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Abstract 9 

In this study, a sensitive biosensor was developed based on aptamer functionalized 10 

polydimethylsiloxane (PDMS) film for the detection of Staphylococcus aureus (S. 11 

aureus) using surface-enhanced Raman scattering (SERS) technology. Initially, the 12 

surface of PDMS film was chemically modified by piranha and 13 

3-Aminopropyltriethoxysilane (APTES), and then AuNPs-PDMS film was prepared 14 

by coating gold nanoparticles (AuNPs) through electrostatic interaction. Next, the 15 

aptamers were immobilized on the AuNPs-PDMS membrane via gold-sulfur bond to 16 

form the capture substrate. Meanwhile, gold-silver core-shell nanoflowers (Au@Ag 17 

NFs) modified with mercaptobenzoic acid (4-MBA) and aptamers were applied as a 18 

signal probe. In the presence of the target, the signal molecular probe and the 19 

capturing substrate specifically combined with the target and resulted in a sandwich 20 

structure "capture substrate-target-signal molecular probe". Under the optimized 21 

experimental condition, the signal of 4-MBA at 1085 cm-1 was linearly related to the S. 22 

aureus concentration in the range of 4.3×10 cfu·mL−1-4.3×107 cfu·mL−1 23 

(y=326.91x-117.62，R2=0.9932) with a detection limit of 13 cfu·mL−1. The method 24 

was successfully applied to spiked actual samples and a 92.5-110% recovery rate was 25 

achieved. 26 

Keywords: Surface-enhanced Raman scattering; Gold-silver core-shell nanoflowers; 27 

AuNPs-PDMS membrane; Aptasensor; Staphylococcus aureus; Fish28 
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1. Introduction 29 

Staphylococcus aureus (S. aureus) is a foodborne pathogenic bacteria which cause a 30 

lot of infectious diseases and other health problems. Food samples contaminated by S. 31 

aureus result in rapid decay and production of toxins (enterotoxins), and cause food 32 

poisoning in human beings (Rajkovic et al. 2020). Hence, a reliable and rapid method 33 

is urgently needed for the detection of S. aureus in food samples. 34 

Previously, numerous analytical approaches have been reported for the 35 

determination of S. aureus in food samples. For instance, conventional bacterial 36 

culture method can be used for qualitative and quantitative detection of S. aureus in 37 

food. Despite the simplicity and economy of this method, it is time-consuming 38 

(requires 3-5 days) (Hameed et al. 2018), thus, is not suitable for emergency public 39 

health and food poisoning incidents. Besides, advanced microbiological detection 40 

methods have been used, including enzyme-linked immunosensor assay (ELISA) 41 

(Reddy et al. 2015), polymerase chain reaction (PCR) (Liu et al. 2019b; Qin et al. 42 

2020) and immunomagnetic beads separation techniques (IMS) (Xu et al. 2019a), etc. 43 

These techniques are highly sensitive and specific but having the disadvantages of 44 

being complex and expensive, need trained personnel, require multiple pre-treatment 45 

steps and the contamination by bacteria during long-term assay make their 46 

implementation challenging (Byrnes et al. 2018; Farooq et al. 2018; Tokel et al. 2015). 47 

Consequently, it is crucial to develop a reliable, precise and economic method for the 48 

detection of S. aureus.  49 

Surface-enhanced Raman spectroscopy (SERS) is a fast, sensitive, separation-free 50 
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and label-free technology for the detection of analytes in food. The application of 51 

SERS in biomedicine (Li et al. 2018), environmental monitoring (Pinzaru et al. 2018), 52 

material chemistry (Zhu et al. 2020) and food safety (Xu et al. 2019b) has attracted 53 

the attention of researchers and has become a popular and effective tool for testing 54 

pathogenic microorganisms. Zhu et al. have applied SERS technique for the 55 

quantitative analysis of Escherichia coli (detection limit was 10 cfu·mL−1) by using a 56 

coated silica shell on the surface of AuNPs (Zhu et al. 2017). Wu et al. have used 57 

magnetic nanoparticles connected with aptamers as a capture probe and AuNPs linked 58 

with horseradish peroxidase/aptamers as a signal probe. A sandwich structure was 59 

formed by the specific binding of the target and aptamer, and the limit of detection 60 

was 12 cfu·mL−1 (Wu et al. 2015). Regarding the enhancement mechanism of SERS, 61 

two types have been recognized, physical enhancement (represented by local 62 

electromagnetic enhancement caused by surface plasmon resonance) (Liu et al. 2019a) 63 

and chemical enhancement (represented by charge transfer between metal 64 

nanomaterials and sample molecules) (Qi et al. 2016). In short, SERS is an optical 65 

enhancement phenomenon based on raw or irregular metal surfaces or Raman-active 66 

nanostructures. Metal nanomaterials have been the most widely used SERS substrates 67 

due to their small size, large specific surface area, unique optical, electrical, and 68 

physicochemical properties (Chen et al. 2018).  69 

Generally, the existing SERS sensing methods have been applied in liquid systems, 70 

have many detection steps and are costly. Thus, greatly limits its application in 71 

practical detection. Therefore, it is of great significance to design a suitable, stable 72 
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and economic solid support substrate for reliable and rapid detection. Solid substrates 73 

have good stability and can be divided into rigid substrates and flexible substrates (Li 74 

et al. 2020). Traditional rigid substrates usually rely on metal electrodes, glass sheets, 75 

mica sheets, quartz sheets, silicon wafers, and other materials. Meanwhile, flexible 76 

SERS active substrates with support membranes gaining the attention of researchers. 77 

Compared with rigid substrates, flexible substrates have strong flexibility and 78 

mechanical resistance, can be cut into any shape and size, and can be adsorbed on any 79 

complex surface for in-situ detection (Parmeggiani et al. 2019; Zhao et al. 2019). 80 

PDMS is a widely used solid material with transparency, good heat resistance and 81 

stability (Fortuni et al. 2017b). Previously, PDMS in combination with nanomaterials 82 

have been applied as a solid-state SERS substrate. Shiohara et al. have immobilized a 83 

monolayer of AuNPs on PDMS and used as an active SERS substrate for the detection 84 

of pesticides in peel. The target molecules were detected by covering the fruit surface 85 

with a layer of the flexible substrate (Shiohara et al. 2014). Fortuni et al. have applied 86 

PDMS film (coated with silver nanoparticles and gold atoms) as an active SERS 87 

substrate by using mercaptobenzoic acid (4-MBA) as the Raman molecule (Fortuni et 88 

al. 2017a). Due to the good optical transparency of PDMS, the laser can easily trigger 89 

nanoparticles loaded on PDMS to produce a localized surface plasmon resonance 90 

(LSPR) and result in the enhancement of the electromagnetic field (Yu et al. 2020). 91 

Hence, PDMS can not only retain the properties of nanomaterials but also improve the 92 

performance of composite materials (Xu et al. 2018). 93 

Aptamer is a kind of synthetic oligonucleotides discriminated by systematic 94 
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evolution of exponential enrichment technology (SELEX) in vitro screening, which 95 

can bind to certain targets (small molecules, proteins, or even entire cells) with 96 

extremely high specificity (Yang et al. 2017). Due to the simple preparation, easy 97 

modification and good stability, aptamer has been widely used to construct biosensor 98 

for the detection of pathogenic microorganisms.  99 

Herein, a sensitive biosensor was developed for specific detection of S. aureus in 100 

food matrix by using SERS technology. The aptasensor platform was constructed 101 

based on gold nanoparticles (AuNPs) functionalized PDMS film with the aid of the 102 

specificity between S. aureus and the aptamers. Firstly, the surface of PDMS 103 

membrane was chemically modified by piranha and 3-Aminopropyltriethoxysilane 104 

(APTES), and AuNPs-PDMS film was prepared by conjugation with AuNPs. Then, 105 

the thiol-terminal aptamer was immobilized on AuNPs-PDMS film by the Au-sulfur 106 

bond to form a solid-state capturing substrate. At the same time, hollow gold-silver 107 

core-shell nanoflowers (Au@Ag NFs) were synthesized and modified with 4-MBA 108 

and amino-terminal aptamers as a signal probe. In the presence of the target, the 109 

signal molecular probe and the capturing substrate specifically combined with the 110 

target and resulted in a sandwich structure "capture substrate-target-signal molecular 111 

probe". The detection of S. aureus was achieved by measuring the change of Raman 112 

intensity. 113 
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2. Materials and methods 114 

2.1 Regents and Materials 115 

Analytical grade chloroauric acid trihydrate (HAuCl4·3H2O), trisodium citrate 116 

dihydrate (C6H5Na3O7·2H2O, ≥99.0%), sodium hydroxide (NaOH, ≥96.0%), 117 

hydroxylamine (NH2OH), silver nitrate (AgNO3, ≥99.0%), 118 

3-Aminopropyltriethoxysilane (APTES), ethanol (C2H6O, 99%), mercaptobenzoic 119 

acid (4-MBA, 99%), PBS buffer solution (pH=7), sulfuric acid (H2SO4, 95~98%), 120 

hydrogen peroxide (H2O2), carbodiimide (EDC), and ethanolamine were purchased 121 

from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Sylgard 184 122 

(including PDMS monomer and curing agent) was obtained from Dow Corning 123 

(Michigan, USA). S. aureus (ATCC 29213), Escherichia coli (ATCC 12435) and 124 

Salmonella (ATCC 14028) strains were acquired from the American Type Culture 125 

Collection (ATCC). Bacillus subtilis (BNCC 251376) and Pseudomonas (BNCC 126 

125486) strains were obtained from BeNa Culture Collection (BNCC). The aptamer 127 

sequence of S. aureus was synthesized by Shanghai Biotechnology Co., Ltd. The S. 128 

aureus aptamer sequence was 129 

5’-NH2-GCAATGGTACGGTACTTCCTCGGCACGTTCTCAGTAGCGCTCGCTG130 

GTCATCCCACAGCTACGTCAAAAGTGCACGCTACTTTGCTAA-3’ and 131 

5’-SH-GCAATGGTACGGTACTTCCTCGGCACGTTCTCAGTAGCGCTCGCTGG132 

TCATCCCACAGCTACGTCAAAAGTGCACGCTACTTTGCTAA-3’ (Li et al. 133 

2019). The fish used in the experiment was collected from Auchan Supermarket 134 

(Zhenjiang, Jiangsu Province, China), transported quickly to the laboratory and stored 135 
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in a refrigerator at -18 °C. Ultrapure water (18.2 MΩ cm) was produced using the 136 

Millipore water purification system. 137 

2.2 Instrumentation 138 

The energy dispersive spectroscopy (EDS) spectrum of the Au@Ag NFs was 139 

acquired through EDS instrument (S-3400N; Hitachi Ltd., Japan). Ultraviolet-Visible 140 

(UV-Vis) absorption spectra were measured by an 8453 UV-Vis spectrometer (Agilent 141 

Technologies Inc., USA). JEM-2100HR transmission electron microscopy (TEM, 142 

JEOL Ltd., Japan) was used to detect the size and morphology of the nanoparticles. 143 

The morphology of AuNPs modified PDMS film substrate was observed by field 144 

emission-scanning electron microscope (JSM-7800F; SEM, JEOL Ltd., Japan). Zeta 145 

potential measurement was performed by a Zetasizer nano instrument (model ZEN 146 

3600, Malvern Instruments Ltd., UK) and Raman spectra were collected by 147 

SPLD-RAMAN-785-Q spectrometer (Hangzhou SPL photonics Co Ltd., China) 148 

under 785 nm wavelength incident laser light. 149 

2.3 Preparation of bacterial strain samples 150 

Firstly, the purchased lyophilized powder of S. aureus (ATCC 29213) was 151 

dissolved in sterile saline and then cultured with Lysogeny Broth (LB) medium 152 

(continuous activation two generations). Secondly, the activated S. aureus strain was 153 

cultured in LB liquid medium at 37 °C for 12 h and then 20 mL of S. aureus solution 154 

was centrifuged at 6000 rpm for 10 min. The supernatant was removed and dispersed 155 

in sterile saline. Finally, tenfold ratio of the obtained bacterial solution was used for 156 

gradient dilution, and a total of 8 gradients were obtained as experimental samples. 157 
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Meanwhile, the conventional plate counting method was used to determine the 158 

number of bacteria, and the plate with the colony number between 30 and 300 was 159 

selected to count. Three parallel repeats were set for each concentration gradient. 160 

2.4 Preparation of aptamer functionalized PDMS membrane 161 

All glassware used in the experiment were washed with aqua regia (HNO3/HCl, 3:1, 162 

v/v), rinsed thoroughly with ultrapure water, and dried before use. PDMS membrane 163 

was prepared by mixing the main agent (polydimethylsiloxane prepolymer) and 164 

auxiliary agent (curing agent) in a ratio of 10:1 followed by the evacuation at room 165 

temperature for 1 h until the air bubbles in the colloid were disappeared. The mixture 166 

was then solidified in an oven at 70 °C overnight. Samples (0.5 cm×0.5 cm) were cut 167 

from the cured polymer (Zhang et al. 2008). The prepared PDMS membrane was 168 

immersed in piranha solution (H2SO4: H2O2 = 3: 1, v/v) for 60 s at 40 °C, rinsed with 169 

ultrapure water for three times immediately and then dried with nitrogen. 170 

Subsequently, the hydroxylated PDMS membrane was moved into a centrifuge tube. 171 

APTES ethanol solution (5%, v/v) was added and the reaction was carried out at 172 

70 °C for 3 h. The small pieces of the prepared sample were moved out, washed with 173 

plenty of ultrapure water and then dried with nitrogen gas to obtain 174 

amine-functionalized PDMS film (Zhan et al. 2016). The aminated PDMS were 175 

immersed in concentrated AuNPs solution and incubated overnight to form 176 

AuNPs-PDMS film. The AuNPs were synthesized by a reported method with slight 177 

modifications (Ziegler and Eychmüller 2011). Briefly, 0.25 mL (0.5 M) 178 

HAuCl4·3H2O solution and 100 mL of ultrapure water were heated to boiling point 179 
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and continuously stirred for 10 min. Then 1.5 mL 1% trisodium citrate was quickly 180 

added to the above mixture and boiled for 15 min as its color turned into wine red 181 

indicated the formation of AuNPs. The prepared AuNPs-PDMS film was incubated 182 

with thiol-terminal S. aureus aptamers solution (70 nM) for 24 h at 37 °C. The 183 

AuNPs-PDMS film attached with aptamers was washed with anhydrous ethanol and 184 

ultrapure water for several times and stored for further use. 185 

2.5 Preparation of signal probe  186 

Au@Ag NFs were prepared according to the previously reported method 187 

(Garcia-Leis et al. 2015). In detail, 0.5 mL of NH2OH (6×10-2 M) and 0.5 mL of 188 

NaOH (0.05 M) were mixed at room temperature for 5 min under vigorous stirring. 189 

Under dark conditions, 9 mL of AgNO3 solution was added to the mixture and left to 190 

react for 5 min. Subsequently, 5 mL of HAuCl4·3H2O solution (8×10-4 M) and 100 191 

µL of C6H5Na3O7·2H2O solution (1%, w/v) were added simultaneously. The reaction 192 

mixture was stirred for 14 min at 100 °C to obtain Au@Ag NFs material. The solution 193 

was then centrifuged (6000 rpm, 10 min) and dispersed in 5 mL ultrapure water. 194 

Then, 30 µL (10 µM) 4-MBA ethanol solution was added to the above reaction 195 

mixture, stirred at room temperature for 3 h and centrifuged to remove the 196 

unconnected 4-MBA. The prepared Au@Ag NFs@MBA were dispersed in 5 mL 197 

ultrapure water. Then, 700 µL Au@Ag NFs@MBA solution was added with 20 µL of 198 

freshly prepared EDC (7 mg/mL) and stirred at 850 rpm for 15 min at 25 °C. It was 199 

then followed by the addition of 25 µL aminated S. aureus aptamers (10 µM) and 500 200 

µL PBS buffer solution, and mixed at room temperature for 1 h. To close the free sites 201 
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(not connected with the aptamers), ethanolamine (1%, v/v) was added and shaken for 202 

1 h. Finally, Au@Ag NFs@MBA connected with aptamers were centrifuged at 7500 203 

rpm for 6 min, dispersed in 1 mL PBS buffer solution and stored in a refrigerator at 204 

4 °C (Chen et al. 2018).  205 

2.6 Detection of S. aureus 206 

The prepared aptamer functionalized AuNPs-PDMS film was taken in a centrifuge 207 

tube. S. aureus (500 µL) solution with a known concentration (4.3×10 
208 

cfu·mL−1-4.3×107 cfu·mL−1) was added and incubated at 37 °C for 1 h. The PDMS 209 

film was washed twice with PBS buffer to remove the S. aureus physically adsorbed 210 

on the film. Then, the PDMS films were incubated with the prepared 500 µL signal 211 

probe solution for 1 h at 37 °C. Finally, the SERS detection was performed after 212 

rinsing with PBS buffer solution to determine the linear range and detection limit. All 213 

measurements were repeated three times in parallel. 214 

2.7 Specificity experiment 215 

To verify the specificity of this method, four pathogenic bacteria (Escherichia coli, 216 

Salmonella, Bacillus subtilis and Pseudomonas) were selected and tested under the 217 

optimal conditions simultaneously with S. aureus. The bacterial solution 218 

concentration was around 105 cfu·mL−1. 219 

2.8 Blank spike recovery of S. aureus in fish samples 220 

To study the reliability of the method, we evaluated the developed SERS biosensor 221 

using the plate counting method for spiked fish samples. Fresh fish was purchased 222 

from a local supermarket and shipped to the laboratory in ice packs. Then, 25 g of the 223 
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fish meat was weighted and irradiated with ultraviolet disinfection light for 30 min in 224 

a super clean bench to eliminate the interference of foodborne pathogens. Thereafter, 225 

S. aureus was added to the fish samples with concentrations of 1×103, 1×104, 1×105 226 

and 1×106 cfu·mL−1 and incubated for 30 min. Then, the spiked samples were 227 

transferred to conical flasks (250 mL), mixed with 100 mL sterile saline and stirred 228 

for 3 min. Finally, the established SERS aptasensor platform was used to detect the 229 

prepared samples. The obtained results were compared with the traditional plate 230 

counting method and the recovery rate was calculated. 231 

3. Results and discussion 232 

3.1 Detection principle of SERS aptamer sensor platform based on 233 

AuNPs-PDMS film 234 

A SERS aptamer for the quantitative detection of S. aureus was fabricated by 235 

utilizing AuNPs-PDMS film as a SERS active substrate. The schematic representation 236 

of the developed SERS aptasensor platform is shown in Scheme 1. Thiol-terminal 237 

aptamers conjugated with AuNPs-PDMS were assembled through two steps and used 238 

as a solid-state capture substrate. In the first step, negatively charged colloidal gold 239 

and positively charged amino group on the PDMS film modified by APTES were 240 

combined through electrostatic interaction. In the second step, the thiol-terminal 241 

aptamers were fixed on the film surface through a gold-sulfur bond. Then, the 242 

amino-terminal aptamers were assembled on the surface of Au@Ag NFs@4-MBA by 243 

amide condensation. The prepared aminated aptamer functionalized Au@Ag 244 

NFs@4-MBA was used as a SERS signal probe to express the Raman signal of S. 245 
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aureus. In the presence of the target bacteria, the aptamers on the capture nanoprobe 246 

and the signal nanoprobe were specifically bound to S. aureus simultaneously and a 247 

sandwich structure "capture nanoprobe-target-signal molecular nanoprobe" was 248 

formed. A dramatically strong Raman signal was generated due to the signal 249 

nanoprobes associated with the active substrate and the Raman intensity increased 250 

with the concentration of target bacteria. The proposed SERS aptamers sensor can 251 

provide a platform for the detection of other analyte molecules by using specific 252 

aptamers. 253 

 254 

Scheme 1 Schematic representation of the developed SERS aptasensor. 255 

3.2 Characterization of AuNPs modified PDMS film 256 

The AuNPs were characterized by transmission electron microscopy (TEM) and 257 

UV-Vis absorption spectroscopy. The UV-Vis spectrum is shown in Fig. S1A. The 258 

maximum absorption peak of the AuNPs was at 520 nm. The TEM results are shown 259 

in Fig. S1B. The AuNPs were uniformly distributed spherical shape, with a size 260 
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around 15 nm. In addition, their surface was negatively charged (Fig. S1C). The 261 

prepared bare PDMS film was transparent. After being loaded with AuNPs, the 262 

PDMS film turned to wine red, which was the color of the AuNPs. The 263 

AuNPs-PDMS membrane was characterized by UV-Vis absorption spectroscopy, 264 

scanning electron microscope and Raman spectrometer. Bare PDMS exhibited no 265 

UV-Vis absorption spectrum, while AuNPs-PDMS showed a UV-Vis absorption peak 266 

at 520 nm, which was consistent with the UV-Vis absorption peak of the AuNPs (Fig. 267 

1A). The scanning electron micrograph revealed that the AuNPs were evenly 268 

distributed on the surface of the PDMS film (Fig. 1B). The results of Raman 269 

spectroscopy are shown in Fig. S1D. The Raman spectrum of the 4-MBA solution and 270 

bare PDMS film are shown as horizontal lines, respectively. The Raman spectrum of 271 

the PDMS membrane incubated with 4-MBA also exhibited a horizontal line and the 272 

Raman spectrum of 4-MBA on the AuNPs-PDMS film showed a strong Raman 273 

characteristic peak due to the SERS enhancement effect of the AuNPs. The 274 

characteristic peaks at 1085 cm-1 and 1592 cm-1 were attributed to the stretching 275 

vibration of C-C and benzene ring. The results demonstrated that the AuNPs were 276 

successfully modified on the surface of the PDMS membrane, and were used in the 277 

subsequent experimental operations. 278 
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 279 

Fig. 1 UV-vis absorption spectra of PDMS film and AuNPs-PDMS film (A) and SEM 280 

image of the AuNPs-PDMS film (B). 281 

3.3 Characterization of aptamer functionalized AuNPs-PDMS membrane 282 

Thiol-terminal aptamers of S. aureus were adsorbed on the surface of the 283 

AuNPs-PDMS membrane through gold-sulfur bond. UV–Vis absorption spectroscopy 284 

was used to characterize whether the aptamers of S. aureus were successfully 285 

immobilized on the AuNPs-PDMS film. After incubation with the AuNPs-PDMS film, 286 

the absorbance value of the aptamers at 260 nm was significantly reduced compared 287 

to the initial aptamer solution (Fig. S2). Hence, confirmed that most of the aptamers 288 

in the reaction mixture were connected to the surface of the AuNPs-PDMS 289 

membrane.  290 

3.4 Characterization of signal probes of S. aureus 291 

Au@Ag NFs were obtained by galvanic replacement using silver nanoparticles 292 

(AgNPs) as a template. The materials were prepared through two-step reduction 293 

process and one-step replacement reaction: Hydroxylamine (HA) and trisodium 294 

citrate (CIT) reduction of silver nitrate, and the replacement of AgNPs. The prepared 295 

Au@Ag NFs substrate exhibited a distinct flower-like structure (Fig. 2A). The EDS 296 
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spectrum (Fig. 2B) showed that the synthesized substrate was mainly composed of 297 

gold and silver elements. The Raman reporter molecule 4-MBA was conjugated to the 298 

silver shell of the substrate through the sulfhydryl group. Raman spectrometer was 299 

used to characterize whether 4-MBA was connected to the Au@Ag NFs material. The 300 

Raman spectrum of 4-MBA and Au@Ag NFs were almost horizontal lines, 301 

respectively. When the labeling molecule 4-MBA was added to the substrate surface, 302 

obvious characteristic peaks were appeared at 1085 cm-1 and 1592 cm-1 (Fig. 2C). 303 

Amino-terminal aptamers were linked to the surface of Au@Ag NFs@4-MBA 304 

through amide condensation reaction. UV-Vis spectroscopy was used to characterize 305 

the attachment of the aptamer with the Au@Ag NFs@4-MBA material. A UV-Vis 306 

absorption peak at 260 nm was appeared when the Au@Ag NFs@4-MBA were 307 

connected to the aptamers (Fig. 2D). Hence, indicated that the aptamers were 308 

successfully attached to the surface of Au@Ag NFs @4-MBA. 309 
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 310 

Fig. 2 Transmission electron micrograph (A) and EDS spectrum (B) of Au@Ag NFs. 311 

Comparison of SERS intensity obtained from 4-MBA, Au@Ag NFs and Au@Ag 312 

NFs@4-MBA (C). UV-Vis absorption spectra of Au@Ag NFs@MBA before and 313 

after attachment with the aptamers (D). 314 

3.5 Optimization of experimental conditions 315 

The concentration of S. aureus was quantified by measuring the SERS intensity of 316 

4-MBA. The 4-MBA molecules were attached to the silver shell through Ag-S bonds. 317 

Less amount of 4-MBA resulted in insufficient signal molecules connected to 318 

Au@Ag NFS while an excessive amount of 4-MBA affected the stability of the SERS 319 

active substrate and the SERS signal intensity. Hence, the amount of 4-MBA was 320 

optimized for Au@Ag NFs@4-MBA formation (Fig. 3A). The aptamers linked to 321 

Au@Ag NFs@4-MBA were optimized by incubating different volumes of the 322 

Jo
urn

al 
Pre-

pro
of



    

18 

nanomaterials and fixed concentrations of the aptamers (Fig. 3B). The optimum 323 

amount of the Au@Ag NFs was found to be 700 µL.  324 

In addition, to obtain the optimal analytical performance of S. aureus SERS 325 

aptasensor, the final concentration of the aptamer functionalized on the 326 

AuNPs-PDMS film and incubation time between the aptamer and AuNPs-PDMS film 327 

were investigated. First, the concentration of the aptamer solution incubated with 328 

AuNPs-PDMS film was optimized. The optimization results are shown in Fig. 3C. 329 

The difference value (ΔA260) of the absorbance intensity at 260 nm of the aptamers 330 

before and after incubation with AuNPs-PDMS membrane was recorded by UV-Vis 331 

absorption spectroscopy and used as the ordinate. The net increase in the absorbance 332 

intensity was obtained by subtracting the absorbance value of the supernatant of the 333 

aptamer functionalized AuNPs-PDMS membrane from that of the initial aptamer 334 

solution. The higher the value of ΔA260, the greater the aptamers loading on the 335 

AuNPs-PDMS. When the concentration of the aptamer was increased from 40 nM to 336 

100 nM, the ΔA260 gradually increased and tended to be stable. The difference value 337 

reached to the maximum at 70 nM aptamer concentration. This may be due to the 338 

saturated state of the aptamers attached to the surface of the AuNPs-PDMS membrane. 339 

Therefore, 70 nM was selected as the optimal aptamer concentration and used in the 340 

subsequent experiments. Second, the incubation time of the aptamers and 341 

AuNPs-PDMS membrane was optimized, the results are shown in Fig. 3D. UV-Vis 342 

absorption spectroscopy was used to record the ΔA260 of aptamers before and after 343 

incubation with the AuNPs-PDMS membrane. Up to 24 hours, the ΔA260 increased 344 
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gradually with incubation time and when incubation time exceeded 24 hours, the 345 

difference value decreased slowly with incubation time. This may be due to the fact 346 

that in the short incubation time, the aptamer did not connect with the AuNPs-PDMS 347 

membrane completely, while the long incubation time resulted in their disconnection. 348 

Hence, resulted in a low ΔA260 value. When the incubation time was reached to 24 h, 349 

the difference value reached to the maximum. Therefore, the optimal incubation time 350 

of the AuNPs-PDMS membrane was selected as 24 h. 351 

 352 

Fig. 3 Line chart of the optimized signal molecule 4-MBA and the insert is the photo 353 

of its corresponding SERS spectra (A). UV-vis spectra of different volumes of 354 

Au@AgNFs @4-MBA incubated with the fixed concentrations of the aptamers (B). 355 

Optimization of the concentration of the aptamers modified AuNPs-PDMS film (C) 356 

and time of the aptamers modified AuNPs-PDMS film (D). The error bars were 357 
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derived from the standard deviation of three measurements. Error bar=SD (n=3). 358 

3.6 Linear range and detection limit 359 

According to the designed experimental principle, when S. aureus was present in 360 

the system, the capture substrate and the signal molecule probe specifically bound to 361 

the target to form a "capture substrate-target-signal molecule probe" sandwich 362 

structure. Raman signal of the 4-MBA was generated at 1085 cm-1. As the 363 

concentration of the S. aureus was increased, more aptamers were loaded on the solid 364 

substrate to capture the bacteria, so that more signal molecular probes were fixed to 365 

the substrate and caused the increase in the Raman intensity. Under the optimal 366 

experimental conditions, SERS detection of S. aureus with different concentrations 367 

was performed. The results of the Raman spectroscopy are shown in Fig. 4A. When 368 

the concentration of S. aureus was increased, the Raman intensity of 4-MBA at 1085 369 

cm-1 was gradually increased. The linear results are shown in Fig. 4B. The logarithmic 370 

value of the number of S. aureus colonies was in the range of 4.3×10 371 

cfu·mL−1-4.3×107 cfu·mL−1, represented a good linear relationship with the Raman 372 

intensity of the signal molecular probe at 1085 cm-1 (y=326.91x-117.62, R2=0.9932). 373 

The limit of detection was computed by the following formula: LOD=3S/M. Where S 374 

is the standard deviation of the blank sample (without S. aureus) and M is the slope of 375 

the standard curve. The limit of detection was 13 cfu·mL−1.376 
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 377 

Fig. 4 SERS spectra in the presence of different concentrations of S. aureus (A) and 378 

the correlation between Raman intensity and concentrations of S. aureus (B). The 379 

error bars were derived from the standard deviation of three measurements. Error 380 

bar=SD (n=3). 381 

3.7 Specificity experiment 382 

To evaluate the specificity of the proposed SERS method, four pathogenic bacteria 383 

(Escherichia coli, Salmonella, Bacillus subtilis and Pseudomonas) were selected. For 384 

the best experimental results, a bacterial concentration of 105 cfu·mL−1 was selected. 385 

The results of the specificity analysis are shown in Fig. S3. Compared with 386 

Escherichia coli, Salmonella, Bacillus subtilis and Pseudomonas, S. aureus obtained a 387 

dramatically strong Raman signal at 1085 cm-1, indicated that this method has good 388 

specificity and could be specifically applied for the detection of S. aureus. 389 
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3.8 Blank spike recovery of S. aureus in fish samples 390 

The "sandwich" structure based on aptamer functionalized PDMS film for S. 391 

aureus detection was used for the blank spike recovery test of fish samples. S. aureus 392 

with different concentrations from 1×103 to 1×106 cfu·mL−1 was detected by the 393 

proposed method and traditional plate counting method respectively. Three replicates 394 

were set up for each concentration of fish samples and the obtained results were 395 

compared to calculate the recovery rate. The results are shown in Table 1. The 396 

detection result of this method possessed good accuracy for the quantification of S. 397 

aureus (the recovery rate was between 92.5% and 110%) and can be applied for the 398 

detection of S. aureus in actual samples. In addition, the experimental results were 399 

compared with the existing detection methods of S. aureus. Considering the detection 400 

range, detection limit and simplicity of the experimental operation. The proposed 401 

method showed certain advantages and could be used for quantitative detection of 402 

foodborne pathogens in fish samples (Table S1)403 Jo
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Table 1. Comparison of the results obtained through this method with the plate 404 

counting method on the spike recovery of fish samples. 405 

Samples 
Spiked 

(cfu·mL−1) 

Plate counting method 

± SD 

(cfu·mL−1) 

This method ± SD 

(cfu·mL−1) 
RSD% Recovery% P 

1 1 × 103 (0.919 ± 0.04) × 103 (0.925 ± 0.05) × 103 5.41 92.5 

P=0.306 
2 1 × 104 (0.973 ± 0.02) × 104 (1.01 ± 0.03) × 104 2.97 101 

3 1 × 105 (1.02 ± 0.04) × 105 (1.10 ± 0.05) × 105 4.55 110 

4 1 × 106 (0.983 ± 0.03) × 106 (0.962 ± 0.03) × 106 3.12 96.2 

SD: standard deviation, n=3 406 

P>0.05, indicate: no significant difference. 407 

4. Conclusion 408 

In this work, a highly sensitive and specific SERS biosensor based on aptamer 409 

functionalized composite PDMS film was constructed and successfully applied for the 410 

detection of S. aureus in fish samples. S. aureus was quantified using the developed 411 

aptasensor with high sensitivity. A good linear relationship (y=326.91x-117.62, 412 

R2=0.9932) and LOD of 13 cfu·mL−1 were achieved. The spiked recovery test of fish 413 

samples showed no significant difference as compared to the plate count method and 414 

the spiked recovery rate was 92.5%-110% which indicated that the method can be 415 

applied for the detection of actual samples. The "sandwich" structure based on 416 

aptamer modified PDMS film provided a new idea for the rapid detection of 417 

foodborne pathogens in food production, processing and safety supervision. However, 418 

the stability of batch samples of PDMS film may affect the actual rapid detection of 419 

foodborne pathogens. Hence, new approaches to prepare functional PDMS 420 

membranes and to explore stable and rapid methods for the in situ detection of 421 

foodborne pathogens are the key development direction in the future.422 

Jo
urn

al 
Pre-

pro
of



    

24 

Acknowledgements This work has been financially supported by National Key 423 

Research and Development Program of China (2017YFC1600801), Natural Science 424 

Foundation of Jiangsu Province (BK20190100), and Project of Faculty of Agricultural 425 

Equipment of Jiangsu University. 426 

Conflict of Interest 427 

The authors declare that there is no conflict of interest regarding the publication of 428 

this study.429 

Jo
urn

al 
Pre-

pro
of



    

25 

References 430 

Byrnes, S.A., Phillips, E.A., Huynh, T., Weigl, B.H., Nichols, K.P., 2018. Analyst. 143, 431 

2828-2836. 432 

Chen, Q., Yang, M., Yang, X., Li, H., Guo, Z., Rahma, M.H., 2018. Spectrochim Acta 433 

A. 189, 147-153. 434 

Farooq, U., Yang, Q., Ullah, M.W., Wang, S., 2018. Biosens Bioelectron. 118, 435 

204-216.  436 

Fortuni, B., Fujita, Y., Ricci, M., Inose, T., Aubert, R., Lu, G., Hutchison, J.A., 437 

Hofkens, J., Latterini, L., Uji, I.H., 2017a. Chem Commun. 53, 5121-5124. 438 

Fortuni, B., Inose, T., Uezono, S., Toyouchi, S., Umemoto, K., Sekine, S., Fujita, Y., 439 

Ricci, M., Lu, G., Masuhara, A., Hutchison, J.A., Latterini, L., Uji, I.H., 2017b. Chem 440 

Commun. 53, 11298-11301. 441 

Garcia-Leis, A., Torreggiani, A., Garcia-Ramos, J.V., Sanchez-Cortes, S., 2015. 442 

Nanoscale. 7, 13629-13637. 443 

Hameed, S., Xie, L., Ying, Y., 2018. Trends Food Sci Tech. 81, 61-73.  444 

Li, J., Jiang, H., Rao, X., Liu, Z., Zhu, H., Xu, Y., 2019. Anal Chem. 91, 1494-1500. 445 

Li, J., Wang, J., Grewal, Y.S., Howard, C.B., Raftery, L.J., Mahler, S., Wang, Y., Trau, 446 

M., 2018. Anal Chem. 90, 10377-10384. 447 

Li, Z., Huang, X., Lu, G., 2020. J Mater Chem C. 8, 3956-3969. 448 

Liu, G., Liu, Y., Tang, L., Liu, X., Fu, G., Liu, Z., 2019a. Nanophotonics-Berlin. 8, 449 

1095-1107. 450 

Liu, S., Li, H., Hassan, M.M., Zhu, J., Wang, A., Ouyang, Q., Zareef, M., Chen, Q., 451 

2019b. Int J Food Microbiol. 304, 58-67.  452 

Parmeggiani, M., Zaccagnini, P., Stassi, S., Fontana, M., Bianco, S., Nicosia, C., Pirri, 453 

C.F., Lamberti, A., 2019. ACS Appl Mater Inter. 11, 33221-33230.  454 

Pinzaru, S.C., Muller, C., Ujevic, I., Venter, M.M., Chis, V., Glamuzina, B., 2018. 455 

Talanta. 187, 47-58. 456 

Qi, M., Huang, X., Zhou, Y., Zhang, L., Jin, Y., Peng, Y., Jiang, H., Du, S., 2016. Food 457 

Chem. 197, 723-729. 458 

Qin, H., Shi, X., Yu, L., Li, K., Wang, J., Chen, J., Yang, F., Xu, H., Xu, H., 2020. Int 459 

Jo
urn

al 
Pre-

pro
of



    

26 

Dairy J. 108.  460 

Rajkovic, A., Jovanovic, J., Monteiro, S., Decleer, M., Andjelkovic, M., Foubert, A., 461 

Beloglazova, N., Tsilla, V., Sas, B., Madder, A., De Saeger, S., Uyttendaele, M., 2020. 462 

Compr Rev Food Sci F. 19,1605-1657. 463 

Reddy, P.N., Nagaraj, S., Sripathy, M.H., Batra, H.V., 2015. Ann Microbiol. 65, 464 

1915-1922.  465 

Shiohara, A., Langer, J., Polavarapu, L., Liz-Marzan, L.M., 2014. Nanoscale. 6, 466 

9817-9823. 467 

Tokel, O., Yildiz, U.H., Inci, F., Durmus, N.G., Ekiz, O.O., Turker, B., Cetin, C., Rao, 468 

S., Sridhar, K., Natarajan, N., Shafiee, H., Dana, A., Demirci, U., 2015. Sci Rep-UK. 469 

5, 9152. 470 

Wu, S., Wang, Y., Duan, N., Ma, H., Wang, Z., 2015. J Agr Food Chem. 63, 471 

7849-7854.  472 

Xu, J., Liu, L., He, J., Ma, S., Li, S., Wang, Z., Xu, T., Jiang, W., Wen, Y., Li, Y., Tian, 473 

J., Li, F., 2019a. J Nanobiotecg. 17, 37.  474 

Xu, K.-X., Guo, M.-H., Huang, Y.-P., Li, X.-D., Sun, J.-J., 2018. Talanta. 180, 475 

383-388. 476 

Xu, Y., Kutsanedzie, F.Y.H., Hassan, M.M., Li, H., Chen, Q., 2019b. Spectrochim 477 

Acta A. 206, 405-412.  478 

Yang, M., Liu, G., Mehedi, H.M., Ouyang, Q., Chen, Q., 2017. Anal Chim Acta. 986, 479 

122-130. 480 

Yu, X., Liang, X., Krishnamoorthy, R., Jiang, W., Zhang, L., Ma, L., Zhu, P., Hu, Y., 481 

Sun, R., Wong, C.-P., 2020. Smart Mater Struct. 29.  482 

Zhan, H., Cheng, F., Chen, Y., Wong, K.W., Mei, J., Hui, D., Lau, W.M., Liu, Y., 2016. 483 

Compos Part B-Eng. 84, 222-227. 484 

Zhang, Q., Xu, J.-J., Liu, Y., Chen, H.-Y., 2008. Lab Chip. 8, 352-357. 485 

Zhao, H., Hasi, W., Li, N., Sha, X., Lin, S., Han, S., 2019. New J Chem. 43, 486 

13075-13082.  487 

Zhu, S., Deng, D., Nguyen, M.T., Chau, Y.R., Wen, C.Y., Yonezawa, T., 2020. 488 

Langmuir. 36, 3386-3392. 489 

Jo
urn

al 
Pre-

pro
of



    

27 

Zhu, T., Hu, Y., Yang, K., Dong, N., Yu, M., Jiang, N., 2017. Microchim Acta. 185, 490 

30. 491 

Ziegler, C., Eychmüller, A., 2011. J Phys Chem C. 115, 4502-4506. 492 

Jo
urn

al 
Pre-

pro
of



Highlights 

1. A SERS aptasensor was developed for selective and sensitive detection of 

Staphylococcus aureus. 

2. Hollow Au@Ag NFs were synthesized and modified with 4-MBA and aptamers 

as signal probe. 

3. A sandwich structure of "capture substrate-target-signal molecular probe" was 

obtained. 

4. Under the optimized condition, a 13 cfu·mL−1 LOD was achieved. 
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