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HIGHLIGHTS

« A SERS platform for simultaneous
detection of E. coli and S. aureus was
developed.

o A dual SERS enhancement strategy
based on sandwich-like structure was
applied.

« Aptamers modified-Fe;0,@SiO,-Au
NCs were used for bacterial capture
and isolation.

« GO-Au NSs functionalized with
DTNB/4-MBA and aptamers were
proposed as SERS tags.

« The detection limit for E. coli and S.
aureus was as low as 10 cfu/mL.
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ABSTRACT

In this work, a novel surface-enhanced Raman scattering (SERS) sandwich strategy biosensing platform
has been established for simultaneously detecting Escherichia coli (E. coli) and Staphylococcus aureus (S.
aureus). Fe30,@Si0,-Au nanocomposites (NCs) with varying amounts of Au nanocrystals were prepared,
and the effect of interparticle gaps on SERS activity was studied by finite-difference time-domain (FDTD)
method. The optimal magnetic SERS-active substrates (FS-A5) were functionalized with the specific apta-
mers to act as capture probes. Meanwhile, graphene oxide-Au nanostars (GO-Au NSs) decorated with
Raman reporters and aptamers were used as SERS tags. The loading density of Au NSs on GO was tuned
to change the number of SERS active sites. In this proposal, E. coli and S. aureus were first captured by
capture probes and then bound with SERS tags to form a sandwich-like structure, which caused enhanced
electromagnetic field because of the dual enhancement strategy. Under optimal conditions, SERS plat-
form could detect E. coli and S. aureus simultaneously, and the detection limit was as low as 10 cfu/
mL. Our sandwich assay-based dual-enhanced SERS platform provides a new idea for simultaneously
detecting multiple pathogens with high selectivity and sensitivity, and thus will have more hopeful pro-
spects in the field of food safety.
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1. Introduction

Infectious diseases resulting from bacterial infections have
posed a huge threat to global public health [1-3]. Among the
known pathogens, Escherichia coli (E. coli) and Staphylococcus aur-
eus (S. aureus) are the most common foodborne pathogenic bacte-
ria, which can cause serious diseases at very low infectious doses,
such as food poisoning, tissue infections, meningitis, septicemia
and even death [4,5]. Many methods have been established to
detect E. coli and S. aureus, including standard plate counting
method, polymerase chain reaction and immunology-based tech-
niques [6]. Although these methods have their respective advan-
tages, they suffer from various shortcomings such as tedious
sample pretreatments, sophisticated instruments and professional
operations, which severely limit their extensive applications in
clinical diagnosis [7]. Especially, there are relatively few studies
on simultaneously detecting multiple bacteria for disease control
and public health due to the existence of multiple and mixed infec-
tions. Therefore, it is of great importance to exploit novel technolo-
gies with short analysis time, easy operation and high sensitivity to
realize simultaneous detection of different foodborne pathogenic
bacteria.

Over the past couple of years, biosensor, as a new analysis plat-
form, has gained popularity because of its high sensitivity and
portability, which combines the advantages of biometric recogni-
tion element and physical transducer to achieve a measurable sig-
nal [8]. On one hand, biological recognition element has unique
superiority in selectively identifying and binding to the target
molecules. In general, antibody, aptamer (Apt), antibiotic, and
antimicrobial peptide are common recognition elements in biosen-
sor applications. Among them, aptamer receives more concerns
because of its low production cost, non-toxicity, high specificity
and low sensitivity to temperature [9,10]. Aptamers having high
specificity for targets are single strand DNA or RNA molecules,
which can be created by an in vitro selection process. At present,
all kinds of Apt-based biosensors have been applied for detecting
bacteria and even cancer cells. On the other hand, the proper
choice of transducer is also extremely important to realize sensi-
tive and specific detection of targets, because the transducer can
convert bio-recognition reaction into detectable signals (optical
or electrical signals) [11]. Surface-enhanced Raman spectroscopy
(SERS) is an analytical technique with molecular fingerprint speci-
ficity, which can greatly enhance the Raman signals of molecules
adsorbed on or near specific surfaces (such as metallic nanostruc-
tures) and even provide the molecular fingerprint of the analytes
[12-14]. The aptamer-based (Apt-based) SERS biosensors offer
exciting opportunities to achieve selective identification and
simultaneous detection of multiple potential pathogens [15].

Theoretically, the high sensitivity of SERS mainly originates
from the enhancement of localized electromagnetic field on sur-
faces of noble metals induced by local surface plasmon resonance
(LSPR) [16,17]. Strong surface plasmon coupling, called “hot spots”,
is typically located in narrow gaps between noble metal nanocrys-
tals and especially at the end of tips of noble metal nanocrystals
[18,19]. Plasmonic Au nanostars (NSs) featuring good biocompati-
bility and multiple sharp branches can produce large amounts of
hot spots at the tips and thus exhibit stronger SERS enhancement
than Au nanorods or Au nanospheres [20,21]. Based on the
above-mentioned reasons, Au NSs have been widely recognized
as the most promising SERS biosensing platforms [22,23]. Many
researches on SERS detection of mycotoxins by Apt-
functionalized Au NSs sensors have been reported. For instance,
Huang et al. [24] applied Au NSs@4-MBA@Au nanostructure-
based SERS aptasensor and realized SERS detection for Ochratoxin.
Li et al. [25] constructed the SERS biosensor based on Au NSs-Ag
nanoparticles for detecting AflatoxinB1. However, few studies have
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been devoted to SERS detection of pathogen bacteria by Apt-
functionalized Au NSs SERS biosensors. In addition, it remains chal-
lenging to solve the problem of poor stability and easy aggregation
of noble metallic nanoparticles in order to expand their application
in SERS detection. It is generally accepted that graphene oxide (GO)
has the advantages of large specific surface area, excellent disper-
sion stability and high biocompatibility, which is acknowledged to
be an ideal supporting materials for noble metallic nanoparticles
[26-28]. GO not only can inhibit the aggregation of noble metallic
nanoparticles, but also capture Raman probe molecules with aro-
matic structure (e.g. 4-MBA, DTNB) through electrostatic or -7
interactions [29,30]. More importantly, GO can quench the fluores-
cent background signals of the probe molecules, promote efficient
charge-transfer and further improve the sensitivity of SERS detec-
tion. As a result, the integration of plasmonic Au NSs and GO will
provide a powerful nanoplatform for ultrasensitive SERS detection
of bacteria.

Because the concentration of bacteria in real samples is usually
extremely low, the pre-concentration of target substance is
another effective way to enhance the sensitivity of SERS detection.
The design and optimization of magnetic-assisted SERS biosensors
based on aptamers recognition is the most commonly used strat-
egy for bacterial detection [31,32]. Fe30, magnetic nanocrystals
have attracted tremendous attention due to their excellent mag-
netic response, low toxicity and easy preparation, and are often
used to capture targets in sample solutions [33,34]. Unfortunately,
the bare Fe304 nanocrystals are easily oxidized in the air and tend
to aggregate because of the strong magnetic dipole-dipole interac-
tions between nanocrystals [35]. For improving the stability and
dispersibility of Fes04 nanocrystals, surface modification of Fe30,4
nanocrystals by non-magnetic layer (such as SiO,) is an effective
solution [33]. In fact, the coating of Fe304 nanocrystals with SiO,
not only can prevent the oxidation and agglomeration of Fe30,4
nanocrystals, but can facilitate their biocompatibility since SiO,
is easily decorated with multiple functional groups such as amino,
carboxyl and thiol. Based on the above advantages, the Apt-
functionalized Fe;0,@SiO,-Au nanocomposites (NCs) have great
potential as capture probes, which can not only capture and sepa-
rate target bacteria from complex solutions by magnet, but also
provide abundant aptamer binding sites to form the high-density
hot spots [9]. Recently, a novel sandwich-like dual-functional SERS
substrate based on indirect detection method has been gaining
extensive attention and scientific endorsement [36]. The capture
probes/bacteria/SERS tags sandwich nanostructures can achieve
the magnetic separation and especially the dual recognition and
dual SERS enhancement of target bacteria [37].

Inspired by the above points, we herein proposed an innovative
SERS platform based on sandwich assay, which could easily realize
the simultaneous detection of E. coli and S. aureus with high sensi-
tivity and specificity. Fe304@SiO,-Au NCs were selected as mag-
netic SERS-active substrate, and the optimum SERS performance
was obtained by adjusting the spacing between Au nanocrystals
on surfaces of Fe3;0,@SiO, nanocrystals. By combining with
finite-difference time-domain (FDTD) method, the relationship
between interparticle gaps and SERS enhancement behavior was
discussed. The optimal Apt-functionalized Fe;0,@SiO,-Au NCs
were used as capture probes, and their selective capture and
enrichment ability for E. coli and S. aureus were discussed. Mean-
while, the novel SERS tags were designed by co-modifying GO-Au
NSs with Raman reporters (DTNB and 4-MBA) with non-
overlapping characteristic peaks and aptamers, and the loading
density of Au NSs on the surfaces of GO was controlled by adjusting
the amount of Au NSs added to the GO dispersion. Based on the
electromagnetic field simulation and SERS detection results, the
SERS enhancement mechanism of the sandwich assay was pro-
posed and discussed. By optimizing the experimental parameters
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including the concentrations of DTNB and 4-MBA during the
preparation of SERS tags and the added amount of SERS tags, the
sandwich-like capture probes/bacteria/SERS tags structure was
built and the SERS platform was used for highly sensitive simulta-
neous detection of E. coli and S. aureus. Additionally, our sandwich
assay-based SERS platform could also be used for detecting E. coli
and S. aureus in milk samples. Therefore, our study not only further
expands the understanding of the enhancement mechanism of the
sandwich assay-based SERS platform, but also has great potential
for practical applications in ultrasensitive simultaneously detect-
ing multiple foodborne pathogens.

2. Materials and methods

The chemicals, biochemicals and instruments are listed in Sup-
plementary material.

2.1. Fabrication of capture probes

Apt-Fe30,@Si0,-Au NCs capture probes were prepared by com-
bining thiol-modified aptamers with Fe;0,@SiO,-Au NCs, and the
detailed preparation procedure of capture probes was illustrated
in Scheme 1A. Firstly, Fe304 nanocrystals were synthesized based
on the previously reported method with some improvements
[38]. FeCl3-6H,0 (1.08 g) was added into EG solution (56 mL) and
then stirred for 20 min until fully dissolved, followed by the addi-
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tion of NH4-Ac (3.08 g), Na3CgHs07-2H,0 (0.32 g) and PEG (0.16 g).
After reaction mixture was stirred for 40 min at 50 °C, it was trans-
ferred to the 80 mL Teflon-lined autoclave and heated at 200 °C for
8 h. Fe304 nanocrystals were finally collected with magnet and
rinsed several times. Secondly, a layer of SiO, was coated on
Fe;0,4 core by sol-gel method. Fes04 nanocrystals (50 mg) were
dispersed in ethanol (40 mL) and ultrapure water (10 mL). After
the mixed solution was stirred mechanically for 10 min, NH3-H,0
solution (1 mL) was added to the dispersion under sonication con-
ditions. TEOS solution (0.2 mL) was added after an hour, and the
mixture was further stirred overnight to achieve Fe;0,@SiO,
core-shell nanocrystals. The third step is the preparation of Fes-
0,@Si0,-Au NCs. Specifically, the obtained Fe30,@SiO, nanocrys-
tals (100 mg) were added in ethanol and sonicated for 20 min.
Then, APTES (0.5 mL) acting as the aminating agent was added
and stirred for 12 h to form amino-functionalized Fes;0,@SiO,
nanocrystals (Fes04@SiO,-NH, nanocrystals). Meanwhile, Au
nanocrystals were synthesized by using the same method as
described in our previous work [39]. Subsequently, Au colloid solu-
tion (10, 30, 50 and 70 mL) was added into 4 mL of Fe30,@SiO,-
NH, dispersions, respectively. After sonicating, washing and dry-
ing, the Fe304@SiO,-Au NCs with different Au contents were
obtained, which were named FS-A1, FS-A3, FS-A5 and FS-A7
respectively. Fourthly, the thiolated aptamers specific for E. coli
(SH-Apt;) and S. aureus (SH-Apt,) were activated with TCEP
solution, respectively, and then aptamers were combined with
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Scheme 1. Schematic diagram of preparation of (A) Apt-Fe;0,@SiO,-Au magnetic capture probes, (B) aptamers conjugated SERS tags and (C) dual-enhanced strategy for

simultaneously detecting E. coli and S. aureus.
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Fe30,4@Si0,-Au NCs through Au-S bond. Typically, 2 pL of SH-Apt,
and 2 puL of SH-Apt, were mixed with TCEP solution (1 mM, 2 pL) in
dark, respectively. Then, the activated SH-Apt; and SH-Apt, were
mixed with Fe30,@Si0,-Au NCs dispersions (4 mL, 1 mg/mL). After
shaking for 24 h at 37 °C in a thermostatic oscillator, the mixtures
were washed with PBS buffer to remove unreacted aptamers, col-
lected with magnet and resuspended in PBS buffer to form capture
probes of E. coli and S. aureus.

2.2. Assembly of SERS tags

SERS tags were obtained by connecting Raman reporter mole-
cules to the synthesized GO-Au NSs, and then combining them
with amino-modified aptamers. NH,-Apt; (Apt of E. coli) and DTNB
were used to synthesize SERS tag-1, while NH,-Apt, (Apt of S. aur-
eus) and 4-MBA were used to synthesize SERS tag-2. The synthesis
process of SERS tags was shown in Scheme 1B. The first step was
the preparation of GO, which was based on the modified method
described in the literature by Marcano et al. [40]. Briefly, the gra-
phite powder (0.75 g) and KMnOy4 (4.5 g) were mixed with concen-
trated H,SO4/H3PO4 (9:1, 100 mL), and the prepared mixture was
placed into a water bath (preheated to 50 °C). After heating the
mixed solution with stirring for 6 h, 30 mL of H,0, solution was
added. It could be observed that the color of solution varied from
black to bright yellow. The above mixture was further heated
and stirred for 3 h, and then cooled and adjusted to pH 6 with
ultrapure water. The final dry GO was obtained after centrifuging,
washing and drying treatments.

The second step is to modify GO with PVP and PDDA [41]. Con-
cretely, the synthesized GO was dispersed in ultrapure water and
ultrasonicated for over 1 h to obtain GO dispersion. PVP (48 mg)
was added to GO dispersion (0.5 mg/mL, 12 mL) and the mixture
was stirred for 12 h to achieve GO modified with PVP. Subse-
quently, PVP modified GO was further functionalized by PDDA,
and the procedure was as follows. PVP-GO suspension (1 mg/mL,
2 mL) was added to aqueous solution (8 mL) containing KCI
(373 mg) and PDDA (1.25 mg/mL, 750 pL), and then the mixture
was sonicated for 2.5 h. After product was washed several times
by centrifugation, the obtained GO modified with PDDA was stored
in the dark for further use.

The third step is the preparation of GO-Au NSs. HAuCl, solution
(0.24 mM, 200 pL) was dropped into ultrapure water (20 mL)
under vigorous stirring, and then Au seeds (100 pL), 1 % sodium
citrate dihydrate (44 pL), and hydroquinone (30 mM, 2 mL) were
added into the above solution one by one, in which sodium citrate
dihydrate and hydroquinone were used as reducing agent and
morphology inducer, respectively. The above solution was then
stirred at room temperature for 30 min to obtain Au NSs, which
were dispersed in ultrapure water (5 mL) for further use. Under
magnetic stirring, Au NSs (1, 2, 3 and 4 mL) were added to
PDDA-GO (160 pL), respectively. The mixture was sonicated for
2 min and then kept overnight. After being collected by centrifuga-
tion, the GO-Au NSs with different Au contents were obtained,
which were designated by GANS-1, GANS-2, GANS-3 and GANS-
4, respectively.

The fourth step is to functionalize GO-Au NSs with DTNB/4-
MBA. Typically, DTNB/4-MBA ethanol solution (0.1 mL for each)
was added to GO-Au NSs (1 mL) and stirred at 37 °C for 2 h with
a speed of 600 rpm. After removing excess DTNB/4-MBA by cen-
trifugation, the products were re-dispersed in MES buffer.

The last step is to activate carboxyl groups on surfaces of
DTNB/4-MBA-modified GO-Au NSs. The activated carboxyl groups
could bind to amino-modified aptamers. More concretely, EDC
(100 mM, 10 pL) and NHS (100 mM, 15 pL) were added into
DTNB/4-MBA-modified GO-Au NSs (1 mL) to activate the carboxyl
groups [1,42]. After shaking the mixture for 2 h, NH,-Apt;/NH,-
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Apt, (10 pL) was added and the samples were incubated overnight
at 37 °C (240 rpm). Then the products were centrifuged for 10 min
at 5000 r/min to remove excess aptamers. For avoiding non-
specific adsorption, unreacted carboxyl groups on DTNB/4-MBA-
GO-Au NSs were blocked with 1 % BSA under shaking conditions
for 2 h. Finally, the prepared SERS tag-1 and SERS tag-2 were
respectively resuspended in 1 mL of PBS buffer.

2.3. Optimization of the developed SERS platform

The concentrations of Raman reporter molecules (DTNB, 4-
MBA) during the preparation of SERS tags and the added amount
of SERS tags were optimized. On one hand, because the SERS signal
intensities of E. coli and S. aureus are closely related to concentra-
tions of DTNB and 4-MBA, it is necessary to optimize the concen-
trations of DTNB and 4-MBA during the synthesis of two SERS
tags. The synthesis conditions of SERS tag-1 and SERS tag-2 were
optimized by changing the concentrations of DTNB and 4-MBA
(10, 30, 50, 70, 90 and 110 puM). On the other hand, the effect of
added amount of SERS tags on SERS signal intensity also needed
to be considered. SERS tag-1 and SERS tag-2 were prepared at
the optimal concentrations of DTNB and 4-MBA. The optimal addi-
tion volume of SERS tags was determined by adding different vol-
umes (20, 40, 60, 80, 100 and 120 pL) of SERS tags to the capture
probes/bacteria complexes.

2.4. SERS detection of E. Coli and S. Aureus

The detection of E. coli and S. aureus was carried out under opti-
mized conditions. E. coli (50 puL) and S. aureus (50 pL) with different
concentrations (10, 10%, 10,104, 10°, 105107 and 108 cfu/mL) were
incubated with capture probes at 37 °C for 40 min in a constant
temperature shaker, respectively. The capture probes/bacteria
complexes were separated by magnet and washed four times with
PBS buffer. Then, both SERS tag-1 and SERS tag-2 (10 mg/mlL,
100 pL, respectively) were added and incubated at 37 °C for
40 min. After the product was separated by a magnetic field, the
sandwich complex was washed with PBS buffer and re-dispersed
in 50 pL of PBS buffer. Finally, 50 pL of capture probes/bacteria/
SERS tags complexes was dropped on an Al-plate for SERS detec-
tion by using a confocal Raman microscope (using 632.8 nm exci-
tation). The concentration of bacteria was decided by measuring
the optical density at 600 nm (ODggo (E. coli) = 1.0 was about
1.0 x 10® cfu/mL, ODgoo (S. aureus) = 1.0 was about 1.5 x 102
cfu/mL).

3. Results and discussion

3.1. Operating principle of novel SERS platform through sandwich
immunoassay

The schematic diagram of dual-recognition SERS-based
immunoassay platform based on SERS sandwich strategy for the
simultaneous detection of E. coli and S. aureus was shown in
Scheme 1C. Firstly, Apt-Fe30,@SiO,-Au NCs capture probes were
incubated with sample solution containing both E. coli and S. aur-
eus. The aptamers allowed capture probes to specifically bind to
the target bacteria and Fe304 nanocrystals were conducive to the
enhancement of target bacteria. Secondly, both SERS tag-1 and
SERS tag-2 were added to the capture probes/bacteria complexes
and incubated to form the capture probes/bacteria/SERS tags sand-
wich nanostructures. SERS tag-1 and SERS tag-2 were formed by
connecting two different Raman reporter molecules (DTNB and
4-MBA) and aptamers (NH,-Apt; and NH;-Apt,) to GO-Au NSs,
respectively, in which the aptamers of E. coli and S. aureus that
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could specifically bind to the target bacteria. After the magnetic
sandwich complexes were separated and enriched with magnet,
the characteristic SERS spectra (DTNB for E. coli and 4-MBA for S.
aureus) were collected using Raman spectrophotometer. Because
the characteristic Raman signal intensity generated by sandwich
complexes was proportional to the concentrations of two patho-
gens, the quantitative analysis of E. coli and S. aureus could be
achieved. Furthermore, due to the introduction of two kinds of
aptamers, the simultaneous detection of E. coli and S. aureus could
also be realized. Notably, the combination of capture probes, SERS
tags and magnetic enrichment could bring the dual enhancement
of SERS signals of target analysts, which will significantly improve
the sensitivity of SERS platform based on the sandwich assay.

3.2. Characterazation of Fe30,@SiO»-Au NCs with different additive
amounts of Au nanocrystals

Fe;0,4@Si0,-Au NCs composed of Fe30,4 core, SiO, shell and Au
nanocrystals uniformly deposited on Fe;0,@SiO, nanocrystals
were used as SERS active substrate. Morphologies of the samples
obtained at each stage of the synthesis procedure were character-
ized via SEM and TEM images. As depicted in Fig. S1A(a) and S1B
(a), Fes04 nanocrystals with an average diameter of 270 nm
showed regular morphology and good dispersibility. Fig. S1A(b)
and S1B(b) exhibited that Fes04 nanocrystals were covered uni-
formly by the amorphous SiO, layer (~35 nm in thickness) to form
a clear core-shell structure. Subsequently, the surfaces of Fe;0,@-
SiO, nanocrystals were aminated by APTES to make them posi-
tively charged, which could adsorb negatively charged citrate-
capped Au nanocrystals through the strong affinity between Au
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nanocrystals and amine groups [38]. Fig. S1A(c) and S1B(c) clearly
presented that the outermost layer of Fe;0,@SiO,-Au NCs was
composed of many tiny Au nanocrystals with a diameter of
13 nm. FT-IR analysis was performed to confirm the changes of
their surface functional groups. As illustrated in Fig. S1C, Fe304
nanocrystals exhibited an absorption peak at 587 cm!, which
was attributed to the stretching vibration of Fe-O bond [43]. As
for Fe30,@Si0, nanocrystals, the characteristic peak of SiO, could
be seen at 1090 cm™!, indicating that SiO, nanocrystals were suc-
cessfully coated on surfaces of Fe;04 nanocrystals [44]. After func-
tionalizing Fe304@SiO, nanocrystals with APTES, the band
appeared at 3430 cm™~! was designated to N—H stretching vibra-
tion of -NH, group. By contrast, the adsorption band of Si-O bond
of Fe50,@Si0,-Au NCs at 1090 cm™! decreased dramatically. Given
that Au had no absorption in the infrared region, the phenomenon
indirectly proved the successful adsorption of Au nanocrystals [44].
EDS results in Fig. S1D verified that Fe;0,@SiO,-Au NCs were com-
posed of Fe, O, Si and Au elements. The optical properties of syn-
thesized samples were studied by UV-vis spectroscopy, as shown
in Fig. S1E. Because Fes0,4 nanocrystals were black, no significant
absorption peak was observed in a wide wavelength range [45].
Fe;0,4@SiO, nanocrystals had a slightly strong absorption around
400 nm, and the color of solution varied from black to light brown
after coating with SiO, [38]. Au nanocrystals exhibited a sharp
LSPR peak at 520 nm. Differing from Au nanocrystals, Fe30,@SiO,-
Au NCs had an absorption peak around 590 nm wavelength, and
especially the range of absorption bond was wider than that of
Au colloids. According to Mie’s theory, the change in LSPR peak
position and broadening of resonance absorption were closely cor-
related with the extent of aggregation of Au nanocrystals [46].
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Fig. 1. (A) SEM images and (B) FDTD simulation of (a) FS-A1, (b) FS-A3, (c) FS-A5 and (d) FS-A7, (C) SERS spectra of 4-MBA adsorbed on FS-A1, FS-A3, FS-A5 and FS-A7 and (D)

the corresponding SERS intensity comparison at 1586 cm™'.
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When Au nanocrystals were attached to the surfaces of Fe;0,@-
SiO,-NH, nanocrystals, the spaces between Au nanocrystals were
shortened, which could lead to red-shift of LSPR peak of Au
nanocrystals and broadening of absorption peak. The changes in
solution colors of samples were noticed, as presented in the inset
of Fig. STE.

Because the nanogap distance in-between adjacent noble met-
als plays a vital role in the localized electromagnetic field enhance-
ment, Fe;0,@Si0,-Au NCs with different Au interparticle nanogaps
were designed and prepared by changing the additive amount of
Au colloid solution [47]. Fig. 1A presented the SEM images of FS-
A1, FS-A3, FS-A5 and FS-A7. It could be found that Au nanocrystals
were uniformly deposited on surfaces of Fe30,@SiO-, for all four
Fe30,4@SiO,-Au NCs. The difference was that the nanogap distance
between adjacent noble metals was adjusted. Nano measurer soft-
ware was used for measuring the interparticle spacing of Au
nanocrystals on surfaces of Fe304,@SiO,-Au NCs, and the corre-
sponding histograms of distance between adjacent Au nanocrystals
were shown in Figure S2. As for FS-A1, FS-A3, FS-A5 and FS-A7, the
interparticle spacing of Au nanocrystals was about 50, 30, 20 and
2 nm, respectively. To gain a better understanding of relationship
between interparticle gaps and SERS enhancement behavior, the
local electric field distribution was simulated by FDTD method
depicted in Fig. 1B. The simulation results showed that high-
intensity local electric field was generated in the nanogaps
between Au nanocrystals. In addition, the local electronic field
increased when the interparticle gaps of Au nanocrystal reduced
from 50 nm to 20 nm. It was reasonable because the interparticle
spacing of FS-A5 was smaller than that of FS-A1 and FS-A3, FS-A5
had more hot spots. But when the nanogaps were further reduced,
the local electric field decreased abnormally. This might be
explained by a reduction of plasmonic coupling effect [48]. The
excess Au nanocrystals on the surfaces of Fe;0,@SiO, could easily
lead to agglomeration of Au nanocrystals and even formation of Au
shells, thus reducing the number of hot spots. In order to provide
experimental evidence to verify the FDTD simulation results, 4-
MBA was selected as Raman reporter molecule to evaluate the
SERS performance of Fe;0,@SiO,-Au NCs. SERS spectra of 4-MBA
adsorbed on FS-A1, FS-A3, FS-A5 and FS-A7 and the corresponding
SERS intensity comparison at 1586 cm~! were illustrated in Fig. 1C
and 1D. When increasing the additive amount of Au colloid solu-
tion, the SERS intensity of 4-MBA increased first and then
decreased, which was consistent with FDTD simulation. FS-A5
exhibited optimal performance as SERS substrate for detecting 4-
MBA, which was chosen as the following magnetic SERS substrate.

3.3. Characterization of Apt-conjugated FS-A5 capture probes

The thiol-modified aptamers were combined with FS-A5
through Au-S bond, and the assembly process of the magnetic cap-
ture probes Apt-FS-A5 was monitored by UV-vis spectroscopy,
zeta potential, and FI-IR measurements. As presented in Fig. 2A,
aptamers had a typical absorption peak at 260 nm, which was
ascribed to the absorption of nucleic acid bases. The absorbance
at 260 nm was also found in Apt-FS-A5, which indirectly confirmed
the successful binding of FS-A5 to aptamers. Moreover, it could be
observed from enlarged view of Fig. 2A that the absorption peak of
magnetic capture probes Apt-FS-A5 had a significant red shift rel-
ative to that of FS-A5, further indicating that the aptamers inter-
acted with FS-A5 through Au-S bond [49]. The changes of the
zeta potential before and after aptamers modification also can be
used to determine the binding of aptamers on FS-A5. As depicted
in Fig. 2B, zeta potential of Fe;0,@SiO,-NH; nanocrystals was mea-
sured as positive owing to the presence of positive-charged amino
groups, suggesting the successful functionalization of -NH, groups
on surfaces of Fe30,@SiO, nanocrystals. The further assembly of
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negative-charged citrate-modified Au nanocrystals on surfaces of
Fe;0,@SiO,-NH, nanocrystals caused the zeta potential of FS-A5
to become negative [38]. After incubation of aptamer with FS-A5,
the zeta potential value of Apt-FS-A5 was further decreased
because the aptamers at neutral pH carried a negative charge
[50]. Furthermore, FT-IR analysis in Fig. 2C was also performed to
affirm the successful preparation of Apt-FS-A5. Compared with
unmodified FS-A5, the new peaks at 960 cm™~! and 1640 cm!
appeared in FT-IR spectrum of Apt-FS-A5, which were assigned
to symmetrical stretching vibration of phosphates in nucleoside
and the stretching vibration and bending vibration of P—O, respec-
tively [51]. The effect of aptamers modification on the magnetic
properties of FS-A5 was also studied. Fig. 2D showed the hysteresis
loops of the prepared Fe3;0,4, FS-A5 and Apt-FS-A5. It could be seen
that all the samples showed superparamagnetic characteristics,
and the saturation magnetization (Ms) values of Fe304, FS-A5 and
Apt-FS-A5 were 40.95, 15.86 and 14.35 emu/g, respectively. Com-
pared with bare Fe30, nanocrystals, the Ms value of FS-A5
decreased due to the mass effect and diamagnetic shielding of
SiO, and Au nanocrystals. However, FS-A5 could still be completely
collected by a magnet from the mixture within 20 s, as depicted in
the inset of Fig. 2D. It was worth noting that the aptamers coating
had almost no effect on the magnetic properties of FS-A5. There-
fore, Apt-FS-A5 could be qualified to separate the target molecules
from mixed solution with the help of magnet.

3.4. Capture ability of Apt-FS-A5 to E. Coli and S. Aureus

The selective recognition capability and the capture ability of
the aptamers to targeted bacteria are closely correlated with the
capture efficiency of Apt-based biosensors. The ability of Apt-
Fe30,@SiO,-Au NCs (capture probes) to capture E. coli and S. aureus
was evaluated. Figure S3 showed the SEM images of the original
E. coli and S. aureus. After Apt-Fes0,@SiO,-Au NCs (Apt-FS-A5)
were incubated with E. coli and S. aureus, respectively, capture
probes/E. coli and capture probes/S. aureus complexes were sepa-
rated magnetically. Fig. S4A(a) and S4(b) showed that E. coli or S.
aureus could be captured successfully by capture probes from com-
plex solutions. The traditional plate counting method was further
adopted to investigate the capture ability of Apt-Fe;04,@SiO,-Au
NCs to target bacteria [1]. Apt-Fe30,@SiO,-Au NCs (Apt-FS-A5)
were added to 200 pL of bacterial suspensions (~10* cfu/mL for
E. coli and S. aureus), respectively. After incubating for 20 min,
Apt-Fe30,@Si0,-Au/bacteria complexes were separated with help
of magnet. Subsequently, 100 pL of the supernatant from each
group was streaked on Luria-Bertani (LB) agar and incubated over-
night. For purpose of comparison, the same experimental proce-
dure was performed on blank and non-modified capture probes.
As illustrated in Fig. S4B, the photographs of plate agar plate indi-
cated that most of bacteria were captured by Apt-FS-A5 in contrast
to blank and non-modified FS-A5. The capture efficiency was
achieved by counting the remaining bacteria [7]. Results in
Fig. S4AC suggested that capture efficiency of capture probes for
E. coli and S. aureus was as high as 80 % and 76 %, respectively,
which was higher than the previous reports [52,53]. On the basis
of these results, it was obvious that the well-designed capture
probes could specifically bind and efficiently capture the target
bacteria from the complex solutions.

3.5. Characterazation and optimization of GO-Au NSs

The combination of GO and Au NSs was used as a strategy to
design SERS tags, which integrated the advantages of excellent
enrichment ability of GO and high SERS activity of Au NSs [41].
Microscopic morphologies of the as-prepared GO, Au NSs and
GO-Au NSs were characterized by TEM. As presented in Fig. SS5A



W. Zhao, S. Yang, D. Zhang et al.

A)

Journal of Colloid and Interface Science 634 (2023) 651-663

Apt-FS-A5

FS-AS

Absorbance (a.u.)

Absorbance (a.u.)

.
S, % s00

aptamers . ®
. n

400 500 600 700

Wavelength (nm)

200 300 800

©

110+

105

NS

85+ ki

100

90

P-O

Transmission (%)

804

75

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm )

),
o® —— Apt-FS-AS | .
——FS-AS []"—\ E 104
] . ;
1 . -
i g ®
r— E g 0 FS-AS5 Apt-FS-AS
= Fe,0,@SiO,
. -
i 5 51-NH,
H-
, r = oA -104
600 700 807 g
X Wavelength (nm) L 4&' -154
ensmsEssmssssssssEssssssmassEnEen \Q
204
® = I
—~ 1 SIAIB .
o + FS-AS il
1 = @
E 204 *
~ B—— ARIEEIIIINIIIINND
= giiaans
S
= 01
8 . 4
RN — TP
Sp -204 | —) b
< | i
= : | :
0] asasacomsscomoaneass®® |
= AS Magnet
T T T T T
560 -20000 -10000 0 10000 20000

Magnetic Field (Oe)

Fig. 2. (A) UV-vis spectra of aptamers, FS-A5 and Apt-FS-A5 (the red box was the corresponding enlarged view), (B) zeta potential values of Fe;0,@Si0,-NH,, FS-A5 and Apt-
FS-AS5, (C) FT-IR spectra of FS-A5 and Apt-FS-A5 and (D) hysteresis loops of Fe304, FS-A5 and Apt-FS-A5. The inset of (D) was the photograph of FS-A5 before and after

separation by magnet.

(a), GO exhibited the translucent layered structure with various
degrees of wrinkles. Fig. SSA(b) clearly showed that Au NSs were
composed of central core and multiple sharp and irregular
branches. As for GO-Au NSs, it could be seen from Fig. S5A(c) that
Au NSs were deposited on the surfaces of GO. Meanwhile, the
wrinkles of GO could be clearly observed around Au NSs, which
could provide abundant active sites for the adsorption of Au NSs.
The successful preparation of GO-Au NSs was also indirectly con-
firmed by the presence of C, O, Au elements in EDS analysis
(Fig. S5B). The sequential modification and self-assembly process
of GO-Au NSs were further understood by measuring the zeta
potentials of GO, GO-PVP, GO-PDDA, Au NSs and GO-Au NSs
reflected in Fig. S5C. The abundant negatively charged carboxyl
and hydroxyl groups on the surfaces of GO let it carry negative
charges, and the introduction of amphiphilic PVP molecules made
the surface charge of GO more negative, which could be proved by
the change in zeta potential from —30.3 mV for GO to —36.1 mV for
GO-PVP [41]. Once the surfaces of GO-PVP were functionalized
with positively charged PDDA through electrostatic attraction,
the crossover in zeta potential from negative to positive value
(+34.3 mV) was observed. After the negatively charged Au NSs (-
31.3 mV) were further immobilized onto the surfaces of positively
charged GO-PDDA, zeta potential value of the resulting GO-Au NSs
was measured to be + 13.9 mV. Fig. S5D showed the XRD patterns
of GO and GO-Au NSs. The XRD spectrum of GO presented a sharp
diffraction peak in the small angular region (26 = 11.02°), corre-
sponding to the d-spacing of 8.86 A for (001) plane [54]. After
loading Au NSs on GO, four new peaks appeared at 38.24°,
44.47°, 64.85° and 77.86°, which were assigned to (111), (200),
(220) and (311) planes of Au (face-centered-cubic structure,
JCPDS No. 04-0748), implying the successful preparation of GO-
Au NSs [26]. Figure S6 exhibited the UV-vis spectra of GO-PDDA,
Au NSs and GO-Au NSs. The characteristic absorption peak of GO
at 230 nm was attributed to m-m* electronic transition of C=C
band, which could also be observed in both GO-PDDA and GO-Au
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NSs [55]. Au NSs presented a very broad LSPR band between 500
and 800 nm with the strongest absorption peak at 675 nm, and
the expansion of LSPR bandwidth might be attributed to the differ-
ence in length and sharpness of branches of Au NSs [23]. Moreover,
the UV-vis absorption spectrum of GO-Au NSs had a blue shift of
LSPR wavelength compared with that of Au NSs, which might be
caused by the electronic interaction between GO and Au NSs and
the change in dielectric constant.

It is generally known that the property of SERS substrate
depends strongly upon size, shape, density of noble metal
nanocrystals and especially the number of hot spots [56]. By
adjusting the addition amounts of Au NSs in GO-PDDA dispersion,
the loading amounts of Au NSs on GO-Au NSs could be effectively
controlled and thus the SERS performance of GO-Au NSs could be
regulated. As shown in the TEM images of Fig. 3A(a-d), the number
of Au NSs loaded on the surfaces of GO increased with the increase
of amount of Au NSs in the reaction system. At first, Au NSs loaded
on the surfaces of GO distributed sporadically. Then, the distribu-
tion of Au NSs became dense until the Au NSs agglomerated in
the end. The corresponding UV-vis spectra of GANS-1, GANS-2,
GANS-3 and GANS-4 depicted in Fig. 3B presented that the relative
intensity of absorption peak at ~ 675 nm increased, verifying the
increased loading amount of Au NSs on surfaces of GO, which
was consistent with the above results of TEM analysis [26]. It could
also observed from Fig. 3B that the LSPR bands exhibited a slight
red shift when increasing the addition amounts of Au NSs, which
might be due to the increased plasmon coupling caused by the
decreasing distance between Au NSs on surfaces of GO [57]. Fur-
thermore, to evaluate the SERS enhancement ability of GO-Au
NSs with various Au NSs amounts, different Raman molecules
including DTNB and 4-MBA were used to perform SERS measure-
ments. As presented in Fig. 3C and 3D, Raman characteristic peaks
of DTNB and 4-MBA were detected easily for all the SERS substrates
[58]. The peak at 1337 cm ! for DTNB and 1586 cm™! for 4-MBA
were chosen for comparison of SERS peak intensity (Fig. 3E). It
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could be obviously observed that the maximum values of the peak
intensity for both DTNB and 4-MBA appeared when GANS-3 was
acted as SERS substrate. This phenomenon could be explained by
the following reasons. When increasing the addition amount of
Au NSs, more hot spots were produced between Au NSs dispersed
on the surfaces of GO, which could enhance the SERS signals of tar-
get molecules [59]. However, the further increase of the additive
amount of Au NSs inevitably led to the aggregation of Au NSs, as
verified by TEM results, and thus reduced the number of hot spots,
which was unfavorable to the enhancement of SERS signals.

3.6. Characterization of SERS tags

A representative SERS tag generally consists of three basic com-
ponents: plasmonic nanoparticles as SERS-enhanced substrate,
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Raman reporter molecules connected to SERS substrate that could
generate characteristic SERS signals, and aptamer for the specific
recognition of target molecules [60]. In this study, GANS-3 with
the best SERS performance was selected as the SERS active sub-
strate to prepare SERS tags. DTNB and 4-MBA, two common aro-
matic compounds containing sulfhydryl and negatively charged
carboxyl functional groups, were chosen as Raman active reporter
molecules, which could be easily captured by GANS-3 through the
Au-S bond, electrostatic and m-w interactions. The coupling of apta-
mer was carried out by the commonly used EDC/NHS cross-linking
reaction. Specifically, the surfaces of DTNB/4-MBA-modified GO-
Au NSs (GANS-3-DTNB or GANS-3-4-MBA) were modified by
EDC-NHS to activate carboxyl groups, and then further functional-
ized with amino-modified aptamer (NH,-Apt; or NH,-Apt,) [61].
The specific schematic reaction was depicted in Fig. 4A. In the acti-
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vation process of EDC/NHS, the double bond of carbodiimide
reagent was attacked by carboxyl groups to form an O-
acylisourea intermediate that could react with the amino groups
[62]. Because the intermediate was unstable in aqueous solution,
the presence of NHS reactants could convert the intermediate into
a more stable N-hydroxysuccinimide ester to eventually form
covalent amide bonds by crosslinking with the amino-modified
aptamer [63,64]. SERS spectra of DTNB and 4-MBA absorbed on
GANS-3 SERS substrate were shown in Fig. 4B. Two non-
overlapping characteristic peaks at 1337 cm~! for DTNB and
1586 cm ™! for 4-MBA were selected for the following quantitative
detection of E. coli and S. aureus, respectively. The covalent attach-
ment of the aptamers to GANS-3-DTNB and GANS-3-4-MBA could
be characterized by UV-vis spectroscopy. The conjugation of apta-
mers was verified by the peak at 260 nm that referred to the
absorption of nucleic acid bases displayed in Fig. 4C and 4D, which
indirectly suggested the successful preparation of SERS tag-1 and
SERS tag-2.

3.7. SERS detection mechanism of sandwich assay

As mentioned above, the anisotropic Au NSs with multiple
sharp branches had stronger SERS enhancement than spherical or
rod-like nanostructures because there were lots of hot spots at
the tips of Au NSs. The electromagnetic field distribution of a single
Au NS was simulated using FDTD method. As exhibited in Fig. 5A, it
was obvious that the highly localized electric field enhancement
was located at the tips of Au NSs. Besides constructing lots of
high-density hot spots at the tips of Au NSs and in the narrow gaps
between Au NSs, the efficient adsorption of target molecules on/
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nearby the hot spots regions was another valid way to further
improve the sensitivity of SERS detection [65,66]. GO with high
specific surface area could enrich more target molecules through
electrostatic and m-7 interactions [67,68]. In order to determine
the role of GO, DTNB and 4-MBA were selected as probe molecules
to compare the SERS performance of GO-Au NSs (GANS-3) and bare
Au NSs, respectively, as shown in Fig. 5B. When DTNB or 4-MBA
was conjugated with bare Au NSs, the obvious SERS signals were
observed. In comparison, in the presence of GO, GANS-3 exhibited
a higher SERS enhancement. This result was reasonable because
GO could provide additional chemical enhancement contribution
to SERS signals through charge transfer between GO and the target
molecules [69,70]. In addition, the SERS performance of SERS tag/
bacteria and sandwich-structured magnetic capture probe/bacte-
ria/SERS tag NCs was compared. Fig. 5C showed the SERS spectra
of the SERS tag/bacteria and the sandwich-like capture probe/bac-
teria/SERS tag incubated with target bacteria. As could be seen that
the intensity of SERS signal of target molecules absorbed on the
sandwich-like SERS substrates was much higher than that
absorbed on the SERS tag/bacteria. Structurally, unlike the SERS
tag/bacteria, sandwich-structured capture probe/bacteria/SERS
tag NCs could realize the dual SERS enhancement of target bacteria
(E. coli or S. aureus) because both capture probe and SERS tag could
be immobilized on the surfaces of the corresponding bacteria due
to the specific recognition ability of the aptamers, as proved by
SEM images in Fig. 5D. From the point of view of mechanism, the
significant enhancement of the sandwich-like capture probe/bac-
teria/SERS tags could mainly be attributed to the following three
factors: (i) the high SERS performance of SERS tags, which was
ascribed to the tip hot spots effect of Au NSs, the LSPR effect in
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the narrow nanogaps between adjacent Au NSs assembled on sur-
faces of GO and chemical enhancement contribution through
charge transfer between GO and the target molecules (1st hot
spots); (ii) the LSPR effect between Au nanocrystals on the surfaces
of capture probes (2nd hot spots); (iii) dual signal enhancement
resulting from the plasmon coupling of the capture probes and
the SERS tags (3rd hot spots) [71]. Moreover, because SERS tags
had the large specific surface area, surface binding sites and flexi-
ble membrane fluidity and the magnet-assisted enrichment of
sandwich-like SERS substrates could lead to increase hot spots
density per unit volume, the use of laser can better irradiate the
bacterial surface to enhance the SERS signals to a certain extent.

3.8. Optimization of the SERS platform based on sandwich assay

The SERS platform for ultrasensitive detecting target bacteria
was attributed to the formation of “capture probes/bacteria/SERS
tags” sandwich nanostructures. The key feature of this kind of
sandwich assay was to replace the SERS signals of target bacteria
with the SERS signals of reporter molecules, which belonged to
the indirect detection of target bacteria. Therefore, in order to
achieve the optimal SERS platform based on sandwich assay for
E. coli and S. aureus detection, the concentrations of molecules
(DTNB and 4-MBA) and the amount of SERS tags (SERS tag-1 and
SERS tag-2) were optimized. Results in Figure S7 showed that
90 puM for DTNB and 70 uM for 4-MBA should be chosen as the
optimum concentrations in the preparation process of SERS tag-1
and SERS tag-2, respectively. The optimal amount of SERS tag-1
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for E. coli and SERS tag-2 for S. aureus was 80 puL and 100 pL,
respectively.

3.9. Sensitive and specific SERS detection of E. Coli and S. Aureus

Under optimal conditions, sandwich assay-based SERS platform
with high sensitivity and exceptionally specificity was used for
simultaneously detecting E. coli and S. aureus. In order to improve
the repeatability of SERS signals, the Raman spectrometer was
used to randomly measure 5 spots on the “capture probes/bacte-
ria/SERS tags” sandwich structures. The SERS spectral data
obtained were averaged to generate repeatable SERS signals.
Fig. 6A presented the average SERS spectra of “capture probes/bac-
teria/SERS tags” sandwich structures incubated with different con-
centrations (10-10% cfu/mL) of E. coli and S. aureus. The SERS
spectrum of the PBS solution without any bacteria served as a
blank control was also exhibited in Fig. 6A. It could be observed
that when the concentration of E. coli and S. aureus increased from
10 to 10% cfu/mL, the intensities of SERS signals gradually
increased. Meanwhile, it can be found that even if the bacterial
concentration drops to 10 cfu/mL, the SERS peak intensity is stron-
ger than that of the blank control. What is more, the high-
sensitivity simultaneous detection of E. coli and S. aureus could
be easily achieved. The peaks of SERS spectra at 1337 cm™~! and
1586 cm ! were used for quantitative analysis of E. coli and S. aur-
eus, respectively. A strong linear correlation between the SERS
intensity and logarithm of the concentration of E. coli (y = 815.83
X + 643.04, R? = 0.994) and S. aureus (y = 354.94 x + 908.97,
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Fig. 6. (A) Average SERS spectra of the “capture probes/bacteria/SERS tags” sandwich structures incubated with different concentrations of E. coli and S. aureus, (B) linear
correlation between logarithms of bacteria concentrations and SERS intensities: peak at 1337 cm ™! for E. coli and 1586 cm™" for S. aureus, (C) SERS intensities of the peaks at
1337 cm™! and 1586 cm™! collected from 20 random spots on SERS substrates, (D) SERS signal intensities at 1337 and 1586 cm™' of as-proposed SERS platform incubated
with E. coli, S. aureus, the mixture of E. coli and S. aureus, Salmonella typhimurium, Bacillus cereus, and Vibrio parahaemolyticus.
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Table 1

Comparison of various SERS substrates and biorecognition agents for detection of bacteria.
SERS substrates (capture probes/SERS tags) Biorecognition agents Bacteria LOD (cfu/mL) Reference
MSNs/AuNR Ag NFs@SiO, aptamers S. aureus 17 [72]
Fe304@Au MNPs/Au vancomycin, aptamers E. coli and S. aureus 20 and 50 [7]
MBs/PLL coated triple-bond coded Au NPs antibodies E. coli and S. aureus 10 and 25 [73]
AuNPs-PDMS film/Au@Ag NFs aptamers S. aureus 13 [74]
Fe30,@Si0,-Au/GO-Au NSs aptamers E. coli and S. aureus 10 and 10 this work

R? = 0.972) could be observed (Fig. 6B) [48]. It could be concluded
that the proposed SERS platform had low LOD value of 10 cfu/mL
for both E. coli and S. aureus. Compared with other SERS substrates
and biorecognition agents for detecting bacteria, as displayed in
Table 1, the as-proposed SERS platform exhibited high SERS sensi-
tively. Furthermore, the reproducibility and stability of SERS signal
based on the SERS platform was evaluated by randomly selecting
20 points from the mixed suspension of E. coli and S. aureus with
the concentration of 10° cfu/mL. As revealed in Fig. 6C, the SERS
intensity distributions at both 1337 cm~! and 1586 cm™! were
highly uniform and the relative standard deviation (RSD) values
were 6.41 % and 5.64 %. In order to study the specific recognition
of the as-proposed SERS platform, several common foodborne
pathogenic bacteria including Salmonella typhimurium, Bacillus cer-
eus, and Vibrio parahaemolyticus were chosen as interfering bacte-
ria. The concentrations of both E. coli and S. aureus were set to be
103 cfu/mL, whereas the concentrations of all interfering bacteria
groups were set to be 107 cfu/mL. The mixture included E. coli
and S. aureus (10 cfu/mL for each). As illustrated in Fig. 6D, there
were no obvious SERS signals at both 1337 cm ™! and 1586 cm ™!
when as-proposed SERS platform was incubated with the interfer-
ing bacteria. However, once the SERS platform was incubated with
E. coli, S. aureus or the mixture of E. coli and S. aureus, SERS signals
at 1337 and 1586 cm™! could be clearly identified.

3.10. Simultaneous detection of E. Coli and S. Aureus in food samples
for practical use of sandwich assay-based SESR platform

In order to evaluate the practical applicability, our proposed
sandwich assay-based SERS platform was used to detect milk sam-
ples spiked with different concentrations (102, 10®> and 10* cfu/mL)
of the mixed suspension of E. coli and S. aureus according to the
protocol described above. SERS spectra of “capture probes/bacte-
ria/SERS tags” sandwich structures incubated with milk samples
containing various concentrations of E. coli and S. aureus depicted
in Figure S8 were almost the same as those incubated with PBS
solution (Fig. 6A), indicating that the presence of complex compo-
nents in milk samples did not interfere with bacterial detection.
SERS peak intensities at 1337 cm~! and 1586 cm~! with different
concentrations of E. coli and S. aureus were used for calculating
the amounts of the two target bacteria according to the calibration
curves in Fig. 6B. Table S1 summarized the analytical results of the
three milk samples. The recovery rates for E. coli and S. aureus were
ranged from 92.8 % to 111.1 % and 91.2 % to 104.9 %, and the RSD
values ranged from 4.3 % to 5.0 % and 3.5 % to 6.9 %, respectively.
Thus, the obtained results demonstrated that the proposed SERS
platform had high stability and good repeatability for simultane-
ously and quantitatively detecting E. coli and S. aureus in food
samples.

4. Conclusions

In conclusion, a high-performance SERS platform based on
sandwich assay for ultrasensitive simultaneous detection of
E. coli and S. aureus has been successfully developed. Apt-
functionalized Fe30,@SiO,-Au NCs were used as capture probes
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for capturing and separating bacteria, and GO-Au NSs connected
with two kinds of Raman reporter molecules (DTNB and 4-MBA)
and aptamers were acted as SERS tags, in which the SERS intensi-
ties of DTNB at 1331 cm~! and 4-MBA at 1586 cm~! were utilized
for quantitative analysis of E. coli and S. aureus, respectively. FDTD
simulations indicated that the plasma coupling and hot spots dis-
tribution of Au nanocrystals on the surfaces of Fe;0,@SiO,
nanocrystals could be adjusted by changing the addition amount
of Au colloid solution. Similarly, the optimization of SERS tags
could also be achieved by tuning the loading amount of Au NSs
on GO. In the presence of E. coli and S. aureus, a sandwich-like
structure, “capture probes/bacteria/SERS tags”, was constructed
by the specific interaction between aptamer and target bacteria.
Under optimal conditions, when concentrations of E. coli and S. aur-
eus ranged from 10!-10% cfu/mL, the SERS signal intensity and the
logarithm of concentration of E. coli and S. aureus showed a strong
linear correlation, and the LOD for simultaneously detecting E. coli
and S. aureus was as low as 10 cfu/mL. Our sandwich assay-based
dual-enhanced SERS platform exhibits lower LOD values compared
with the previously reported SERS biosensors, which may benefit
from the following four points: (i) hot spots effect at the tip of
Au NSs and the large number of high-density hot spots generated
between adjacent Au-NSs on the GO surfaces; (ii) LSPR effect
between Au nanocrystals on the surfaces of capture probes; (iii)
the double signal enhancement caused by the plasmon coupling
of capture probes and SERS tags and (iv) the increased hot spots
density produced by magnet-assisted enrichment of sandwich-
like SERS active substrates. Furthermore, in practical applications,
SERS platform was successfully used for detecting E. coli and S. aur-
eus in milk samples with recovery rates from 92.8 % to 111.1 % and
91.2 % to 104.9 %, and the RSD values in the range of 4.3 % to 5.0 %
and 3.5 % to 6.9 %, respectively. Therefore, our research not only
offers new avenues to simultaneously detect multiple pathogens,
but also opens the door to countless possibilities in ensuring food
safety to protect public health.
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