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Staphylococcus aureus (S. aureus) is a pathogenic bacterium that seriously endangers food safety. Herein, a
rapid, sensitive and specific aptasensor based on upconversion fluorescence resonance energy transfer
(FRET) was developed for S. aureus detection in food. Aptamer-functionalized gold nanoparticles
(AuNPs-aptamers) were bonded to cDNA-modified upconversion nanoparticles (UCNPs-cDNA) by com-
plementary pairing, resulting in fluorescence quenching. After adding S. aureus into the system, the apta-
mers preferentially combined with S. aureus, dissociated UCNPs-cDNA from AuNPs-aptamers, and the
fluorescence was recovered. Under optimized conditions, there was a significant linear correlation
between fluorescence intensity and S. aureus concentration over the range 47–4.7 � 107 CFU/mL
(R2 = 0.9904) with a detection limit of 10.7 CFU/mL. Furthermore, the precision and accuracy of the devel-
oped biosensor were validated using standard plate count method, yielding no significant differences. The
proposed method has potential application for rapid and sensitive quantification of S. aureus in food.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Over the past few decades, outbreaks of food-borne diseases
caused by the ingestion of foodstuffs contaminated with patho-
genic bacteria have increased considerably [1]. Staphylococcus aur-
eus (S. aureus) is a harmful foodborne pathogen that has received
widespread attention in terms of food safety. High-protein foods,
such as meat, fish, eggs, and milk, can be easily contaminated by
S. aureus [2]. Generally, S. aureus causes minor skin infections, such
as scalded skin syndrome, abscesses and carbuncles. However, cer-
tain infections can become life-threatening and deadly [3]. Hence,
timely and specific detection of S. aureus in foods is essential to
reduce the risk of human exposure to such bacteria and ensure
food safety. Traditional methods for S. aureus detection include
enrichment culture, colony counting, staining observations and
coagulase tests, which take at least two days to achieve reliable
results [4]. At present, several other methods such as loop-
mediated isothermal amplification and real-time multiplex poly-
merase chain reaction have been applied for S. aureus detection.
Despite the accuracy of these methods, they are more time-
consuming and less cost-effective [5]. Hence, it is crucial to develop
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a rapid, simple, and sensitive approach for the detection of S.
aureus.

To satisfy these demands, researchers have designed several
aptasensors based on antibodies [6] or aptamers [7] as biological
receptors for rapid and specific pathogen detection. In particular,
fluorescence sensors with multiple advantages, such as ease of
operation, rapid response, and high sensitivity, have received con-
siderable interest from researchers. For example, Pebdeni et al.
designed an ultrasensitive sensor based on carbon quantum dots
for the detection of S. aureus in milk, orange juice and human
serum [8]. Cui et al. established a fluorescence aptasensor for the
separation and recognition of S. aureus using carbon dots [9]. Yi
et al. described a fluorescence resonance energy transfer (FRET)
probe based on 6-carboxyfluorescein for antibacterial susceptibil-
ity testing of S. aureus [10]. Although the above-mentioned
approaches can offer accurate results, fluorescent dyes or quantum
dots as signal reporters have a number of shortcomings in the anal-
ysis of actual samples, such as photobleaching, low water solubil-
ity, and background auto-fluorescence [11]. Alternatively,
upconversion nanoparticles (UCNPs) have emerged as potential
substitutes and offer substantial advantages over quantum dots
and organic fluorophores [12]. UCNPs can emit visible lumines-
cence under near-infrared (NIR) excitation owing to their unique
anti-Stokes luminescence properties, which offer good chemical
and optical stability, narrow emission spectra and no auto-
fluorescence. To date, several antibody-based upconversion fluo-
rescence sensors have been designed for S. aureus determination
[13]. However, antibodies can be easily affected by temperature
and pH, and thus require strict storage conditions [14]. Interest-
ingly, aptamers (involving RNA or single-stranded DNA oligonu-
cleotides) are emerging as promising candidates, that can bind to
target molecules with high specificity and affinity by changing
structural conformation [15]. Furthermore, it is much easier to syn-
thesize, modify by chemical routes, and have good stability over a
diverse range of pH, temperatures, and chemical and solvent con-
centrations [16].

Currently, detection of S. aureus has been performed by combin-
ing aptamers with magnetic separation in a UCNPs biosensor sys-
tem [17]. However, the magnetic separation mode may have
problems with the beads affecting the fluorescence intensity of
the detection system, and potential sample loss in clean-up proce-
dures [18]. Upconversion FRET biosensors are based on quencher
particles as acceptors and UCNPs as donors, where nonradiative
energy transfer occurs from donor to acceptor moieties via long-
range dipole–dipole interactions [19]. There are two necessary cri-
teria for the FRET process [20–22]. First, the emission spectrum of
the donor and the absorption spectrum of the acceptor must over-
lap. Second, the distance between the donor and acceptor should
be less than 10 nm. After fulfillment of the above two criteria,
upconversion fluorescence has the possibility of quenching [23].
In a FRET system, the fluorescence can be quenched so as to enable
target recognition by changes in fluorescence intensity. Hence,
FRET does not require cleaning or sample separation steps. This
wash-free strategy can simplify the assay procedure, reduce testing
times, and minimizing experimental interference. Upconversion
FRET aptasensors have been employed for the detection of biolog-
ical samples such as circulating tumor DNA [24], Escherichia coli
(E. coli) [25], and influenza H7N9 virus [26]. However, the detec-
tion of S. aureus has not yet been explored.

Herein, a novel FRET-based detection approach was developed
for S. aureus using aptamer recognition with aptamer-
functionalized gold nanoparticles (AuNPs) as the acceptor and
UCNPs as the donor (Fig. 1). The AuNPs were functionalized with
aptamers (specifically recognizing bacteria), whereas UCNPs were
conjugated with aptamers of complementary DNA (cDNA). Owing
to the complementary base pairing involving the cDNA and
2

aptamers, the UCNPs interacted with the AuNPs and caused
quenching of the upconversion fluorescence. AuNPs functionalized
with aptamers preferentially bound to S. aureus (when added into
the system) and released the UCNPs, resulting in the recovery of
UCNPs fluorescence. Consequently, the system enabled the simple,
sensitive and rapid detection of S. aureus.
2. Materials and methods

2.1. Materials and chemicals

Erbium (III) chloride hexahydrate (ErCl3�6H2O, 99.9%), oleic acid
(90%), yttrium (III) chloride hexahydrate (YCl3�6H2O, 99.9%), 1-
octadecene (90%) and ytterbium (III) chloride hexahydrate (YbCl3-
�6H2O, 99.9%) were supplied by Sigma-Aldrich Company. Triso-
dium citrate dihydrate, chloroauric acid (HAuCl4), polyacrylic
acid (PAA, MW = 2000), tris (2-carboxyethyl) phosphine and
sodium dodecyl sulfate (SDS) were obtained from Aladdin Reagent
Co., Ltd. (Shanghai, China). Ethanol, methanol, chloroform, toluene,
sodium chloride (NaCl, 99%), sodium hydroxide, ammonium fluo-
ride, phosphate buffer saline (PBS, pH = 7.4), 1-ethyl-3-(3-dimethy
laminopropyl)-carbodiimide hydrochloride (EDC), 2-(N-
morpholino) ethane sulfonic acid (MES) (pH = 6), acetate buffer,
and N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). E. coli (ATCC 25922), S. aureus (ATCC 29213), Bacillus subtilis
(B. subtilis) (ATCC 6633) and Salmonella typhimurium (S. typhimur-
ium) (ATCC 50761) were got from the American Type Culture Col-
lection (ATCC, Manassas, VA, USA). Sequences of aptamers and
cDNA specific for S. aureus ATCC 29213 (Table S1) [27] were pre-
pared by Sangon Biotechnology Ltd. (Shanghai, China). All chemi-
cals without stated purity were analytical grade reagents and
were used without further purification. A Milli-Q ultrapure water
system supplied ultrapure water throughout the study (Millipore,
USA).
2.2. Bacterial strains and culture conditions

In this study, S. aureus (ATCC 29213) was selected as the target
bacteria for sensing, and E. coli (ATCC 25922), S. typhimurium (ATCC
50761) and B. subtilis (ATCC 6633) were selected as control groups.
The selected bacterial strains were inoculated into 15 mL of Luria-
Bertani medium at 37 �C for 12 h. After incubation, the bacteria
were diluted 10-fold with PBS. One milliliter of each dilution was
spread on plate count agar to obtain bacterial counts (CFU/mL).
2.3. Instrumentation

Upconversion luminescence (UCL) spectra were acquired using
an RFS1000 fluorescence spectrometer (excitation wavelength
980 nm, optical path 1 cm, Oceanhood Opto-Eletronics Tech Ltd.,
China). The size and morphology of the UCNPs and AuNPs were
determined using a JEOL 2100 transmission electron microscope
(TEM) (JEOL, Ltd.). Fourier transform infrared (FT-IR) spectra of
the UCNPs were collected using a Nicolet Nexus 470 Fourier trans-
form infrared spectrophotometer (Thermo Electron Co., USA) based
on the potassium bromide pellet pressing method. The crystallinity
of the UCNPs was determined using X-ray diffraction (XRD, Rigaku
2500). The 2h angles of the XRD spectra were acquired at a scan-
ning rate of 5�/min. A Malvern Zetasizer Nano ZS90 (Malvern
Instruments Ltd., UK) was employed for zeta potential analysis.
UV–Vis absorption spectra of AuNPs and aptamers were measured
using a UV-2450 spectrophotometer (Shimadzu, Japan) after base-
line calibration using PBS.



Fig. 1. Schematic principle of the designed aptasensor for S. aureus detection.
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2.4. Synthesis and modification of UCNPs

The NaYF4: Yb, Er UCNPs were synthesized using a previously
reported thermal decomposition procedure with minor modifica-
tions [28]. In detail, 0.18mmol YbCl3, 0.8 mmol YCl3 and 0.02mmol
ErCl3 were dissolved in 10 mL methanol. The obtained solution was
mixed with 1-octadecene (17.5 mL) and oleic acid (7.5 mL) in a
150 mL round-bottom flask. To remove oxygen, argon was intro-
duced into the system for 15 min and the obtained solution was
stirred at 160 �C for 50 min. After the reaction mixture was cooled
to 45 �C, 15 mL methanol of ammonium fluoride (0.1482 g) and
sodium hydroxide (0.1 g) were added dropwise. Then, the reaction
mixture was stirred at 45 �C for 30 min, followed by further heat-
ing at 75 �C for 30 min under an argon atmosphere to entirely elim-
inate methanol and air. Finally, the reaction mixture was heated to
290 �C for 2 h to form nanocrystals. The final product was cen-
trifuged and washed three times with absolute ethanol and metha-
nol. After drying at 40 �C, the white UCNPs were collected.

To acquire hydrophilic UCNPs, PAA was used to replace
hydrophobic oleic acid (OA) via a ligand-exchange procedure
[29]. OA-NaYF4: Yb UCNPs (50 mg) were dispersed in 10 mL of a
solution of chloroform and toluene (v/v = 2:3). Next, the solution
was added to 15 mL of an aqueous solution of PAA (400 mg) and
stirred for 24 h. The modified nanomaterials were obtained by cen-
trifugation at 10,000 rpm for 5 min and then washed three times
with ethanol and water to remove excess reagents. The obtained
water-soluble PAA-capped UCNPs were resuspended in 10 mL of
water.
2.5. Attachment of amino cDNA to UCNPs-PAA

MES buffer (1 mL, 50 mM, pH = 6) was added to a 1 mL solution
of carboxyl-modified UCNPs-PAA. Sulfo-NHS (1 mg) and EDC
(0.5 mg) were added to initiate carboxyl activation on the surface
of the UCNPs. Then, the UCNPs were centrifuged at 6,000 rpm and
3

washed twice with PBS buffer solution (pH = 7.4). Then, the UCNPs
were resuspended in 2 mL of PBS buffer solution and 1.2 mL of
1 lM amino-modified cDNA was subsequently added. The mixture
was incubated in a rotary mixer for 2 h at 37 �C. After washing with
ultrapure water, cDNA-modified UCNPs (UCNPs-cDNA) were
resuspended in 2 mL STE buffer (pH = 8, 10 mM Tris-HCl, 1 mM
EDTA and 100 mM NaCl) and stored at 4 �C.

2.6. Synthesis of aptamer-functionalized gold nanoparticles

AuNPs were synthesized according to a previously described
method with certain modifications [30]. First, 50 mL of HAuCl4
solution (1 mmol/L) was added to a 100 mL round-bottom flask
and heated to boiling for 5 min with magnetic stirring. Then,
10 mL trisodium citrate (38.8 mmol/L) was rapidly injected and
reacted for another 30 min. The yellow solution immediately
turned blue and then remained wine-red. Finally, AuNPs were
obtained and stored at 4 �C.

To activate thiolated oligonucleotide aptamers, 2 lL of tris (2-
carboxyethyl) phosphine (10 mM), 10 lL of acetate buffer,
(500 mM, pH = 4.8) and ultrapure water were mixed with apta-
mers, and incubated at 25 �C for 1 h. 1 mL AuNPs solution was
added to the activated aptamers and shaken at 25 �C for 16 h. Next,
SDS and NaCl were added to the above solution to obtain 0.16 M
NaCl and 0.01% SDS solution. After shaking for 24 h, the reaction
mixture was centrifuged at 12,000 rpm for 30 min and washed
three times with ultrapure water. Finally, aptamer-functionalized
AuNPs (Apt-AuNPs) were obtained, redispersed in STE buffer and
stored at 4 �C.

2.7. Construction of aptasensor and detection of S. Aureus

First, reaction conditions and concentrations were optimized. In
detail, 0.1 mg/mL cDNA-UCNPs were incubated with a series of
concentrations of Apt-AuNPs at 37 �C for 120 min and upconver-
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sion fluorescence spectra were recorded every 10 min. The concen-
tration of Apt-AuNPs that resulted in the highest fluorescence
quenching was taken as the optimal concentration, and the time
when the fluorescence was stable were selected as the best reac-
tion time. During the typical FRET detection process, various con-
centrations of known bacterial standards were added to the
constructed aptasensor and the upconversion fluorescence spectra
were examined.
2.8. Recovery experiments for sample

Fresh pork and beef meat samples were purchased from a local
supermarket in Zhenjiang, China. To eliminate interference by S.
aureus or other potential pathogenic bacteria, 25 g fresh meat
was washed with sterile saline and exposed to a 30 W UV lamp
for 15 min in a biosafety cabinet. Then, 1 mL of S. aureus at concen-
trations of 1 � 105, 1 � 106 and 1 � 107 CFU/mL were added to the
meat samples and incubated for 10 min. The S. aureus-spiked meat
samples were transferred to a flask containing 100 mL sterile saline
and homogenized for 3 min. Finally, the prepared samples were
assayed three times by the traditional plate counting method and
the proposed method proposed here.
3. Results and discussion

3.1. Characterization of AuNPs and UCNPs

We conducted a series of characterizations, including TEM, FT-
IR, XRD, UV–Vis spectra, and fluorescence spectra, to evaluate the
crystallinity, surface modification, and morphology of UCNPs. The
EDS spectra (Fig. S1) showed that the synthesized UCNPs were
mainly composed of fluorine, sodium, yttrium, ytterbium and
erbium elements. The UCNPs were prepared using Yb3+ as an sen-
sitizer, Er3+ as activator and NaYF4 as the host material. TEM imag-
ines (Fig. 2A) showed that the NaYF4:Yb, Er UCNPs were hexagonal
and monodispersed particles with an average diameter of 20 nm.
TEM results (Fig. 2B) for the AuNPs indicated that the AuNPs were
uniformly dispersed with a particle size of approximately 14 nm.
XRD patterns (Fig. 2C) showed that all of the diffraction peaks of
synthesized UCNPs corresponded to the hexagonal structure of
NaYF4 (JCPDS no. 16–0334), illustrating that the UCNPs were
purely hexagonal. The upconversion efficiency of hexagonal-
phase UCNPs can be approximately ten-times that of its cubic
phase counterparts [31]. The fluorescence spectra of UCNPs
(Fig. 3D) exhibited four emission peaks centered at 658, 543,
524, and 409 nm when excited by 980 nm illumination. These
could be assigned to the 4F9/2 ? 4I15/2, 4S3/2 ? 4I15/2, 2H11/2 ?
4I15/2 and 2H9/2?

4I15/2 transitions of Er3+, respectively (Fig. 3E)
[32]. To enhance the dispersibility of UCNPs in water, PAA was fab-
ricated on the surface of the UCNPs. PAA substituted the oleic acid
ligands from the surface of the UCNPs, and the carboxyl group of
PAA was bound to the aptamer molecules. The presence of PAA
molecules was confirmed by FT-IR spectroscopy (Fig. 2D). Before
ligand exchange (Fig. 2D (b)), the spectrum of bare UCNPs exhib-
ited a unique band at 2928 cm�1, which was assigned to the asym-
metric stretching vibration of the methylene group (-CH2-), while
its symmetric stretching vibration was noted at 2854 cm�1. The
peak at 3008 cm�1 is associated with the asymmetric stretching
vibration of methyl (-CH3) in the oleic acid ligand. The two peaks
at 1558 and 1457 cm�1 were ascribed to the symmetric and asym-
metric stretching vibrations of the carboxylic group (-COO-) of
oleic acid. After the ligand exchange (Fig. 2D (a)), the band at
2945 cm�1 attributed to the asymmetric stretching of the -CH2-
group became inconspicuous while the broad band at 3425 cm�1

related to the stretching vibration of the -OH group became
4

stronger. Meanwhile, the bands at 1715 and 1561 cm�1 indicated
an increase in the number of -COOH groups. As shown in Fig. 2E,
the zeta potential values of the AuNPs-aptamers and UCNPs-
cDNA were negative. It further confirmed that the successful con-
jugation of AuNPs-aptamers and UCNPs-cDNA was due to the com-
plementary base pairing of cDNA and aptamers rather than
electrostatic adsorption.

UV–Vis spectra were measured to confirm the successful conju-
gation of carboxyl-functionalized UCNPs to cDNA, and of the
AuNPs to thiol-modified aptamers. There was no absorption peak
for bare AuNPs and UCNPs (Fig. 3A and B, black solid line). After
binding with the aptamer and cDNA, an absorption peak at
260 nm was observed (Fig. 3A and B, red solid line). These results
confirmed that the UCNPs and AuNPs were successfully conjugated
to the cDNA and aptamers, respectively [33]. Furthermore, as
shown in the inset of Fig. 3B, the absorption peak of the AuNPs
aptamer conjugates revealed a 6 nm red shift (from 520 to
526 nm, with normalized absorbance), which could be related to
the conjugation of AuNPs and aptamers [34].

3.2. Aptasensor-based detection of S. Aureus

Our strategy for S. aureus detection was established on the
FRET-based aptasensor, as schematically described in Fig. 1. The
efficiency of FRET depends on the overlap region between the
emission spectra of the donor and the absorption spectra of the
acceptor and the maintenance of an optimum distance separating
the donor and acceptor molecules. UCNPs absorption, UCNPs fluo-
rescence, AuNPs absorption, and AuNPs fluorescence spectra with
normalized absorbance and fluorescence are presented in Fig. S3.
The AuNPs showed a strong absorption band at 520 nm (Fig. S3
red dotted line), and UCNPs presented a fluorescence emission
peak at 543 nm (Fig. S3, black solid lines). The AuNPs absorption
band overlapped with the UCNPs fluorescence emission peak
(543 nm). The UCNPs were conjugated with cDNA (Fig. 3A), while
the AuNPs were functionalized with S. aureus aptamers (Fig. 3B).
The distance between AuNPs and UCNPs was shortened by com-
plementary base pairing of cDNA and aptamers.

Additionally, the influence of AuNPs concentration of on FRET
efficiency was investigated. As shown in Fig. S5B, a gradual
decrease in fluorescence intensity at 543 nm was observed with
the increased concentration of AuNPs. The data were analyzed
using the Stern–Volmer equation [35]. The relationship between
I0/I and [Q] is shown in Fig. S5A. Thus, the quenching constant
was estimated to be 0.1661 � 109 M�1.

IO
I
¼ 0:1661� Q½ � þ 1ðR2 ¼ 0:9906Þ ð1Þ

where I0 and I are the fluorescent intensities of UCNPs in the
absence and presence of AuNPs, respectively, and where [Q] is the
concentration of AuNPs in nM.

The energy transfer efficiency (E) can be obtained from [36].

E ¼ 1� F
F0

¼ R6
0

R6
0 þ r6

ð2Þ

where F and F0 are the emission intensities of the donor in the pres-
ence and absence of the acceptor, respectively, r is the distance
between the donor and acceptor, and R0 is the critical distance at
which the extent of energy transfer is 50%. R0 can be calculated
using the following equation [36].

R0 ¼ 0:0211 JUk2n�4
� �1=6

ð3Þ

where k2 is the spatial factor of orientation, n is the refractive index
of the medium, U is the fluorescence quantum yield of the donor,



Fig. 2. (A) TEM image of NaY0.8F4:Yb0.18, Er0.02 (UCNPs); (B) TEM image of AuNPs; (C) XRD patterns of UCNPs; (D) FT-IR spectroscopy of UCNPs (black line) and UCNPs-PAA
(red line); (E) f-potential of UCNPs-cDNA and AuNPs-aptamers.
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and J is the overlap integral between donor emission and acceptor
absorption, and is defined as [36]:

J kð Þ ¼
Z 1

0
F kð Þe kð Þk4dk ð4Þ

where F(k) is the fluorescence of the donor over the wavelength
range k to k + dk, and e(k) is the molar extinction coefficient of
the acceptor at wavelength k. The quantification of overlap can be
expressed as J (normalized spectral overlap integral; units M�1-
cm�1nm4). Using the calculated value of J = 14.94 M�1cm�1nm4

and the values for k2 = 2/3, n = 1.335 and U = 0.24, the R0 and r val-
ues were found to be 4.34 nm and 3.44 nm, respectively.

Such FRET measurements thus supported the fact that the
probe is in very close proximity to the UCNPs-cDNA with tight
binding characteristics. The FRET aptasensor was established
involving AuNPs-aptamers and UCNPs-cDNA, resulting in
5

fluorescence quenching (Fig. 3C, black dotted line). After S. aureus
was added, aptamers specifically bound to S. aureus, resulting in
the separation of AuNPs-aptamers and UCNPs-cDNA. FRET was
inhibited by increasing distance, and upconversion fluorescence
was recovered. This evidence could explain the occurrence of FRET.
The value of the upconversion fluorescence recovery was propor-
tional to the S. aureus concentration.

3.3. Optimization of detection parameters

It is necessary to optimize the parameters that can influence the
accuracy of detection results. AuNPs-aptamers concentration can
affect the detection system. When an excess of AuNPs-aptamers
was added to the detection system, the free AuNPs-aptamers
(not bound to UCNPs-cDNA) were bound to S. aureus without
changing the fluorescence spectra, thus affecting the detection



Fig. 3. (A) UV–Vis spectra of UCNPs before and after attachment of cDNA; (B) UV–Vis spectra of AuNPs before and after aptamer modification; inset shows that the absorption
peak of AuNPs experienced a minor red-shift; (C) UV–vis absorption spectrum of AuNPs (red solid line), upconversion fluorescence emission spectrum of UCNPs (black solid
line) and fluorescence spectrum of the solution after mixing UCNPs and AuNPs (black dotted line); (D) Fluorescence spectrum of UCNPs, UCNPs-PAA and UCNPs-cDNA, inset
shows photograph of UCNPs-PAA excited by 980 nm laser illumination; (E) The energy transfer process of the constructed aptasensor.
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limit. However, at low concentrations of AuNPs aptamer, the con-
centration of the FRET aptasensor was insufficient to react with the
target bacteria, thereby reducing the upper limit of detection.
Hence, varying volumes (0–250 lL) of the AuNPs-aptamers were
added to 1 mL of the detection system with a fixed concentration
(100 lL) of UCNPs-cDNA (1 mg/mL) to optimize the dosages of
AuNPs-aptamers. Fig. 4A shows that the fluorescence intensity of
UCNPs at 543 nm was constantly reduced with increasing
6

AuNPs-aptamers concentrations, and maximum quenching effi-
ciency was obtained at 150 lL. Consequently, the optimal concen-
tration of AuNPs-aptamers was 150 lL in subsequent experiments.
As presented in Fig. 4B, the upconversion fluorescence intensity
steadily decreased with increasing elapsed time, and reached equi-
librium at 0.5 h. Therefore, 0.5 h was adopted as the optimum
reaction time in subsequent experiments. Finally, we optimized
the effect of pH on fluorescence quenching efficiency and the



Fig. 4. Optimization experiments surrounding volumes (A) AuNPs and (B) incubation times.
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maximum fluorescence quenching efficiency was obtained at
pH = 7.4 (Fig. S4).
3.4. Determination of S. aureus

When S. aureus was introduced to the detection system, AuNPs-
aptamers specifically bound to target bacteria. Consequently, FRET
inhibition resulted in the recovery of UCNPs fluorescence. As
shown in Fig. 5, when the concentration of S. aureus increased,
the upconversion fluorescence intensity at 543 nm progressively
recovered. The linear diagram indicates that the fluorescence
intensity at 543 nm had a linear relationship with the logarithm
of S. aureus concentration over the detection range of 47–4.7 � 10
7 CFU/mL and the linear equation was y = 209x + 1402
(R2 = 0.9904). where x is the concentration of S. aureus, and y is
the fluorescence intensity at 543 nm. The detection limit of S. aur-
eus was 10.7 CFU/mL, as calculated using the formula: LOD = 3S0/S,
where S is the slope of the standard curve and S0 is the standard
deviation of blank samples (n = 3). In addition, the obtained linear
range and LOD were compared with other reported methods for S.
aureus detection (Table S2). Considering the detection range, detec-
tion limit and simplicity of the experimental operation, the pro-
posed method showed certain advantages and could be used for
the quantitative detection of foodborne pathogens.
3.5. Specificity of FRET-based aptasensor

To assess the specificity of the proposed aptasensor for S. aureus
(ATCC 29213) detection, 1 � 105 CFU/mL of other bacteria, S. typhi-
murium, E. coli, and B. subtilis, were added to the samples. As shown
Fig. 5. Detection of S. aureus at different concentrations; (A) Fluorescence spectra of S.
543 nm vs. S. aureus concentration.
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in Fig. S2, only S. aureus induced significant fluorescence recovery
at 543 nm, and the fluorescence signals did not increase even with
higher concentrations of the other pathogenic bacteria. These
results indicated that the FRET-based aptasensor exhibited excel-
lent specificity for S. aureus in the presence of non-target microor-
ganisms. The high specificity of the aptasensor might be attributed
to the design of UCNPs-cDNA-aptamer-AuNPs conjugates, in which
the aptamer specifically identifies binding targets on the surface of
S. aureus.
3.6. Determination of S. aureus in spiked matrices

The authenticity of the developed aptasensor for food sample
analysis was validated by the detection of spiked samples. After
sterilization treatment, several different concentrations of S. aureus
were spiked into meat samples for subsequent detection. Table 1
shows the results of recovery experiment. The recovery of pork
and beef samples was in the range of 99–103% and 91–97%, respec-
tively. Their relative standard deviation (RSD) values ranged from
4.04 to 7.50% with three repetitions. Meanwhile, the results of pro-
posed method were compared with those of the traditional plate
count method, and the data of the two methods showed no statis-
tically significant difference (P > 0.05). Such satisfactory results
indicated that the designed aptasensor can capably detect S. aureus
in food samples.
3.7. Storage stability and regeneration test of the developed aptasensor

The detection performance of the developed aptasensor storage
for 3, 5, and 10 days was studied. As shown in Fig. S6, on day 10,
aureus at different concentrations; (B) Standard curve of fluorescence intensity at



Table 1
Detection of S. aureus in real samples of this method and the plate counting method.

Samples Adulterated concentration (CFU/mL) Plate counting method The developed method Pc

Found ± SDa (CFU/mL) Recovery (%) RSDb (%) Found ± SDa (CFU/mL) Recovery (%) RSDb (%)

Pork 1.0 � 103 (0.95 ± 0.07) � 103 95 7.37 (0.99 ± 0.04) � 103 99 4.04 0.12
1.0 � 104 (0.98 ± 0.08) � 104 98 8.10 (1.03 ± 0.07) � 104 103 6.80
1.0 � 105 (0.98 ± 0.09) � 105 98 8.71 (0.99 ± 0.04) � 105 99 4.04

Beef 1.0 � 103 (0.95 ± 0.07) � 103 95 7.59 (0.97 ± 0.06) � 103 97 7.07 0.58
1.0 � 104 (0.93 ± 0.08) � 104 93 8.66 (0.95 ± 0.07) � 104 95 7.50
1.0 � 105 (0.92 ± 0.07) � 105 92 7.43 (0.91 ± 0.09) � 105 91 3.90

a SD: standard deviation, n = 3.
b RSD: relative standard deviation.
c P: P > 0.05 indicating no significant difference.
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the upconversion fluorescence could still be quenched by AuNPs,
and the detection of S. aureus could be effectively realized. There-
fore, the aptamer sensor exhibited good stability. In order to con-
duct regeneration test, two groups of aptasensors synthesized at
different times were used to detect S. aureus (1 � 104 CFU/mL).
As shown in Table S3, there was no significant difference between
the detection results for the two groups by t-test (P > 0.05), which
indicated that the developed aptasensor had good reproducibility.
4. Conclusion

A FRET-based aptasensor was successfully designed for sensi-
tive, specific and rapid detection of S. aureus in genuine food sam-
ples. By exploiting the high fluorescence quenching effect of the
AuNPs and the aptamer target specificity, the amount of S. aureus
was quantitatively detected over a linear range of 47–4.7 � 107

CFU/mL, and the assay exhibited an LOD of 10.7 CFU/mL. In addi-
tion, the developed aptasensor was successfully applied to sense
S. aureus spiked into pork and beef samples, and exhibited satisfac-
tory recovery percentages. The results of the proposed method
were consistent with those of the national standard method.
Therefore, the proposed aptasensor has promising potential for
the detection of pathogenic bacteria in food samples.
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