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Abstract

A new colorimetric aptasensor equipped with a novel composite of graphitic carbon nitride (g-C5N,4) nanosheets and copper
oxide(I) (Cu,0) nanocrystals is presented for Salmonella typhimurium (S .typhimurium). The dual-purpose structure of this
composite simultaneously contributes to superb peroxidase-like activity and interaction with a label-free aptamer. Although
g-C3N,@Cu,0 effectively creates a visible blue color following the oxidation of 3,3',5,5"-tetramethylbenzidine (TMB) in
presence of hydrogen peroxide (H,0,), this catalytic activity of the composite severely decreases after the interaction with
aptamers. In the presence of S. fyphimurium in sample, aptamers bound to their specific target. Subsequently, g-C;N,@Cu,O
catalytic activity was enhanced in proportion to S. #yphimurium concentration. Under optimized conditions, this aptasensor
exhibited an excellent detection performance in a range from 1.5 x 10" to 1.5 x 10° CFU/ml, with a detection limit of 15 CFU/
ml. Besides, portable detection of S. fyphimurium by paper-based model of this method operated successfully in just 6 min.
Analysis of spiked milk samples revealed high potential of this method as a sensitive, rapid, and label-free promising tool for
S. typhimurium detection.

Keywords Colorimetric aptasensor - G-C3N4@ Cu,O composite - Peroxidase-like activity - Salmonella typhimurium - Foodborne
pathogen

Introduction

Every year millions of people become sick or even die because of
foodborne diseases [1]. Salmonella bacteria as the major cause of
foodborne diseases in many countries for at least more than
100 years is a life-threatening problem for millions of people
and societies [2]. One of the most medically important
Salmonella spp. is S. typhimurium, a gram-negative bacterium
that causes a type of gastroenteritis called salmonellosis [3]. In
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addition to clinical disorders such as fever, abdominal pain,
vomiting, and diarrhea [4], the spread of Salmonella to blood-
stream may cause pneumonia, meningitis, osteomyelitis, and
other devastating diseases. Environmental stress tolerance, wide-
spread distribution, and multiple drug resistance have made this
bacterium a serious persistent burden to public health, while no
specific treatment is available for it [5, 6].

Common bacterial detection methods are not efficient
enough for in situ detection of such an important pathogen.
Culture-based methods are so time consuming and laborious,
often requiring several days to complete. Furthermore, they
need an equipped laboratory with expensive equipment and
trained lab personnel [7]. Immunoassay methods depending
on antibody-antigen interactions need shorter assay time, but
they are not capable enough to detect a pathogen in real time
without affecting by interferences [8]. The methods based on
polymerase chain reaction (PCR) have high precision and se-
lectivity, but they encounter another problem correlated with
sample matrix that could normally contain PCR inhibitors,
which can be found in food samples. Moreover, there are dif-
ficulties for detecting low number of bacteria in a relatively
large amount of sample [7]. Hence, there is need for a sensitive,
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rapid, and affordable approach. Rapid response time, simple
use, lower cost, portability, and free of pre-enrichment step are
excellent properties of biosensors for diagnostic purposes [9].

The prominent advantages of colorimetric biosensors (such
as high sensitivity, facility, and easiness of signal read out)
made them popular in analytical applications [10, 11].
Colorimetric methods have been widely applied in detection
of pathogens due to unique properties like showing the results
as visible color and fast data record [12, 13]. One of the most
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common strategies in colorimetric assay is based on the
enzymatic conversion of a chromogenic substrate like TMB
that can make colorful products in presence of H,O, [14—17].

Aptamers are short synthetic DNA or RNA sequences,
which can be designed to detect specific targets such as pro-
teins, ions, bacteria, viruses, and small molecules [18, 19]. In
comparison with antibodies, aptamers show more advantages
including low cost, great stability, and ease of chemical syn-
thesis [18, 20]. G-C5Ny4 nanosheet has unique features that
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Scheme 1 Schematic illustration of colorimetric aptasensor for S. fyphimurium detection
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have resulted to find application in sensors, drug delivery
technologies, and imaging systems [21]. G-C5N, is a metal-
free polymeric semiconductor that has attracted significant
attention in optics due to the excellent stability, low toxicity,
great fluorescence, and biocompatibility [22, 23]. The remark-
able peroxidase-like activity of some nanostructures has
opened new windows in colorimetric studies [24]. Among
them, Cu,O nanostructures have been used in sensors because
of their large surface area and superb catalytic activity [25].

As a point-of-use technology, paper-based analytical de-
vices (PADs) are portable, disposable, and low cost. PADs
coupled with colorimetric method can provide semiquantita-
tive results without requiring complicated equipment.
Besides, quantitative analysis can be done using common op-
tical technologies such as digital cameras and office scanners
joined with image processing software [26, 27].

In this study, a novel composite of g-C3N,4 and Cu,O was
proposed to design an efficient aptasensor for S. fyphimurium
(Scheme 1). As a colorimetric detection, the peroxidase-like
activity of composite was monitored in each step by recording
the absorbance after adding TMB and H,O,. High peroxidase-
like activity of g-C3N4@Cu,0O was severely decreased after
the interaction with specific aptamers of S. typhimurium.
Following the addition of S. #yphimurium, aptamers were at-
tached to the target with high tendency and the peroxidase-like
activity of composite was increased in the way that a range of
blue colors was achieved. Each obtained blue color was cor-
related to a certain concentration of S. fyphimurium, which
could be interpreted to quantitative amounts. In order to con-
firm the practical concentration of bacteria in contaminated
samples, the plate count method was applied as a proven
method for bacteria counting in microbiology, since the
culture-based methods are still the gold standard for detection
of Salmonella [19, 28]. Finally, paper-based model of this
assay was proposed for portable detection of S. fyphimurium
in water and food samples.

Materials and methods
Materials and reagents

Melamine and HNO; (for synthesizing g-C5;N4 nanosheets),
CuSO4, KOH and ascorbic acid (for synthesizing the g-
C3N4@Cu,0 composite), TMB and H,O, (for testing
peroxidase-like activity), and Tris-EDTA and HCI (for prepar-
ing TE buffer) were all obtained from Merck Millipore
Company. Specific aptamer for capturing S. typhimurium
(5'-TAT GGC GGC GTC ACC CGA CGG GGA CTT
GAC ATT ATG ACA G -3’) which has been introduced
through research by Joshi et al. [29] was purchased from
Nedayefan Company (Tehran, Iran). Lyophilized bacterial
strains and bacterial culture media were supplied by

Baharafshan Institute of Research and Development
(Tehran, Iran). Raw cow milk was obtained from a local mar-
ket (Tehran, Iran). At all stages, sterile deionized water was
applied for preparing solutions and bacterial dilution.

Apparatus

Ultraviolet-visible (UV-Vis) absorption spectra were mea-
sured in the range of 200-800 nm using Perkin-Elmer lambda
25 UV-Vis spectrometer. TEM analysis was obtained using a
transmission electron microscope (Zeiss, EM10C, 80 KV and
Germany) for analyzing the size of g-C5N,4 nanosheet and the
structure of g-C3;N,@Cu,O composite. Field-emission
scanning electron microscopic (FE-SEM) analysis was ac-
complished by a XLL30 ESEM FEG scanning electron mi-
croscope. Dynamic light scattering (DLS) measurements
were conducted by a Zetasizer Nano-ZS90 Malvern at
room temperature. FT-IR spectroscopy analysis was car-
ried out utilizing a Spectrum Two Fourier-transform infra-
red Perkin Elmer spectrometer in the range of 4000 to
400 cm™', at room temperature. Energy dispersive X-ray
spectroscopy (EDX) was performed by a Tescan model
energy dispersive spectrometer.

Synthesis of g-C;N; nanosheets

G-C5N4 nanosheets were synthesized according to previous
works [22]. First, 5 g melamine situated in an alumina crucible
with a cover was heated at 550 °C for 5 h to make bulk C;Ny.
Then 1 g of prepared bulk C;N,4 powder was poured to 100 ml
of 5 M HNO; and then refluxed at 125 °C for 12 h. The
product of process was cooled to room temperature, and then
centrifuged at 10,000 rpm for 30 min and washed several
times with deionized water for neutralization. Afterward, the
collected supernatant was exposed to ultrasonic noise for 10 h.
Subsequently, the isolated solution of g-C5N,4 nanosheets was
obtained by filtering the supernatant through a 45-um water
phase membrane filter. The concentration of final g-C3Ny
nanosheets was 300 pug ml ™.

Fabrication of g-C3N,@Cu,0 composites

In order to synthesize g-C;N,@Cu,0, first a solution of the
prepared g-C;N4 nanosheets was exposed to ultrasonic waves
for 1 h. Then 0.5 ml of sonicated g-C3N4 nanosheets was
added into a mixture containing 160 mg of copper(Il) sulfate
(CuS0O,) and 55 ml of deionized water. The entire mixture
was poured into a three-neck round-bottom flask and situated
under constant magnetic stirring and heating in a water bath.
When the temperature of mixture reached to 68 °C, stirring
was continued for another 10 min. After that, 20 ml of typical
10% KOH solution was added and the color of solution im-
mediately changed to sky blue and then dark blue. Ten milli-
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liters of 0.8 mM ascorbic acid was added to this blue solution
and mixed on a magnetic stirrer for 10 min. When the color of
solution changed to orange, stirring was continued at 68 °C for
another 10 min. After the product of process was cooled to
room temperature, the excess residues were separated by cen-
trifugation at 8000 rpm for 1 min and five times washes. The
final product was dried at 25 °C and stored in a refrigerator at
4 °C for later use.

Peroxidase-like activity of g-C;N,@Cu,0

TMB was selected as the substrate for checking the
peroxidase-like activity of g-C3N4@Cu,O. For this evalua-
tion, different concentrations of TMB (10 uL, 5-8-10-12
and 15 mM) and different concentrations of H,O, (10 uL,
0.5-1-2-3 and 4 M) were both added to 100 pl of g-
C5N4@Cu,0 for 6 min (as the fixed time obtained for chang-
ing the color of composite) and instantly the UV-Vis absorp-
tion spectra were measured at constant time intervals. At all
stages, a constant standard quartz cell was used for recording
the absorption spectra.

Preparation of bacterial culture and serial dilution

Each of'the desired bacteria, including S. #yphimurium (ATCC
14028) (as the target bacterium), Escherichia coli (ATCC
35218), Staphylococcus aureus (ATCC 29213), and
Pseudomonas aeruginosa (ATCC 10145), was cultured .In
order to prepare cultures from lyophilized bacteria, Brain heart
infusion (B.H.I) culture medium was first used. Under sterile
conditions, 2 ml of B.H.I liquid medium was added to each
vial of lyophilized bacteria by sterile syringe and mixed by
shaking gently. Afterwards, two drops of each bacterial sus-
pension were transferred to a plate containing nutrient agar
(NA) medium and situated in an incubator at 37 °C for 24 h.
Subsequently, another culture was provided by streak plate
method from the initial culture in order to prepare separate
pure colonies. For each bacterial strain, appropriate amounts
of pure colonies were diluted in deionized water in a way that
optical density for all four strains at 600 nm (ODgq) reached
an equal value [9]. The number of bacterial cells related to
each stock was estimated by the plate count method as the
standard method. Accordingly, a serial dilution of each strain
was prepared to provide other concentrations of bacteria.

Colorimetric method for S. typhimurium detection

The peroxidase-like activity of g-CsN,@Cu,O was evaluated
in different conditions to achieve the best results. First, the
concentrations of TMB and H,0, were optimized separately.
For aptamer preparation, 1 pl of 100 uM aptamer (solved in
TE buffer) was diluted in 19 ul of distilled water and incubat-
ed at 95 °C for 5 min. Then, 60 pl of the prepared aptamer was
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mixed with 40 ul of g-C3N,@Cu,O for each bacterial
concentration at different incubation times until the aptamers
successfully attached to g-C3N,@Cu,0O. For monitoring of
this attachment, the peroxidase-like activity of g-
C3N,4@Cu,O/aptamer was evaluated and recorded regularly.
After that, different concentrations of S. typhimurium
(1.5-1.5x10° CFU/ml) were added to the same
amounts of prepared aptasensor. For detection step,
peroxidase-like activity was determined with UV-Vis
spectrometer after incubation at room temperature.

Preparation and test of real sample

Milk is one of the most important food that should be evalu-
ated in terms of Salmonella absence before consumption.
Hence, it was chosen as the real sample for checking the
analytical reliability of this aptasensor. For this purpose, at
first milk was diluted with deionized water and then, it was
centrifuged to obtain the supernatant. Afterwards, this diluted
milk was deliberately spiked with known concentrations of
S. typhimurium (1.5-1.5x 10° CFU/ml). Finally, the spiked
milk samples were added to aptasensor (g-C;N,4@Cu,0O/
aptamer) under identical conditions and incubated for
90 min (optimal time for incubation). In order to view results,
peroxidase-like activity of each sample was finally evaluated
by adding TMB and H,0,.

Paper-based model of aptasensor

In order to prepare the appropriate paper, the Whatman filter
paper Gradel was first cut by a CO, laser engraver. Then, the
PVC sheet was stuck in the back of each paper to barricade
permeating of reagents from the bottom of papers. For paper-
based analysis, first 3 pl of aptasensor solution was poured on
paper-chip deposition zone and after drying, another 3 ul of
aptasensor solution was added on paper to improve physical
stabilization [30]. Then, 3 ul of a sample containing
S. typhimurium with certain concentration was dropped on a
paper-chip and after drying, another 3 pl of the sample was
added. As control, the same volume of a sample without
S. typhimurium was added to another paper-chip in the same
way. After drying, 3 ul of TMB and 3 pl of H,O, were added
twice to both of paper-chips, respectively. Although color
changes were traced with naked eye, the ImageJ processing
program was also used to assess the intensity of blue color.

Results and discussion
Choice of materials

G-C;3Ny4 nanosheet as the most stable allotrope of carbon ni-
tride is a chemical and thermal stable analogue of graphite that
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has different properties with graphene despite their structural
similarities. Compared to the other graphene derivatives, g-
C3N4 nanosheet has represented more desire to adsorb single-
stranded DNA [22]. Thus, aptamers could be adsorbed
on the surface of it through m-interactions, in accor-
dance with the purpose of this study. Although g-C5;N4
nanosheet could accomplish peroxidase-like catalysis of
hydrogen peroxide lonely [22], but a material with
much stronger peroxidase-like activity was required in
order to detect very low concentrations of a microscale
bacterium. Cu,O nanocrystal as a metal oxide nano-
structure has demonstrated outstanding peroxidase-like
activity for bioanalytical applications [31]. Hence, based
on the advantages of g-C3;N,4 nanosheet and Cu,O nano-
crystal, a novel composite of these two nanostructures
was synthesized in which the required peroxidase-like
activity and the possibility of interaction with aptamer
were provided. In order to form a univalent composite,
the synthesis steps of Cu,O nanocrystal and the final
composite were combined simultaneously.

Characterization of g-C3N4 nanosheets and g-
C3N4@CUZO

For characterization of the structures and verification of
correct formation of g-C3;N,@Cu,O, the synthesized
structures were studied subjecting several analyses, in-
cluding transmission electron microscopy (TEM), scan-
ning electron microscopy (SEM), UV-Vis spectroscopy,
fluorescence spectroscopy, X-ray diffraction (XRD), ener-
gy dispersive X-ray analysis (EDX), and EDX mapping
analysis. According to TEM image, an average size of
110_130 nm was estimated for g-C3;N, nanosheets.
Furthermore, TEM image of these nanosheets verified
their sheet-like structures (Fig. la). The formation of g-
C3N4;@Cu,0 composites was obviously demonstrated by
SEM images (Fig. 1b). As shown in Fig. 1b, g, C3Ny
nanosheets were well mounted on the Cu,O nanocrystals.
As Fig. Ic illustrated, the XRD pattern of g-C5N,@Cu,O
was also obtained to provide further evidence of both
nanostructures in the composite. The observed peak at
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Fig. 1 (a) TEM image of g-C3;N, nanosheets, (b) SEM image of g-C3N,@ Cu,O composites, (¢) XRD pattern of g-C3N,@Cu,O composites, and (d)

EDX analysis of g-C3N,@Cu,O composites
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Fig. 2 (a) EDX mapping analysis, (b) fluorescence spectra (at excitation location of absorption peak), and (d) comparison the peroxidase-like ac-

wavelength of 320 nm); high fluorescence emission of g-C;N,4 was re- tivity of g-C;N,4 and g-C53N4@Cu,O following the addition of TMB and
duced by nearly 94% in g-C3N,@Cu,0, (c) UV-Vis spectra of g-C3Ny H,0,; the peroxidase-like activity was efficiently increased in g-
and g-C;N4@Cu,0 (indicating the changes in number, intensity, and C3N4@Cu,O

27.6° indicated the existence of g-C5N4 nanosheet in the  providing the frequency distribution of elements in g-
composite, while the other diffraction peaks at 20 =29.6°,  C3N4;@Cu,0 (Fig. 2a). Fluorescence spectroscopy analy-
36.5°,42.4°, 61.5°, and 73.7° were matched well with the  sis confirmed the high fluorescence of g-C3N,4 nanosheets,
standard pattern of Cu,O, corresponding to (110), (111), as one of their considerable properties. As shown in Fig.
(200), (220), and (311) planes of Cu,0, respectively. 2b, the intensity of fluorescence emission was reduced by
According to Fig. 1d, EDX analysis proved the presence  nearly 94% in g-C3N,@Cu,O compared with single g-
of used elements such as copper (Cu), oxygen (O), carbon C5N4 nanosheets.. Moreover, as shown in Fig. 2c, the
(C), and nitrogen (N) in the synthesized g-C;N,;@Cu,O. observed variations in the UV-Vis spectra of g-C5;Ny4
EDX mapping analysis also confirmed previous data by = nanosheets and g-C3N,@Cu,O composite (including
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differences in number, intensity, and location of absorp-
tion peak) provided further evidence of the composite
formation. In addition, the peroxidase-like activity of the
structures was also studied by adding equal amounts of
TMB and H,0,, and measurement of absorption spectra.
As shown in Fig. 2d, comparison of absorption spectra
indicated a significant increase in peroxidase-like activity
after the formation of g-C3N;@Cu,O composites.

Evaluating the interaction of aptamer with g-
C3N4@CU20

In order to investigate the interaction between the aptamer
and g-C3N,@Cu,O composite, the absorption spectra of
the g-C3N4@Cu,0O containing aptamers were compared
with absorption spectra of the g-C;N,@Cu,O without
aptamer. The interaction of aptamer with g-C;N4@Cu,O
was concluded from the objective changes shown in Fig.
S1A. According to dynamic light scattering (DLS) mea-
surements, the zeta potential values of the g-C3N,@Cu,O
containing aptamers and the one without aptamer were
determined for examination of surface electric charge
changes. Zeta potential of the sample without aptamer
was —11, while this value for the sample with aptamers
was —39. These results showed that the surface charge of
the composite was negative by itself, but this value be-
came more negative after the interaction with aptamers.
The UV-Vis spectra, which was obtained after adding
TMB and H,0,, indicated that the involvement of com-
posite by aptamers led to an obvious decrease in
peroxidase-like activity (Fig. S1B) and the color chang-
es verified this decline clearly (Fig. S1C).

Optimization of effective parameters

As a colorimetric method, optimization of TMB and
H,0O, concentrations was obligatory to achieve the
highest detection performance. First, the effect of differ-
ent concentrations of TMB (10 uL, 5-8-10-12 and
15 mM) was studied in presence of a constant value
of H,O, (10 pL, 1 M). According to Fig. S2A, opti-
mum concentration of TMB was obtained 12 mM,
which caused the maximum increase in catalytic activity
maintaining the absorption range less than 1. The same
process was done to optimize H,O, concentration while
the concentration of 12 mM TMB was fixed. Similarly,
among H,O, concentrations (10 uL, 0.5-1-2-3 and
4 M), 3 M was chosen as the optimum (Fig. S2B).
The optimization of aptamer concentration would in-
crease the quenching rate of catalytic activity of g-
C3N4@Cu,O. Among the different studied concentra-
tions of aptamer (60 uL, 2-2.5-3-5-7and 10 uM),
5 uM was selected for the quench of catalytic activity,

considering the slight difference between the results of
5 uM and 7 uM (Fig. S2C). Incubation time of bacteria
was another necessary parameter to optimize. As shown
in Fig. S2D, the best incubation time of S. typhimurium
for this aptasensor was obtained between 1.5 and 2 h.

Principles of S. typhimurium detection

After ensuring the interaction of aptamers with g-
C53N4@Cu,0, a certain concentration of S. typhimurium
was added to the prepared aptasensor, and the changes
in peroxidase-like activity were monitored after the ad-
dition of TMB and H,O,. According to Fig. S3, follow-
ing the addition of S. #typhimurium to aptasensor solu-
tion, the catalytic activity was increased, while this oc-
currence was not observed in none of the controls. This
process demonstrated that aptamers have joined
S. typhimurium specifically, and as a result, their inter-
action with g-C3N4,@Cu,O was enfeebled.
Consequently, the peroxidase-like activity of g-
C3N4@Cu,0 was strengthened.

Sensitivity of aptasensor

In order to quantitative detection of S. typhimurium,
there was need to know the bacterial concentrations of
serial dilution by several repetitions of the plate count
method as standard method. Then, certain concentrations
of S. typhimurium from 1.5 to 1.5x 10 were added to
the constant value of aptasensor solution separately, and
the absorbance of each one was examined following the
addition of TMB and H,O,. As a result, the new meth-
od was able to provide a range of blue colors correlated
with the concentration of S. typhimurium (Fig. 3a),
which could be interpreted to quantitative amounts by
UV-Vis spectrometer. As presented in Fig. 3b, a stan-
dard calibration curve was achieved with a linear range
from 1.5x 10" to 1.5x 10° CFU/ml in which the absor-
bance increases with increasing the concentration of
S. typhimurium. The regression equation was written as
Y=0.0588X+0.2347, where Y is the absorbance and X
is the concentration of S. #yphimurium. The correlation
coefficient was calculated to be 0.9768. Furthermore,
the detection limit of 15 CFU/ml was calculated accord-
ing to the formula: 3STD/m (where STD is the standard
deviation of the prepared aptasensor without target and
m is the slope of the calibration curve [18]).

The diagnostic ability of the introduced aptasensor in
comparison with previous aptasensors for
S. typhimurium is summarized in Table 1. In addition
to the simplicity of usage, cost-effectiveness, rapidity of
operation, and the capability of portable analysis, this
new diagnostic system demonstrated high potential for
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Fig. 3 (a) Positive correlation between the intensity of blue color and the
concentration of S. typhimurium (A: Control of S. typhimurium
(aptasensor + sterile water), B_G: Aptasensor + different concentrations
of S. typhimurium, H: G-C3N,@Cu,0 + S. typhimurium, 1. Aptasensor
(g-C3N4@Cu,O/aptamer), J: S. typhimurium (first source of serial

sensitive, selective, and reliable whole cell detection of
S. typhimurium.

Operation assessment of paper-based model of
aptasensor

To evaluate the paper-based model of aptasensor, differ-
ent concentrations of S. typhimurium were added to the
paper-chips containing aptasensor solution. As illustrated
in Fig. 4a, in presence of S. typhimurium, the color of
papers was changed to blue after adding TMB and
H,0,. Due to the pores within the paper-chip, which in-
crease the rate of interactions between the aptamer and
bacteria, the paper-based model of aptasensor was not
dependent on incubation time. Accordingly, the portable
model of this method could identify S. typhimurium in
just 6 min by providing the visible results to the naked
eye.
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dilution), K: Control of aptamer. (b) The calibration curve illustrating
the positive correlation between the absorbance and the logarithm of
different concentration of S. #yphimurium within the range of 1.5 x 10"
to 1.5 x 10° CFU/ml

Evaluation of selectivity

To investigate the selectivity of this aptasensor toward
S. typhimurium, the aptasensor was examined by other path-
ogens including Escherichia coli, Staphylococcus aureus, and
Pseudomonas aeruginosa in the same conditions. The results
showed that none of these strains could cause the similar color
and absorbance with S. fyphimurium after exposure to the
aptasensor (Fig. 4b). The selectivity of an aptasensor refers
to the specificity of applied aptamer toward the target. The
used aptamer was specifically designed for S. typhimurium
outer membrane proteins (OMPs) [29]. Thus, it does not tend
to attach the other bacteria, considering the existence of dif-
ferent proteins on other cell membranes.

S. typhimurium detection in milk

The diagnostic potency of aptasensor was evaluated in milk as
the real sample. Thus, the aptasensor was applied to evaluate

Table 1 Comparison of recently reported aptasensors for S. typhimurium detection
Nanomaterial(s) Method(s) Linear range LOD Reference
(CFU/ml) (CFU/ml)

Gold nanoparticles (AuNP) Colorimetric 33%10" to 3.3x10° 33 [32]

Gold nanoparticles (AuNP) Localized surface plasmon 12 t0 5%10° 10* [33]
resonance (LSPR) sensing

Magnetic nanoparticles (MNPs) Immunomagnetic separation, 3.7x10" to 3.7x10° 33 [34]
enzymatic catalysis, and electrical signal-of

Spiny gold nanoparticles (SGNPs) Surface-enhanced Raman spectroscopy (SERS) 10" to 10° 4 [19]

Pt@ZIF-8 nanocatalysts Colorimetric 10" to 10 11 [35]

G-C;N,@Cu,O composite Colorimetric 1.5%x10' to 1.5x10° 15 This work

@ Springer
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Fig. 4 (a) Paper-based detection of S. typhimurium; observation of blue
color on the paper-chip after adding the sample as well as TMB and H,0,
indicates the presence of S. typhimurium in the tested sample. (b)
Selective detection of S. fyphimurium; the obtained results of this method
for E. coli and S. aureus (as two of common foodborne pathogens) as well
as P. aeruginosa (as an environmental pathogen) could confirm the se-
lectivity of aptasensor toward S. typhimurium

S. typhimurium existence in the spiked milk sample. The re-
sponse values, shown in Table S1, could indicate a favorable
coordination with the calibration curve. For each sample, the
concentration of S. fypymurium was measured by the plate
count method as a popular standard method for counting bac-
teria in microbiology. The results obtained from the intro-
duced aptasensor and the standard method were satisfactorily
analogous. As brought in Table S1, the percent recovery was
defined in the range of 96 to 104%, which affirmed the ap-
propriate accuracy of this method for detection of
S. typhimurium in milk or other food samples (Fig. S4).

Conclusion

In conclusion, a novel composite of g-CsN4 nanosheets and
Cu,O nanocrystals was synthesized through this study,
which represented a collection of significant properties
for designing new diagnostic systems. The simultaneous
ability of this composite to provide the catalytic activity
and the interaction with aptamer made it efficiently appro-
priate for aptasensors. Hence, a novel aptasensor based on
g-C3N,@Cu,0 was fabricated which could successfully
detect very low concentrations of S. typhimurium as one

of the most important foodborne pathogens. Despite the
reliable diagnostic function, this colorimetric method
could provide visually accurate results, which were visi-
ble with naked eye. This sensitive, rapid, affordable diag-
nostic system with the detection limit of 15 CFU/ml can
be a hopeful approach for eliminating the persistent bur-
den of S. typhimurium to public health and preventing the
dangerous outbreaks of this pathogen in future.
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