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Abstract

In this study, a sensitive biosensor was develdjzes®d on aptamer functionalized
polydimethylsiloxane (PDMS) film for the detectiai Saphylococcus aureus (S
aureus) using surface-enhanced Raman scattering (SER8hdeogy. Initially, the
surface of PDMS film was chemically modified by gnha and
3-Aminopropyltriethoxysilane (APTES), and then ABNPDMS film was prepared
by coating gold nanoparticles (AuNPs) through etesthtic interaction. Next, the
aptamers were immobilized on the AUNPs-PDMS men®raa gold-sulfur bond to
form the capture substrate. Meanwhile, gold-silvere-shell nanoflowers (Au@Ag
NFs) modified with mercaptobenzoic acid (4-MBA) aamptamers were applied as a
signal probe. In the presence of the target, tlymasi molecular probe and the
capturing substrate specifically combined with theget and resulted in a sandwich
structure "capture substrate-target-signal molecpl@be”. Under the optimized
experimental condition, the signal of 4-MBA at 1086" was linearly related to th@
aureus concentration in the range of 4.3x10 cfumd.3x10 cfu-mL?
(y=326.91x-117.62 R?*=0.9932) with a detection limit of 13 cfu- L The method
was successfully applied to spiked actual sampidsaa92.5-110% recovery rate was
achieved.
Keywords: Surface-enhanced Raman scattering; Gold-silver-sloei nanoflowers;

AuNPs-PDMS membrane; Aptasens&gphylococcus aureus; Fish
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1. Introduction

Saphylococcus aureus (S. aureus) is a foodborne pathogenic bacteria which cause a
lot of infectious diseases and other health probldfeod samples contaminatedy
aureus result in rapid decay and production of toxinstéestoxins), and cause food
poisoning in human beings (Rajkovic et al. 202®nkk, a reliable and rapid method
is urgently needed for the detectionSoawureus in food samples.

Previously, numerous analytical approaches haven besgported for the
determination ofS aureus in food samples. For instance, conventional baadteri
culture method can be used for qualitative and tjiaéine detection ofS. aureus in
food. Despite the simplicity and economy of thistmogl, it is time-consuming
(requires 3-5 days) (Hameed et al. 2018), thusptssuitable for emergency public
health and food poisoning incidents. Besides, ack@mmicrobiological detection
methods have been used, including enzyme-linked unasensor assay (ELISA)
(Reddy et al. 2015), polymerase chain reaction (PCRi et al. 2019b; Qin et al.
2020) and immunomagnetic beads separation techs(gM&) (Xu et al. 2019a), etc.
These techniques are highly sensitive and spebifichaving the disadvantages of
being complex and expensive, need trained perspretglire multiple pre-treatment
steps and the contamination by bacteria during -tenm assay make their
implementation challenging (Byrnes et al. 2018,06gret al. 2018; Tokel et al. 2015).
Consequently, it is crucial to develop a relialpleecise and economic method for the
detection ofS, aureus.

Surface-enhanced Raman spectroscopy (SERS) ig, séasitive, separation-free
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and label-free technology for the detection of gieal in food. The application of
SERS in biomedicine (Li et al. 2018), environmemtanitoring (Pinzaru et al. 2018),
material chemistry (Zhu et al. 2020) and food sa{eiu et al. 2019b) has attracted
the attention of researchers and has become agopud effective tool for testing
pathogenic microorganisms. Zhu et al. have appB#RS technique for the
quantitative analysis dEscherichia coli (detection limit was 10 cfu-mt) by using a
coated silica shell on the surface of AUNPs (Zhale017). Wu et al. have used
magnetic nanoparticles connected with aptamerscaptare probe and AuNPs linked
with horseradish peroxidase/aptamers as a sigmdieprA sandwich structure was
formed by the specific binding of the target andaager, and the limit of detection
was 12 cfu-m*(Wu et al. 2015). Regarding the enhancement mestmaof SERS,
two types have been recognized, physical enhanderfrepresented by local
electromagnetic enhancement caused by surface @asgaonance) (Liu et al. 2019a)
and chemical enhancement (represented by chargesfdra between metal
nanomaterials and sample molecules) (Qi et al. RAh6short, SERS is an optical
enhancement phenomenon based on raw or irregukat mefaces or Raman-active
nanostructures. Metal nanomaterials have been ts widely used SERS substrates
due to their small size, large specific surfaceaamique optical, electrical, and
physicochemical properties (Chen et al. 2018).

Generally, the existing SERS sensing methods haga bpplied in liquid systems,
have many detection steps and are costly. Thustlgrémits its application in

practical detection. Therefore, it is of great gigance to design a suitable, stable
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and economic solid support substrate for reliable rmpid detection. Solid substrates
have good stability and can be divided into rigibstrates and flexible substrates (Li
et al. 2020). Traditional rigid substrates usuadlly on metal electrodes, glass sheets,
mica sheets, quartz sheets, silicon wafers, aner otfaterials. Meanwhile, flexible
SERS active substrates with support membranesnggthe attention of researchers.
Compared with rigid substrates, flexible substratese strong flexibility and
mechanical resistance, can be cut into any shapsiae, and can be adsorbed on any
complex surface for in-situ detection (Parmeggetral. 2019; Zhao et al. 2019).

PDMS is a widely used solid material with transpase good heat resistance and
stability (Fortuni et al. 2017b). Previously, PDNfScombination with nanomaterials
have been applied as a solid-state SERS subs$taitshara et al. have immobilized a
monolayer of AUNPs on PDMS and used as an actiRSSdtibstrate for the detection
of pesticides in peel. The target molecules weteaed by covering the fruit surface
with a layer of the flexible substrate (Shioharale®2014). Fortuni et al. have applied
PDMS film (coated with silver nanoparticles and dy@toms) as an active SERS
substrate by using mercaptobenzoic acid (4-MBAthasRaman molecule (Fortuni et
al. 2017a). Due to the good optical transparendy@¥S, the laser can easily trigger
nanoparticles loaded on PDMS to produce a localegdace plasmon resonance
(LSPR) and result in the enhancement of the ele@gmetic field (Yu et al. 2020).
Hence, PDMS can not only retain the propertiesasfomaterials but also improve the
performance of composite materials (Xu et al. 2018)

Aptamer is a kind of synthetic oligonucleotides cdisinated by systematic
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evolution of exponential enrichment technology (&EI). in vitro screening, which
can bind to certain targets (small molecules, jmsteor even entire cells) with
extremely high specificity (Yang et al. 2017). Dieethe simple preparation, easy
modification and good stability, aptamer has be@tely used to construct biosensor
for the detection of pathogenic microorganisms.

Herein, a sensitive biosensor was developed focifspeletection ofS. aureus in
food matrix by using SERS technology. The aptaseps$atform was constructed
based on gold nanoparticles (AuNPs) functionaliP&MS film with the aid of the
specificity betweenS aureus and the aptamers. Firstly, the surface of PDMS
membrane was chemically modified by piranha andndmdpropyltriethoxysilane
(APTES), and AuNPs-PDMS film was prepared by coajionp with AuNPs. Then,
the thiol-terminal aptamer was immobilized on AUNHFBMS film by the Au-sulfur
bond to form a solid-state capturing substratethé&t same time, hollow gold-silver
core-shell nanoflowers (Au@Ag NFs) were synthesiaad modified with 4-MBA
and amino-terminal aptamers as a signal probehénpresence of the target, the
signal molecular probe and the capturing substspeifically combined with the
target and resulted in a sandwich structure "capsubstrate-target-signal molecular
probe”. The detection & aureus was achieved by measuring the change of Raman

intensity.
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2. Materials and methods
2.1 Regentsand Materials

Analytical grade chloroauric acid trihydrate (HAW@HO), trisodium citrate
dihydrate (GHsNaO7-2H,0, >99.0%), sodium hydroxide (NaOH>96.0%),
hydroxylamine (NHOH), silver nitrate (AgN@ >99.0%),
3-Aminopropyltriethoxysilane (APTES), ethanol ;tO, 99%), mercaptobenzoic
acid (4-MBA, 99%), PBS buffer solution (pH=7), suit acid (HSQ,, 95~98%),
hydrogen peroxide (#D.), carbodiimide (EDC), and ethanolamine were pwela
from Sinopharm Chemical Reagent Co., Ltd. (Shanglahina). Sylgard 184
(including PDMS monomer and curing agent) was oleii from Dow Corning
(Michigan, USA). S aureus (ATCC 29213),Escherichia coli (ATCC 12435) and
Salmonella (ATCC 14028) strains were acquired from the Amaaridype Culture
Collection (ATCC). Bacillus subtilis (BNCC 251376) andPseudomonas (BNCC
125486) strains were obtained from BeNa Culturdectbn (BNCC). The aptamer
sequence o8. aureus was synthesized by Shanghai Biotechnology Co., The S
aureus aptamer sequence was
5’-NH>-GCAATGGTACGGTACTTCCTCGGCACGTTCTCAGTAGCGCTCGCTG
GTCATCCCACAGCTACGTCAAAAGTGCACGCTACTTTGCTAA-3 and
5’-SH-GCAATGGTACGGTACTTCCTCGGCACGTTCTCAGTAGCGCTCGGIG
TCATCCCACAGCTACGTCAAAAGTGCACGCTACTTTGCTAA-3* (Li et al.
2019). The fish used in the experiment was coltedtem Auchan Supermarket

(Zhenjiang, Jiangsu Province, China), transporigdidy to the laboratory and stored
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in a refrigerator at -18 °C. Ultrapure water (18122 cm) was produced using the
Millipore water purification system.
2.2 Instrumentation

The energy dispersive spectroscopy (EDS) spectriithed Au@Ag NFs was
acquired through EDS instrument (S-3400N; Hitadid. LJapan). Ultraviolet-Visible
(UV-Vis) absorption spectra were measured by arB&84%8-Vis spectrometer (Agilent
Technologies Inc., USA). JEM-2100HR transmissioactbn microscopy (TEM,
JEOL Ltd., Japan) was used to detect the size ar@hulogy of the nanopatrticles.
The morphology of AuNPs modified PDMS film substratas observed by field
emission-scanning electron microscope (JSM-780@M, SJIEOL Ltd., Japan). Zeta
potential measurement was performed by a Zetasiaeo instrument (model ZEN
3600, Malvern Instruments Ltd.,, UK) and Raman gpeoctvere collected by
SPLD-RAMAN-785-Q spectrometer (Hangzhou SPL phatenCo Ltd., China)
under 785 nm wavelength incident laser light.
2.3 Preparation of bacterial strain samples

Firstly, the purchased lyophilized powder & aureus (ATCC 29213) was
dissolved in sterile saline and then cultured wigfsogeny Broth (LB) medium
(continuous activation two generations). Seconttilg, activateds. aureus strain was
cultured in LB liquid medium at 37 °C for 12 h atiibn 20 mL ofS. aureus solution
was centrifuged at 6000 rpm for 10 min. The supamtavas removed and dispersed
in sterile saline. Finally, tenfold ratio of thetalmed bacterial solution was used for

gradient dilution, and a total of 8 gradients welsained as experimental samples.
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Meanwhile, the conventional plate counting methodswsed to determine the
number of bacteria, and the plate with the coloognber between 30 and 300 was
selected to count. Three parallel repeats werlbsefach concentration gradient.
2.4 Preparation of aptamer functionalized PDM S membrane

All glassware used in the experiment were washeld agua regia (HNeHCI, 3:1,
v/v), rinsed thoroughly with ultrapure water, and drleefore use. PDMS membrane
was prepared by mixing the main agent (polydimeailgtane prepolymer) and
auxiliary agent (curing agent) in a ratio of 10dlldwed by the evacuation at room
temperature for 1 h until the air bubbles in thiéoid were disappeared. The mixture
was then solidified in an oven at 70 °C overni@amples (0.5 cmx0.5 cm) were cut
from the cured polymer (Zhang et al. 2008). Theppgred PDMS membrane was
immersed in piranha solution £60,: H,O, = 3: 1,v/v) for 60 s at 40 °C, rinsed with
ultrapure water for three times immediately and nthdried with nitrogen.
Subsequently, the hydroxylated PDMS membrane wasdmto a centrifuge tube.
APTES ethanol solution (5%y/v) was added and the reaction was carried out at
70 °C for 3 h. The small pieces of the preparedmanvere moved out, washed with
plenty of ultrapure water and then dried with mjgo gas to obtain
amine-functionalized PDMS film (Zhan et al. 2018he aminated PDMS were
immersed in concentrated AuNPs solution and inadabvernight to form
AuNPs-PDMS film. The AuNPs were synthesized by @oreed method with slight
modifications (Ziegler and Eychmdiller 2011). Bnefl 0.25 mL (0.5 M)

HAuCl4- 3H,0 solution and 100 mL of ultrapure water were hedteboiling point
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and continuously stirred for 10 min. Then 1.5 mL id9$odium citrate was quickly
added to the above mixture and boiled for 15 mirntsagolor turned into wine red
indicated the formation of AuUNPs. The prepared AsNPMS film was incubated
with thiol-terminal S. aureus aptamers solution (70 nM) for 24 h at 37 °C. The
AuNPs-PDMS film attached with aptamers was washil anhydrous ethanol and
ultrapure water for several times and stored fahgr use.
2.5 Preparation of signal probe

Au@Ag NFs were prepared according to the previoustported method
(Garcia-Leis et al. 2015). In detail, 0.5 mL of p®H (6x10° M) and 0.5 mL of
NaOH (0.05 M) were mixed at room temperature foni under vigorous stirring.
Under dark conditions, 9 mL of AgN®olution was added to the mixture and left to
react for 5 min. Subsequently, 5 mL of HAY@H,O solution (8x1d M) and 100
puL of GHsNagO7- 2HO solution (1%w/v) were added simultaneously. The reaction
mixture was stirred for 14 min at 100 °C to obtAun@Ag NFs material. The solution
was then centrifuged (6000 rpm, 10 min) and disgzkis 5 mL ultrapure water.
Then, 30 puL (10 uM) 4-MBA ethanol solution was adide the above reaction
mixture, stirred at room temperature for 3 h andtrieiged to remove the
unconnected 4-MBA. The prepared AuU@Ag NFs@MBA wedispersed in 5 mL
ultrapure water. Then, 700 pL Au@Ag NFs@MBA solatiwas added with 20 pL of
freshly prepared EDC (7 mg/mL) and stirred at 8@ for 15 min at 25 °C. It was
then followed by the addition of 25 puL aminatediureus aptamers (10 uM) and 500

puL PBS buffer solution, and mixed at room tempegafar 1 h. To close the free sites
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(not connected with the aptamers), ethanolamine ({@%was added and shaken for
1 h. Finally, Au@Ag NFs@MBA connected with aptamesese centrifuged at 7500
rpm for 6 min, dispersed in 1 mL PBS buffer solatend stored in a refrigerator at
4 °C (Chen et al. 2018).
2.6 Detection of S. aureus

The prepared aptamer functionalized AuNPs-PDMS filas taken in a centrifuge
tube. S aureus (500 pL) solution with a known concentration (418x
cfu-mL*4.3x10 cfu-mL™) was added and incubated at 37 °C for 1 h. The 8DM
film was washed twice with PBS buffer to remove $haureus physically adsorbed
on the film. Then, the PDMS films were incubatedhwthe prepared 500 pL signal
probe solution for 1 h at 37 °C. Finally, the SER&ection was performed after
rinsing with PBS buffer solution to determine theelr range and detection limit. All
measurements were repeated three times in parallel.
2.7 Specificity experiment

To verify the specificity of this method, four patienic bacteriaHscherichia coli,
Salmonella, Bacillus subtilis and Pseudomonas) were selected and tested under the
optimal conditions simultaneously withS. aureus. The bacterial solution
concentration was aroundiu- mL™.,
2.8 Blank spikerecovery of S. aureusin fish samples

To study the reliability of the method, we evalubtiee developed SERS biosensor
using the plate counting method for spiked fish glas Fresh fish was purchased

from a local supermarket and shipped to the laboyah ice packs. Then, 25 g of the

11
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fish meat was weighted and irradiated with ultréatialisinfection light for 30 min in
a super clean bench to eliminate the interferemdeanlborne pathogens. Thereatfter,
S aureus was added to the fish samples with concentratidrisx<1®, 1x1df, 1x16
and 1x16 cfu-mL* and incubated for 30 min. Then, the spiked samplese
transferred to conical flasks (250 mL), mixed wiidO mL sterile saline and stirred
for 3 min. Finally, the established SERS aptaseptaiform was used to detect the
prepared samples. The obtained results were cochpaith the traditional plate
counting method and the recovery rate was calallate
3. Resultsand discussion
3.1 Detection principle of SERS aptamer sensor platform based on
AUNPs-PDM S film

A SERS aptamer for the quantitative detectionSofureus was fabricated by
utilizing AUNPs-PDMS film as a SERS active substrdthe schematic representation
of the developed SERS aptasensor platform is shiaw®cheme 1. Thiol-terminal
aptamers conjugated with AUNPs-PDMS were assentbtedgh two steps and used
as a solid-state capture substrate. In the fiegi, stegatively charged colloidal gold
and positively charged amino group on the PDMS fitmadified by APTES were
combined through electrostatic interaction. In gerond step, the thiol-terminal
aptamers were fixed on the film surface throughoéd-gulfur bond. Then, the
amino-terminal aptamers were assembled on thecaudbAu@Ag NFs@4-MBA by
amide condensation. The prepared aminated aptamectidnalized Au@Ag

NFs@4-MBA was used as a SERS signal probe to exphesRaman signal @&

12
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aureus. In the presence of the target bacteria, the agmion the capture nanoprobe
and the signal nanoprobe were specifically boun8. &ureus simultaneously and
sandwich structure "capture nanoprobe-target-signalecular nanoprobe” was
formed. A dramatically strong Raman signal was gasied due to the signal
nanoprobes associated with the active substratett@dRaman intensity increased
with the concentration of target bacteria. The psggl SERS aptamers sensor can

provide a platform for the detection of other atalynolecules by using specific

aptamers.
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Scheme 1 Schematic representation of the develSp&E aptasensor.
3.2 Characterization of AUNPs modified PDM S film
The AuNPs were characterized by transmission eleatnicroscopy (TEM) and
UV-Vis absorption spectroscopy. The UV-Vis spectristshown in Fig. S1A. The
maximum absorption peak of the AUNPs was at 520Tire. TEM results are shown

in Fig. S1B. The AuNPs were uniformly distributeghsrical shape, with a size
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around 15 nm. In addition, their surface was neghti charged (Fig. S1C). The
prepared bare PDMS film was transparent. After d¢pdimaded with AuNPs, the
PDMS film turned to wine red, which was the colof the AuNPs. The
AuNPs-PDMS membrane was characterized by UV-Visogdt®n spectroscopy,
scanning electron microscope and Raman spectranigédee PDMS exhibited no
UV-Vis absorption spectrum, while AUNPs-PDMS shoveedV-Vis absorption peak
at 520 nm, which was consistent with the UV-Visapsion peak of the AuNPs (Fig.
1A). The scanning electron micrograph revealed tiet AuNPs were evenly
distributed on the surface of the PDMS film (FigB)1 The results of Raman
spectroscopy are shown in Fig. S1D. The Raman gpedaif the 4-MBA solution and
bare PDMS film are shown as horizontal lines, regpely. The Raman spectrum of
the PDMS membrane incubated with 4-MBA also exkibia horizontal line and the
Raman spectrum of 4-MBA on the AuNPs-PDMS film skdwa strong Raman
characteristic peak due to the SERS enhancementtetif the AuNPs. The
characteristic peaks at 1085 trnand 1592 cm were attributed to the stretching
vibration of C-C and benzene ring. The results destrated that the AuUNPs were
successfully modified on the surface of the PDMSnim&ne, and were used in the

subsequent experimental operations.
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Fig. 1 UV-vis absorption spectra of PDMS film andMPs-PDMS film (A) and SEM
image of the AUNPs-PDMS film (B).
3.3 Characterization of aptamer functionalized AUNPs-PDM S membrane
Thiol-terminal aptamers ofS. aureus were adsorbed on the surface of the
AuNPs-PDMS membrane through gold-sulfur bond. U\s-&fbsorption spectroscopy
was used to characterize whether the aptamerS. @ureus were successfully
immobilized on the AuNPs-PDMS film. After incubatiovith the AUNPs-PDMS film,
the absorbance value of the aptamers at 260 nnsigasicantly reduced compared
to the initial aptamer solution (Fig. S2). Hencenfirmed that most of the aptamers
in the reaction mixture were connected to the serfaf the AuNPs-PDMS
membrane.
3.4 Characterization of signal probesof S. aureus
Au@Ag NFs were obtained by galvanic replacemenhgusilver nanoparticles
(AgNPs) as a template. The materials were prep#reslgh two-step reduction
process and one-step replacement reaction: Hydwowge (HA) and trisodium
citrate (CIT) reduction of silver nitrate, and tteplacement of AgQNPs. The prepared

Au@Ag NFs substrate exhibited a distinct floweeligtructure (Fig. 2A). The EDS
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spectrum (Fig. 2B) showed that the synthesizedtsatbswas mainly composed of
gold and silver elements. The Raman reporter mt#detMBA was conjugated to the
silver shell of the substrate through the sulfhydmoup. Raman spectrometer was
used to characterize whether 4-MBA was connecteded®u@Ag NFs material. The
Raman spectrum of 4-MBA and Au@Ag NFs were almostiziontal lines,
respectively. When the labeling molecule 4-MBA veasled to the substrate surface,
obvious characteristic peaks were appeared at £685and 1592 cr (Fig. 2C).
Amino-terminal aptamers were linked to the surfadfe AU@Ag NFs@4-MBA
through amide condensation reaction. UV-Vis spectwpy was used to characterize
the attachment of the aptamer with the Au@Ag NFSEBA material. A UV-Vis
absorption peak at 260 nm was appeared when the AJuEFs@4-MBA were
connected to the aptamers (Fig. 2D). Hence, ingicahat the aptamers were

successfully attached to the surface of Au@Ag NEsNEBA.

16



310

311

312

313

314

315

316

317

318

319

320

321

322

7000 4 Au
B

* 6000
. 5000

2 4000 4
=
° o 2 o)
’ ' 2000
> M - 04
0 2 4 6 8 10
Energy (keV)
2500 2.0
—— Au@Ag NFs@4-MBA —— Au@AgNFs@4-MBA
C —— Au@Ag NFs D —— Au@AgNFs@4-MBA@Apt
= 2000 - —— 4-MBA
=
E 2 154
£ 15001 =
é :
E 1000+ @
= ﬁ 1.0
%)
& 500-
=
7
0 . . . . 05 . . . . .
800 1000 1200 1400 1600 1800 200 300 400 500 600 700 800
Raman shift (cm) Wavelength (nm)

Fig. 2 Transmission electron micrograph (A) and Edp8ctrum (B) of Au@Ag NFs.
Comparison of SERS intensity obtained from 4-MBAJ@Ag NFs and Au@Ag
NFs@4-MBA (C). UV-Vis absorption spectra of Au@Ag-SN@MBA before and
after attachment with the aptamers (D).
3.5 Optimization of experimental conditions

The concentration 0&. aureus was quantified by measuring the SERS intensity of
4-MBA. The 4-MBA molecules were attached to theesilshell through Ag-S bonds.
Less amount of 4-MBA resulted in insufficient signaolecules connected to
Au@Ag NFS while an excessive amount of 4-MBA aféecthe stability of the SERS
active substrate and the SERS signal intensity.celethe amount of 4-MBA was
optimized for Au@Ag NFs@4-MBA formation (Fig. 3AT.he aptamers linked to

Au@Ag NFs@4-MBA were optimized by incubating di#fet volumes of the
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nanomaterials and fixed concentrations of the aptaniFig. 3B). The optimum
amount of the Au@Ag NFs was found to be 700 pL.

In addition, to obtain the optimal analytical penf@nce ofS aureus SERS
aptasensor, the final concentration of the aptanfienctionalized on the
AuNPs-PDMS film and incubation time between theaapr and AUNPs-PDMS film
were investigated. First, the concentration of #pgamer solution incubated with
AuNPs-PDMS film was optimized. The optimization ukks are shown in Fig. 3C.
The difference valueAA260) of the absorbance intensity at 260 nm ofap&amers
before and after incubation with AUNPs-PDMS membraas recorded by UV-Vis
absorption spectroscopy and used as the ordinatené&t increase in the absorbance
intensity was obtained by subtracting the absorbaradue of the supernatant of the
aptamer functionalized AuNPs-PDMS membrane front tifathe initial aptamer
solution. The higher the value afA260, the greater the aptamers loading on the
AuNPs-PDMS. When the concentration of the aptames iwcreased from 40 nM to
100 nM, theAA260 gradually increased and tended to be stalble.dlfference value
reached to the maximum at 70 nM aptamer conceoitraiihis may be due to the
saturated state of the aptamers attached to tFecewf the AUNPs-PDMS membrane.
Therefore, 70 nM was selected as the optimal aptaomcentration and used in the
subsequent experiments. Second, the incubation tohethe aptamers and
AuNPs-PDMS membrane was optimized, the resultsshosvn in Fig. 3D. UV-Vis
absorption spectroscopy was used to recordAth260 of aptamers before and after

incubation with the AUNPs-PDMS membrane. Up to &drk, theAA260 increased
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357

gradually with incubation time and when incubatiime exceeded 24 hours, the
difference value decreased slowly with incubatiomet This may be due to the fact
that in the short incubation time, the aptamerraiticonnect with the AUNPs-PDMS
membrane completely, while the long incubation tmesulted in their disconnection.
Hence, resulted in a lowA260 value. When the incubation time was reachezfit,

the difference value reached to the maximum. Theeetthe optimal incubation time

of the AuNPs-PDMS membrane was selected as 24 h.
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Fig. 3 Line chart of the optimized signal molecdi®BA and the insert is the photo
of its corresponding SERS spectra (A). UV-vis speatf different volumes of
Au@AgNFs @4-MBA incubated with the fixed concentras of the aptamers (B).
Optimization of the concentration of the aptameidified AUNPs-PDMS film (C)

and time of the aptamers modified AuNPs-PDMS filB).(The error bars were
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derived from the standard deviation of three meaments. Error bar=SD (n=3).

3.6 Linear range and detection limit

According to the designed experimental principl@ewS. aureus was present in
the system, the capture substrate and the signakcoie probe specifically bound to
the target to form a "capture substrate-targetadignolecule probe" sandwich
structure. Raman signal of the 4-MBA was generat¢d1085 crit. As the
concentration of th&. aureus was increased, more aptamers were loaded on lide so
substrate to capture the bacteria, so that morelkigolecular probes were fixed to
the substrate and caused the increase in the Rartersity. Under the optimal
experimental conditions, SERS detectionSofaureus with different concentrations
was performed. The results of the Raman spectrgsamp shown in Fig. 4A. When
the concentration db aureus was increased, the Raman intensity of 4-MBA at5108
cm* was gradually increased. The linear results avevstin Fig. 4B. The logarithmic
value of the number ofS aureus colonies was in the range of 4.3x10
cfu-mL-4.3x10 cfu-mL™, represented a good linear relationship with tfaengn
intensity of the signal molecular probe at 1085'dy=326.91x-117.62, £0.9932).
The limit of detection was computed by the follogiiformula:LOD=3S/M. Where S
is the standard deviation of the blank sample @uitts. aureus) and M is the slope of

the standard curve. The limit of detection was filGraL ™.
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Fig. 4 SERS spectra in the presence of differententrations ofs. aureus (A) and
the correlation between Raman intensity and conagoms ofS. aureus (B). The
error bars were derived from the standard deviatbthree measurements. Error
bar=SD (n=3).
3.7 Specificity experiment

To evaluate the specificity of the proposed SER$&otk four pathogenic bacteria
(Escherichia coli, Salmonella, Bacillus subtilis and Pseudomonas) were selected. For
the best experimental results, a bacterial conagotr of 16 cfu-mL* was selected.
The results of the specificity analysis are shown Fig. S3. Compared with
Escherichia coli, Salmonella, Bacillus subtilis andPseudomonas, S aureus obtained a
dramatically strong Raman signal at 1085”ciimdicated that this method has good

specificity and could be specifically applied foetdetection o8. aureus.
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3.8 Blank spikerecovery of S. aureusin fish samples

The "sandwich" structure based on aptamer fundimeth PDMS film for S.
aureus detection was used for the blank spike recoveryaiesh samplesS. aureus
with different concentrations from 1x1@o 1x16 cfu-mL™* was detected by the
proposed method and traditional plate counting ntlespectively. Three replicates
were set up for each concentration of fish samples the obtained results were
compared to calculate the recovery rate. The sl shown in Table 1. The
detection result of this method possessed goodracgdor the quantification o
aureus (the recovery rate was between 92.5% and 110%)xande applied for the
detection ofS. aureus in actual samples. In addition, the experimengsults were
compared with the existing detection methodS.afureus. Considering the detection
range, detection limit and simplicity of the exmpeental operation. The proposed
method showed certain advantages and could be foseglantitative detection of

foodborne pathogens in fish samples (Table S1)
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Table 1. Comparison of the results obtained throtlgh method with the plate

counting method on the spike recovery of fish saspl

Plate counting method

Spiked This method £ SD
Samples N +SD N RSD%  Recovery% P
(cfu-mL™) i (cfu-mL™)
(cfu-mL™)
1 1x1G (0.919+0.04) x 10  (0.925+0.05) x 10  5.41 92.5
2 1x1d (0.973 +£0.02) x 10 (1.01 £0.03) x 19 2.97 101
P=0.306
3 1x10 (1.02 +0.04) x 10 (1.10 +0.05) x 10 4.55 110
4 1x 16 (0.983+0.03)x 1D (0.962+0.03) x 1D  3.12 96.2

SD: standard deviation, n=3
P>0.05, indicate: no significant difference.

4. Conclusion

In this work, a highly sensitive and specific SER®sensor based on aptamer
functionalized composite PDMS film was construcaed successfully applied for the
detection ofS aureus in fish samplesS. aureus was quantified using the developed
aptasensor with high sensitivity. A good linearateinship (y=326.91x-117.62,
R?=0.9932) and LOD of 13 cfu-mt were achieved. The spiked recovery test of fish
samples showed no significant difference as conaperéhe plate count method and
the spiked recovery rate was 92.5%-110% which atdit that the method can be
applied for the detection of actual samples. Thandsvich" structure based on
aptamer modified PDMS film provided a new idea tbe rapid detection of
foodborne pathogens in food production, procesamysafety supervision. However,
the stability of batch samples of PDMS film mayeatfthe actual rapid detection of
foodborne pathogens. Hence, new approaches to rprefnctional PDMS
membranes and to explore stable and rapid methadshé in situ detection of

foodborne pathogens are the key development direatithe future.
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Highlights

. A SERS aptasensor was developed for selective anditve detection of
Saphylococcus aureus.

. Hollow Au@Ag NFs were synthesized and modified WitMBA and aptamers
as signal probe.

. A sandwich structure of "capture substrate-targgiad molecular probe" was
obtained.

. Under the optimized condition, a 13 cfu-ThLOD was achieved.
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