
idic device for each food pathogen for all 150 food samples.

S. typhimurium L. monocytogenes E. coli
Positive predictive value 65-100% 88-100% 90-100%
Negative predictive value 97-100% 97-100% 97-100%

The 3D microfluidic analytical device developed in the present study has the potential
to provide rapid analyses of food samples, with an analysis time of approximately 70 min
(including extraction) and with high precision at a low cost. Its applicability was tested in
three different food matrices (milk, chicken, and lettuce) for the detection of three common
food pathogens, L. monocytogenes, S. Typhimurium, and E. coli. Multiple uses of integrated
microfluidic LAMP systems have been identified in recent years [14-16]. Qi et al., 2021 [17],
reported the development of a biosensor which uses a single microchip for the detection
of S. Typhimurium in chicken meat with a limit of detection (LOD) of 14 CFU/mL and an
analysis time of 1 h. A similar application was described by Man et al., 2021 [18], who
developed a glass microfluidic colorimetric biosensor for the detection of S. Typhimurium
in freshly made salad with a LOD of 6.1 x 10! CFU/mL in 45 min. The detection of
two pathogens in milk, namely E. coli and S. Typhimurium, at a level of 10> CFU/mL and
10? CFU/mL, respectively, by a microfluidic paper-based aptasensor device was reported
by Somvanshi et al., 2022 [19]. A microdevice for the detection of three food pathogens (E.
coli, Salmonella, and Vibrio cholerae) in chicken meat was described by Sayad et al., 2018 [20],
but with a higher LOD of 2.7 x 10* CFU/mL and an analysis time of 65 min. The same
three pathogens as in the present study (E. coli, Salmonella, and L. monocytogenes) were
detected in ready-to-eat meals by a paper-based analytical device for colorimetric detection
developed by Jokerst et al., 2012 [21], with a similarly low LOD of 10! CFU/mL but with a
much longer analysis time of 8-12 h.

Due to the impact of foodborne pathogens on human health, governments and the
food industry have been developing strategies to reduce the levels of foodborne pathogen
contaminations. As the incidence of foodborne infections in Europe is not decreasing,
but on the contrary, is increasing for most pathogens, the need to develop new rapid
and simplified detection methods has become critical in the food industry. Microfluidic
analytical devices are a technology that has been developing rapidly in recent years and
is very promising for the evolution of analyses to the point where they can keep up with
the continuous increase in production. Based on their flexibility in terms of integration,
multiplexing, automation, and miniaturization, “micro total analysis systems (LTAS)” or
“labs-on-a-chip” have become increasingly well known [22]. The use of microfluidic chip-
based detection methods has certain clear benefits, such as high throughput, portability,
relatively low reagent volumes and sample consumption, high speed, and the capacity
to combine numerous components on a single chip [23]. The loop-mediated isothermal
amplification (LAMP) technique was introduced by Notomi et al. in 2000 [24] as a unique
DNA amplification technique that amplifies DNA under isothermal conditions with excel-
lent specificity, efficiency, and speed. LAMP has been proven to be faster and more stable,
sensitive, and specific for DNA identification when compared to conventional molecular
detection techniques [25].

These microdevices can be manufactured using a number of materials like polymers,
glass, silicon, and paper [26]. A number of applications have been developed for the
detection of microorganisms including bacteria and viruses [5,26] in different matrices like
clinical and food samples. In the case of food, applications for the detection of pathogens
such as Campylobacter, E. coli, Salmonella, Vibrio cholera, L. monocytogenes, and Clostridium
sporogenes use different detection methodologies like colometry, surface-enhanced Raman
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spectroscopy, fluorescence, electrochemistry, and turbidimetry. In order to minimize or
eliminate the threat of possible infections, reduce the expensive storage of food until
distribution, or prevent product recalls, the use of easy, non-time-consuming but sensitive
detection methods for trace levels of bacterial pathogens is crucial. New technologies can
expand the current possibilities by a drastically shortened detection time and a significantly
lowered detection limit, with the additional benefit of being operable by non-experts.
The design of innovative devices could also support the profitability of the European
food industry.

4. Conclusions

This paper described the development of a 3D-printed microfluidic analytical device
for the detection of pathogenic bacteria in commercial food samples using loop-mediated
isothermal amplification. The detection limits were kept low while at the same time
requiring minimal analysis time compared to existing methods. Each device, combined
with a simplified DNA isolation methodology, is capable of analyzing eight different food
samples for possible contamination with S. Typhimurium, L. monocytogenes, or E. coli using
colorimetric LAMP. The above-mentioned device is easy to use, cheap, and fast, thereby
showing potential to fill a huge gap in food safety practices in the future. The assay
comprises a standalone technology that could provide a quantitative detection method
when combined with UV-Vis spectroscopic analysis for low levels of pathogens (less than
10 CFU/sample). Finally, in the long term, this technology represents a platform for the
development of testing devices in other areas besides food safety, such as in the case
of the intentional release of pathogenic microorganisms, infectious disease diagnosis,
environmental protection, and others. It should be emphasized that the goal of this
innovative method is to be used as an alternative method to culture with equal performance
and certain advantages such as shorter turn-around time, and not to achieve the maximum
sensitivity and specificity seen with molecular methods.
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