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ABSTRACT

The detection of Escherichia coli 0157:H7 (E. coli 0157:H7) from various food matrices is important in
the clinical field for the diagnosis of diseases. To identify the E. coli O157:H7 fliC gene; carbon dots (CDs),
fluorophore-oligonucleotide, silver nanoparticles (AgNPs), quencher-oligonucleotide and target
oligonucleotide were incorporated into the fabrication of single fluorescent sensor. The sensor works based
on the principle of fluorescence quenching between CDs and AgNPs when the target oligonucleotide is co-
hybridized with oligonucleotide on the surface of CDs (fluorophore) and AgNPs (quencher), respectively.
AgNPs acts as a quencher by in situ absorption of CDs energy in the presence of target oligonucleotide.
When the sensing system is excited at 340 nm, the optimum emission at 450 nm, corresponding to CDs
emission, appears and the interaction between CDs as fluorophore and AgNPs as quencher indicates the
presence of fluorescence quenching. Fluorophore emission was triggered inversely proportional to the
change in target concentration. The linear calibration plot towards target oligonucleotide was obtained in
the dilution series from 0.001 nM to 200 nM with a detection limit (LOD) of 0.0088 + 0.71 nM. The results
of kinetic studies using fluorescence assay found a strong relationship and interaction between fluorophore
and quencher.
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INTRODUCTION

Carbon dots (CDs) are bright luminous nanoparticles (NPs). A large number of
insights of the optical properties of CDs have recently been studied in various aspects
such as nanotechnology architectures [1], FRET design [2], fluorescence sensing [3],
synthesis, properties and even applications [4]. In addition, CDs has also been explored
in detection of biomarkers of various diseases because its fluorescence properties are
easily adjusted in the visible spectrum and integrated into polymer microbeads [5]. A
large amount of research aims to determine the electronic properties and potential uses of
CDs, growing at a rapid rate, due to its excellent conductivity, electronic and optical
properties [3].

Fluorescence is a physical phenomenon in which fluorochrome (a chemical
compound) emits light at a certain wavelength shortly after it is excited by light at another
wavelength [6]. Meanwhile, fluorescent quenching refers to the process of various

28



Journal of Smart Sensor and Materials
Volume 1, 2023, No 3 (2023)

molecular interactions, such as the formation of ground state complexes, molecular
rearrangements, electron transfer, excited state reactions and collisional quenching that
cause a decrease in sample fluorescence intensity. One of the most popular equations used
to study fluorescent quenching is the Stern-Volmer equation (1).

2 = 1+ Kgy[Q] (1)
where Fo and F are the fluorescent intensities without and with quencher, respectively.
[Q] is the quencher concentration and Ksy is the Stern-Volmer constant derived from the
linear plot slope Fo/F relative to [Q]. Fluorescence quenching is one of the techniques
used in the development of biosensors that offers several advantages such as high
sensitivity, relatively able to detect at low levels, avoiding the use of radioactive
materials, etc.

Advances in diagnostic biosensor technology are growing rapidly. Many are
interested in using silver nanoparticles (AgNPs) to improve or replace materials used in
conventional sensing technology. AgNPs have advantages over other materials in
conventional diagnostics, as they can be engineered to possess certain properties or
behave in certain ways [7]. AgNPs metal surfaces can alter fluorescent free-space
conditions with spectral properties that can result in dramatic spectral changes [8]. Due
to the advantages of surface characteristics and high particle stability, AgNPs have been
widely studied as a fluorescent quencher [9]. Noble metal nanoparticles such as gold (Au)
and silver (Ag) have been explored regarding their synthesis in most metal nanostructure
research [10]. Previously, Ag nanoclusters, consisting of several silver atoms, have
gained attention for DNA detection due to their simple synthesis, convincing
luminescence and biocompatibility [11].

In recent years, serious threats to public health around the world have emerged as a
result of food safety issues. Consuming food contaminated with foodborne pathogens can
affect the human body [12]. Escherichia coli O157:H7 (E. coli O157:H7), a foodborne
pathogen, has been identified and is often reported as a significant threat to human health
[13]. The most widely used method to detect E. coli O157:H7 is the sandwich enzyme-
linked immunosorbent assay (ELISA) because of its accuracy and inexpensiveness, but
this method is limited by its sensitivity [14]. Therefore, analytical methods to detect E.
coli O157:H7 with sensitivity, accuracy and stability are crucial.

In this work, with the aim of understanding the role of quenching and activation
energy processes in the quenching mechanism of CDs fluorescence intensity by silver
(AgNPs) have been studied. The fluorescence assay contains a CDs, which serves as a
signal indicator due to its known photophysical properties. CDs and AgNPs were
immobilized by adding amine- and thiol-modified oligonucleotide at the 5’- and 3’-end,
respectively, thus increasing their coordination ability and sensitivity. As a strong
molecular interaction pair, CDs-AgNPs forms a stable non-fluorescent complex with
increasing concentration of target oligonucleotide. Furthermore, it is notable when the
method is straightforward and affordable with a simple experimental protocol. In
addition, CDs-AgNPs has never been reported as a fluorescence sensor for the detection
of E. coli O157:H7.
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MATERIALS AND METHODS

Chemicals and materials

Primer Premier 5.0 software was used to design DNA oligonucleotide obtained
through E. coli DNA sequences in a published gene bank. In this study, six DNA sensor
probes were designed to develop a sensing system against the fliC gene. All DNA
oligonucleotides were synthesized and purified by an appointed company; Integrated
DNA Technologies (IDT) Inc. (Singapore). All DNA oligonucleotides are made ready
for laboratory use and store at —20 °C until used. N-hydroxysuccinimide (NHS), Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), 1-ethyl-3-(3-dimethyl-aminopropyl)
carbodiimide (EDC) and silver nanoparticles (AgNPs) with diameter 20 nm (OD 1) were
obtained from Sigma-Aldrich (United States). The CDs were synthesized according to
Zhu et al., [15] with some modifications. The oligonucleotides sequences used in this
study are shown in Table 1.

Table 1. List of oligonucleotides, genes and primers used in this study

Oligo/Primer Sequence (5’ to 3) (Sk;f)i
Thiol modified 5-CGTAGATTAT/3ThioMC3-D/-3' 10
Amine modified 5-/5AMMC6/CAGTTGGCGG-3 10
Complementary target ATAATCTACGCCGCCAACTG 20
Target ATAATCTACGCCGCCAACTG 20
One-base mismatch ATAATCTATGCCGCCAACTG 20
Two-base mismatch ATAATCTATGCCGCGAACTG 20
fliC gene Region: 2719892 to 2720272 381
Forward primer (fliC) ATAATCTACGCCGCCAACT 19
Reverse primer (fliC) GACTCCATCCAGGACGAAA 19

Functionalization of CDs with -COOH

The previous method reported by Zhu et al., [15] was followed to synthesize CDs
with some modifications. Citric acid weight of 5 g and ethylenediamine volume of 3125
pL was mixed in 50 mL ultra pure water. Then the mixture was pourred into a round
bottom flask and heated at 150 °C for 5 hrs using reflux method. To retain and obtain the
molecular weight of 3.5 kDa and nano size of CDs, the product was dialysed against the
ultra pure water. The hydroxyl, epoxide and ester groups of the CDs were converted into
COOH groups by mixing the 30 mg of CDs with 30 mL of basic solution containing 1.5
g of NaOH and 1.5 g of CICH,COONa and bath sonicate for 3 hrs [16]. To obtain CDs-
COOH, HCl was titrated to neutralize the CDs-COONa and followed by dialysis. Finally,
a rotary evaporator was used to condense the as-developed CDs-COOH and followed by
3 days of freeze drying to obtain CDs-COOH in powder form.

Conjugation of CDs-COOH with amine oligonucleotide

The CDs-amine modified was produced by the carbodiimide crosslinking method
[17]. Briefly, PBS with pH of 7.5 and concentration of 10 mM was added with 2 mg
powder of CDs-COOH to acquire a CDs-COOH solution with 2 mg/mL concentration.
Then 67.5 pL of 400 mM EDC and 81 pL of 400 mM NHS were pipetted to 1 mL of
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CDs-COOH (2 mg/mL) solution and was bath sonicated for 2 hours. Next, 57 pL amine
oligonucleotide (100 pM) was added to prepare the 5.7 uM working solution and
followed by incubation for 24 hours at 4 °C. Then, the CDs-amine modified was kept at
4 °C until utilized.

Preparation of AgNPs-thiol modified

Thiol oligonucleotide (100 puM) were activated by adding a 100x excess of 10 mM
tris(2-carboxyethyl) phosphine hydrochloride (TCEP), pH 8.2. The mixture was left for
2 hours at room temperature to reduce the disulfide bonds in preparation for silver
(AgNPs) modification with thiol oligonucleotide. Then the mixture was left for not less
than 18 hours at room temperature, immediately after TCEP-treated oligonucleotide (50
M) in 40 pL was mixed with AgNPs solution in 1000 pL. Afterwards, 1x PBS (10 mM)
was added in a dose of 122 L to increase ionic strength and pH was adjusted to 7.4. After
6 hours of incubation, three increases of 21 pL of 2 M NaCl at 3 hours of gaps was added
to enhance the NaCl concentration of the solution slowly. Then the mixture was incubated
for 48 hours. To isolate the AgNPs-thiol modified conjugate, it was centrifuged for 15
min at 15,000 rpm and 14 °C. Then, it was washed twice with pH 7.4 of 0.1 M PBS and
redispersed in the same concentration and pH of PBS.

Characterization of nanomaterials

High Resonance Transmission Electron Microscope (HRTEM) and energy-dispersive
X-ray (EDX)

The morphological, particle size and elemental analysis was performed using High
Resonance Transmission Electron Microscope (HRTEM) (JEM-2100F, JOEL, Japan)
and energy-dispersive X-ray (EDX) (AZtec, Oxford Instruments, England) spectroscopy.
TEM sample was prepared by dropping 10 pL of nanoparticle solution onto the carbon
coated copper grid. Then the grid was left overnight through air drying and the next day
is viewed under TEM. The same sample preparation was used for EDX imaging.

Fourier Transform Infra-Red (FTIR) spectroscopy

To observe the functional groups attached on the prepared nanomaterials, GQDs,
CDs, AuNPs and AgNPs were characterized using the Fourier Transform Infra-Red
(FTIR) (Spectrum 100, Perkin Elmer, United State). Nanomaterials were prepared in solid
powder form. Then the sample were each directly placed onto the Attenuated Total
Reflectance (ATR) accessory and scanned for 64 times from 4000 cm™ to 550 cm™.

Fluorescence assay

Figure 1 show the mechanism that occur as a response of the developed system
towards a series of target oligonucleotide was studied with a predetermined volume (50
ulL, 5.7 uM) of fluorophore (F) solution. In order for hybridization to participate, the
fluorophore solution was left for 2 hours at ambient temperature in 10 pL target
oligonucleotide with a series dilution of 0.001 nM to 200 nM. For the next 20 minutes,
50 pL of quencher (Q) solution (2 pM) was mixed with the above preparation and left at
ambient temperature to create a ground-state non-fluorescent complex (F-Q complex).
Shortly after stable complex formation has been achieved, signal changes will be detected
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by the microplate reader of Synergy H1 Hybrid Multi-Mode (United States). Complete
signal changes were discovered and monitored at excitation and emission light of 340 nm
and 450 nm, respectively.

Static Quenching

340 nm Quench

5 Target oligos :} m
™ e MW D G K =1E-0l
B+ — | [ [FTTQ)
o < ¢
Unhybridized — emit light Complex formation - no emission
F* Kq[Q]
; {F-QY
i
1
I
/8 [
'/ . A :
Ks 1) W
———lie /2 S N\
F = : {F-Q}
Fluorophore Fluorophore-Quencher Complex

Figure 1. The mechanism that occurs as a response of the developed system towards a
series of target oligonucleotide based on fluorescence assay.

RESULTS AND DISCUSSION

Characterization of nanoparticles
TEM-EDX

TEM-EDX (energy dispersive X-ray) analysis of the particles gives information
about the size, formation and elemental presence of CDs-target-AgNPs nonfluorescent
complex in the electron micrographs (50,000x%) [7]. The TEM-EDX image of CDs-target-
AgNPs nonfluorescent complex has shown that the morphology of CDs and AgNPs were
predominantly spherical. The measured size of the CDs nanoparticle was 3.8 + 0.2 nm. It
is very clear that the AgNPs was distinct and spherical in contour with particle size of
23.9 + 0.11 nm (Figure 2a). From EDX spectrum, it was clear that CDs-target-AgNPs
nonfluorescent complex have percent yield of 98.68 + 1.52% of Carbon (Figure 2b and
2¢) and 1.32 + 1.52% of Argentum (Figure 2d, 2e and 2f) [18].
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Figure 2. (a) TEM image of CDs-AgNPs in ground-state complex arrangement
(50,000%) and EDX spectra of (b and ¢) CDs-amine modified and (d, e and f) AgNPs-
thiol modified.

FTIR

To evaluate the successful functionalization of AgNPs, FTIR spectra were
monitored, as depicted in Figure 3A. The effective functionalization of AgNPs with thiol,
was indicated by the differences in the FTIR spectra of AgNPs-thiol modified compared
to AgNPs spectrum. It is noted that the disappearance of weak S-S stretching vibrations
(735 cm™?) in AgNPs-thiol modified (Figure 3A(b)), which shows the deprotonation and
formation of strong Ag-S covalent bond. Peaks associated to the S-H stretching bands

33



Journal of Smart Sensor and Materials
Volume 1, 2023, No 3 (2023)

(2917 cm™1) was formed in the FTIR spectra of AgNPs-thiol modified and absent in the
FTIR spectra of AgNPs suggested the successful of thiol functionalization on AgNPs
surface [19]. In addition, bands at 3300 cm™, 1560 cm™ and 1386 cm™ were associated
to the O-H, C=C and C-H modes of carboxylic acids, alkene and alkane moieties on
AgNPs (Figure 3A(a)) [10]. The FTIR spectra of CDs provide significant structural
differences when compared with functionalized CDs and CDs-amine modified. In Figure
3B(a) the bands on the CDs-amine modified are markedly different from the
functionalized CDs (Figure 3B(b)) and CDs (Figure 3B(c)) at 2973 cm ™, 1637 cm™2, 1565
cmt and 1241 cm™?, respectively. In Figure 3B illustrates the obvious changes in the
group region at the typical bands of C-NH-C (1070 cm™?), C-O (1083 cm ™) and NHC=0
(1241 cm™). This clearly indicates that amine oligonucleotide was successfully
conjugated on the CDs surface by forming amide bonds with carboxyl functional groups
[20].
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Figure 3. FTIR spectra of (A) (a) AgNPs and (b) AgNPs-thiol modified and (B) (a)
conjugated CDs, (b) functionalized CDs and (c) carbon dots (CDs), respectively.
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The optical spectrum of conjugated CDs and AgNPs

There was overlap between the conjugated CDs emission spectra with the conjugated
AgNPs absorption spectra, thus demonstrating the feasibility of fluorescence quenching.
As shown in Figure 4, fluorescence emission wavelength of CDs-amine modified
particles at 450 nm has been overlapped with the absorption spectrum of the AgNPs-thiol
modified particles at 400 nm. The overlapping spectra are important parameters to
improve fluorescence quenching efficiency of the gene assay [21]. It can be concluded
that they are a good fluorescence quenching pair based on the huge spectral overlap found
between the fluorophore’s emission and the quencher’s absorption.
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Figure 4. Spectra overlap between (a) CDs-amine modified and (b) AgNPs-thiol
modified.

Optimum reaction time

To see the effect of reaction time on fluorescence quenching by the CDs-AgNPs
fluorescence assay, the reaction time was carried out at 1 hour, 1.5 hours and 2.0 hours
for hybridization (first incubation) and 10 min, 20 min, 30 min, 40 min, 50 min and 1
hour for co-hybridization (second incubation) by the adding of AgNPs-thiol modified to
the CDs-target oligonucleotide mixture. As shown in Figure 5, an increase in incubation
time will lead to a significant increase in the number of AgNPs-thiol modified that are
close to the surface of CDs. These observations indicate that the CDs-amine modified
sequence is in hybridization with the target oligonucleotide and then co-hybridized with
the AgNPs-thiol modified before stabilizing the quenching effect on the CDs. The
increase in fluorescence quenching by AgNPs reached the optimum level with an increase
in hybridization time of up to 2 hours (first incubation) and co-hybridization time of up
to 20 min (second incubation). After this point, the increase in incubation time with
AgNPs-thiol modified did not increase the net fluorescence quenching of the reaction,
indicating that a saturation state had been reached in the reaction. This is because
additional targets have been fully co-hybridized with conjugated CDs and AgNPs,
respectively. This observation is in agreement with the findings by Lin et al. [22] and Hai
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et al. [23]. Thus, the 2 hours and 20 min of hybridization and co-hybridization time,
respectively was chosen for further study.
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Figure 5. Optimum reaction time for CDs-AgNPs fluorescence assay.

Fluorescence quenching for target gene detection

Method validation

Under the optimum conditions, the fluorescence spectra of the CDs-AgNPs
fluorescence assay at different concentrations of target oligonucleotide were studied.
Figure 6a shows the response of the CDs-AgNPs fluorescence quenching system by
increasing the target oligonucleotide concentrations in the range of 0.001 - 200 nM. The
reduction of fluorescence signal due to the quenching effect of AgNPs on the CDs is in
correlation with the concentrations of target oligonucleotide. It was observed that the
strong fluorescence of the CDs-amine modified particles was gradually quenched with
the increase of target concentrations. The results show that throughout the range of
concentrations studied, CDs exhibit static quenching behaviour of Stern-Volmer
quenching reaction. This is proven when there is no shift in the maximum emission
wavelength observed, even for the high concentration of target oligonucleotide [24].
Figure 6b demonstrate the net fluorescence quenching of the as-prepared biosensor. This
shows a linear relationship with the increase in target oligonucleotide concentration
ranging from 0.001 - 200 nM (Figure 6b). CDs showed static quenching activities in the
whole dynamic range analysed as showed by the changed of the performance of the Stern-
Volmer quenching reaction in the presence of the target oligonucleotide. It was found that
the wavelength maximum of emission was not shifted, although for immense
concentrations of target oligonucleotide. Therefore, the reaction mixture maintains a
static quenching process in the existence of target oligonucleotide whereas the dynamic
guenching arrangement was overcame [24]. The calibration plot could be expressed by
the equation:

Fy — F; = 240.36 x + 1040.8 (2)
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with the correlation coefficient of 0.896 (where, Fo and Fq represented the emission
intensities of the biosensor at 0 min and 20 min after adding of AgNPs-thiol modified,
respectively). Data treatment with concentration logarithms in the calibration plot
abscissa was not used to calculate the detection limit (LOD) based on calibration function
slope as this resulted in a poor statistical evaluation [25]. The limit of detection (LOD)
was calculated to be 0.0088 + 0.71 nM, according to three times of standard deviation,
3Sa/b (n = 3) where Sa and b denote the blank standard deviation and the calibration plot
slope. Compared with other reported literatures by Xu et al., [26], Achadu et al., [27],
Yan et al., [28], Zhao et al., [29] and Sidhu et al., [30], the CDs-AgNPs fluorescence
assay provides a relatively lower detection limit and broader dynamic range (Table A.1,
supplementary data/appendix).
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Stern-Volmer constant (Ksv)

The fluorescence intensities were measured with and without quencher
concentrations for the CDs-amine modified. The fluorescence intensity decreases with
increasing AgNPs concentrations. Figure 7 shows the Stern-Volmer plot derived from
equation [1] of CDs fluorescence quenching using AgNPs as quencher (Q). F° and F are
the fluorescence intensities without and with of the quencher concentration [AgNPs]. The
Ksv was calculated as 6.5 x 10° Mtin CDs-AgNPs. This indicated that AgNPs is a strong
electron acceptor, compatible with its being a notably effective quencher [31]. The Stern-
Volmer plots shows that fluorescence quenching follows the Stern-Volmer association
and confirmed the static quenching contribution. The static quenching constant (Ks),
given by the slope of the Stern-Volmer plots, were measured using least squares method
[32].

The quenching efficiency increases as the mixture concentration increases indicating
that the quenching process is not completely diffusion-controlled. This is in accordance
with a static quenching model in which enhancing the medium concentration result in a
confine effect that boosts fluorophore uptake on AgNPs surfaces [33]. Data on Stern-
Volmer plot for CDs-AgNPs fluorescence assay are summarized in Table A.2,
supplementary data/appendix.
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Figure 7. Stern-Volmer plot of fluorescence quenching of CDs-amine modified by
AgNPs-thiol modified.

Association constant (Ka)
The effect of AgNPs concentration on the absorption of CDs molecule was also

studied by Benesi-Hildebrand equation as specified in equation 3:
1 — i i 1 3)
F°—F Ae + Kg X (a9)[Q] (
Where F° and F are fluorescence intensity with and without quencher (AgNPs), Ae
is the change in absorption coefficient, K. is association constant and [Q] is the

concentration of AgNPs. The plot (Figure 8) was discovered to be linear with excellent
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correlation factor (R? = 0.99). The association constant K, is 2.5 x 10 M (Figure 8) as
determined from the slope of the plot and y-intercept. This shows that there is a strong
relation between AgNPs and the CDs molecule [34]. Data on Benesi-Hildebrand plot for
CDs-AgNPs fluorescence assay are summarized in Table A.3, supplementary
data/appendix.
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Figure 8. Benesi-Hildebrand plot for the adsorption of CDs-amine modified on AgNPs-
thiol modified.

Equilibrium binding constant and number of binding sites
The equilibrium binding constant (Ka) and binding sites (n) can be presented as:

log [@] = log K4 + nlog[Q] 4)

Where F°, F and [Q] are the same as in Equation (3), Ka is the equilibrium binding
constant and n is the binding sites. By using the plot of log[(F°—F)/F] versus log[Q] as
shown in Figure 9, the numbers of binding sites (n) of CDs-AgNPs is calculated to be 1.2,
which is close to 1, indicates that there is one binding site between CDs and AgNPs. The
equilibrium binding constants Ka is 1.7 x 10° M™%, The large value of Ka indicated that
there is a strong interaction between conjugated fluorophore (CDs) and quencher
(AgNPs). The n values indicating that the stability of complex between CDs and AgNPs
which represent the strength and number of energy transfer takes place within the CDs
and AgNPs complex [35]. Data on log [(F°—F)/F] vs log [Q] plot for CDs-AgNPs
fluorescence assay are summarized in Table A.4, supplementary data/appendix.
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Figure 9. Plot of log [(F°—F)/F] vs log [AgNPs]-thiol modified.

Specificity and selectivity of CDs-AgNPs fluorescence assay

To evaluate the specificity of the CDs-AgNPs fluorescence assay, specific
identification of E. coli O157:H7 fliC gene compared to other bacteria strain, Salmonella
enteritidis (S. enteritidis) and Salmonella typhimurium (S. typhimurium) was analysed.
As illustrated in Figure 10a, CDs fluorescence quenching was strongly driven by
increased in genomic DNA, and no other bacterial strain resulted in similar changes in
fluorescence intensity at concentrations similar to E. coli O157:H7 genomic DNA.
Notably, although there was a similarity of target concentrations (1.7 x 10° DNA copy
number) it did not give the same effect on CDs fluorescence intensity. Thus, showing that
the presence of other bacteria does not interfere with the detection of the target sequence.
These findings clearly indicate that the specificity of the proposed fluorescence sensor
system for the fliC gene is acceptable. Figure 10a shows that CDs-AgNPs was efficient
in specific identification of fliC gene. The quenching efficiency of CDs-AgNPs in
detecting fliC gene for E. coli O157:H7, S. enteritidis and S. typhimurium were 97.18 +
1.50%, 26.51 + 5.04% and 30.22 + 4.88%, respectively.

To exhibit the selectivity of proposed method, target analytes in different type of
target sequences were also examined. The concentration of target oligonucleotide was set
at 200 nM for each type of target sequences and determined by the CDs-AgNPs
fluorescence assay. Figure 10b shows that CDs-AgNPs was efficient in selective
detection of fliC gene. The quenching efficiency of CDs-AgNPs in detecting fliC gene
for complementary, one mismatch and two mismatches sequence were 96.33 + 1.41%,
79.81 £+ 2.45% and 64.04 + 6.46%, respectively.

Thus, the CDs-AgNPs sensing system can embrace potential applications for the
determination of fliC gene in real samples analysis with a better behavior as previously
demonstrated.
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Figure 10. Quenching efficiency (3)) of CDs-AgNPs fluorescence assay towards (a)
different bacteria strain and (b) type of target sequence.

Application in actual samples

The capability to identify E. coli 0157:H7 in actual samples was evaluated to confirm
the on-field application of the developed system. To achieve this, E. coli O157:H7 was
spiked into several food samples in certain amounts. The result of the actual sample
application was shown in Figure 11 with a linear plot of net fluorescence quenching (Fo
— Fq) against serially diluted amplicon (fliC gene). A direct proportion was obtained with
a series dilution of 0.05 ng/uL to 500 ng/uL of amplicon. The linear plot was projected
by the equation of y = 323.05x — 44.55 (R? = 0.984). The system detection limit (LOD)
in the actual samples identification is 0.07 = 0.71 ng/uL for n = 3. The actual samples
shown in Table 2 were confirmed to be positive with an average concentration of fliC
gene 2.62 £ 0.11 ng/uL in chicken, 10.94 + 0.20 ng/uL in meat and 41.78 £ 0.04 ng/uL
in cheese. The data of PCR is significantly lower than that obtained with the proposed
fluorescent sensors for the sample of chicken. This is due to the effect of steric hindrance
where low target concentrations reduce the probability of co-hybridization of target
sequences with amine and thiol oligonucleotide on CDs and AgNPs. In addition, target
secondary structure, type (RNA or DNA) and length also affect hybridization, probe-
target duplex formation competencies and specificity [36]. A common technique in
molecular biology to measure the number of DNA molecules is real time PCR [37]. Thus,
real time PCR validation was used as a comparison against the data obtained from the
developed fluorescence assay (Table 2).

The two population means of the fluorescence assay and the real time PCR method
was compared in statistical analysis to calculate the t-test value (Table 2). A t-test value
that smaller than the critical value (t2+ = 2.78) confirmed the fluorescence assay was
comparable and in good agreement with the real time PCR method. The results obtained
further reinforce the fact that the CDs-AgNPs system has the potential for real testing
when successfully detecting the fliC gene accurately and effectively in actual samples.
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Figure 11. Calibration plot of fliC gene (amplicon) serial dilution in the dynamic range
of 0.00 - 500.00 ng/pL (n = 3).

Table 2. Data on CDs-AgNPs fluorescence assay and real time PCR method

CDs-AgNPs Real time PCR t-test
Food sample (ng/plL) (ng/plL)
Chicken 2.62+0.11 0.045 + 0.001 1.96
Meat 10.94 £ 0.20 10.14 £ 0.02 0.35
Cheese 41.78 + 0.04 41.90 + 0.07 0.31

Note: ®the critical value, t4 = 2.78 (p = 0.05)

CONCLUSION

An unlabeled fluorescent-based method exploiting fluorescent carbon dots and silver
nanoparticles was developed and used for the sensitive and selective detection of fliC
gene. In brief, a label-free fluorescence-based method utilizing luminescent carbon dots
was developed for the identification of E. coli O157:H7 fliC gene. AgNPs was found to
effectively quench the emission of CDs in the presence of target. A probable process for
this fluorescence quenching engages absorption from the CDs to AgNPs created by the
non-fluorescent complex formation of CDs-AgNPs following co-hybridization of target
oligonucleotide. The presented sensing mechanism has several properties. First, the
method is straightforward and affordable with easy experimental protocols. Second, the
assay do not require complex modification steps and gives high specificity and sensitivity.
Furthermore, synthesized CDs are minimal toxic and should be valuable for actual sample
applications.

SUPPLEMENTARY DATA

Supplementary data to this article can be found in Appendix A.
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APPENDIX A

Table A.1. Comparison with previous reported work on fluorescence based sensor
Nanomaterials Technique I(_nclz/IE; Reference
CDs FRET 13.8 [25]
PEI-GQDs-Au@Ag Fluorescence off-on-off 2.45 [26]
CDs Fluorescence ratiometric 18.1 [27]
GQDs Label-free fluorescence 90.0 [28]
CDs/Cys and Au FRET 5.0 [29]
CDs and AgNPs Fluorescence quenching 1.01 This work

Table A.2. Data on Stern-Volmer plot of CDs-AgNPs based fluorescence assay

[AGNPs] Fo F Fo/F RSD

UM

0.05 5845 5573 1.05 0.007325
0.10 5845 5340 1.09 0.007935
0.15 5845 5185 1.13 0.008736
0.20 5845 4991 1.17 0.008624
0.25 5845 4960 1.18 0.013546
0.30 5845 4759 1.23 0.010939
0.40 5845 4475 1.31 0.009111
0.45 5845 4489 1.30 0.009633

Table A.3. Data on Benesi-Hildebrand plot of CDs-AgNPs based fluorescence assay

[AgNPs]

oM Fo F F-F  1/F-F  1/[AgNPs] RSD

0.05 5845 5553 292 0.0034 20.00 0.000178
0.10 5845 5297 548 0.0018 10.00 0.00011
0.15 5845 5192 653 0.0015 6.67 1.15E-05
0.20 5845 4989 856 0.0012 5.00 1.93E-06
0.25 5845 5017 828 0.0012 4.00 5.5E-05
0.30 5845 4692 1153  0.0009 3.33 3.78E-05
0.35 5845 4418 1427  0.0007 2.86 1.43E-05
0.40 5845 4458 1387  0.0007 2.50 6.33E-06
0.45 5845 4488 1357  0.0007 2.22 3.84E-07
0.50 5845 4533 1312 0.0008 2.00 2.85E-05
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Table A.4. Data on plot of log [(F°—F)/F] vs log [AgNPs] of CDs-AgNPs based

fluorescence assay

[AgNPs] Log

LM F° F F°-F F°-F/F Log[(F°—F)/F] [AgNPs]  RSD

0.05 5845 5573 272 0.0488 -1.3115 -1.30  0.022893
0.10 5845 5340 505 0.0946 -1.0242 -1.00  0.027577
0.15 5845 5185 660 0.1273 -0.8952 -0.82  0.003689
0.20 5845 4991 854 0.1711 -0.7667 -0.70  0.000841
0.25 5845 4960 885 0.1784 -0.7485 -0.60  0.023953
0.30 5845 4759 1086 0.2282 -0.6417 -0.52  0.022739
0.35 5845 4458 1387 0.3111 -0.5071 -0.46  0.011499
0.40 5845 4475 1370 0.3061 -0.5141 -0.40  0.004956
0.45 5845 4489 1356 0.3021 -0.5199 -0.35  0.000295
0.50 5845 4599 1246 0.2709 -0.5671 -0.30  0.020289
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