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Early detection of pathogens is necessary for food quality monitoring, and increasing the survival rate of
individuals. Conventional microbiological methods used to identify microorganisms, starting from
bacterial culture and ending with advanced PCR gene identification, are time-consuming, laborious and
expensive. Thus, in this study, a bacterial imprinted polymer (BIP)-based biosensor was designed and
fabricated for rapid and selective detection of Salmonella typhimurium. Bio-recognition sites were made
by creating template-shaped cavities in the electro-polymerized polydopamine matrices on a gold
screen-printed electrode. The overall changes of the sensor, during the imprinting process, have been
investigated with cyclic voltammetry, atomic force microscopy and scanning electron microscopy. The
assay optimization and validation were accomplished, hence the highest sensitivity and selectivity
towards S. typhimurium were achieved. As a result, a very low limit of detection of 47 CFU ml™, and
a limit of quantification of 142 CFU ml™ were achieved using the newly-developed biosensor. No
interference signals were detected when the S. typhimurium was tested in a mixed culture with other
non-targeted pathogens such as Staphylococcus aureus, Listeria monocytogenes and Campylobacter
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1. Introduction

In terms of spreading bacterial infection, exposure to food
contaminated with pathogenic microorganisms is the main
reason behind microbial infections. Viruses, bacteria and fungi
are the most common causes of food poisoning.* Salmonella,
a Gram-negative bacteria, was found to cause a very common
foodborne illness and that is why the Center for Disease Control
and Prevention has classified Salmonella as a B-class bio-
terrorism agent.>* Several clinical symptoms including vomit-
ing, fever, nausea, diarrhea, and abdominal pain are caused by
Salmonella infection.**

From the diagnostic point of view, Salmonella detection in
food is necessary to ensure food safety and high quality.®
However, classical microbiological detection protocols, namely,
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detection but also direct determination with no bacterial enrichment steps.

microbial isolation in culture media requires long steps of pre-
enrichment and selective enrichment.”*® Consequently, various
molecular techniques such as ELISA and PCR procedures were
introduced to provide higher sensitivity and selectivity in
comparison with conventional microbiological isolation
methods." However, those techniques are still expensive and
time consuming methodologies with a reported limit of detec-
tion for Salmonella of 10" to 10° CFU ml~" and 10* CFU m1~* for
ELISA," and PCR," respectively.

Biosensors have recently grasped attention as analytical
platforms that can be tailored and developed in different ways
so as to provide a fast and early diagnostic tool for detection of
different analytes including pathogens and their toxins.™***

Simultaneous detection of E. coli O 157:H7, Campylobacter
and Salmonella has been conducted by immobilizing a mixture
of antibodies against the three target pathogenic strains.*
Another electrochemical immunosensor was reported for the
fast detection of S. pullorum using gold nanoparticles (GNPs)
modified screen printed electrodes, where a LOD of 3 x 10° CFU
ml~' was achieved.” Impedimetric immunosensor for the
detection of S. typhimurium in water and juice samples was re-
ported with high sensitivity.***

Molecular imprinting technology (MIT), which is found to
have a significant role in improving the selectivity of electro-
chemical sensors, was exploited in pathogenic detection.****>*
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Besides, MIT was considered as a very efficient technique for the
separation and analysis of specific compounds in complex
environments. In addition, whole cells imprinting as a template
has been reported for many applications including microbial
fuel cells,* specific cell capture, cell-sorting and separation®® as
well as microbial detection.>”**

Since the S. &yphimurium detection in food turned to be an
obligation by food safety authorities worldwide, the main
objective of the current study is to construct a novel electro-
chemical biosensor for selective, sensitive and fast detection of
S. typhimurium in complex matrices such as meat and biological
samples. In this concern, bacteria-imprinted recognition sites
were created on the surface of an electro-polymerized poly(-
dopamine), in situ formed on the sensor surfaces. This design
possesses high physical and electrochemical stabilities that
could be exploited directly without prior sample preparation
such as bacterial isolation or molecular identification.

2. Materials and methods

2.1. Reagents, chemicals and biological materials

2.1.1. Bacterial strains. S. #yphimurium (NCTC12023),
Staphylococcus aureus (NCTC10788), Listeria monocytogenes
(NCTC13372) and Campylobacter jejuni (NCTC11168) were ob-
tained from Animal Health Research Institute, Cairo, Egypt. The
culture medium, trypticase soya broth, potassium chloride,
potassium ferricyanide, Triton X-100, ammonium acetate, and
dopamine hydrochloride were obtained from Sigma-Aldrich (St
Louis, MO). Phosphate buffer solutions (PBS, 0.1 M) were
prepared using H;PO,, NaH,PO, or NaHPO, and adjusted to the
required pH with NaOH or HCI solutions. 0.1 M of ammonium
acetate buffer (pH 5.5) was prepared by dissolving 7.7 g
ammonium acetate in one liter of MQ-water, and the pH 5.5 was
adjusted using acetic acid. Gold screen printed electrodes (3
electrode-chip from Drop Sense) were used for the MIP forma-
tion and electrochemical measurements. The electrochemical
experiments were conducted using computer controlled-Gamry
Potentiostat/Galvanostat/ZRA G750 system.

2.2. Salmonella culture preparation

Overnight cultures of bacterial strains were performed in tryp-
ticase soya broth at 37 °C, and then the cell pellets were
collected by centrifugation (3200 rpm, for 10 min). The cells
were then re-dispersion in PBS after discarding the supernatant
of the overnight culture. Any remaining metabolites were
removed by repeating this washing step for 3 consecutive times.

For the determination of the number of colony-forming
units per milliliter (CFU ml™ '), the test cultures were grown
on trypticase soya broth at 37 °C for 24 h followed by serial 1 : 10
dilutions for bacterial culture with PBS. Finally, 0.1 ml of the
prepared culture was extended on nutrient agar plates and
incubated at 37 °C for 24 h.

2.3. Fabrication and characterization of the BIP biosensor

Polydopamine coating were electro-polymerized on a clean Au-

screen printed electrode. Typically, a mixture of S.
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typhimurium suspension (1 x 107 CFU ml ') and dopamine
(5 mg ml™") in ammonium acetate buffer (pH 5.5) was electro-
polymerized at different numbers of cyclic voltammetric
sweeps in the potential range from —0.4 to 0.6 V at variable scan
rates in the presence of bacteria imprinted polymers (BIP) and
in the absence of S. typhimurium. The bacterial particles were
removed by exposing the BIP matrix to 1% Triton followed by
washing with PBS. Electrochemical responses of BIP and NIP
were recorded before and after the washing procedure. Cyclic
voltammetric analysis was used for the electrochemical char-
acterization of BIP preparations (Fig. 1). The morphological
characterizations were conducted using atomic force micros-
copy (AFM) with AutoProbe CP-Research Head (Thermomicro-
scope, Sunnyvale, California, USA) and field emission-scanning
electron microscope, FE-SEM (Quanta FEG250, Czech).>*

2.4. Food sample preparation and inoculation

Freshly ground beef meat was purchased from a local grocery store
(Giza, Egypt) and transported immediately to the laboratory in an
ice box. The meat samples were cut off into small pieces (10 gram
per each) and sterilized using UV radiation. Then, each piece was
transferred to a sterile Petri dish containing 100 pl of S. typhimu-
rium suspension (10” to 10* CFU ml™"). Afterwards, 90 ml of sterile
PBS was added and mixed using a stomacher machine (Seward
stomacher BA 7021, England) at 200 rpm for two min. Non-
infected meat sample (i.e. meat sample without inoculation with
S. typhimurium was used as a negative control). As a reference
method, plate counting was used to determine the concentration
of bacteria in ground beef by inoculation of the sample on nutrient
agar Petri dishes and enumeration after 24 h at 37 °C. All the
prepared samples were directly used in the electrochemical anal-
ysis for the detection of the targeted organisms in food samples.
Counting the CFU ml ™" of S. typhimurium was occurred by bacte-
rial count on the Xylose Lysine Deoxycholat (XLD) agar plat.

2.5. Statistics and data analysis

All data are presented as mean + SD from at least three
individual experiments. Statistical significance was deter-
mined by statistical hypothesis testing where the significance
of the values was assumed as p < 0.05. From the standard
calibration curves, the limit of detection (LOD) and the limit
of quantification (LOQ) were calculated. The reproducibility
of the sensor responses was represented by the relative
standard deviation (RSD). Statistical analysis was performed
using Origin-Lab software which was used for drawing all
presented figures.

3. Results and discussion

3.1. Bacterial imprinted polymer (BIP) formation

3.1.1. A brief on the main concept of this sensor's design.
Electrochemical imprinting of individual cells of S. typhimurium
will be carried out through the formation of a homogenous
polymeric layer on the surface of electrode chip. Accordingly,
removal of the imprinted bacterial cells from this polymeric
matrix will create specific binding sites (unique S. typhimurium

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A schematic diagram illustrating the main components and steps of the fabrication of the Salmonella-based-biosensor.
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Fig. 2 Testing the effect of different numbers of cycles on the efficiency of BIPs towards the selective capturing of S. typhimurium. Each cycle
was measured before washing (before removing the bacteria from the surface), and after washing (showing the electrochemical changes due to
the evacuation of bacterial sites), and after rebinding the bacteria to the evacuated sites.
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Fig. 3 Effect of bacterial removal using Triton (Triton X-100, 1% in aqueous solution) or PBS for creating specific binding sites.

templates), which will be applied for its specific recognition
(rebinding). Cyclic voltammetry will be exploited for performing
the electro-polymerization as well as for measuring the
rebinding responses to indicate the sensors performance. The
selective binding to the created templates will lead to a decrease
in the voltammetric signal (this concept is visualized in Fig. 1).
The decrease in the voltammetric signals is relying on the
selective capturing of the targeted bacterial cells, as well as on
their concentration. Thus, the investigated faradaic currents
will be gradually inhibited/decreased in response to the number
of bound cells.

e " aat " —— 10 ym ———

4 | 20,00 kv | 8000x | 5.0 | 9.7 mm | BSED | 518 um | 10:4 National Research Center ( QUANTA FEG 250)

Coming back to the experiments, self-polymerization of
dopamine could be carried out spontaneously under acidic or
alkaline conditions, leading to the formation of polydopamine
(PDA).”® PDA is a biopolymer with high biocompatibility and low
cytotoxicity. On the other hand, electrochemical polymerization
of dopamine on the surface of a working electrode was con-
ducted for achieving high effective surface functionalization.
The electro-polymerization could be applied for controlling the
thickness of the deposited layer of electro-polymerized dopa-
mine through managing the number of voltammetric cycles and
the speed of the scan rate.*®

0.00 kV | 4000x | 5.0 | 9.7 mm | BSED | 104 ym | 10 M| Nationa enter ( QUANTA FEG 250)

Fig. 4 SEM images of the various electrodes bound S. typhimurium on the imprinted electrodes with a bacteria concentration of 1 x 107 CFU
mi~L S typhimurium captured in poly-dopamine imprinted matrix (left side), the created cavities after removing bacterial cells (right side).
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Fig. 5 AFM images of S. typhimurium imprinted in the electro-polymerized dopamine, the created cavities after removing bacterial cells from

the BIP matrix.

In this work, electro-polymerization of dopamine was carried
out in acetate buffer to include the imprinting the S. ¢yphimurium
on the surface of gold screen printed electrodes. In principle,
multiple voltammetric cycles (10, 50, 100, 150 and 200 CVs) were
investigated for the formation of effective bacterial imprinted
polymer (BIP) biosensor. In this regard, Salmonella cells were
imprinted and the impact of voltammetric cycles was evaluated
from the rebinding responses of each imprinted surface. As a result,
the highest efficiency of sensing was achieved when 50 CVs were
applied for forming the BIP. Exceeding the number of voltammetric
cycling than 50 led to a decrease in the sensing performance, as
shown in Fig. 2, due to increase in the formed polydopamine film
thickness which might be hindering the efficient removal of
entrapped bacteria from the active electrode surface.

3.2. Removal of S. typhimurium particles from the imprinted
matrix

To create specific binding sites for selective biosensing of S.
typhimurium, the BIP chips were incubated with Triton X-100

© 2022 The Author(s). Published by the Royal Society of Chemistry

(1% aqueous solution) or with PBS for 5 min. The use of
Triton as a removing agent exhibited higher performance
towards creating more cavities (specific binding sites). This was
clear from the obtained electrochemical signals, as shown in
Fig. 3. On the other hand, the topographic changes in the BIP
surfaces were analyzed by the scanning electron microscopy
(SEM) and the atomic force microscopy (AFM). The SEM and the
AFM images of the BIPs, before washing with Triton, showed
the accumulation of particles with the average size (2.0-5.0 pm).
The vacant places equivalent to those sizes were observed on the
BIP surfaces after washing, as shown in Fig. 4 and 5. From the
imaging analysis, the successful imprinting of the S. typhimu-
rium along with creating of recognition sites are confirmed.

3.3. Evaluating the capturing efficiency of the sensor

At different concentrations of S. typhimurium (10°, 10°, 107, and
10° CFU ml "), the capturing efficiency of washed BIPs was
evaluated and their corresponding electrochemical responses
were compared with the signals obtained from both the bare

RSC Adv, 2022, 12, 3445-3453 | 3449
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Fig. 6 Capturing efficiency of BIPs, NIPs and bare gold electrodes at
different concentrations of S. typhimurium (10°, 107, and 10°, CFU
ml™Y).
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gold and the NIP-surfaces (no templates, and the electrodes are
only loaded with electro-polymerized dopamine, respectively). A
huge difference in faradaic current (about 200 pnA) was obtained
as a result of binding the bacterial cells to the BIP surface.
While, less than 30 pA was obtained by the non-selective
attachment of the bacterial cells to the Au-bare-electrode or
with the NIP surfaces. This result confirmed the high selectivity
of the designed BIP to sense the S. typhimurium due to the
imprinted, and well-designed bacterial templates, as shown in
Fig. 6.

3.4. Optimization of the sensor's response time

To determine the appropriate sensing time for bacterial
capturing, BIPs were incubated with cell suspension of S.
typhimurium for different incubation periods (10 second,
1.0 min, 5.0 min and 10.0 min). As depicted in Fig. 7, equilib-
rium capturing was reached after 1.0 min, followed by
a decrease in the electrochemical signals at 5.0 and 10.0 min.
Therefore, 1.0 min was assigned as the ideal sensing and
capturing time.

3.5. Selectivity of the developed Salmonnela's biosensor

In terms of specificity of the developed BIP towards S. typhi-
murium (the target strain), the biosensor was tested against non-
targeted bacterial strains. Both of gram positive such as Staph-
ylococcus aureus and Listeria monocytogenes, and gram negative
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Fig. 7 Effect of interaction times (capturing time) on the bioelectrochemical signals of BIPs.
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Fig. 8 Testing the selectivity of the biosensor for capturing the S.
typhimurium from a pure and mixed cultures.
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Fig. 9 Testing the sensors performance towards different concen-
trations of S. typhimurium. The measurements were performed in PBS
(pH 7.4) and binding time is 1 min.

such as Campylobacter jejuni were included. Equal concentra-
tions of all bacterial strains (10" CFU ml %), either as an indi-
vidual (single) or in a mixed culture, were prepared for the
electrochemical detection. The results given in Fig. 8 indicated
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the high specificity of the designed biosensor towards S. typhi-
murium and that there was no cross-reactivity neither in the
single nor in the mixed bacterial culture. Hence, the developed
biosensor is capable of distinguishing the S. typhimurium even
in the presence of other microbial species.

3.6. Calibration curve

The sensitivity, and linear responses of the biosensor was
determined by direct detection of different concentrations of
Salmonella (cell concentration was ranged from 10” to 10° CFU
ml ') at a capturing time of 1 min. As shown in Fig. 9,
a remarkable electrochemical signal was obtained even at the
lowest cell count (10> CFU ml ") with a strong correlation
between the generated electrochemical signals and the
increase of the bacterial cell number. Statistically, the limit of
detection (LOD) of the biosensor was determined to be 47 CFU
ml ™, while the limit of quantification (LOQ) was 142 CFU
ml . Thus, the biosensor is able to quantify the concentration
of Salmonella with high sensitivity, and statistical difference (p
= <0.0001). Table 1 summarized the most recently reported
biosensors for the detection of S. typhimurium, and the present
BIP biosensor is among the most sensitive ones with high
selectivity, short time of analysis, and without microbiological
complications.

3.7. Biosensor application in meat samples

After reaching the optimal conditions, the biosensor was
exploited for the detection of S. typhimurium in a complex
matrix of artificially contaminated minced beef samples. Here,
the beef samples were synthetically contaminated with two
bacterial concentrations (10> and 10* CFU ml '), and the
biosensors responses were obtained (as shown in Fig. 10). The
recovery was very high, and plating method was used as
a reference for validation.

4. Conclusion

For rapid detection of food contamination, electro-
polymerization of S. typhimurium on screen printed electrodes
was carried out through the voltammetric imprinting of poly-

dopamine layer. Effective removal of the imprinted bacterial

Table 1 Comparison of the response of previously reported biosensors for the detection of S. typhimurium

Detection time

Electrochemical technique (min) LOD (CFU ml ™) Real sample analysis Reference
Differential pulse voltammetry (DPV) 90 1.5 x 10° Milk 31
Cyclic voltammetric 80 3000 Eggs and chicken meat 32
Amperometric 60 291 Milk 33
Amperometric 30 60 Chicken meat 34
Impedimetric 90 10 Pork meat 35
Impedimetric 30 150 Milk 36
Immunoelectrochemical method 120 1000 Chicken carcass 37
Immunosensor 120 10 Chicken meat 38
Electrochemiluminescence 30 10 Beef 39
Cyclic voltammetric 10 47 Ground beef meat This work

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Detection of S. typhimurium in artificially minced beef meat
samples using the proposed sensor. Three meat samples were used
(labeled untreated (no Salmonella contamination), treated S1 (Salmo-
nella contaminated sample-1 with 2 log CFUmL™), and treated S2
(Salmonella contaminated sample-2 with 4 log CFUmL™Y).

cells from the polymeric substrate created the specific binding
sites. Accordingly, the biosensing assay was fully optimized and
the biosensor was successfully applied for tracking the S.
typhimurium contamination in beef samples. With one minute
as the total capturing time, the proposed biosensor is consid-
ered as a rapid, sensitive, and selective towards the bacterial
target determination in food, and complex samples.
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