Analytica Chimica Acta 1187 (2021) 339155

Contents lists available at ScienceDirect

Analytica Chimica Acta

journal homepage: www.elsevier.com/locate/aca

Analytica
Chimyit:a
Acta =

An efficient SERS platform for the ultrasensitive detection of
Staphylococcus aureus and Listeria monocytogenes via wheat germ
agglutinin-modified magnetic SERS substrate and streptavidin/
aptamer co-functionalized SERS tags

Siyun Cheng * >, Zhijie Tu * ", Shuai Zheng ™9, Xiaodan Cheng ™ ¢, Han Han ",
Chongwen Wang * > %", Rui Xiao >, Bing Gu * ¢

2 Medical Technology School of Xuzhou Medical University, Xuzhou, 221004, PR China

b Beijing Institute of Radiation Medicine, Beijing, 100850, PR China

€ Laboratory Medicine, Guangdong Provincial People's Hospital, Guangdong Academy of Medical Sciences, Guangzhou, 510000, PR China
9 College of Life Sciences, Anhui Agricultural University, Hefei, 230036, PR China

Check for
updates

HIGHLIGHTS GRAPHICAL ABSTRACT

e A rapid and ultrasensitive SERS plat-
form for S. aureus and L mono
detection was reported.

¢ WGA modified-Fe30,@Au MNP was
proposed for broad-spectrum capture
of multiple bacteria.

e The SA/aptamer co-functionalized
SERS tags exhibited higher affinity
and stability.

e The LODs for S. aureus and L. mono
were 3 and 5 cells/mL, respectively.
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monocytogenes (L. mono) by using a dual-recognition pattern with wheat germ agglutinin (WGA) and
nucleic acid aptamers. WGA was modified onto Fe304@Au magnetic nanoparticles (MNPs) for the effi-
cient capture of S. aureus and L. mono in complex samples (orange juice, extracts of lettuce, and human

Keywords: urine) within 15 min. The streptavidin (SA)/aptamers co-functionalized SERS tags were fabricated by
\5/522 covalent attaching two different Raman reporters and SA molecules onto 45 nm Au NPs and then con-
Pathogenic bacteria jugated with two biotin-aptamers that specifically bind to their target bacteria with high affinity and
Multiplex detection stability. The combined use of high-sensitive SERS tags, WGA-mediated magnetic enrichment, and SA-
Dual-recognition mediated aptamer conjugation remarkably improved the assay sensitivity. Under optimized condi-

tions, the developed SERS biosensor can simultaneously detect the two target bacteria with high
detection sensitivity (<6 cells/mL), favorable linear relation (10-107 cells/mL), and high accuracy
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(recovery rate <7.03%). Therefore, the proposed SERS platform is rapid, sensitive, easy to use, and thus
show potential as a tool for the timely identification of pathogenic bacteria in real samples.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Pathogenic bacteria such as Staphylococcus aureus (S. aureus),
Listeria monocytogenes (L. mono), Escherichia coli 0157:H7 (E. coli
0157:H7), and Salmonella typhimurium (S. typhi), are always a major
concern to food safety and public health and cause 550 million
infections worldwide and nearly 5.2 million deaths a year [1,2].
Accurate and sensitive identification of etiologic agent in food
products and clinical samples is essential to control bacterial in-
fections and ensure food safety and health at the source. The
currently approved approaches for accurate pathogen detection in
testing organization mainly include culture-based methods [3],
polymerase chain reaction (PCR) [4], mass spectrometry [5], and
nucleotide sequencing method [6]. All these techniques are limited
by some disadvantages, such as requiring long testing time
(3—72 h), laborious sample pretreatment, expensive instruments,
and high cost, which greatly limit their application in rapid analysis
[7]. A rapid and sensitive platform for the simultaneous identifi-
cation of multiple pathogens in complex samples is urgently
needed.

In recent years, many nanomaterial-based biosensors, including
electrochemical biosensor [8], surface plasmon resonance (SPR) [9],
fluorescence signal-based method [10], and surface enhanced
Raman scattering (SERS) [11], have been proposed by utilizing
sensitive chemical or optical signal to achieve the rapid and accu-
rate identification of low concentration pathogen. Among them,
SERS label technology has attracted great attention for the ultra-
sensitive and quantitative analysis of biochemical molecules
because of its ability to provide strong (single-molecule level),
stable (no photobleaching), and quantifiable optical signals by us-
ing specific Raman reporters modified Au/Ag nanoparticles (NPs)
[12—14]. When magnetic nanomaterials (MNMs) are further
introduced into the biosensors, the target bacteria could be efficient
captured and enriched by biorecognition molecule-modified
MNMs from the complex solution, thus avoiding sample pretreat-
ment, shortening detection time, and improving the sensitivity
[15—17]. Zheng's group used antibody-modified magnetic nano-
particles (MNPs) as magnetic separation tool and aptamer-
conjugated gold nanoparticles (AuNPs) as SERS-label tags to
simultaneously detect E. coli 0157:H7 and S. typhi with low limit of
detection (LOD) (10 cfu/mL) [18]. Our group previously proposed a
method of combining vancomycin-labeled magnetic gold nano-
particles and aptamer-modified SERS tags to directly detect
S. aureus and E. coli in real clinical samples [19].

Notably, the performance of these biosensors for target path-
ogen highly depends on the recognition and binding ability of their
biorecognition molecules. Only several kinds of biorecognition
agents, which mainly include antibodies, aptamers, antibiotic (e.g.,
vancomycin), antimicrobial peptides, and phages, could be used to
build MNMs-based biosensors [20—24]. Most of these bio-
recognition molecules have one or more disadvantages to achieve
the universal detection of multiple bacteria. For example, anti-
bodies are expensive, difficult to prepare, and subject to poor
reproducibility [25]. Aptamers with high affinity to bacteria are
quite challenging to screen [26]. In addition, the binding of the
aptamer with target bacteria usually requires high-salt ions, which
may affect the stability of colloidal SERS tags. Antibiotics and

peptides generally lack high affinity and specificity to a large pro-
portion of pathogens, and phages are hard to be modified onto the
nanomaterial surface to realize effective functionalization. The
deficiencies of the currently used bacterial biorecognition mole-
cules severely limit the development of broad-spectrum and high-
performance biosensor [27]. Thus, exploiting new recognition
patterns of SERS label method for bacteria with high affinity and
universality is urgently needed.

As one of the most widely characterized lectins, wheat germ
agglutinin from Triticum vulgaris (wheat) (WGA) is a broad-
spectrum recognition molecule for pathogen because it can bind
specifically and tightly to N-acetyl-p-glucosamine and its de-
rivatives on the bacterial surface via multiple forces (e.g., hydro-
phobic interactions, hydrogen bonding and electrostatic
interactions) [28—30]. This lectin has strong affinity to a broad
spectrum of pathogens including gram-positive (e.g., S. aureus) [31]
and gram-negative bacteria (e.g., E. coli 0157:H7) [32,33]. Given its
easy modification, low cost and high stability, WGA is a good
candidate as high-performance recognition reagent to build
biosensor for the simultaneous detection of multiple bacteria [34].

In this study, a magnetic-assisted SERS platform was proposed
for the ultrasensitive detection of two highly pathogenic bacteria,
namely, S. aureus and L. mono, by using WGA and aptamers as dual-
recognition reagents. S. aureus and L. mono are two of the most
influential gram-positive foodborne pathogens that can contami-
nate various foods and survive in vacuum packaging environment,
thereby easily causing severe food poisoning with high mortality
rate [35,36]. The WGA-modified Fe304@Au MNPs were used as
efficient bacteria enrichment tools with high capture efficiencies
(>90%) and short capture time (<15 min) for the two target bac-
teria. Streptavidin (SA)/aptamer co-functionalized SERS tags were
fabricated to greatly increase the amounts of aptamers loaded onto
the AuNP surface and improve the stability of SERS tags in high-salt
solutions. The detection sensitivity of the proposed SERS-label
platform was substantially improved by the combination of high-
sensitive SERS signals of SERS tags, WGA-mediated magnetic
enrichment, and SA-mediated four-fold increase in aptamer
conjugation. Under optimal conditions, S. aureus and L. mono were
quantitatively detected within 10—107 cells/mL with LODs of 3 and
5 cells/mL, respectively. Sandwich SERS-based assays were also
successfully applied for the detection of S. aureus and L. mono in real
food samples (orange juice and extracts of lettuce) and human
urine. To the authors’ best knowledge, this study is the first appli-
cation of WGA and SERS tags to detect multiple bacterial pathogens.
The proposed dual-recognition SERS platform offers new perspec-
tives for the universal and efficient detection of bacteria in food
safety and health inspections.

2. Experimental
2.1. Materials and apparatus

WGA, bovine serum albumin (BSA), polyvinylpyrrolidone (PVP,
40 KkDa), 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide (EDC), 4-
mercaptobenzoic acid (4-MBA), N-hydroxysuccinimide (NHS), 2-
(N-morpholino) ethanesulfonic acid (MES), 11-mercaptoundecanoic
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acid (MUA), polyethyleneimine (PEI), Tween-20, and SA were pur-
chased from Sigma—Aldrich (USA). Chlorauric acid tetrahydrate
(HAuClyg-4H;0), phosphate-buffered saline (PBS, pH 7.4), trisodium
citrate (TSC), hydroxylamine hydrochloride, and ethanolamine were
obtained from Sinopharm Chemical Reagent Co. (Shanghai).
S. aureus, L. mono, Staphylococcus epidermidis (S. epidermidis), S. typhi,
Acinetobacter baumannii (A. baumannii), E. coli, and Pseudomonas
aeruginosa (P. aeruginosa) were provided by Xiao's group [37]. The
target bacteria (S. aureus and L. mono) were cultivated in Trypticase
soy broth medium and then verified by PCR (Fig. S1). The primers
sequences and their target gene used in this study are provided in
Table S1. The exact concentration of bacterial samples was deter-
mined by plate counting. The aptamer of S. aureus and L. mono were
synthesized by Sangon Biotech (Shanghai, China), and their se-
quences are listed in Table S2.

The zeta potential and dynamic light scattering (DLS) data were
recorded by using Malvern Nano-ZS90 Zetasizer. The UV—vis
spectra of nanomaterials were detected by a Shimadzu 2600
spectrometer. The structure and morphology of Fe304@Au-WGA,
SERS tags and nanomaterials/bacteria complexes were character-
ized by a Hitachi H-7650 microscope operating at 80 kV. All Raman
spectra were collected on a B&W Tek, i-Raman Plus BWS465—785H
spectrometer. The acquisition time for sample Raman detection
was typically 10 s. A 785 nm laser with 10 mW power was used for
sample excitation. For SERS detection, each sample was measured
at 10 random spots on Fe304@Au/bacteria complexes fixed on a Si
chip. Each spectrum used for analysis was the average of the 10
SERS spectra.

2.2. Preparation of Fe30,@Au-WGA MNPs

The synthesis process of Fe304@Au-WGA MNPs is shown in
Scheme 1A. First, monodispersed Fe304@Au core-shell MNPs were
prepared according to our previous methods [38,39]. Second,
surface-carboxylated Fe304,@Au MNPs were obtained by sonicating
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1 mg of Fe304@Au MNPs in 1 mL of MUA ethanol solution (30 uM)
for 1 h. Fe304,@Au MNPs-MUA were then magnetically separated
and resuspended in 500 pL of MES buffer (0.1 M, pH 5.5). Freshly
prepared EDC (5 pL, 100 mM) and NHS (10 pL, 100 mM) were
sequentially added into the above solution to activate the carboxyl
groups on the Au shell [40]. After the reaction for 15 min, 5 pL of
WGA (10 mg/mL) was then added to link the active Fe304@Au
through amino-carboxyl condensation. The mixture was shaken at
37 °C for 2 h. Finally, the unreacted carboxyl sites of Fe304@Au-
WGA MNPs were blocked with 100 pL of BSA (10%) for an additional
1 h at 37 °C. The final products were magnetically separated,
washed twice with 0.05% PBST, and then re-suspended in 500 pL
PBST buffer at 4 °C for further use.

2.3. Preparation of SA/aptamer co-functionalized SERS tags

The synthesis process of AuNPs modified by SA is illustrated in
Scheme 1B. Au NPs with 45 nm particle size were synthesized as
previously described [16]. In brief, 1 mL of 1% HAuCl, (w/v) and
1 mL of 1% TSC was mixed and boiled under stirring (100 °C) for
15 min and then cooled to room temperature. Raman reporters
DTNB (100 pL, 10~2 M) or MBA (40 pL, 102 M) were then added to
100 mL of Au NPs and stirred vigorously at room temperature for
4 h. The centrifugation process (5600 rpm, 7 min) was conducted to
remove the redundant Raman molecules and then resuspend in
1 mL of MES buffer (10 mM, pH 5.5). Finally, the biotin-modified
aptamers and Au NPs were coupled through SA-biotin reaction to
prepare SERS nanotags for bacterial specific recognition. In brief,
5 uL of EDC (10 mM) and 10 pL of NHS (10 mM) were added to 1 mL
of the as-prepared DTNB/MBA-modified Au NPs and then vigor-
ously shaken for 15 min. After being centrifuged at 5400 rpm for
6 min, the precipitate was resuspended in 500 pL of PB buffer
(2 mM, pH 7.4) and then added with 2 pg of SA to link AuNPs
through amide condensation. After incubation for 2 h, the formed
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Scheme 1. Illustration of (A) the fabrication of WGA-conjugated Fe;0,@Au MNPs, (B) the synthesis of two different SA/aptamer co-functionalized SERS tags for S. aureus and
L. mono, and (C) the principle of the proposed platform for the simultaneous detection of two target pathogens.
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centrifugation, redispersed in 1 mL PBS (10 mM, pH7.4), added with
20 pL of biotin-modified aptamer (10 mM), and shaken for another
2 h. Afterward, 100 puL of BSA (1%, w/v) solution was used to
deactivate the unreacted the SA-conjugated for 1 h. The final so-
lution was centrifuged at 5600 rpm for 7 min to purify SERS tags
and resuspended in 500 pL of PB (2 mM, pH 7.4).

2.4. Preparation of bacterial sample

Bacterial concentrations were verified via classical plate count
method. All standard bacterial strains including (S. aureus, L. mono,
and six non-target strains) were incubated in Trypticase soy broth
or Luria—Bertani broth medium at 37 °C for 6 h. Then, 100 pL of
bacterial culture solution was diluted 10° and 108 times with LB
medium and cultured at 37 °C overnight. Afterward, the number of
bacteria was counted. The remaining bacteria were harvested
through centrifugation at 4500 rpm for 4 min, washed twice with
PBS, and then adjusted to concentration of 108 cells/mL.

2.5. Capture efficiency verification

Capture efficiency experiment was conducted as follows. First,
the bacteria suspensions were serially diluted to 10% cells/mL and
then mixed with 10 pL of Fe304@Au-WGA MNPs (10 mg/mL). The
mixture was gently shaken for 15 min with an oscillator. After the
Fe304@Au-WGA-bacteria were magnetically separated, the super-
natant from each group (100 pL) was spread on blood plates at 37 °C
overnight. Capture efficiency was determined by calculating the
difference between the number of the remaining bacteria in the
supernatant of control group and captured groups.

2.6. Detection of bacteria by SERS strategy

In a typical experiment, various bacterial concentrations were
incubated with 5 pL of Fe304@Au-WGA MNPs (10 mg/mL) in PBS
buffer (pH 7.4, containing 10 mM NaCl,1 mM Ca®* and 1 mM Mg?™").
The formed Fe3;04@Au-WGA/bacteria complexes were rapidly
separated and washed once with PBST. Afterward, 160 pL of PB
buffer (2 mM, pH 7.4, containing 10 mM Mg? *) and 60 pL of SERS
tags were added and the mixture was shaken for 45 min to allow
the binding of aptamer-conjugated SERS tags with target bacteria.
Finally, the formed sandwich complexes were magnetically
collected, washed once with water containing 0.05% Tween 20, and
transferred onto a Si chip for SERS detection.

3. Results and discussion
3.1. Principle of the SERS biosensor

A high-performance SERS-label biosensor for bacteria sensitive
detection was construct by using a dual-recognition strategy based
on the efficient and broad-spectrum capture ability of WGA-
modified Fe304@Au MNPs and specific binding ability of SA/
aptamer co-functionalized SERS tags (Scheme 1). Relative to pre-
vious SERS label-based bacteria detection methods, the major in-
novations of the proposed strategy could be explained in three
aspects. First, monodispersed magnetic nanosphere (~200 nm)
with roughness Au shell was employed as a multifunction platform
that provides strong magnetic enrichment capacity and excellent
SERS property to further enhance the characteristic signal of SERS
tags. Second, WGA molecules were modified onto the Fe304,@Au
carrier to offer broad-spectrum recognition ability and high affinity
for S. aureus and L. mono in a complex environment. Third, SA was
introduced into SERS tags to improve the stability of AuNPs and the
coupling efficiency of aptamer.

Analytica Chimica Acta 1187 (2021) 339155

Scheme 1C illustrates the detection process of the proposed
dual-recognition SERS immunoassay platform for the two target
bacteria. The Fe304@Au-WGA MNPs were added into sample so-
lution which contain one or more species of bacteria and incubated
for 15 min. During this process, Fe304@Au-WGA anchored onto the
bacterial surface via strong hydrogen bonding and hydrophobic
interactions between WGA molecules and the bacterial cell wall.
The Fe304@Au-WGA-bacteria complexes were then magnetically
separated and incubated with specific aptamer-modified SERS tags
for 45 min to form Fe304@Au-bacteria-SERS tags with sandwich
configurations. The obtained sandwich complexes were rinsed
once with PBST solution to remove excess SERS tags via magnetic
separation, and their characteristic Raman signals (DTNB for
S. aureus and MBA for L. mono) were measured by a Raman in-
strument. The generated signal intensity of sandwich complexes
was proportional to the bacterial concentration in the samples. This
result provides the foundation for quantitative analysis. On the
basis of the efficient bacterial enrichment of Fe304-WGA@Au MNPs
and the multi-stage amplification effect between novel SA-Au NPs
and biotin-aptamers, the highly sensitive simultaneous quantifi-
cation of target bacteria could be realized.

3.2. Characterization of Fe30,@Au-WGA MNPs and SA/aptamer co-
functionalized SERS tags

Scheme 1A and B shows the synthesis process of Fe304@Au-
WGA MNPs and SERS tags, respectively. As the core of multifunc-
tional platform, the monodispersed Fe304@Au MNPs were fabri-
cated using our previous PEl-mediated seed growth strategy
[13,38]. MUA molecules were then directly coated onto the Au
surface of Fe304@Au MNPs via Au—S bond, which act as linkers and
provide terminal carboxyl groups for lectin conjugation [41]. Fig. 1A
and B displays the typical TEM images of Fe304 and Fe304@Au
MNPs, respectively. With the Au shell formed outside the 200 nm
Fe304 core, the diameter of Fe3s04@Au MNPs was increased to
250 nm. EDS elemental mapping was used to confirm the structural
composition of the prepared nanocomposites. Fig. 1C shows that
dense Au elements (green) were homogeneously distributed on the
surface of Fe (red) core, indicating the core-shell structure of
Fes04@Au MNPs. WGA was conjugated onto the surface of
Fe3;04@Au-MUA via carbodiimide chemistry. Fig. S2A shows that
the zeta potential of Fe304@Au-MUA increased from —19.7 mV to
eventually —11.2 mV when the WGA was modified, thus implying
the successful preparation of Fes04@Au-WGA.

The ~45 nm citrate-capped AuNPs were used as the basis for
designing SERS tags due to their high signal enhancement and good
versatility [42]. Two common Raman reporters DTNB and MBA,
which contain sulfhydryl and carboxyl groups, were separately
modified onto the AuNP surface through the Au—S bond [43]. The
characteristic SERS spectra of AuNP/DTNB and AuNP/MBA are dis-
played in Fig. S3, and the major characteristic bands of DTNB (1059,
1331, and 1558 cm™!) and MBA (1077 and 1588 cm~!) were
observed. Two nonintersecting Raman peaks of DTNB (1331 cm™!)
and MBA (1588 cm™!) were selected for the quantitative analysis of
S. aureus and L. mono in one test, respectively. As a dual-functional
linker, SA was directly modified onto the surface carboxyl groups of
AuNP/DTNB and AuNP/MBA to enhance the coupling efficiency of
aptamers via biotin-SA interaction and improve the colloidal sta-
bility of SERS tags in complex sample. The formation of aptamer-
SA-SERS tags was characterized by TEM observation, DLS, and
zeta potential measurement. The TEM image from Fig. 1D displays
that the fabricated SERS tags were monodispersed with a diameter
of ~50 nm. DLS results revealed that the mean diameter of AuNPs
increased from 46 nm to 52 nm after SA and aptamer modification
(Fig. 1E). The zeta potential values of SERS tags substantially
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Fig. 1. Characterization of the fabricated nanomaterials. (A—B) TEM images of Fe304 MNPs (A) and Fe;0,@Au MNPs (B). (C) EDS mapping results of Fe30,@Au MNPs. (D) TEM image
of AuNP-SA-aptamer tags. (E) DLS distributions and (F) UV—vis absorption spectra of bare AuNPs, and AuNP-SA-aptamer tags with DTNB or MBA loading.

declined after aptamer conjugation and remained stable after in-
cubation with 200 nM aptamer. This finding indicated that the
aptamers coupled onto SERS tags reached saturation (Fig. S2B). In
addition, the UV—vis spectra showed that the surface plasmon
band of SERS tags was slightly red-shifted from 531 nm to 534 nm
after SA and aptamer conjugation, thus confirming that the SERS
tags did not agglomerate during synthesis (Fig. 1F).

3.3. Verification of the bacterial capture efficiency of Fe304@Au-
WGA MNPs

As a broad-spectrum bacterial recognition agent, WGA has high
affinity with N-acetylglucosamine and its derivatives on the surface
of Gram-positive and Gram-negative bacteria. In this work, WGA
was modified onto surface of Fe304@Au MNPs to construct an
efficient and general tool for bacteria broad-spectrum capture. The
capture efficiency of Fe304@Au-WGA for common pathogenic
bacteria should be first investigated. Eight species of Gram-positive
and Gram-negative pathogens, namely, S. epidermidis, P. aeruginosa,
S. aureus, L. mono, E. coli, A. baumannii, S. sonnei, and S. typhi were
selected to prepare standard bacterial samples (~103 cells/mL) to
test the capture ability of Fe304,@Au-WGA via conventional culture-
based method. As shown in Fig. S4, Fe304@Au-WGA achieved the
effective separation of these bacteria from PBS solution with effi-
ciency of 41%—94%. The differences in capture efficiency may be
caused by the varying components (mainly saccharide types) of the
bacteria cell. The capture efficiency of Fe304@Au-WGA for
S. epidermidis, P. aeruginosa, E. coli, S. aureus, and L. mono was >70%,
which provided the basis for building the universal capture tool for
these bacteria.

The competence of Fe304@Au-WGA MNPs to capture S. aureus
and L. mono was further evaluated by incubating it with bacterial
solution at different concentrations (10 cells/mL—10* cells/mL) in
PBS buffer for various periods (5—25 min). After the magnetic
separation of Fe304@Au-WGA-bacteria complex, the remaining
bacteria in the supernatant were counted by using plate culture

(Fig. 2A). The enumeration results in Fig. 2B show that the
Fe3;04@Au-WGA MNPs exhibited high bacterial-capture efficiency
(73.2%—94.2%) for both target bacteria at low concentrations
(1010 cells/mL). This finding indicated the feasibility of small
number bacterial detection in solution. Controlled trials showed
that the unmodified Fe304@Au MNPs cannot capture bacteria
(Fig. S5). In addition, the TEM images in Fig. 2D and E confirmed
that the WGA-modified Fe30,@Au MNPs can effectively capture
S. aureus and L. mono from sample solution and generate stable
complexes. Fig. 2C displays the relationship between the bacterial
capture rates of Fe304@Au-WGA and reaction time. A 15 min of
incubation was sufficient for S. aureus and L. mono capture. pH
4.0—10.0 had no effect on the capture of S. aureus and L. mono, thus
implying the stable binding ability of Fe304@Au-WGA in a wide pH
range (Fig. S6). These results revealed the excellent capability of
Fe304@Au MNPs to recognize and capture target bacteria and its
potential to serve as the ideal magnetic enrichment platform for
SERS-label biosensor construction.

3.4. Optimization of the SA/aptamer co-functionalized SERS tags

A typical SERS tags for bacteria detection must have the
following three parts: (i) a noble metal (Au or Ag) nanomaterial as
the SERS substrate, (ii) loaded Raman dye molecule to provide
feature signal, and (iii) surface-modified detection molecules (e.g.,
antibody, aptamer, and antibiotic) to recognize target bacteria.
Direct conjugation has been used to prepare aptamer-modified
SERS tags via the amide reaction. Although this method could
conveniently conjugate the amino aptamers to SERS tags, the
limited amount of aptamers loaded onto the surface of these
nanotags may affect the binding efficiency between SERS tags and
bacteria. Herein, a layer of SA was incorporated onto the surface of
AuNP-DTNB and AuNP-MBA as a dual-functional linker to conju-
gate many aptamers and enhance the colloidal stability of nanotags.
Compared with amide coupling method, this SA-biotin strategy
confers the following advantages. First, the SA-biotin interaction is
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Fig. 2. Verification of the capture efficiency of Fe;0,@Au-WGA MNPs. (A) Photographs of the colonies on blood agar plates representing the amounts of remaining S. aureus and
L. mono in the supernatant after Fe;0,@Au-WGA MNPs capture. Concentrations of bacteria ranged from 10 cells/mL to 10* cells/mL. (B) Corresponding capture efficiency of
Fe30,@Au-WGA MNPs for S. aureus and L. mono. (C) Capture efficiency of Fe30,@Au-WGA MNPs versus incubation time. (D—E) TEM images of the formed Fe;0,@Au-WGA-S. aureus

(D) and Fe304@Au-WGA-L. mono (E) complexes.

the rapid binding event with higher affinity than conventional
antibody-antigen and aptamer-antigen interactions. Thus, the
biotin—aptamer could be easily conjugated on the Au-SA in a short
time. Second, SA has four domains for biotin-aptamer binding
[44—46]. Hence, the amount of aptamer on SERS tags was increased
by four times. Third, SA modification onto the AuNPs can ensure the
high stability of nanotags in high-salt environment (Mg?*) [47,48],
which benefits the aptamers to open their secondary structure for
bacteria binding.

The performance of conventional Au-aptamer tags and our
proposed Au-SA/aptamer co-functionalized tags were compared by
testing the same bacteria samples. As displayed in Fig. 3, the TEM
images of Fe304@Au/bacteria/SERS tags complexes showed that the
AuNP-SA/aptamer co-functionalized tags more effectively bind to
S. aureus and L. mono (Fig. 3A and C) than common AuNP-aptamer
tags (Fig. 3B and D). According to the increased number of AuNP-
SA/aptamer tags onto the bacteria, the formed Fe3;04@Au/bacte-
ria/SERS tags complexes generated higher DTNB and MBA signals
than the AuNP-aptamer tags that formed sandwich complexes
(Fig. 3E and F). In addition, the stability of AuNP-SA/aptamer SERS
tags was better than that of AuNP-aptamer tags when the Mg?*
concentration in PBS solution was increased to 10 mM (Fig. S7).
These results revealed the superior performance of AuNP-SA/
aptamer co-functionalized tags for SERS-label based detection of
bacteria.

Given that aptamers need time to open their secondary struc-
ture for target bacteria recognition, the reaction times of Au-SA/
aptamer tags with S. aureus and L. mono should be optimized. As
revealed in Fig. 4A, the number of SERS tags attached onto the
surface of their target bacteria increased with the incubation time
(15—45 min). No difference was observed in the TEM images of
bacteria/SERS tags complexes when the reaction time of SERS tags
and bacteria was increased from 45 min to 55 min. The SERS spectra
of formed bacteria/SERS tags complexes were measured to support
the TEM observation. As shown in Fig. 4B and C, the SERS intensity
of S. aureus/tags and L. mono/tags complexes reached the maximum
when the incubation time was 45 min. These results confirmed that
the full binding of Au-SA/aptamer tags onto target bacteria can
reach saturation within 45 min.

3.5. Detection of bacteria via the proposed SERS-label platform

To assess the detection sensitivity of the proposed method,
S. aureus and L. mono with different concentrations (107-10 cells/
mL) were spiked into PBS buffer to prepare standard bacteria
samples. The accurate concentration of two bacteria in samples was
determined by traditional plate counting as displayed in Fig. S8. The
two groups bacterial samples were then tested via the proposed
SERS-label platform under optimized conditions. Fig. 5A and C
displays the SERS spectra of the formed Fe304@Au-WGA /bacteria/
SERS tags sandwich complexes to S. aureus samples (107-0 cells/mL)
and L. mono samples (107-0 cells/mL), respectively. The overall SERS
signal from the tested samples gradually increased with the con-
centrations of S. aureus/L. mono. The typical Raman band at
1331 cm ™! of DTNB loaded SERS tags and 1588 cm™! of MBA loaded
SERS tags were chosen as the analytical signal to establish a linear
relationship for S. aureus and L. mono, respectively. As shown in
Fig. 5B and D, a strong linear relationship was found between the
SERS signal at 1331 cm™! and the logarithmic concentration of
S. aureus and between SERS signal at 1588 cm~! and the logarith-
mic concentration of L. mono, respectively, from 107 cells/mL to
10 cells/mL with correlation coefficient (R*) = 0.993 for S. aureus
and R? = 0.978 for L. mono. The LODs of the proposed platform for
S. aureus and L. mono were 3 and 5 cells/mL, respectively, based on
signal-to-noise ratio (SNR) of three criteria. Compared with the
most of SERS label-based methods for bacteria detection, the pro-
posed assay exhibited better performance including higher sensi-
tivity, faster testing speed, and more detection channels (Table 1).
These improvements in performance can be attributed to the su-
perior capture capacity of WGA-modified Fe304@Au and the high
binding efficiency of AuNP-SA/aptamer tags.

In actual food sample or biospecimen detection, the simulta-
neous screening of multiple bacterial pathogens in one sample is an
urgent demand to effectively improve testing efficiency, reduce
costs, and avoid misdiagnosis. Current mature methods (e.g., PCR,
ELISA, and DNA sequence) for multiple bacteria sensitive and
simultaneous screening are time consuming and labor intensive
[7]. In theory, SERS-label immunoassays could easily achieve the
sensitive detection of several targets in one test by using multiple
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A SERS tags incubation times
15min 25min 35min 45min 55min
7]
S
Q ~
S
©
]
<
o
; b
d

25000 20000
20000 4 %
3 5 15000
= 8
215000 4 2
2 2
8 & 10000+
= c
= 10000 - =
[ (]
5 :
5000
& 5000 =
0 T T T T T 0 T T T T T
15 25 35 45 55 65 15 25 35 45 55 65
SERS tags incubation times (min) SERS tags incubation times (min)

Fig. 4. (A) TEM images of obtained bacteria/tags complexes with different incubation times of AuUNP-SA/aptamer tags. The SERS intensities at 1331 cm™' for S. aureus (B) and
1588 cm ™! for L. mono (C) versus the incubation time of AuNP-SA/aptamer tags. Error bars represent the standard deviation of five repetitive experiments.

SERS tags with specific Raman molecules and recognition mole- containing the same concentration of S. aureus/L. mono. As dis-
cules. Therefore, the multiplex analysis ability of the proposed played in Fig. 6A, a mixed SERS spectrum of DTNB and MBA was
SERS-label platform was investigated by testing a mixture sample observed for the mixture sample (red line), whereas the typical
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Table 1
Comparison of other SERS label-based bacteria detection methods.

LOD (cells/mL)

Assay time (min) Reference

Biorecognition agents Bacteria
Two Aptamers S. aureus, S. typhi 35,15 170 Zhang. 2015 [49]
Two Antibodies S. aureus 10 120 Wang. 2016 [50]
Vancomycin/aptamer S. aureus, E. coli 20, 50 90 Zhang. 2018 [19]
Peptide/PMBA E. coli, S. aureus 10 >120 Kaisong. 2018 [51]

P. aeruginosa
Two Aptamers E. coli, S. aureus 102 >90 Diaz. 2019 [52]
Antibody S. typhi 100 180 Chattopadhyay et al., 2019 [53]
PMBA/vancomycin S. aureus 10 >90 Gao et al.,, 2020 [54]
WGA/SA-aptamer S. aureus, L. mono 3,5 20 This work

Abbreviations: PMBA: 4-mercaptophenylboronic acid.

SERS spectra of DTNB (blue line) or MBA (green line) were only
detected in the presence of S. aureus or L. mono, respectively. On the
basis of these SERS signals, the major Raman band at 1331 cm™! of
DTNB modified-tags, and the second major band at 1588 cm™! of
MBA modified-tags can be differentiated without overlapping each
other and thus could be served as the distinct signatures for
S. aureus and L. mono identification, respectively.

The multiplexing capability and selectivity of the proposed
method were further examined by testing different bacterial sam-
ples containing other common pathogenic bacteria including
S. epidermidis, P. aeruginosa, E. coli, A. baumannii, S. sonnei, and
S. typhi as the interference bacterium. The Fe304@Au-WGA MNPs
were separately added into 1 mL of target bacteria samples

(10 cells/mL) and non-target bacteria samples (107 cells/mL) using
the developed protocol. The formed Fe304@Au-bacteria complexes
were magnetically collected and incubated with two kinds of SERS
tags for S. aureus and L. mono. The SERS signals measured from each
sample in Fig. 6B showed no SERS intensity at 1331 and 1588 cm™!
for all non-target bacteria. The positive groups for S. aureus, L. mono,
and S. aureus/L. mono mixture exhibited distinct SERS intensity at
1331, 1588 cm !, and 1331/1588 cm ™}, respectively. In addition, the
reproducibility of our method was evaluated by testing 10 S. aureus
and L. mono samples (10° cells/mL). As revealed in Fig. 6C and D,
relatively uniform SERS spectra of DTNB and MBA were observed
for S. aureus and L. mono groups, and their relative standard devi-
ation (RSD) values were lower than 7.03%. These results confirmed
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measurements.

that the proposed SERS platform possesses good specificity and
reproducibility for targeted bacteria detection.

3.6. Real sample analysis

The applicability of this platform in actual samples was verified
by comparing the capture efficiency of S. aureus and L. mono in
three kinds of real samples including orange juice, extracts of let-
tuce, and human urine. As shown in Fig. S9, the capture efficiency of
the proposed magnetic separation system was not affected when
applied in all the tested real samples. All samples were spiked with
S. aureus and L. mono at different concentration levels (50, 500, and
5000 cells/mL) to further test the performance of the SERS dual
recognition strategy in practical applications. As shown in Table 2,
the recovery rates for S. aureus and L. mono ranged from 88% to 110%
and 86%—111%, respectively, indicating the applicability and good

accuracy of the proposed method for the quantification of S. aureus
and L. mono in real samples. The low RSD (4.2—10%) of repeated
measurement experiments exhibited the good repeatability of the
SERS assay. In consideration of the good capture ability of
Fe304@Au-WGA to other bacteria including S. epidermidis,
P. aeruginosa, and E. coli, the proposed SERS platform can be easily
expanded to detect these pathogens by using specific aptamers.
Thus, this method has potential as a universal tool for the sensitive
detection of multiple bacteria.

4. Conclusion

An ultra-sensitive and selective SERS platform was developed by
using WGA-modified Fe30,@Au MNPs to rapidly capture bacteria
from samples and SA/aptamer co-functionalized SERS tags to pro-
vide strong and stable SERS signals. The Fe304,@Au-WGA MNPs

Table 2
Recovery efficiency of S. aureus and L. mono detected in real samples. using the proposed SERS-based platform.
Samples Spiked (cells/mL) Measured (cells/mL) Recovery (%) RSD (%)
Orange juice 50/50 55/46 110.0/92.0 5.1/7.7
500/500 543/527 108.6/105.4 7.1/6.3
5000/5000 4677/4878 93.5/97.6 6.8/4.8
Extracts of lettuce 50/50 47/43 94.0/86 5.1/4.0
500/500 497/512 99.4/102.4 5.4/7.3
5000/5000 5305/4749 106.1/95.0 7.7/10.0
Human urine 50/50 44/54 88.0/108.0 4.4/9.2
500/500 466/451 93.2/90.2 5.0/5.7
5000/5000 5407/5551 108.1/111.0 42/7.8

Note. The value before and after “/” represent the corresponding items of S. aureus and L. mono, respectively.

9
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showed excellent binding ability to at least eight bacterial species
including S. epidermidis, P. aeruginosa, S. aureus, L. mono, E. coli,
A. baumannii, S. sonnei, and S. typhi and can achieve a high capture
efficiency for S. aureus (94.39%) and L. mono (90.79%) within 15 min.
The SA/aptamer co-functionalized AuNPs exhibited superior affin-
ity to target bacteria and better stability in high salt solution
compared with the commonly used aptamer-modified SERS tags.
With its dual-recognition pattern, the proposed SERS platform can
simultaneously detect S. aureus and L. mono by measuring the SERS
intensities of DTNB at 1331 cm~' and MBA at 1588 cm ™. Good
linear responses with the two bacteria were observed in the ranges
of 10—107 cells/mL. The LODs of the assay for S. aureus and L. mono
were 3 and 5 cells/mL, respectively. The potential application of this
platform was also evaluated using several kinds of real food sam-
ples (juice, extracts of lettuce), and human urine. This work is the
first to use WGA and aptamer based dual-recognition biosensor to
simultaneously detect S. aureus and L. mono by SERS-label assay. By
changing the specific aptamers, the proposed method has strong
potential as a sensitive and universal detection tool for the multi-
plex detection of other pathogens.
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