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edge tools for bioanalysis, but facing troubles in either SERS sensitivity, durability, interfering signals,
or universal recognition agents for target bacteria. This work proposed a multivariate scheme enabled by
polyphenolic chemistry for the green synthesis, facile stabilization (functionalization), protective
encapsulation, and bio-affinitive design of metal-phenolic networks (MPNs)-encapsulated silver SERS
nanotags (AgNPs@4-mercaptobenzonitrile@MPNs). With remarkable SERS properties, shelf stability, and

Iégﬁg’ggf;'e pathogens bacterial affinity, AgNPs@4-mercaptobenzonitrile@MPNs tags enabled rapid, reproducible, and
Microbial food safety interference-free SERS detection of two representative foodborne pathogens (i.e., E. coli 0157: H7 and
Metal-phenolic networks S. aureus) in the assistance of an aptamer-labelled magnetic probe, reaching good sensitivity and
Polyphenols selectivity. Moreover, this SERS biosensor worked well in real food samples, manifesting the potential of
SERS detection polyphenolic chemistry in the customization of bio-affinitive SERS nanotags for food safety detection.
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1. Introduction

With the prevalence of COVID-19 epidemic, human society has
paid unprecedented attention to microbial food safety among the
global food trade system [1]. Consuming food contaminated by
pathogenic bacteria or viral microorganisms can cause severe
pathological symptoms in the human body. Therefore, numerous
detection techniques have been developed for the screening of
microbial risks in the food market, including traditional plate
counting and polymerase chain reaction (PCR) methods, and opti-
cal [2,3], electrochemical [4], and biosensing methods [5,6]. Recent
developments have potentiated methods for the rapid (from mi-
nutes to hours) and sensitive (single-cell level) identification of
bacteria to fulfil increasing early diagnostic demands in the medical
[7], agri-food [8], and environmental fields.. As an ultrasensitive
vibrational spectroscopic technique, surface-enhanced Raman
scattering (SERS) stands out for its excellent signal enhancement
with an enhancement factor of 10%~°, narrow and characteristic
Raman fingerprints, and non-invasive and rapid spectral acquisi-
tion [9—17]. In particular, by combining the SERS effect of plasmonic
nanoparticles and the Raman fingerprint of organic Raman reporter
molecules (Scheme 1, fabrication procedures), SERS tags have been
developed as a powerful bioanalytical tool for indirectly sensing/
imaging various biochemical analytes [18—20], including small
biomolecules, DNA sequences, proteins, cells, bacteria, and bio-
logical tissues [21]. In essence, SERS tags can exert optical labelling
properties comparable to colourimetric/fluorescent chromophores,
attaining ultrasensitive, quantitative, and multiplexing capabilities
of the SERS technique.

Although further advancements in aforementioned SERS tag
techniques for bacteria biosensing can be challenged by the
following issues (Scheme 1, technical details): (1) synthesis of
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elegant metallic nanosubstrates [22—27], as silver nanoparticles
(AgNPs) are generally more preferred due to its higher SERS, while
AgNPs via typical synthesis rarely retain monodisperse uniformity
and chemical stability; (2) signal sensitivity and reproducibility,
which requires both a rational selection of Raman reporters and a
preferential nanosubstrate surface for the adsorption of these re-
porters; (3) shelf durability of nanotags and background in-
terferences, where an ideal scenario is that environmental effects
can be eliminated by a protective coating without sacrificing signal
intensity; (4) lack of efficient molecular affinity agents beyond
antibodies/aptamers, limiting versatile recognition patterns for
bacteria. For overcoming these challenges, on one hand, recent
efforts have been devoted to promoting sensing performance of
SERS tags, including (a) optimizations in synthesis and stabilization
for AgNPs [28—32], (b) adoption of Raman reporter molecules with
anti-interference properties (such as peaks located in so-called
“Raman-silent region” of 1800—2800 cm™!) to silence back-
ground noises [33], and (c) surface engineering of nanosubstrates
via functional groups or inorganic/organic shells to shield envi-
ronmental influences[34—37]. However, there are few successful
examples in achieving highly stable, reproducible, and
interference-free silver SERS nanotags. On the other hand, a large
number of molecular recognition elements have been screened out
for integrated bacteria sensing [38—40], such as small molecules
[41—43], antibiotics [44], peptides and proteins [45], or positively
charged nanomaterials [46,47]. However, it is often troublesome
and challenging to efficiently integrate these recognizers with SERS
tags. Moreover, none of the studies available has taken into account
the above issues in combination, remaining largely limited per-
formance of the as-obtained SERS tags.

Polyphenolic compounds are abundant in natural species and
versatile in chemical properties. Especially, with the emergence of

Technical Details

Metal nanosubstrates exhibit SERS effect:

Au: regular, stable, relative low SERS activity;

Ag: irregular, unstable, high SERS activity;

Au@Ag NPs: uniform, relative stable, relative high SERS
activity.

Raman reporter molecules produce fingerprint signal,
key parameters of which contain:

binding stability to substrate surface;

signal intensity & reproducibility;

characteristic/unique peak positions.

Coatings protect tags against environment influence:
silicon: stable, interference-free, hard to control;
polymer: flexible, stable, easy to control, unintended peaks.

Scheme 1. Typical fabrication procedures and technical details for the design of SERS tags (adapted with permission [18]. Copyright 2013, American Chemical Society).
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Scheme 2. The principle of polyphenolic chemistry for the synthesis, stabilization, modification, and functional design of silver SERS tags. Abbreviation: CWCs = cell wall com-

ponents, and LPS = lipopolysaccharide.

metal-phenolic networks (MPNs) [48], polyphenols and their de-
rivatives have become increasingly important scaffolds in the
synthesis, functionalization, and surface modification of functional
nanomaterials. Meanwhile, polyphenols have been applied for
antibacterial applications [49,50], bacterial staining [51], and pro-
tein isolation [52] for a long time. More interestingly, from a
viewpoint of molecular interactions, increasing studies have indi-
cated that possible biochemical interactions exist between poly-
phenolic species and bacterial cell wall components (CWCs), e.g.,
lipopolysaccharides [53], peptidoglycans, membrane proteins [54],
and lipids [55], as well as analogue biomolecules [56]. These in-
teractions imply a possible recognition of bacteria via polyphenol-
guided affinity to bacterial CWCs. While polyphenols have been
used for synthesizing SERS NPs, the utilization of polyphenolic
chemistry to boost specific SERS bioanalysis via an integrated from-
fabrication-to-multifunctionalization strategy has never been
reported.

Inspired by the polyphenolic chemistry (e.g., redox chemistry,
surface chemistry, coordination chemistry, and bioconjugate
chemistry), this work proposed a multivariate design of bio-
recognition SERS nanotags from aspects including green prepara-
tion, facile modification, rapid stabilization, and bacterial bio-
targeting. The as-obtained SERS nanotags, namely MPNs-
encapsulated 4-mercaptobenzonitrile (4-MB) modified AgNPs
(AgNPs@4-MB@MPNs), were examined with respect to SERS
sensitivity, reproducibility, anti-interference ability, and shelf
durability. More importantly, the viable binding affinity of MPNs
towards bacteria was investigated and verified for the first time.
Combined with an aptamer-modified magnetic capture probe,
these polyphenolic nanotags demonstrated a fast, reproducible,
and reliable quantification of typical foodborne bacteria. The
application of this biosensor in real food samples was also exam-
ined in the current study.

2. Experimental
2.1. Reagents and materials

Foodborne bacterial strains, including Escherichia coli 0157: H7

(E. coli O157: H7, ATCC700728), Staphylococcus aureus (S. aureus,
ATCC6538), E. coli (ATCC22922), and Salmonella enterica serovar
Typhimurium (S. enterica, ATCC14028), were obtained from
Guangdong Engineering and Technology Research and Develop-
ment Center of Microbial Food Safety (Guangzhou, China). Silver
nitrate (AgNOs3) and sodium carbonate (Na,CO3) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Polyphenolic compounds including tannic acid (TA), epi-
gallocatechin gallate (EGCG), and gallic acid (GA) were supplied by
Macklin Biochemical Co., Ltd. (Shanghai, China). Iron (III) chloride
hexahydrate (FeCl3-6H,0), copper (II) nitrate trihydrate
(Cu(NOs3)3-3H,0), and Zirconium (IV) chloride (ZrCly) were ac-
quired from Aladdin Bio-Chem Technology Co., Ltd. (Shanghai,
China). The Raman reporter molecule 4-mercaptobenzonitrile (4-
MB) was bought from Acmec Biochemical Co., Ltd. (Shanghai,
China). The DNA oligonucleotides, 5’'—NH,—C6-CCG GAC GCT TAT
GCC TTG CCA TCT ACA GAG CAG GTG TGA CGG-3' (anti-E. coli 0157:
H7 aptamer) [57] and 5'—NH;—C6-GCA ATG GTA CGG TAC TTC CTC
GGC ACG TTC TCA GTA GCG CTC GCT GGT CAT CCC ACA GCT ACG
TCA AAA GTG CAC GCT ACT TTG CTA A-3' (anti-S. aureus aptamer)
[58], were synthesized and purified by Sangon Biotech Co., Ltd.
(Shanghai, China). Lipopolysaccharides (LPS) from E. coli 055: B5
and peptidoglycans (PG) from Bacillus subtilis or S. aureus were
procured from Yuanye Bio-Technology Co., Ltd (Shanghai, China).
The N-hydroxysulfosuccinimide sodium salt activated magnetic
beads (NHS-MBs) and BeaverBeads Mag NHS Kit were obtained
from BEAVER Biosciences Inc. (Suzhou, China). Milk and beef
samples were purchased from a local supermarket (Guangzhou,
China). Ultrapure water prepared by a Milli-Q system (Millipore
Corp., Bedford, MA, USA) was used throughout this work.

2.2. Instruments

The UV—vis absorption spectra were measured with a spectro-
photometer (UV-1800, Shimadzu Co., Kyoto, Japan). The scanning
electron microscopy (SEM) images were obtained from a field
emission scanning electron microscope (Carl Zeiss NTS GmbH,
Oberkochen, Germany). The high-resolution transmission electron
microscopy (TEM) images and elemental mapping images were
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Fig. 1. (A) Schematic illustration of the green and rapid fabrication of MPNs coated silver SERS tags. (B) SEM images of (i) silver seeds, (ii) quasi-spherical AgNPs, scale bar = 200 nm;
(iii -v) 4-MB modified AgNPs with coatings of (iii) Fe-TA, (iv) Fe-EGCG, and (v) Fe-GA MPNs, respectively. Scale bar = 100 nm. Insets are the optical images of the aqueous solutions
of the corresponding NPs. (C) XRD pattern of AgNPs. (D) TEM image (i) and elemental distribution maps (ii-iv) of AgNPs@4-MB@Fe-TA. Scale bar = 50 nm. (E) The UV—vis spectra
and (F) Raman characteristic spectra of the fabricated SERS tags. (G) The shelf life of individual SERS tags. The activities were evaluated by a characteristic peak at 2231 cm™".
Condition: 532 nm laser (power: 12.5 mW), acquisition time of 5 s or 10 s for AGNPs@4-MB or AgNPs@4-MB@MPNs, respectively. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

taken from a JEM-2100F Plus high-resolution transmission electron
microscope (JEOL Ltd., Tokyo, Japan) operating at an accelerating
voltage of 200 kV. The X-ray diffraction (XRD) patterns of nano-
particles were acquired using an X-ray diffractometer (Empyrean,
PANalytical B.V., Almelo, Netherlands). The zeta potentials were
measured by a Zetasizer Nano ZS (Malvern Panalytical Ltd., Mal-
vern, UK). The isothermal titration calorimetry (ITC) thermograms
were collected from a calorimeter (MicroCal PEAQ-ITC, Malvern
Panalytical Ltd., Malvern, UK), and analyzed with Malvern MicroCal
PEAQ-ITC analysis software in a “one set of sites” fitting model. The
SERS measurements were performed with a laser confocal Raman
microscope system (LabRAM HR, Horiba France SAS, Villeneuve
d’Ascq, France) equipped with a 10x objective lens and an air-
cooled frequency-doubled Nd:YAG laser as the excitation source
(532 nm, 50 mW). The acquisition time was 5—10 s with two

accumulations.

2.3. Preparation of quasi-spherical Ag SERS NPs

The preparation of quasi-spherical AgNPs contains a two-step
seed-growth reaction. For the synthesis of silver seeds, 100 uL of
TA (4 wt%), 10 pL of NayCOs (0.5 M), and 200 pL of AgNO3 (1 wt%)
were added sequentially into 5 mL of the aqueous solution under
constant shaking (IKA MS 3, IKA®-Werke GmbH & Co. KG, Staufen,
Germany) with a centrifugation force of 1.6 g. After 1 h of reaction,
the resulting dark brown silver seeds were washed for three times
before redispersion in 1 mL water.

To obtain quasi-spherical AgNPs, 25 pL of the as-prepared Ag
seeds were dispersed into 4.75 mL water, followed by the addition
of 50 uL of AgNOs (1 wt%) and 200 pL of EGCG (10 mM) under
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Condition: 2 h of incubation, measured with 532 nm laser (power: 12.5 mW), acquisition time 10s. (B) The binding performance towards E. coli 0157: H7 and S. aureus for different
SERS tags. Measured by absorbance changes at 455 nm of the filtration solutions (conducted with 0.22 pum syringe filters) after 2 h of incubation. (C) SEM images of the binding

complexes of AgNPs@Fe-TA + E. coli 0157: H7 and AgNPs@Fe-EGCG + S. aureus eluted fr

om the aforementioned membrane filter elements. Scale bar = 1 um. (D) The SERS spectra of

the aptamer-MBs + bacteria + SERS tags under the same conditions. Condition: 1 h for bacterial capture and 0.5 h for binding of SERS tags, measured with 532 nm laser (power:

12.5 mW), acquisition time 10 s. (E) SEM images of the binding complexes aptamer-MB

s + E. coli 0157: H7 + AgNPs@Fe-TA and aptamer-MBs + AgNPs@Fe-EGCG + S. aureus. Scale

bar = 1 um. (F) The ITC thermograms of the titration of a CWC suspension (200 pL, 1 x PBS buffer, pH 7.4) with a MPN solution (5.8 mM, 1 x PBS buffer, pH 7.4, 3 uL injections),

measured at 25 °C.

shaking. After a reaction time of 1 h, the greyish-yellow product
was washed once and concentrated 5 folds, which was finally
stored at 4 °C in a refrigerator (BCD-539WT, Haier Group, Shan-
dong, China) for further use.

2.4. Preparation of AgNPs@4-MB and AgNPs@4-MB@MPNs SERS
tags

The AgNPs@4-MB SERS tag was obtained by adding 2.5 pL of 4-
MB solution (0.1 M, DMSO solvent) into 1.5 mL of the above AgNPs
solution, and incubated for 30 min under constant shaking at 1.6 g.
The obtained solution was centrifuged (JW-3024HR, Anhui Jiawen
Instrument and Equipment Industry Co., Ltd., Hefei, China) at
3663 g for 10 min to remove the excess 4-MB molecules before
redispersion in water for further use.

To fabricate AgNPs@4-MB@MPNs SERS tags, 1.5 mL of the un-
modified AgNPs solution was firstly diluted to 3.4 mL water before
being added with 2.5 pL of 4-MB solution (0.1 M) under shaking.
After 30 s of incubation, 50 pL of polyphenol solution (4 mg/mL, TA,
EGCG, or GA) and 10 pL of metal salts solution (2 mg/mL of
FeCl;-6H,0, Cu(NOs3),-3H,0, or ZrCls) were sequentially added at
(30 s interval) into the above mixture, followed with the addition of
15 pL of NayCOs3 (0.5 M) for another 5 min of shaking. The MPNs

coated SERS tags were centrifuged, rinsed with water twice, and
finally redispersed in 1 mL of water and stored at 4 °C for further
use.

2.5. Conjunction of aptamers with NHS-MBs

In a typical experiment, 100 uL of NHS-MBs (10 mg/mL) was
firstly washed with 500 pL of ice-cold hydrochloric acid (1 mM).
Subsequently, 500 uL of PBS buffer containing 1.0 nmol of anti-
bacteria aptamers (anti-E. coli 0157: H7 or anti-S. aureus) was
added to the beads and incubated under constant shaking at 1.6 g
overnight at 4 °C. After that, the aptamer-modified MBs was
separated and washed with 500 pL of ethanolamine (3 M) for
several times before another incubation for 2 h with ethanolamine
(3 M) to block non-specific sites on NHS-MBs. Finally, the aptamer-
MBs was washed with PBS, redispersed in 1 mL of PBS (pH 7.4), and
then stored at 4 °C for further use.

2.6. Bacterial cultivation

Two foodborne pathogens including Gram-positive (S. aureus
(ATCC6538)) and Gram-negative (E. coli 0157: H7 (ATCC700728))
bacteria were chosen as target bacteria, and S. enterica (ATCC14028)
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Fig. 3. (A) Schematic illustration of detecting foodborne bacteria with MPN-functionalized SERS tags. (B) The SERS spectra of the detection solution under different concentrations
of E. coli 0157: H7. (C) A calibration curve where the Raman intensity measured at 2231 cm~' peak is plotted versus the logarithmic concentration of E. coli 0157: H7. (D) The SERS
spectra of the detection solution under different concentrations of S. aureus. (E) A calibration curve where the Raman intensity measured at 2231 cm~" peak is plotted versus the
logarithmic concentration of S. aureus. Condition: 1 h for bacterial capture and 0.5 h for binding of SERS tags, measured with 532 nm laser (power: 50 mW), acquisition time 10 s.

and E. coli (ATCC25922) were used as control. These strains were
grown in both Luria-Bertani broth (LB) liquid culture media and
agar plates. For liquid cultivation, the strains were cultured in
100 mL of LB media at 37 °C for several hours by constant shaking at
0.6 g. To prepare the targets for detection, the bacteria were
cultured to log growth phase with ODggg of about 0.5. Viable counts
of the bacterial colony-forming units (CFU) were determined by
performing 20 pL of serial dilution of the bacterial culture plating
on the solid LB agar media after incubation at 37 °C for 16 h.
Meanwhile, the rest of the bacterial precipitates were centrifuged

at 6511 g and washed with phosphate buffer saline (1 x , pH 7.4) for
several times. Bacterial cells were sequentially fixed with 90% (v/v)
methanol for 10 min and with absolute methanol overnight in a
refrigerator (BCD-539WT, Haier Group, Shandong, China)
at —20 °C. All the bacteria were finally dispersed in absolute
methanol at —20 °C, and an aliquot was rinsed with PBS before
collection for detection.
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2.7. Detection procedures for foodborne bacteria

In a typical assay, 50 pL of aptamer-modified MBs was added to a
1.5 mL centrifuge tube. Subsequently, 50 uL of target bacteria sus-
pension in different concentrations (10'—10% CFU/mL) and 100 puL of
PBS buffer were sequentially added. The mixture was incubated
under constant shaking at 1.6 g and 37 °C for 1 h. The resulting
bacteria-MBs complexes were magnetically separated by a

Analytica Chimica Acta 1167 (2021) 338570

magnetic separator rack (FMS096, Biyotime Biotechnology Ltd.,
Beijing, China) and rinsed three times with PBS to remove the
excess free bacteria. After the washing procedure, the bacteria-MBs
complexes were transferred in a new 1.5 mL centrifuge tube, and
100 pL of the above obtained SERS tags were incubated with the
complexes for another 30 min at the same condition. The resulting
aptamer-MBs/bacteria/Ag tags sandwich complexes were rinsed by
water for three times before redispersion in 50 puL of pure water.
Finally, 50 pL of the above aptamer-MBs/bacteria/Ag tags suspen-
sion was transferred to a capillary tube with an inner diameter of
1 mm for SERS measurements. In addition, the selectivity tests
were performed similarly by replacing the target bacteria with the
other bacteria.

2.8. Application to actual samples

To verify the applicability of AgNPs@MPNs tags, AgNPs@MPNs
tags were used to detect E. coli 0157: H7 or S. aureus in milk and
beef samples. For the beef, 1.0 g of the meat was thoroughly crushed
in 5.0 mL of 1 x PBS (pH 7.4) and kept in the refrigerator at 4 °C for
12 h. For the milk, 1 mL of the sample was fully mixed with 9.0 mL
of PBS. Then, the supernatants were collected by centrifugation,
followed by filtration through sterile syringe filters (0.22 um, Aquo-
system, Sangon Biotech Co., Ltd., Shanghai, China). These food
suspensions were artificially inoculated with dilute bacterial cul-
ture to attain final concentrations of 1 x 10% and 1 x 10® CFU/mL,
respectively. After gently shaking at 0.4 g and 37 °C for 2 h, the
prepared solutions were taken as the analytes in the aforemen-
tioned detection protocol.

Table 1
Recent biosensors for the detection of pathogenic bacteria.
Analyte Strategy and label Recognizer  Detection parameter Reference
Time Interval (CFU/ LOD (CFU/mL)
(min) mL)
E. coli 0157: H7; SERS; AgNPs@4-MB@MPNs MPNs 90 10%-108 10? This work
S. aureus 102-10% 102
Salmonella SERS; AUNPs@MBA/DSNB antibodies 120 10'-10’ 102 or 10" [62]
typhimurium
S. aureus SERS combined laser induced breakdown spectroscopy; AgNPs fingerprint 30 5 x 103=5 x 107 5 x 103 [63]
E. coli SERS; Au@Ag core-shell nanorod antibodies 210 102-107 10? [64]
E. coli; S. aureus  SERS microfluidic assay; silver island film fingerprint 120 / 10° [65]
S. aureus Colorimetric test strip; vancomycin modified AuNPs vancomycin 125 / 10° [66]
Salmonella Multisignal lateral flow immunoassay; quantum dots-laden antibodies 35 1.88 x 10* Visual: 1.88 x 10% magnetic: [67]
typhimurium  Fe304 NPs —1.88 x 107 3.75x 10%;
fluorescence: 3.75 x 10°
E. coli B Electrochemical; polyethylenimine-functionalized carbon bacteriophage 115 10°-107 1.5 x 103 [4]
nanotubes
E. coli 0157: H7  Electrochemical; Au@PtNPs-laden neutral red functionalized antibodies 105 8.9 x 10° 2.84 x 103 [68]
reduced graphene oxide —8.9 x 10°

Table 2
Bacterial analysis in artificially contaminated food samples.

Analytes Samples Added mount (Log (CFU/mL)) Recovered mean® + SD” (Log (CFU/mL)) Recovery (%)
E. coli 0157: H7 Milk 1 3 249 + 0.26 83.00

Milk 2 6 6.33 +0.10 105.50

Beef 1 3 3.20 + 0.27 106.67

Beef 2 6 5.81 + 0.63 96.83
S. aureus Milk 1 3 3.36 £ 0.15 112.00

Milk 2 6 5.69 + 0.51 94.83

Beef 1 3 3.05 + 0.69 101.67

Beef 2 6 6.58 +0.18 109.67

2 Mean of three determinations.
b SD: standard deviation.
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2.9. Statistical analysis

All collected Raman spectra were processed with baseline
correction using LabSpec 6 spectroscopy software suite (Horiba
France SAS, Villeneuve d'Ascq, France). All measurements were
conducted in triplicate and results were expressed as
means + standard deviation.

3. Results and discussion
3.1. Design and characterization of MPNs-encapsulated SERS tags

In a principle design, the multifunctional properties of poly-
phenolic chemistry were utilized to fabricate the well-refined silver
SERS nanoagents. As depicted in Scheme 2, the polyphenolic
compounds including TA, EGCG, and GA could be both rational
reductant and antioxidant by virtue of their redox chemistry,
enabling the reduction of silver nitrate into uniform AgNPs, while
suppressing the self-oxidation of AgNPs in the environment.
Further, the hydrophilic groups (ie., hydroxyl and carboxyl),
residing on the surface of the AgNPs, could render the particles
with good aqueous dispersity, which was conducive to the further
adsorption and modification of mercapto reporter molecules. This
process embodied the surface properties of polyphenolic chemis-
try. More importantly, metal-phenolic networking (coordination
chemistry) between polyphenols and most of the metal ions
ensured the functional encapsulation of silver SERS tags. Mean-
while, due to the affinity of polyphenols with many biomolecules,
polyphenolic species could be designed as bioconjugation ligands
for silver SERS tags. As such, metal-phenolic networks (MPNs)
could be rationally constructed on the surface of SERS-active
AgNPs, enabling not only protective encapsulation of silver SERS
tags but targeted recognition of bacteria due to phenolic binding to
bacterial cell wall components (CWCs) such as glycoproteins, li-
popolysaccharides (LPS), peptidoglycans (PGs), etc.

In this study, uniform silver NPs were chosen for the fabrication
of SERS tags, because they usually exhibit repeatedly higher SERS
activity than that of other SERS-active noble-metal NPs. To actu-
alize the polyphenolic synthesis of uniform silver SERS tags
(Fig. 1A), a two-step seed growth synthesis was firstly achieved for
the preparation of uniform and quasi-spherical AgNPs. Before seed
growth, spherical silver seeds with a uniform size of about 27 nm
was obtained by reducing AgNO3; with TA under ambient condition
(inset i of Fig. 1B), while the reduction of AgNO3 with EGCG failed to
generate regular Ag seeds (Fig. S1). To obtain a SERS-active silver
core for AgNPs@MPNs SERS tag, the silver seeds were further
grown to quasi-spherical AgNPs using polyphenolic reductant. As a
result, the seeding growth using TA as reductant failed to generate
regular AgNPs (Fig. S2A), while uniform and quasi-spherical AgNPs
with a larger size of ~70 nm were obtained in the presence of EGCG
(inset ii of Fig. 1B and Fig. S2B). Under similar conditions, the direct
reaction of AgNOs3 with TA (Fig. S3A) or EGCG (Fig. S3B) in the
absence of Ag seeds only resulted in irregular morphologies of
AgNPs, which implied the necessity of seeding growth for regularly
shaped AgNPs. As such, the simple and room-temperature prepa-
ration of regular AgNPs with potentially good SERS properties was
achieved using TA and EGCG as green reductants sequentially.

On one hand, during SERS bioanalysis in complex food matrices,
food carbohydrates, proteins and pigments usually generate
obvious Raman background signals in the Raman shift range from
400 to 1800 cm™". To address this, 4-MB molecule, with a charac-
teristic peak located in Raman-silent field (1800—2800 cm '), was
employed as Raman reporter for the AgNP tags. On the other hand,
conventional functionalization of Raman reporter molecules usu-
ally needs a couple of hours for efficient molecular adsorption and
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induces occasional aggregation of noble-metal NPs. Here, simul-
taneous encapsulation of 4-MB and surface functionalization of
functional ligands was accomplished in minutes via the in-situ
growth of MPNs on AgNPs surface in the presence of 4-MB
(Fig. 1A). The SEM images in Fig. 1B (iii—v) indicated that metal-
phenolic coordination of iron ions (IlI) with three polyphenols
(TA, EGCG, and GA) succeeded in constructing MPNs-encapsulated
monodisperse silver SERS tags. Further, the XRD diffractogram
(Fig. 1C) of quasi-spherical AgNPs was consistent with the standard
powder diffraction card of JCPDS No. 04—0783, which can be
identified to AgNPs. Correspondingly, the TEM image of AgNPs@4-
MB@Fe-TA, together with the Ag, Fe, C elemental distribution maps
of the sample, confirmed the homogeneous distribution of MPNs
layer on the AgNPs (Fig. 1D). Meanwhile, the UV—vis absorption
spectra of these SERS tags were collected (Fig. 1E), and AgNPs and
4-MB modified AgNPs (AgNPs@4-MB) showed the same absorption
peaks at 439 nm. However, compared with AgNPs and AgNPs@4-
MB, slight redshifts of characteristic peaks occurred to the MPNs
modified AgNPs samples, which consistently demonstrated the
larger sizes of MPNs-coated tags (AgNPs@4-MB@MPNs). To
examine the SERS properties of AgNPs@4-MB@MPNs, the SERS
activities of AgNPs@4-MB@MPNs were compared with those of
uncoated AgNPs@4-MB. As shown in Fig. 1F, all the tags showed
obvious peaks at around 585, 783, 1078, 1181, 1586, and 2231 cm™
consistent with the characteristic SERS spectrum of 4-MB mole-
cules. This result verified that 4-MB molecules were rapidly and
efficiently adsorbed on AgNPs under the assistance of MPN
encapsulation. Meanwhile, although not as high as the uncoated
AgNPs@4-MB, the three AgNPs@4-MB@MPNs exhibited similarly
high SERS activities and no interference peaks from MPN compo-
nents under the same measurement conditions. Notably, the syn-
thesis of AgNPs@4-MB@MPNs could be universal when using other
metal ions like copper (II) and zirconium (IV) as building units
(Fig. S4).

Meanwhile, the signal reproducibility of AgNPs@4-MB@MPNs
was investigated. By measuring and mapping SERS signals of these
colloidal tags at random positions of capillary tubes, the three
AgNPs@4-MB@MPNs were confirmed to exhibit highly repeatable
Raman intensities at a large selected focusing area (120 x 40 um?)
(Fig. S5). Low relative standard deviations (RSD) of the Raman
mapping results were achieved among 225 measurement spots of
each tag, reaching RSD ranges of 5.04%—5.57% (@Fe-TA), 4.90%—
7.30% (@Fe-EGCG), and 5.88%—7.85% (@Fe-GA), respectively. Be-
sides high reproducibility, the anti-interference ability of SERS tag
is crucial to its reliable performance in real sample conditions.
Accordingly, the SERS performance of AgNPs@4-MB@MPNs was
examined in the existence of some representative food ingredients
(proteins, amino acids, carbohydrates, inorganic salts, and their
mixtures). As shown in Fig. S6, although the spectral baselines
became rugged after the addition of those food ingredients, the
AgNPs@4-MB@MPNs showed acceptable changes with respect to
peaks and peak intensities, especially for a characteristic peak at
2231 cm~ L. Moreover, the AgNPs@4-MB@MPNs nanostructures
remained stable SERS activities in the ranged ionic strength
(10—100 mM Nadl, Fig. S7A) and pH conditions (4—10, Fig. S7B).
Thus, AgNPs@4-MB@MPNs tags were potentially workable in the
analysis of real food samples. Furthermore, due to the protective
encapsulation of MPNs, it was inspired to test the shelf stability of
AgNPs@4-MB@MPNs tags, which is a key parameter for the
commercialization of SERS tags. As a result, the relative SERS ac-
tivities of three AgNPs@4-MB@MPNs tags (Fe-TA, Fe-EGCG, and Fe-
GA) were largely maintained (~85%) during storage for 30 days in
the refrigerator at 4 °C, whereas the unprotected AgNPs@4-MB tags
suffered an obvious loss in relative SERS activity during the same
shelf condition (Fig. 1G). That is, MPNs coatings could stabilize SERS
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tags to render a much longer shelf life. These results evidenced that
with the inspiration of polyphenolic chemistry, uniform, mono-
disperse, interference-free, reproducible, and shelf-stable SERS tags
were obtained.

3.2. Bacterial recognition via AgNPs@4-MB@MPNs tags

Recent studies have elaborated the close interactions between
polyphenol derivatives (including MPNs) and bacterial CWCs [53-
56,59,60], which implies the possibility of polyphenol-guest bind-
ing in use for bacterial targeting. To make use of the as-prepared
polyphenolic SERS tags, our further attention was thrown upon
the possible affinity of MPNs to bacterial CWCs. Firstly, Raman
spectra were acquired to investigate the incubation of bacteria with
AgNPs or AgNPs@MPNs (without 4-MB modification) in PBS buffer
(pH 7.4), respectively. As shown in Fig. 2A, besides the existence of
spectral information from the polyphenolic residual groups,
negligible decreases in Raman intensity were observed for AgNPs
(inset i) before/after incubation with E. coli 0157: H7 or S. aureus,
which preliminarily ruled out the possible interactions between
AgNPs and these bacterial cells. In contrast, MPNs functionalized
AgNPs (@Fe-TA, @Fe-EGCG and AgNPs@Fe-GA shown in insets ii,
iii, and iv, respectively) display distinguishable SERS responses to
the presence of bacterial cells. As can be seen, both E. coli 0157: H7
and S. aureus induced sharp decrease of Raman spectra of
AgNPs@MNPs, and the regions located at around 731, 1340,
1955 cm™! displayed unique features in spectra compared with
those of AgNPs@MNPs alone. The Raman spectral analysis initially
implied intense interactions of AgNPs@MNPs with bacteria cells. In
addition, the solutions of bacteria cells, AgNPs/AgNPs@MNPs, and
their incubations were filtered with the syringe filters, where the
filtrate components were analyzed by UV—vis spectra. Due to size
effects, E. coli O157: H7 (Fig. S8A) with an average size of
1 x 2—3 um and S. aureus (Fig. S8B) with an average diameter of
1.2 pm were validated to be detained upon the syringe filtering,
showing no characteristic absorbance at ODgg of the filtrates. In
comparison, the solutions of AgNPs and AgNPs@MPNs (<100 nm)
were found to smoothly penetrate through the filters, resulting in
negligible decreases of characteristic absorbance at ODy445 (Fig. 2B).
More importantly, the solutions of bacteria/AgNPs mixture
remained almost unchanged in absorbance before/after filtration,
while incubation of AgNPs@MPNs (Fe-TA, Fe-EGCG, and Fe-GA)
with either E. coli 0157: H7 or S. aureus cells contributed to
dramatically lower the characteristic absorbance of these solutions.
These results suggested that AgNPs were free in incubation solu-
tion, thus permeable during the filtration, while AgNPs@MPNs
were largely retained due to that they existed in the form of
AgNPs@MPNs/bacterial cells complex. Moreover, when eluting the
retention components of AgNPs@MPNs/bacteria incubation solu-
tions from the filters, the intense binding of AgNPs@MPNs to E. coli
0157: H7 or S. aureus cells could be facilely visualized via the SEM
images (Fig. 2C), showing that the AgNPs@MPNs particles were
densely attached on the surface of bacterial cells. This evidence
proved that MPN ligands could be a non-specific bio-recognizer for
targeting both Gram-positive (S. aureus) and Gram-negative (E. coli
0157: H7) bacterial cells, launching AgNPs@4-MB@MPNs as a
robust candidate of SERS tags for probing foodborne bacteria.

Thereafter, efforts were devoted to the selection of suitable
polyphenolic SERS tags for specific bacteria. To realize this, mag-
netic beads (MBs, ~2 um) modified with anti-analyte aptamer li-
gands (Fig. S9) were used as capture probe for E. coli 0157: H7 and
S. aureus, respectively. Typically, the target bacteria (108 CFU/mL) in
PBS buffer were firstly incubated with aptamer-modified MBs and
sequentially reacted with AgNPs@4-MB@MPNs after magnetic
separation and washing. As such, the sandwiched complexes of
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aptamer-MBs/bacteria/AgNPs@4-MB@MPNSs, after separation and
redispersion, could be obtained (if present) for the choice of suit-
able tags via SERS measurements. As shown in Fig. 2D, AgNPs@4-
MB@Fe-TA tag resulted in much higher SERS peaks for probing
E. coli 0157: H7 over the other two tags, while the binding sandwich
of aptamer-MBs/S. aureus/AgNPs@4-MB@Fe-EGCG showed the best
SERS signal among the three under the same conditions. Accord-
ingly, the corresponding SEM analysis (Fig. 2E) confirmed that
E. coli 0157: H7 and S. aureus could be efficiently sandwiched be-
tween aptamer modified MBs and MPNs encapsulated SERS tags.

To investigate the possible mechanisms behind, it was assumed
that the targeting ability of AgNPs@4-MB@MPNs for bacteria could
be mainly attributed to the interactions between MPN ligands and
bacterial CWCs. For common bacteria such as E. coli 0157: H7 and
S. aureus, CWCs contain mainly LPS (Gram-negative) and PG (Gram-
positive), followed with teichoic-acid (Gram-positive), membrane
proteins, and lipids. Several previous studies proved that poly-
phenolic compounds could inherently bind to proteins [52,54],
demonstrating the membrane proteins as target sites for poly-
phenolic recognizers. Besides, as the main CWCs, LPS and PG have
potential to present intense interactions with polyphenols [59]. The
fact that bacterial cells of E. coli 0157: H7 or S. aureus are negatively
charged in pH-neutral solution, together with the negative surface
charges of MPNs encapsulated silver tags revealed by the zeta po-
tential results (Fig. S10), eliminated the possibility of electrostatic
interactions between MPNs and CW(Cs. To clarify this, isothermal
titration micro-calorimetry (ITC) was conducted to analyze the
interactions of MPNs and bacterial CWCs (LPS and PG) in PBS buffer
(10 mM, pH 7.4) [50,61]. As displayed in Fig. 2F, by allowing MPNs to
titrate bacterial CWCs, dramatic heat changes occurred with a
decreasing tendency, as anticipated if MPN (Fe-TA and Fe-EGCQG)
ligands could chemically bind to LPS and PG. In comparison,
negligible heat changes could be measured during the titration of
PBS buffer with MPNs solution (Fig. S11). Correspondingly, the in-
tegrated heat changes were plotted against [MPNs]/[CWC] molar
ratio (Fig. S12), indicating exclusively endothermic reactions be-
tween MPNs and LPS/PG. Thus, it was reasonable to conclude that
polyphenolic chemistry could endow AgNPs@4-MB@MPNs tags
with bacterial binding affinity via the multiplex chemical in-
teractions between MPNs and CWCs including LPS, PG, and possibly
proteins.

3.3. Detection of foodborne bacteria via AGNPs@4-MB@MPNs tags

Based on the above results, AgNPs@4-MB@MPNs are promising
to be high-performance SERS tags for the rapid and reliable
screening of foodborne pathogens. Accordingly, AgNPs@4-MB@Fe-
TA and AgNPs@4-MB@Fe-EGCG were chosen to target E. coli 0157:
H7 and S. aureus, respectively. As illustrated in Fig. 3A, the detection
started with capturing target bacteria from food samples using
aptamer-modified MBs (capture probe), sequentially the separation
and washing procedures, and then incubation with MPNs func-
tionalized SERS tags (detection probe), where the SERS tags could
densely bind to bacterial CWCs. After secondary separation and
washing procedures, the formed sandwich structures (capture
probe@bacteria@SERS tag) could be eventually measured in a
capillary tube using SERS spectra. As such, bacterial detection with
this SERS biosensor could be accomplished within 1.5 h based on
the use of cheap and easily available recognizers (aptamers/MPNs).

To evaluate the sensitivity for detecting E. coli 0157: H7,
different concentrations of E. coli 0157: H7 (0—10® CFU/mL) were
measured under the optimal conditions. As shown in Fig. 3B, the
SERS spectral peaks of the detection solution increased with
increasing the E. coli cell concentrations, while almost no peaks
were observed in the absence of E. coli 0157: H7. By fitting the
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Raman intensity at 2231 cm~! (Raman-silent peak) with a loga-
rithmic concentration of E. coli 0157: H7 (Fig. 3C), the linear
equation of y = 2757.3x - 4495.1 (R*> = 0.991) with a broad con-
centration range (10°—10%) was obtained. The limit of detection
(LOD) was calculated by the 3¢/S principle, where ¢ = standard
deviation of blank and S = slope of calibration curve. The calculated
LOD is 2.6 CFU/mL, which resides below the linear range, where the
calibration curve is no longer valid. Therefore, we adopted the
smallest concentration of bacteria that can be actually detected as a
more conservative estimation value of LOD for this method, which
was 10% CFU/mL in a 50 puL E. coli 0157: H7 volume. Similarly,
sensitive responses of AgNPs@4-MB@Fe-EGCG tags at 2231 cm ™!
were recorded versus the varied concentrations of S. aureus in the
detection solutions (Fig. 3D). A good linear correlation (R? = 0.986)
in the range of 10°>—10® CFU/mL was obtained (Fig. 3E), reaching an
actual LOD as low as 10> CFU/mL for S. aureus. Thereafter, the
specificity and anti-interference capability of this SERS biosensor
were evaluated by using common foodborne bacteria such as E. coli
(ATCC22922), and S. enterica (ATCC14028). As shown in Fig. 4,
strong SERS signal of the biosensor for S. aureus occurred in the
presence of S. aureus cells, while only weak background signals
were detected in the presence of E. coli 25922, S. enterica, or E. coli
0157: H7. Meanwhile, the SERS biosensor for E. coli 0157: H7
responded strongly to the presence of E. coli 0157: H7, but not to
other bacteria. In addition, this SERS biosensor performed well in
the coexistence of target bacteria and interfering bacteria.

In addition, Table 1 gives a comparison of this biosensor with
other recent biosensing methods, indicating that this biosensor is
highly competitive over the listed methods in terms of their
recognition patterns and detection parameters (assay time, in-
tervals, and LODs). Therefore, polyphenolic chemistry derived SERS
tags are demonstrated to empower cost-efficient, robust, and reli-
able SERS biosensors for foodborne pathogens.

3.4. Detection of real food samples

To test the workability of the polyphenolic SERS tags in real food
samples, further detection was conducted for foodborne bacteria in
milk and beef samples, and results are listed in Table 2, indicating
that this SERS biosensor could perform well in both milk and beef
samples with recoveries from 83.00 to 106.67% for E. coli 0157: H7
and recoveries from 94.83 to 112.00% for S. aureus, respectively.
Therefore, the obtained results validated that polyphenolic SERS
tags based biosensors can be a robust candidate for monitoring
microbial food safety.

4. Conclusions

The current study confirmed the possibility of polyphenolic
chemistry for the green synthesis of reproducible and durable SERS
tags for non-specific targeting and sensing of foodborne bacteria.
Using the multivariate chemistry of polyphenolic compounds, 4-
MB modified quasi-spherical silver nanotags with a coating of
MPNs (Fe-TA, Fe-EGCG, Fe-GA, Zr-TA, and Cu-TA) were successfully
obtained. The polyphenolic SERS nanotags (AgNPs@4-MB@MPNs)
were validated to be reproducible, shelf-stable (workable in one
month), and interference-free, which overpassed most of previ-
ously reported silver nanotags. Notably, MPNs were demonstrated
to be an emerging artificial bio-recognizer for the non-selective
targeting of G+/G-bacteria such as E. coli and S. aureus, which
was largely attributed to the intensive interactions between the
polyphenolic groups and bacterial CWCs. By taking advantages of
the aforementioned merits of polyphenolic SERS nanotags, a sen-
sitive and cost-efficient SERS biosensor for foodborne bacteria was
thus proposed based on the sandwich recognition of aptamer-
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functionalized magnetic beads and polyphenolic SERS nanotags.
The performance of this method was well validated by the com-
parable detection results among others and the test in real food
samples (recoveries ranging from 83.00% to 112.00%). Future work
is encouraged to involve more functional polyphenolic derivatives
in the synthesis, functionalization, and customization of bioaffinity
SERS nanotags.
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