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Abstract This article describes a sensitive and selective flu-
orometric method for the determination of Salmonella
enteritidis by exploiting the polymerase activity of the
Klenow fragment and dual fluorescence. First, one end of a
target-selective aptamer was labeled with the fluorophore 6-
carboxyfluorescein (FAM). Once the labeled aptamer binds to
graphene oxide (GO) via m-stacking interaction, the fluores-
cence of FAM is quenched. However, the addition of target
(16S rRNA) leads to the restoration of fluorescence due to the
binding of probe and target which shifts the FAM fluorophore
away from the quenching GO. By using the Klenow fragment
and by exploiting the synergistic effect of FAM and the DNA
probe SYBR Green I (which is strongly fluorescent in pres-
ence of dsDNA only), fluorescence is strongly amplified and
sensitivity improved. The analyte 16STRNA can be deter-
mined by this method in the 60 pM to 100 nM concentration
range, and the detection limit is 60 pM. It is also shown that
Salmonella enteritidis can be determined in milk samples by
this method in concentrations between 10 to 10° cfumL™ %,
with a detection limit of 300 cfu-mL™ '. This assay displays
high sensitivity and selectivity and may possess wide applica-
tions in pathogen detection.
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Introduction

Salmonella enteritidis, as a foodborne pathogen, is a major
cause of gastroenteritis, diarrhea and pain. Its infections cause
morbidity, mortality, and economic burden and are particular-
ly severe in the infant, elderly, or immunocompromised pa-
tient. The infections caused by Salmonella enteritidis are
steadily increasing in incidence and geographic scope [1].
There are annually 3 million deaths due to Salmonella infec-
tions worldwide [2], Salmonella serotype Typhimurium and
Salmonella serotype Enteritidis are the most prevalent [3].
Although there are various available detecting techniques
for this pathogen, which are culture and colony counting [4],
enzyme linked immunosorbent assay [5] and polymerase
chain reaction [6, 7], most of them are complex and need
lengthy process [8]. Besides, the bacteria may be present in
tiny numbers and many related bacteria can be found within
the same sample, hence enrichment steps are necessary [9].
The polymerase chain reaction (PCR) has been accepted as
gold standard for detection of S. enteritidis [10].
However, it is laborious and time-consuming, and needs
sophisticated and expensive equipments and skilled op-
erators. In addition, it may give false positives because
of nonspecific amplification during the complicated ther-
mal cycling steps [11]. Recently, many biosensors were
developed by combining biological receptor compounds
with transducer directing, such as surface plasmon res-
onance (SPR) devices, modified carbon electrode and
glassy carbon electrode. They were able to detect
S. enteritidis with high performance, nevertheless, the
high cost and complex process of the preparation of
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materials remained obstacles [12—14]. Therefore, a more
rapid, simple, sensitive and selective detection technol-
ogy to identify this pathogen is desirable.

Fluorescent in situ hybridization (FISH) is based on
the specific binding of a nucleic acid probe. With 16S
rRNA-targeted probes, this staining technique would al-
low phylogenetic identification of bacteria without prior
cultivation or DNA extraction [15]. TRNA molecules
have been used to gain the detecting ability of sensors
since they allow the design of taxon-specific oligonucle-
otides [16]. Accordingly, hybridization using oligonucle-
otides directly in sensors for 16S rRNA might be a
prominent way to detect S. enteritidis much more rap-
idly than current methods.

Graphene oxide (GO) is a two-dimensional carbon material
consists of sp>-bonded carbon with a hexagonal configuration.
GO has a large surface area for loading nucleic acids,
proteins, and some small inorganics via 7-interactions
or chemical modification [17-19], it may also serve as
an excellent quencher in Dexter mechanism because of
its broad absorption spectrum and high quenching effi-
ciency. Consequently, GO is an ideal material for
biosensor-based device constructing and has been wide-
ly used in detection applications [20, 21].

Several methods to increase detection sensitivity were
designed [22, 23]. As an unsymmetrical cyanine dye,
SYBR Green I has no fluorescence when single-
stranded DNA (ssDNA) was only present. However,
the fluorescence signals will be greatly enhanced when
it binds to double strand DNA (dsDNA) [24]. The max-
imum excitation wavelength and maximum emission
wavelength of carboxyfluorescein group (FAM) and
SYBR Green I are both very close, and the fluorescence
peaks of these two dyes overlap completely. The sensi-
tivity of the detection method is greatly improved when
it was combined with these two dyes [25].

Here, an aptasensor based on GO and signal amplifi-
cation for the determination of Salmonella enteritidis
was designed, in which one end was labeled with the
fluorophore 6-Carboxyfluorescein (FAM). When the
FAM-aptamer bound to the GO by m-interaction, fluo-
rescence of FAM was quenched via a Dexter mecha-
nism. The addition of target (16S rRNA) led to the
restoration of fluorescence due to the binding of
aptamer and target, which keep FAM away from the
GO. Additionally, both of Klenow Fragment and

SYBR Green I were used to amplify the fluorescence
signal. The detection approach not only has a lower
limitation and good selectivity, but also can detect its
targeted bacteria rapidly. These advantages such as sim-
plicity, sensitivity and high efficiency, make it a prom-
ising prospects in pathogen detection.

Material and methods
Chemicals and materials

A specific sequence was chosen from the V3-V6 region of
16S rRNA, and updated from the NCBI gene bank.
Oligonucleotides were synthesized by Sangon Biotech Co.,
Ltd. (Shanghai, China, http://www.sangon.com), as shown
in Table 1. The sequences were dissolved in TE buffer to
prepare 100 uM stocking solution. Graphene oxide was
purchased from Xianfeng Materials Technology (Nanjing,
China http://www.xfnano.com). UNIQ-10 Column TRIzol
Total RNA TIsolation Kit, Klenow Fragment (10 U-uL ") and
10 x reaction buffer for Klenow Fragment (500 mM Tris—
HCIL, 50 mM MgCl,, 10 mM DTT, pH 8.0) were purchased
from Sangon Biotech Co., Ltd. (Shanghai, China). SYBR
Green I was obtained from Fanbo Biochemical Co., Ltd.
(Beijing, China). Water was purified before use by a Milli-Q
water purification system.

Apparatus

All fluorescence measurements and spectra were performed
using a LS45 fluorescence spectrophotometer (Perkin—Elmer,
UK). Excitation and emission slits were both set for a 10.0 nm
band-pass. The fluorescence was excited at 495 nm and emis-
sion spectra were collected from 500 to 700 nm. The water
was purified by an Ultra-pure water system (Millipore,
Boston, MA, USA).

Preparation of graphene oxide

Graphene oxide powder was dissolved in deionized water and
subjected to ultrasonication for 150 min (300 W, 20 % ampli-
tude). The homogeneous GO aqueous dispersion (1 mgmL ™)
was obtained and stored at room temperature prior to use.

Table 1 The sequence of

aptamers and target Sequence Decoration
Target sequence TGTTGTGGTTAATAACCGCA
FAM-Aptamer TGCGGTTATTAACCACAACACGATCCTCAGCACGACATGC 5'-FAM

Aptamer

TGCGGTTATTAACCACAACACGATCCTCAGCACGACATGC
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Determination of target sequence in water

The analyte of 16S rRNA (10~ mol) was dissolved in water
(1 mL) prior to use. 1 pL of FAM-aptamer suspended in Tris-
HCI (pH 7.5) and 10 uL of GO solution were added to a
1.5 mL centrifuge tube. The mixture was left at 37 °C for
10 min to allow the GO absorb the aptamers. Then, Klenow
Fragment (0.5 uL), 10 x reaction (2 pL) buffer and SYBR
Green I (2 pL) were added, followed by different concentra-
tions of analyte of 16S rRNA with the resulting solution to
obtain a final volume of 100 uL. The same reaction mixture
without target sequence was used as a control. After the solu-
tion was incubated at 37 °C for 30 min to carry out the fluo-
rescence signal amplification reaction, the fluorescence was
detected (Reaction solutions were excited at 495 nm and emis-
sion spectra were collected from 500 to 700 nm. Excitation
and emission slits were both set with a band pass of 10.0 nm).

Application in milk sample

S. enteritidis were mixed with milk (1.0 mL) in different con-
centrations respectively. After they were equilibrated at room
temperature for 10 min, the mixtures were subjected to centri-
fugation (1700 g) for 10 min and the sediments were trans-
ferred into different tubes. Subsequently, the RNA was ex-
tracted from the sedimentary cells using UNIQ-10 Column
TRIzol Total RNA Isolation Kit. FAM-aptamer suspended in
Tris-HCI and GO solution was added. After the mixture was
left at 37 °C for 10 min, Klenow Fragment, 10 x reaction
buffer and SYBR Green I were added, followed by the ex-
tracted RNA of different concentrations of S. enteritidis with
the resulting solution to obtain a final volume of 100 puL. The
same reaction mixture without extracted RNA was used as a
control. Finally, solution was incubated at 37 °C for 30 min
and then the fluorescence was measured.

Detection specificity

S. typhimurium, S. paratyphi A and E. coli, ETEC K88 were
used to determine the specificity of the method. The bacteria
were diluted to 6 x 10° CFU-mL ™" and centrifugated (1700 g)
for 10 min. The sediments were transferred into different tubes
and their RNA was extracted from the sedimentary cells using
UNIQ-10 Column TRIzol Total RNA Isolation Kit respective-
ly. The remaining procedures were as described above.

Sensitivity comparison of different dyeing strategies

To evaluate the synergistic effect of using FAM and SYBR
Green I simultaneously, three determination experiments with
different dyeing strategies were performed. The first experi-
ment used both FAM and SYBR Green I, the second one was
performed without SYBR Green 1. The third one was carried

out with SYBR Green I only by using an unlabeled aptamer
and the rest process was as described above.

Results and discussion
Design of the method

As shown in Fig. 1, the aptamer mainly consisted of a com-
plementary DNA sequence of 16S rRNA (V3-V6 region), in
which one end was labeled with FAM and the other one
formed a self-assembled short hairpin structure. When the
FAM-aptamer bound to GO by 7-interaction, fluorescence
of FAM was quenched via a Dexter mechanism. The addition
of target (16S rRNA) led to restoration of fluorescence, be-
cause the binding of the aptamer and target sequence unzipped
the connection between the aptamer and GO since the aptamer
was energetically more stable when hybridized with 16S
rRNA than when attached to GO. As the Klenow Fragment
will extend the 3’end of the self-assembled short hairpin struc-
ture to form a double strand DNA and displace the target (16S
rRNA) at the same time, the displaced target will bind to those
remaining aptamers on GO again. SYBR Green I bind to the
dsDNA and the fluorescence intensity is significantly en-
hanced. Conventional assays are generally based on a recog-
nition interaction between the target and the sensor with a 1:1
ratio, which means that each target can only bind to one fluo-
rescent probe to generate a signal [26]. In this method, each
target strand may go through many cycles by using Kelnow
Fragment, leading to cleavage of numerous aptamers and a
lower limit of detection (LOD) than other methods [27, 28].
Moreover, the synergy effect of FAM and SYBR Green I will
further improve the sensitivity of this method. Figure 2
displayed the fluorescence emission spectra of FAM-aptamer
at different conditions. Its spectrum without GO exhibited

N

~vvz FAM-labeled aptamer

W\ Target sequence

SYBR Greenl ## GO

¢ Klenow Fragment

Fig. 1 Schematic diagram of sensitive dual fluorescence aptamer for the
detection of Salmonella enteritidis based on Graphene Oxide
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higher than others (curve 5). Over 95 % fluorescence signal
was quenched when GO presented (curve 2). As expected, the
fluorescence restored again (curve 3) after the addition of tar-
get (200 nM of analyte of 16S rRNA), and increased contin-
ually with the help of Klenow Fragment (curve 4).
Collectively, these results demonstrated the feasibility of the
approach for the rapid determination of target.

Optimization of assay conditions

The ratio of fluorescence quenching agent and aptamer is a
critical factor for detection efficiency. Therefore, it is neces-
sary to ascertain how many aptamer molecules can be loaded
onto GO. Figure 3a showed the fluorescence quenching
situation of FAM-aptamer (50 nM) at different concen-
trations of GO. The relative fluorescence intensity (Fo-F/
Fo) increased quickly with the GO concentration from 0
to 0.08 mg:mL™'. When the concentrations of GO
reached 0.1 mg:mL™", over 95 % fluorescence intensity
was quenched, and the relative fluorescence intensity
was not increased anymore with the increment of GO.
Accordingly, 0.1 mg'mL™" of GO was used in the next
experiment. Moreover, as illustrated in Fig. 3b, the fluo-
rescence signals reduced swiftly. After 10 min, over
95 % fluorescence signal was quenched and no more
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decrement was observed (curve 1). Hence, 10 min was
chosen as the incubation time for GO and FAM-
aptamer. When the target and Klenow Fragment were
added, the fluorescence signal recovered remarkably in
30 min (curve 2). After 30 min, the fluorescence did
not increase over time. Thus, 30 min was chosen as
the reaction time of detection.

Analysis of target sequence in water

To investigate the LOD of this method, we prepared a
series of different concentrations of target sequence.
Fig. S1 shows the relationship between fluorescence in-
tensity and target concentrations from 0 to 100 nM.
Fluorescence intensity increased gradually as the con-
centration of target increased, indicating that aptamers
were detached from GO increasingly by the
oligonucleotide-specific hybridization of target and
aptamer. Additionally, the inset of Fig. S1 illustrated
the linear dependence of fluorescence intensity and tar-
get concentration from 0 to 1 nM (y = 254 x + 29.69,
R? = 0.98581). The LOD of this method was 60 pM.
The sensitivity of this method is higher than that of
other existing homogeneous assays [29-31]. The im-
proved detection limit can be attributed to the prominent
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Fig. 3 a: Optimization of the concentration ratio of graphene oxide to
FAM-aptamer. b: Kinetic curves of correlation of time and fluorescence
restoration and quenching. Error bars indicate standard deviation (n = 3)

quenching effect of GO, the high affinity of aptamer to
target, the signal amplification reaction using Klenow
Fragment and the synergistic effect of FAM and
SYBR Green I.

Detection specificity

The fluorescence signal intensity of this method mainly de-
pends on the release of aptamers from GO. Accordingly, its
specificity is determined by the oligonucleotide-specific hy-
bridization of target and aptamer. Parallel experiments were
performed to evaluate the detection selectivity, three other
typical food-borne pathogens S. typhimurium, S. paratyphi A
and E. coli K88 were used and compared with the results
obtained for S. enteritidis under the same experimental condi-
tions (6 x 10° CFU'mL ). As is shown in Fig. 4, the addition
of target bacteria induced significant fluorescence increase,

A: S. enteritidis
B: S. typhimurium
C: S. paratyphi A
D: E. coli K88

E: Blank
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A B C D PIZ
Bacterial (6 x 10’ CFU-mL")

Fig.4 Test of Detection specificity with different bacteria. FAM-aptamer
concentration: 50 nM. GO concentration: 0.1 mg-mL™". Excitation:
495 nm. Emission spectra were collected from 500 to 700 nm Error
bars indicate standard deviation (n = 3)

whereas no obvious fluorescence restoration was observed
in other bacteria. Thus we can conclude that this aptamer
has a high selectivity.

Milk sample test

With respect to the applicability of this method in real sample
detection, we used the aptamer to determinate S. enferitidis in
milk samples. Fig. S2 shows the performance of the method in
real sample test. Fluorescence intensity rose with the concen-
tration of the target from 0 to 10° CFU'mL ™" and showed good
correlation (y = 0.034 x + 24.02, R? = 0.95482) from 0 to
4000 CFU'mL"". The fluorescence of the control sample
was low because the aptamer can only be detached in the
presence of target. The LOD of this assay was 3 x 10> CFU-
mL™". The results demonstrated the potential applicability of
this aptamer in real samples detection. To highlight the merits
of this aptasensor, the analytical properties of this method
were compared with those of other methods. As Table 2
shows, this method has a potential in reducing detection limit
and is more convenient, cheap and easy to prepare than others.

Comparison of sensitivity of different dyeing strategies

As illustrated in Fig. 5, different concentrations (from 1 nM to
50 nM) of target sequences were determined with 3 distinct
dyeing strategies, respectively. In these three dyeing strate-
gies, the fluorescence signal restored with the addition of tar-
get, and the signal intensity rose up as the concentration of
target increased. Besides, the signal intensity was signif-
icantly higher when using both FAM and SYBR Green
I than when using only one of them. This result proved
that the synergistic effect is present when using the
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Table 2 Comparison of recently

reported nanomaterial-based Methods Material Analytical range LOD (CFU-mL ™) Ref.

methods for determination of (CFU'mLil)

Salmonella
SPR biosensor gold film 10%-107 60 [12]
Impedimetric aptasensor rGO-MWCNT 10'-10° 25 [13]
ILs(CV) AuNPs 10-10° 3.0 x 10° [14]
EIS MSNT(EIS) 10°-107 1.0 x 10° [32]
ELASA MNPs/AuNPs 10°-108 1.0 x 10° [33]
Fluorescent aptasensor Graphene oxide 10%-10° 300 This work

rGO-MWCNT reduced graphene oxide and carboxymodified multi-walled carbon nanotubes Au/NPs gold nano-
particles, /L ionic liquid, MSNT Magnetic silica nanotube

FAM and SYBR Green I simultaneously, which further
improved the sensitivity of this assay.

Conclusion

An aptasensor based on GO using double signal amplification
has been successfully developed for the rapid, sensitive, and
selective detection of S. enteritidis. This method can detect
target with a detection limit of 10> CFU'-mL ™' in 2 h. Its
sensitivity is much higher than that of other methods on ac-
count of the dual fluorescence signal amplification by Klenow
enzyme and the synergistic effect of FAM and SYBR Green .
GO, as a nano material, has inherent advantages such as
higher fluorescence quenching efficiency, ease of manufactur-
ing and low cost, provide us an ideal platform for this method.
Since RNA is vulnerable and easy to lose in the extraction
process, which may not precisely represent the concentration
of bacteria, the performance of the detection method will be
further improved through overcoming this deficiency. It has
great potential in application for bio-detection if we change
the target by bacterial, certain DNA sequences or other

200

[ JFAM+SYBER Green |
Y FAM
V) SYBER Green |

TS

20 nM 10 nM 5nM 1nM
Concentration

Fig. 5 Fluorescence intensities of different dyeing strategies with
different concentrations of target sequences (from 1 to 50 nM). Error
bars indicate standard deviation (n = 3)
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proteins. In summary, this aptasensor is an effective and effi-
cient technique to detect S. enteritidis, and can be expanded to
be a rapid and feasible strategy for the detection of many other
pathogens in food, environment and clinical diagnosis.
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