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Surface-enhanced Raman spectroscopy (SERS) is a powerful analytical technique, which allows quantitative
detection of chemical species with molecular specificity and single-molecule sensitivity. These useful
properties can be further combined with portable Raman spectrometers which allow SERS to be potentially
employed at the point-of-care. As a result, SERS has found a wide range of potential applications in both
real-life chemical analysis and fundamental mechanistic studies. Despite these advantages, true applications
of SERS have been limited due to its high cost, which arises mainly from the fact that SERS relies on
expensive single-use Ag/Au enhancing substrates suitable only for the analysis of pure samples. A viable
approach to address this issue is to develop multifunctional SERS substrates, which in addition to providing
Raman signal enhancement, is armed with other practical functionalities that simplifies the analysis and/or
allows the substrate to be regenerated for repeated use. This review gives an account of the recent progress
in the fabrication of multi-functional SERS substrates, namely flexible, separation-enhancement-in-one,
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and scattering intensity proportional to the number density of
the probed molecules.* Moreover, since Raman scattering can
be directly generated from gas, solid and liquid samples, this
makes Raman spectroscopy a versatile and non-destructive
technique for both qualitative and quantitative chemical
analysis.> Despite the advantages listed above, wide-spread
application of Raman spectroscopy in real-life detection has
been limited since normal Raman scattering is intrinsically
weak and only occurs for one in every 10°-10° scattered
photons."

Surface-enhanced Raman scattering is a phenomenon asso-
ciated with significant amplification of the Raman signals of
analytes located near the surface of signal-enhancing materials.
The enhancement of Raman signals observed in SERS has been
attributed mainly to electromagnetic and chemical enhance-
ments, with the former being widely acknowledged as the
dominant factor.” More specifically, electromagnetic enhance-
ment arises from the amplification of Raman scattering by
electromagnetic fields localized on the surface of the enhan-
cing material (also known as localized surface-plasmon reso-
nance, LSPR) owing to the excitation of surface-electron
oscillations.” Chemical enhancement stems from charge-
transfer between the analyte molecule and enhancing substrate
which leads to a change in the polarizability of the molecule,
resulting in the enhancement of its Raman scattering.® The
combination of both enhancing pathways gives SERS signifi-
cantly improved sensitivity that can reach single-molecule
levels while retaining the main advantages of the parent Raman
spectroscopy.””®

Clearly, the most crucial element of SERS is the enhancing
substrate and resultingly the tale of SERS has largely been the
development of signal-enhancing materials, in particular plas-
monic substrates which provide intense electromagnetic
enhancement.”" In general, the inherent plasmonic proper-
ties of Ag and Au make them the most efficient, and thus the
most widely applied enhancing materials for SERS.>'*'?
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Equally important is the geometry of the substrate material
since strong SPR can only be localized and sustained on the
surface of nanostructures while the SPR generated on bulk
plasmonic metals is evanescent.>'! Historically, the first class
of substrate that satisfied the conditions above were Ag and Au
electrodes, which were chemically roughened to carry plasmo-
nic nanostructures, reported nearly 50 years ago."*™" Studies
based on roughened metals led to the establishment of SERS
and the fundamentals of the electromagnetic theory."® ! How-
ever, the inconsistency of this crude approach also meant that
early SERS enhancement obtained with roughened electrodes
were generally weak and plagued by irreproducibility. As a
result, one of the main themes in SERS research has been the
fabrication of enhancing substrates with improved signal
enhancement ability and reproducibility. Now, after several
decades of research and benefiting from the immense devel-
opment in nanotechnology, SERS substrates have evolved
from crude roughened electrodes to nanomaterials with tai-
lored morphologies.>*>* More specifically, as shown in Fig. 1,
examples of these nanomaterials include lithographically
etched nanostructures,”>° chemically synthesized colloidal
nanoparticles®®>* and their multi-dimensional assemblies.*>>°
These substrates typically carry well-defined plasmonic hot spots,
which enable routine quantitative SERS analysis of a decent range of
analytes by SERS specialists in ideal laboratory environments with
high reproducibility.*>*' The development in substrate fabrication
has also led to the emergence of a small but growing selection of
commercial SERS substrates,””™** which coupled with cheap and
convenient portable Raman spectrometers, has helped introduce
SERS to the wider scientific community as a promising analytical
technique with diverse potential applications, which include envir-
onmental monitoring,”>*® bio-analysis,"”*® forensic analysis,**°
food quality control,*>*" material characterizations,”>* etc.>*
Based on these developments, the next grand challenge is to
further develop SERS to simplify its application process and
enable its routine use by non-specialists. The main roadblock
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Fig. 1 Examples of SERS substrates: (A) solid films carrying lithographically
etched nanostructures. Adapted with permission from ref. 26, copyright
2020 Elsevier Ltd and ref. 29, copyright 2016 Tsinghua University Press and
Springer-Verlag Berlin Heidelberg; (B) chemically synthesized plasmonic
nanoparticle colloids. (ii-v) were adapted with permission from ref. 30,
copyright 2010 American Chemical Society; ref. 31, copyright 2015 Amer-
ican Chemical Society; ref. 32, copyright 2015 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim; ref. 33, copyright 2016 The Royal Society of
Chemistry; (C) multi-dimensional assemblies of plasmonic nanoparticles.
(i-v) were adapted with permission from ref. 35, copyright 2016 American
Chemical Society; ref. 36, copyright 2010 American Chemical Society; ref.
37, copyright 2015 American Chemical Society; ref. 38, copyright 2020
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim; ref. 39, copyright 2019
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim; (D) artistic illustration of
SERS effect taking place on a nanostructured surface; (E) schematic
illustrations of the localized surface plasmon effect on the surface of
metal nanoparticles excited by light. Panel (D and E) were reproduced with
permission from ref. 40, copyright 2017 American Chemical Society.

between SERS and actual applications is the difficulty
in analysing complex real-life samples, especially in a

This journal is © The Royal Society of Chemistry 2021
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cost-efficient manner. This challenge stems from the fact that
real-life samples typically contain a wide range of chemical
species and micro/macro contaminants in addition to the
target analyte molecules. These contaminants are often present
in much higher concentrations than the analyte and can
interfere with the analysis, for example by chemically compet-
ing with the analyte for the enhancing surface or physically
blocking the probe laser, leading to significantly reduced
sensitivity and reproducibility. One method to address this
issue is to couple SERS with established purification/separation
techniques, such as chromatography and centrifugation.’>>®
This has been demonstrated to be effective for applications,
which range from pharmacokinetic studies to food-quality
analysis, and can be automated to increase sampling
efficiency.’”®' However, this approach relies on sophisticated
equipment for sample pre-treatment which restrains the ana-
lysis to a laboratory setting and having to be operated by
trained professionals. Therefore, while combined SERS techni-
ques have seen some success, they are currently limited by their
high running cost, as well as their inefficacy in point-of-care
analysis. An alternative approach to simplify SERS detection
and realize the potential of SERS as a rapid, sensitive and
cost-efficient analytical technique for point-of-care analysis is
through the construction of smart and sustainable enhancing
substrates, which possess practical functionalities in
addition to providing Raman signal enhancement.®>** More
specifically, as illustrated in Fig. 2, the multifunctional
substrates can be categorized into four main types, namely,
flexible substrates, separation-enhancement-in-one substrates,
calibration-enhancement-in-one substrates and regeneration-
enhancement-in-one substrates. As an important area of
research, there are excellent reviews which give comprehensive
accounts of the progress that has been made in the fabrication
of particular types of multifunctional SERS substrates.®*™®’
Therefore, this review is not intended to be comprehensive
but rather targets to bring together the state-of-the-art research
trends in constructing the four main types of multifunctional
SERS substrates listed above with the hopes to inspire novel
substrate designs which move SERS closer towards real-life
practice. More specifically, we discuss research performed
within the past five years and highlight the key strategies used
for constructing each type of multifunctional SERS substrates,
as well as their advantages, effectiveness and practicality. The
drawbacks of the current generation of multifunctional SERS
substrates are also outlined.

2. Flexible SERS substrates for the
analysis of chemical residues on
complex surfaces

Chemical analysis of surface-residues is of significance in a
variety of areas including health and safety, homeland security,
forensics, etc. With conventional rigid or colloidal SERS sub-
strates, the analyte must first be extracted from the surface with
solvents to form sample solutions which can then be analyzed.

J. Mater. Chem. C, 2021, 9, 11517-11552 | 11519
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Fig. 2 Schematic overviews of the four types of multifunctional SERS substrates discussed in this review. The images in the “Flexible” panel were
reproduced with permission from ref. 26, copyright 2020 Elsevier Ltd, ref. 68, copyright 2016 American Chemical Society and ref. 69, copyright 2018
Elsevier Ltd. The images in the “Separation” panel were reproduced with permission from ref. 70, copyright 2020 Elsevier Ltd. The images in the
“Calibration” panel were reproduced with permission from ref. 71, copyright 2020 The Royal Society of Chemistry and ref. 72, copyright 2021 American
Chemical Society. The images in the “Regeneration” panel were reproduced with permission from ref. 73, copyright 2020 American Chemical Society,
ref. 74 copyright 2016 The Royal Society of Chemistry and ref. 75, copyright 2020 American Chemical Society.

This tedious process is not only unsuitable for in-field analysis,
but also risks introducing contamination and dilutes the
analyte. Although it has been demonstrated that colloidal
dispersions or pastes of enhancing nanoparticles can be phy-
sically deposited onto complex sample surfaces for in situ
analysis,”>” this approach is unsuitable for analyzing precious
samples, such as artworks, or samples where the spatial dis-
tribution of the analytes holds important information, such as
forensic fingerprint samples.

A more ideal approach for analyzing chemical compounds
on complex surfaces with SERS is to use flexible enhancing
substrates, which are typically composed of exposed enhancing
nanoparticles sitting on the surface of flexible and robust
polymeric substrate materials. Despite being a relatively young
research area, flexible SERS substrates have already been
demonstrated useful for the non-invasive detection of chemical
compounds, which range from small molecules to biological
materials, on a variety of sample surfaces including fruits,
textiles and biological tissues.®®”””® The majority of recent
flexible substrates designed for point-of-care analysis fall into
two sub-categories, sticky “SERS tapes” and adsorptive ‘“SERS
swabs”. SERS tapes are typically flexible and adhesive plastic
films, which carry plasmonic nanoparticles on their surfaces.

11520 | J Mater. Chem. C, 2021, 9, 11517-11552

Importantly, the adhesive feature allows SERS tapes to be
pressed and peeled from the sample surface to contact and
extract analyte molecules for in situ/ex situ analysis. SERS swabs
are typically flexible and adsorptive materials, such as cellulose
and cotton, which are infused with plasmonic nanoparticles.
During analysis, the SERS swab can be used to dab the sample
surface to collect chemical compounds for further ex situ
analysis. The following section introduces the main strategies
for fabricating SERS tapes and swabs, and discusses their
performance in analyzing surface residues.

2.1 Deposition of preformed plasmonic nanoparticles

Arguably the most straightforward method to construct flexible
SERS substrates is to deposit preformed plasmonic nanoparti-
cle colloids on flexible films.”?"®* For example, Huang, Chen,
Guo et al. demonstrated that flexible and adhesive “SERS tape”
can be conveniently generated by drying droplets of colloidal
Au nanoparticles on commercial adhesive tapes, as shown in
Fig. 3A.%* More specifically, the SERS tapes were fabricated by
drying 25 nm diameter citrate-reduced Au colloids onto a
variety of commercial tapes. By using 4-mercaptopyridine as
the model analyte, it was determined that SERS tapes fabricated
from transparent polypropylene tape containing acrylate

This journal is © The Royal Society of Chemistry 2021
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adhesive generated the strongest signal enhancement and
lowest fluorescent noise, which allowed 4-mercaptopyrine
deposited from 10 pL droplets to be detected down to 10~°
M. Despite the simplicity of this fabrication method, the
product SERS tape showed decent signal uniformity, with the
relative standard deviation (RSD) of the signal intensity mea-
sured on ten random spots being less than 15%, as shown in
Fig. 3B. Moreover, the authors proposed that the sticky proper-
ties of the SERS tape would allow rapid and convenient extrac-
tion of analyte molecules from complex surfaces which was
successfully demonstrated through the detection of pesticides
on the surface of fruits and vegetables, as shown in Fig. 3C. By
simply pressing and peeling the SERS tapes on the surface of
cucumber peels, the detection limit for parathion-methyl,
thiram and chloropyrifos pesticides were determined to be
2.60 ng cm 2, 0.24 ng cm 2 and 3.51 ng cm ™, respectively,
which were significantly lower than the maximum residue
limits allowed by China and European Union. Importantly, this
work pioneered the concept of using sticky SERS tapes for rapid
analyte extraction and detection on complex surfaces which has
led to an outburst of research based on this approach.®'>5¢
A major advantage that comes with the colloidal deposition
approach is that it can be generally used to create flexible SERS
substrates from colloidal nanoparticles with tailored morphol-
ogies, which for example include Ag/Au nanorods,®*® Au
bipyramids,®® Ag/Au nanoprisms,””°° Au@Ag nanospheres,”*
etc., and therefore improved plasmonic properties. Moreover,
the plasmonic nanomaterials can be combined with other
materials, such as semiconductors or carbonaceous materials
to create SERS tapes carrying hybrid nanomaterials with
enhanced functionalities.®>®® For example, Liu, Wang, Ju
et al. demonstrated a “three-in-one” SERS tape for rapid
sampling, photo-controlled release, and SERS detection of
wound infectious pathogens.”* As shown in Fig. 4A the plas-
monic component of the SERS tape was constructed by sand-
wiching a densely packed layer of Au nanostars modified with
4-mercaptobenzoic acid as SERS internal standards between
two graphene layers. The outer graphene layers not only
improved the biocompatibility and SERS stability of the Au
nanostars, but more crucially, acted as a substrate for functio-
nalizing o-nitrobenzyl derivative molecules, which enabled
photo-controlled capturing/release of pathogens for SERS ana-
lysis (Fig. 4B). As illustrated in Fig. 4C, in a typical analysis, the
Au@graphene SERS tape was applied directly to the wound
surface to capture infectious pathogens via electrostatic attrac-
tion, after which the SERS tape was peeled from the sample and
transferred onto the surface of a solid culture medium and
irradiated for two minutes with UV light. This led to the
photocleavage of the charged o-nitrobenzyl moiety which
resulted in the release of the pathogens into the culture
medium, where the pathogens were cultivated to a concen-
tration that could be detected by SERS. Impressively, as shown
in Fig. 4D, the authors demonstrated that this method allowed
simultaneous detection of P. aeruginosa and S. aureus on the
burnt wound of mice to be achieved in a significantly shortened
analytical period compared to conventional techniques.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (A) Schematic illustrations of the fabrication of SERS tapes and the

extraction of target analytes from fruit peels using SERS tapes. Inset shows
the scanning electron microscopy (SEM) image of the Au nanoparticles
deposited on the surface of a SERS tape sample; (B) bar chart showing the
SERS signal intensity of the 1093 cm™! vibration band from 4-
mercaptopyridine acquired from 10 random sites on a piece of SERS tape;
(C) SERS spectra of parathion-methyl extracted from the surfaces of
different fruits and vegetables using SERS tape. Adapted with permission
from ref. 84, copyright 2016 American Chemical Society.

Similarly, since colloidal deposition can be generally per-
formed on any substrate surface, the substrate materials can
also be upgraded to provide enhanced or incorporate new
functionalities.”>™” For example, Fan et al. demonstrated a
flexible SERS sensor for rapid and in-field detection of the
surface residues of a commonly used explosive, 2,2,4,4’,6,6'-
hexanitrostilbene (HNS).”® More specifically, the authors
showed that commercially available sticky and flexible gel pads
composed mainly of polyurethane could be used to extract HNS
from complex sample surfaces through the formation of
Meisenheimer-alike complexes between HNS and the amine
moieties on the surface of the gel substrate which are visually
identifiable as orange taints. Depositing aggregated citrate-
reduced Ag nanoparticles directly onto the surface of the
orange taints generated intense SERS signals of the analyte-
substrate complexes which allowed indirect detection of HNS to
be achieved. Importantly, the method was determined to be
one of the most sensitive methods for detecting HNS in
literature and was successfully utilized for the detection of
HNS residues within fingerprints and on the surface of bags
with the lowest detectable amounts being 5 and 200 ng,
respectively.

While the deposition of colloidal nanoparticles on flexible
substrates is a simple and versatile approach to construct
flexible SERS substrates from different combinations of plas-
monic nanoparticles and substrate materials, it offers little
control over the ordering of the deposited nanoparticles and
the long-range uniformity of the product enhancing materials
due to the “coffee ring effect”, particularly for hydrophobic
plastic substrates, which limits the reproducibility and signal

J. Mater. Chem. C, 2021, 9, 11517-11552 | 11521
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Fig. 4 (A) Schematic illustrations of the functional components within the
SERS adhesive tape for pathogen capture and release; (B) schematic
illustrations of the UV-induced cleavage of the o-nitrobenzyl moiety for
the release of captured pathogens; (C) schematic illustrations of the
pathogen sampling process using SERS adhesive tape; (D) typical SERS
spectrum of the SERS adhesive tape after sampling from 1 x 108 CFU per
mL of S. aureus contaminated agar after 4 h of pathogen growth. The light
gray region represents the standard deviation of the signal intensity
obtained from 60 independent measurements. The red asterisks indicate
the characteristic SERS peaks of S. aureus. Adapted with permission from
ref. 94, copyright 2019 American Chemical Society.

P. aeruginosa S. aureus

uniformity of the product substrate. To combat this, Zhang
et al. developed a two-step synthesis to produce SERS tape with
a uniform layer of canted Ag nanorods on the surface.’® More
specifically, a uniform forest of tilted Ag rods ca. 100 nm in
diameter were grown in situ on the surface of Si(100) substrates
through glancing angle physical vapor deposition. This
nanorod forest was transferred onto the surface of commercial
tapes by pressing the sticky side of the adhesive tape onto the
nanoparticle layer. The product SERS tape were applied for the
detection of benzotriazole, which acted as corrosion inhibitors,
on the surface of aluminium films. By immersing the SERS tape
in model solutions, the limit of detection of benzotriazole was
found to be 1.2 x 10~ ° g L. Moreover, using this test system,
the RSD of the signal intensity acquired from ten random spots
on the SERS tape was determined to be within 10%.
Alternatively, Sun et al. demonstrated that SERS tape carry-
ing a highly uniform layer of Au@Ag nanospheres can be
obtained with the aid of interfacial nanoparticle self-
assembly.'®® More specifically, Au@Ag colloidal particles ca.
40 nm in diameter were assembled into monolayer arrays at
water—oil interfaces which could be transferred onto the surface
of silicon wafers and finally onto the surface of adhesive tape,
as shown in Fig. 5A. Since the interfacial self-assembly gener-
ated densely packed and uniform nanoparticle arrays which

1522 | J Mater. Chem. C, 2021, 9, 11517-11552
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Fig. 5 (A) Schematic illustrations of the self-assembly and substrate

transfer process for the fabrication of SERS tapes carrying a 2D layer of
densely packed Au@Ag nanospheres. Inset shows a SEM image of the 2D
nanoparticle array on the surface of the SERS tape; (B) SERS spectra of
different amounts of thiram residue extracted from apple peels obtained
using SERS tape; (C) bar chart showing the SERS signal intensity of the
1581 cm ™ vibration band from 4-mercaptobenzoic acid acquired from 48
random sites on 5 different batches of SERS tape. Reproduced with
permission from ref. 100, copyright 2021 Elsevier Ltd.

were retained throughout the fabrication process, this allowed
the production of SERS tapes with excellent plasmonic activity,
uniformity and reproducibility. As shown in Fig. 5B, the limit of
detection for thiram on the surface of apples, tomatoes and
cucumbers were determined to be 5 ng cm ™2, which exceeded
the permissive maximum residue limits set by China, European
Union and USA. Impressively, by using 4-mercaptobenzoic acid
as the probe molecules, the RSD of the signal intensity collected
on 48 randomly selected spots from 5 batches of the product
SERS tape were measured to be as low as 11.57%, as shown in
Fig. 5C.

Li, Fodjo et al. demonstrated a scalable screening printing
technique to produce SERS swabs composed of uniformly
deposited citrate-reduced Ag nanoparticles and graphene oxide
on cellulose paper, which exhibited excellent SERS signal
uniformity.'®* Using 4-aminothiophenol as the probe analyte,
the RSD of the SERS signals acquired from 20 random sites on
the swabs were 3.2%. Using the screen-printed SERS swabs the
detection limit of several pesticides including thiram, thiaben-
dazole and metyl parathion on the surface of fruits were
measured to be 0.25 ng cm ™2, 28 ng cm ™2, and 7.4 ng cm 2,
respectively, which were comparable to the limit of detection
obtained using gas chromatography coupled with mass
spectroscopy.

This journal is © The Royal Society of Chemistry 2021
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2.2 In situ formation of plasmonic nanoparticles

Another widely researched approach to fabricate flexible sub-
strates for SERS analysis on complex surfaces is to form
plasmonic nanoparticles on flexible substrates in situ. The most
straightforward way to generate plasmonic nanostructures on
substrate materials in situ is through physical vapour deposi-
tion (PVD).'*>'%* Similar to the deposition of preformed col-
loids, PVD allows a wide selection of substrate materials and
convenient control over the total amount of enhancing material
introduced onto the substrate surface but in addition, offers
greatly improved deposition uniformity compared to deposit-
ing preformed colloids. However, this additional advantage
comes at the price of having less control over the morphology
of the deposited particles. As a result, the product plasmonic
materials are typically films of caterpillar like nanostructures,
which are formed from several fused spherical particles, with
inter-caterpillar hot spots that provide only average plasmonic
enhancement. A common approach to regulate the morphology
of the nanostructures produced from PVD to enhance their
plasmonic performance is to use solid substrates which carry
tailored surface morphologies to template the deposition
process.”®'%*1%7 For example, Li et al. reported the synthesis
of flexible and transparent polyethylene terephthalate (PET)
SERS stamps with crossing nanoporous Au structures on their
surfaces for detection of thiram and 4-aminothiophenol on
fruit surfaces, as illustrated in Fig. 6A.'%® To create crossing
nanopatterns on the surface of PET stamps, the surface of the
PET were first covered with a 500 nm thick layer of SiO,. After
this, a layer of inter-crossing carbon nanotubes (CNT) was
deposited on the surface of the SiO,. Chemical etching of the
CNT covered SiO, surface led to the exposed parts of the SiO,
being etched away, which resulted in the formation of inter-
crossing nano-passageways on the SiO, surface. Finally, the
CNT layer was removed via sonication and the PET films
carrying the etched SiO, surface layer were coated with Au
nanoparticles through PVD. Impressively, by using crystal violet
as the model analyte the authors showed that the introduction
of micropatterns improved the SERS signals obtained from Au
PET films by several orders of magnitudes. Moreover, the RSD
of the SERS signals of 4-aminothiophenol measured from a
total of 81 spots spread over a 2.5 x 2.5 mm” area was as low as
9.6%, which showed the excellent uniformity of the product
films. As shown in Fig. 6B and C, the Au PET films could be
pressed directly onto the surface of a tomato sprayed with
crystal violet to detect the dye down to 2.9 ng cm ™2,

Although templated PVD allows highly plasmonically active
nanostructures to be formed on the surface of flexible sub-
strates in situ with excellent reproducibility and uniformity, the
process is generally sophisticated and expensive. An alternative
method to generate more plasmonically active nanomaterials
on the surface of flexible substrates is to grow the nanoparticles
in situ. This method typically involves in situ chemical
reduction of noble metal precursors physically dispersed in a
flexible and adsorptive matrix, such as paper or textile.'***?
For example, Ge et al. reported a large-scale synthesis of flexible
cotton SERS wipes for trace analysis of surface residues.'*®

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (A) Schematic illustrations of the fabrication of PET SERS stamps
with super-aligned CNTs as the template; (B) photograph of a PET SERS
stamp pressed on the surface of a tomato during SERS analysis. Inset
shows the photograph of a bent piece of PET SERS stamp demonstrating
the flexibility of the substrate. SEM image of the plasmonic nanostructure
on the surface of the PET SERS stamp; (C) SERS spectra of different
amounts of crystal violet residue on the surface of tomatoes obtained
with PET SERS stamps. The two spectra at the bottom correspond to the
Raman spectra of the bare tomato and the tomato sprayed with 10~ M of
crystal violet solution. Adapted with permission from ref. 108, copyright
2018. The Royal Society of Chemistry.

The cotton SERS wipes were produced by dipping cotton sheets
in AgNO; solution and then in a solution of ascorbic acid
reducing agent, which led to the formation of Ag nanoparticles
on the surface of the cotton fibers. The authors showed that the
average size and density of the product Ag nanoparticles could
be controlled by simply altering the concentration of the metal
precursor solution. The optimal concentration led to the for-
mation of a dense layer of Ag nanoparticles with diameters
ranging between 40 to 80 nm which allowed two common SERS
analytes, p-aminothiophenol and rhodamine 6G to be detected
down to 10~ M and 10~ ° M, respectively. However, due to the
large size distribution of the Ag nanoparticles, the RSD of the
SERS signals of p-aminothiophenol measured from 10 random
spots on the substrate was only acceptable, at ca. 20%.

In the quest for improved signal uniformity and plasmonic
activity, a number of approaches which combine several of the
methods discussed above have been developed.®®''*"'” For
example, Jiang, Wei et al. developed a flexible polydimethylsi-
loxane (PDMS) substrate carrying a surface-layer of plasmonic
tentacles for multiphase SERS analysis which included the
detection of pesticide residues on food surfaces.''® As shown
in Fig. 7A, the PDMS enhancing substrates were fabricated by a
multistep procedure. More specifically, flexible PDMS films
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Fig. 7 (A) Schematic illustrations of the fabrication of flexible PDMS films carrying a surface-layer of plasmonic tentacles. Inset shows SEM images of the

tentacle structures on the surface of the films at different stages of the fabrication process; (B) SERS spectra of different amounts of methyl parathion
(MP) residue on the surface of tomatoes detected with the PDMS films. The inset shows the PDMS film pressed on the surface of a tomato sample during
SERS analysis; (C) SERS signal intensity of methyl parathion (represented using the 1345 cm™* vibration band), and the relative intensity ratio between
methyl parathion and PDMS (represented using the 2905 cm™* vibration band) plotted against the log concentration of methyl parathion, respectively.

Adapted with permission from ref. 118, copyright 2020 Elsevier Ltd.

produced by spin-coating were treated with oxygen plasma and
then 3-aminopropyltriethoxysilane solution to introduce posi-
tively charged surface-groups. Immersing the positively
charged PDMS films in a colloidal solution of negatively
charged citrate-reduced Au nanoparticles led to the assembly
of a uniform monolayer of Au nanoparticles on the surface of
the substrate. These Au nanoparticles acted as seeds which
allowed a forest of Au nanowires to be formed through in situ
chemical reduction in a growth solution containing 3-
mercaptobenzoic acid growth directing agent, HAuCl, metal
precursor and r-ascorbic acid reducing agent. Finally, Ag nano-
particles were coated onto the surface of the Au nanowires

1524 | J Mater. Chem. C, 2021, 9, 11517-11552

through PVD to further improve the plasmonic activity of the
product films. The enhancing properties of the PDMS films
were tested using 4-nitrothiophenol as the model analyte, and
the limit of detection for 4-nitrophenol adsorbed from 50 pL of
sample solution was determined to be ca. 10~ ** M. Moreover,
the RSD of the SERS signals of 4-nitrophenol collected from 676
spots within a 500 x 500 um? area was 5.38%, which showed
that the PDMS films were highly plasmonically active and
uniform. As shown in Fig. 7B and C, the PDMS films were
pressed directly onto the surface of tomatoes sprayed with
methyl parathion solution to quantitatively detect the pesticide
from 1 to 10" ® mg mL .

This journal is © The Royal Society of Chemistry 2021
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2.3 One-pot formation of flexible and plasmonic films

Although methods which combine colloidal deposition and
in situ nanoparticle formation allow highly active and uniform
layers of plasmonic materials to be formed on flexible sub-
strates, their widespread application is limited by the high
complexity of the fabrication procedures. An emerging strategy
which allows flexible SERS substrates with uniform and active
enhancing layers to be conveniently produced is the self-
assembly of nanoparticles at water-oil interfaces."*>"*° For
two immiscible fluids, their interaction at the interface is
purely repulsive. Therefore, mixing an aqueous colloid with
an immiscible oil creates a high-energy interface where solid
nanoparticles are driven to minimize the interfacial area and,
in turn, reduce interfacial energy."*® It is worth noting that
quite often plasmonic colloidal nanoparticles are protected by
charged capping ligands, which provide interparticle electro-
static repulsion that prevents the formation of tightly packed
plasmonic arrays.”® However, this issue can be overcome
through the addition of small amounts of chemical compounds
to screen or remove the electrostatic charge on the surface of
the nanoparticles.>>"*° Importantly, the nature of this process
means that the self-assembly approach can be generally applied
to produce densely packed 2-dimensional arrays from various
types of plasmonic nanoparticles despite their morphology and
surface chemistry which can then be conveniently transferred
onto the surface of flexible substrates.'°>***'?* Moreover, the
fluid phases can act as the media to introduce polymeric
materials which allows the soft liquid-based nanoparticle
arrays to be transformed into flexible enhancing substrates
for SERS through in situ film formation.'**** For example,
Chin et al. showed that Ag nanocubes can be induced to self-
assembled at the water-cyclohexane interface with ethanol to
form a densely packed monolayer film.'** Subsequently, part of
the cyclohexane phase was replaced with equivalent amounts of
PDMS/cyclohexane solution and the entire solution was cured
at 65 °C for 2 hours to allow evaporation of the cyclohexane.
This led to the formation of a flexible PDMS film, which could
be directly handled with a tweezer, with a densely packed
monolayer of nanocubes anchored on the surface. By immer-
sing the Ag nanocube@PDMS films in a solution of 4-
aminothiophenol, the limit of detection for the model analyte
was determined to be 10~7 M and the RSD calculated from the
SERS signals collected from 25 randomly selected points on a
film was 11.69%. To demonstrate their feasibility as a flexible
substrate for SERS analysis of surface-residues, the Ag nanocu-
be@PDMS films were applied for the detection of crystal violet
spiked on the surface of fish, which allowed the dye to be
detected down to ca. 10~ ° M.

Similarly, we have shown that densely packed 2-dimensional
arrays of plasmonic nanoparticles can be formed at the inter-
face between water and dichloromethane and further converted
into flexible polystyrene-based films through evaporation
induced polymer deposition."”® However, different from con-
ventional methods, which introduce the polymer solution post-
nanoparticle self-assembly, we showed that the polystyrene/
DCM solution can be used directly as the oil phase for the
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Fig. 8 (A) Schematic illustrations of the one-pot fabrication process of
surface-exposed nanoparticle sheets (SENSs). The photograph shows a
typical piece of Au SENS; (B) spectra set showing the Raman spectrum
obtained directly from a sample of crystal violet crystals, the SERS spec-
trum obtained in situ by pressing a piece of SENS onto the crystal violet
sample and the SERS spectrum obtained ex situ from the SENS after it was
peeled off the crystal violet sample. Inset shows the schematic illustration
of analyte crystals being physically pressured into the plasmonic hot spots
in SENSs, and an optical image of the crystal violet sample from the Raman
microscope; (C) spectra set showing the application of SENSs for deter-
mining the order of crossing ink lines. Spectra (i—iv) correspond to the
Raman spectrum of blue ink, blue ink on top of green ink, green ink, green
ink on top of blue ink, respectively. Spectra v-viii correspond to the SERS
spectra of blue ink, blue ink on top of green ink, green ink, green ink on top
of blue ink, respectively, obtained by pressing a piece of SENS onto the
same sample. Inset show photographs of the sample. Panel (A) adapted
with permission from ref. 126, copyright 2017 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. Panel (B and C) adapted with permission from ref.
69, copyright 2018 Elsevier Ltd.

formation of densely packed 2-dimensional nanoparticle
arrays, as shown in Fig. 8A. Moreover, since dichloromethane
is highly volatile even at room-temperature, this allowed large
sheets of flexible polystyrene films with a densely packed
monolayer of plasmonic nanoparticles anchored on the surface
(termed surface-exposed nanoparticle sheets, SENSs) to be
produced at room-temperature within minutes. By using thio-
phenol as the model test analyte, the RSD measured from a
total of 20 randomly selected points on two different pieces of
SENSs were measured to be as low as 8%, which showed the
high reproducibility and uniformity of the product films."*”
Since the enhancing hot spots in the SENSs are not only
exposed and physically accessible but also firmly anchored
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onto a robust and flexible plastic substrate, this allowed various
solid crystals of nonadsorbing analyte molecules to be pressed
physically into the enhancing hot spots in SENSs to generate
intense SERS signals for solvent-free analysis (Fig. 8B).®® Using
deposited crystals of crystal violet, adenine, trinitrotoluene
(TNT) and 3,4-methylenedioxymethamphetamine (MDMA, also
known as ‘“‘ecstasy”’) as the model analytes, the limits of
detection were determined to be ca. 0.002 ng, 4 ng, 0.129 ng
and 0.102 ng, respectively. Moreover, the exposed hot spots in
SENSs also allowed direct SERS analysis of layered samples,
such as crossing ink lines. Determining the order of crossing
ink lines is a significant and long-standing problem in forensic
analysis, in particular the identification of altered documents.
As shown in Fig. 8C, when normal Raman measurements were
performed on dried crossing blue and green ink lines drawn on
polystyrene cardboard, the signals from different ink lines did

View Article Online
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not give sufficient discrimination and were dominated by
fluorescence and the Raman signals of the polystyrene card-
board. Conversely, pressing a piece of SENS onto the surface of
the same sample enabled intense and distinct SERS signals to
be generated from the two ink lines. Moreover, the SERS signals
collected at crossing points were identical to the SERS signals of
the ink in the uppermost line, which allowed the order of ink
lines to be rapidly and confidently determined without dama-
ging the sample. It is worth noting that before this, the analysis
of surface-residue with flexible SERS substrates relied on sol-
vents as well as strong chemical interactions between the
analyte and enhancing metal to promote analyte adsorption
into the enhancing hot spots, which had limited the analysis to
a small subset of adsorbing analyte molecules distributed on
solvent-inert surfaces. Therefore, the ability to carry out solvent-
free SERS with SENSs significantly expands the applicability of

Table 1 Additional examples of flexible SERS substrates for analysis of surface residue on real-life samples

Substrate

Synthesis

Uniformity (RSD)

Sampling

Sample & LOD

Ag nano-triangles deco-
rated cotton fabric”®
Ag colloidal aggregates
decorated cotton
swab®

Au@Ag nanorods
PDMS paper substrate®’
Lotus seedpod like Ag
heterogeneous arrays'®”

Ag NPs decorated poly-
urethane sponge'®

Ag@Au NPs polyimide
film"*°

Ag & Au NPs decorated
PDMS nanotentacle
arrays®®

Ag NPs@Ag NWs
embedded in PDMS**”

Au nanobush PDMS
film*'”

Au NPs decorated
micro-hemisphere
array PDMS film'*!

Au NPs poly-
vinylchloride film'*?

Colloid deposition

Colloid deposition

Self-assembly +
colloid deposition
In situ growth

In situ growth

In situ growth

Colloid deposition +
in situ growth

Colloid deposition +
in situ growth

Colloid deposition +
in situ growth

Self-assembly + colloid
deposition

One-pot self-assembly

12.9-17% (10 points on
one substrate)

7.43% (21 points on
one substrate)

12.6% (400 points in
1 mm?)

10.3-13.8% (Raman
mapping over 4900
pum?, number of sam-
pling points
unspecified)

4.49% (20 points on
one substrate)

8.7% (30 points on one
substrate)

5.8% (30 points on five
substrates)

4.22% (10 points on
one substrate)

5.56% (15 points on
one substrate)

4.89% (50 points on
one substrate)

10.24% (Raman map-
ping over 1600 um?,
number of sampling
points unspecified)

Swab wet sample for
ex situ analysis
Swab dry sample for
ex situ analysis

Swab wet sample for
ex situ analysis
Press dry sample for
in situ analysis

Swab dry sample for
ex situ analysis

Press on and peel from
wet sample for ex situ
analysis

Press on and peel from
wet sample for ex situ
analysis

Press on and peel from
wet sample for ex situ
analysis

Press or swab wet sam-
ple for in situ or ex situ
analysis

Press on and peel from
wet sample for ex situ
analysis

Press on wet sample for
in situ analysis

Abbreviations: limit of detection (LOD); polydimethylsiloxane (PDMS); nanoparticle (NP); nanowire (NW).
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Unspecified volume of 107> M
carbaryl on apples

1 ng ecm > thiabendazole or
thiram on bitter gourds

Unspecified volume of 0.5
ppm thiram on orange

10 pL of 10~ *° M thiram on
apple surface

0.13 ng (ClO,7), 0.13 ng
(ClO;7) and 0.11 ng (NO3; ") on
aluminum foil

10 ng em~? thiram apple

Thiram (ng em™?): 1.6 on
apple; 10 on cucumber; 10 on
grape.

Methyl parathion (ng cm?):
25 on apple; 60 on cucumber;
40 on grape.

Malachite green (ng cm™>): 0.4
on apple; 8 on cucumber; 1.6
on grape.

0.19 ng cm ™2 thiram on leaf;
0.58 ng cm > malachite green
on live fish

20 pL analyte solution on
cherry.

Thiabendazole: 0.64 ng mL™*
in situ; 3.7 ng mL™" ex situ.
Carbaryl: 0.77 ng mL™" in situ;
5.8 ng mL " ex situ

Sample soaked in 2 mL analyte
solution and then dried.
107" M malachite green on
fish; 10”7 M carbendazol or
parathion on tomatoes

10 ng cm ™2 thiram on apple

This journal is © The Royal Society of Chemistry 2021
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flexible SERS substrates for chemical analysis of surface
residues.

In summary, this section introduced the three main strate-
gies for constructing flexible SERS substrates for SERS analysis
of surface residues. Additional examples from recent literature
for each of the aforementioned strategies are summarized in
Table 1. In general, the deposition of preformed plasmonic
nanoparticles allows the morphology of the plasmonic compo-
nents to be conveniently adjusted which paves the way for
producing flexible SERS substrates with excellent plasmonic
properties. Conversely, in situ formation of plasmonic nano-
materials generates plasmonic films with excellent uniformity
but are typically less plasmonically active. While the plasmonic
activity of the films formed through in situ particle growth can
be increased by templating the surface of the substrate material
or by growing larger enhancing particles, this normally comes
at the price of higher production cost and/or lower substrate
uniformity. In this regard, interfacial self-assembly stands out
particularly since it produces uniform enhancing surfaces and
allows the full range of colloidal nanomaterials to be utilized.

3. Separation-enhancement-in-one
SERS substrates for direct analysis of
samples in complex matrices

In real-life samples the target analyte is often dispersed within
a matrix, most commonly a solvent, with complex chemical
and/or physical environments, which interferes with SERS
analysis. For example, chemical compounds, such as protein
macromolecules in bio-samples, can interfere with SERS ana-
lysis by chemically competing with analyte molecules for the
enhancing surfaces,"”® while the high ionic concentration of
sea water samples can interfere with SERS analysis by disrupt-
ing the electric double layers that stabilizes colloidal SERS
substrates.'*® Alternatively, particulates, such as sediments in
food samples or sand in river water samples, can interfere with
SERS analysis by physically blocking the probe laser and/or the
scattered Raman light."*® As discussed above, conventional
approaches to analyse samples dispersed in complex matrices
typically involves multiple sample clean-up steps using chro-
matography and/or centrifugation, which are expensive and
non-applicable in field. Within this context, a variety of enhan-
cing substrates, which have incorporated mechanisms that
allow the Raman signals of analyte molecules to be selectively
enhanced, have been developed to enable direct and sensitive
analysis of complex real-life samples. These enhancing sub-
strates are typically hybrid materials which include noble metal
nanoparticles that provide SERS enhancement and additional
functional materials that separate the analyte molecule from
the complex sample matrix.*>***"** Depending on the compo-
nents within the sample mixture the main strategies used for
analyte separation are based on polarity differences, intermo-
lecular interactions, size exclusion, wettability, magnetism or a
combination of the several of the above, which are summarized
using typical examples in this section.

This journal is © The Royal Society of Chemistry 2021
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3.1 Magnetism and wettability-based separation

Quite often in SERS analysis, particularly in environmental
analysis, the target analyte is dispersed in an aqueous solution
with both organic and inorganic macro-particulates which
physically interfere with SERS analysis. To analyse these sam-
ples without performing tedious sample pre-treatment, mag-
netic SERS substrates can be dispersed into and then
conveniently extracted from sample solutions using magnetic
force. For example, a number of research groups have designed
hybrid colloidal nanomaterials composed of magnetic nano-
particles and plasmonic noble metal nanoparticles to enable
SERS detection of a variety of important analytes dispersed in a
range of physically challenging samples, such as honey and
hair dye.’**™ To further improve the practicality of the
magnetic SERS substrates, we have recently shown a facile
one-pot method to generate powders of micro-polymer
particles embedded with magnetic nanoparticles and externally
covered in a layer of enhancing noble metal nanoparticles,
termed nano-micro-particles (NMPs)."*® As shown in Fig. 94, in
a typical synthesis, aqueous colloid containing poly
(vinylpolypyrrolidone) (PVP) capped Au/Ag nanoparticles was
shaken with polystyrene/dichloromethane solution containing
micromolar concentrations of promoter ions and magnetic
nanoparticles. This led to the formation of oil-in-water Picker-
ing emulsions with a densely packed layer of plasmonic nano-
particles on the surface. Further evaporation of the
dichloromethane led to the formation of a solid polystyrene
micro-particle core with the magnetic nanoparticles embedded
inside and a layer of plasmonically active nanoparticles
anchored on the surface. Importantly, the product NMPs can
be dried to form free-flowing powders for easy-storage and
direct handling. In use, a single magnetic NMP particle can
be placed into the sample solution to capture and enrich
analyte molecules and then extracted using magnetic force.
Using this method, crystal violet could be quantitatively
detected down to 5 x 1077 M in clear river water (Fig. 9B)
and 10~° M in muddy river water, which were several orders of
magnitudes better than the limits of detection achieved by
conventional aggregated colloids.

Another type of challenging sample commonly encountered
within environmental analysis is inhomogeneous solutions of
water—-oil mixtures. These samples can be probed directly
with superhydrophobic SERS substrates, which separate the
water and oil phases so that they can be analysed
independently."**"'*> More specifically, water and oil mixtures
can be effectively separated based on wettability differences
using adsorptive materials, such as paper, sponge or textile,
which have been rendered superhydrophobic so that they
selectively adsorb the oil but not the water to achieve sample
separation. For example, Jung, Lee, Kim et al. designed a
plasmonic and hydrophobic sponge as a reusable SERS sub-
strate for simultaneous separation and detection of organic
pollutants in water."*®> The plasmonic and hydrophobic
sponges were fabricated by simply dip coating melamine
sponges in colloidal solutions of Ag nanowires and hexagonal
boron nitride nanoparticles, sequentially, which led to the
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Fig. 9 (A) Schematic illustrations of the fabrication of magnetic nano-micro-particles (NMPs). Photograph of Au Pickering emulsions and the product

magnetic Au NMPs; (B) SERS spectra of river water samples spiked with varying concentrations of crystal violet, each measured using a single magnetic
Au NMP. Inset shows the liner relationship between the SERS intensity of the starred crystal violet vibration band and the concentration of crystal violet;
(C) photograph showing the contact angle of a water droplet sitting on the surface of a hydrophobic sponge. Photograph showing the hydrophobic
sponge selectively adsorbing a droplet of toluene spiked with Sudan Il but not adsorbing a water droplet. SEM image of a fibre coated with Ag nanowires
and hexagonal boron nitride nanoparticles in a hydrophobic sponge sample. Photograph set showing the separation of stained toluene from water using
a hydrophobic sponge; (D) spectra set demonstrating the simultaneous separation and detection of organic oils in river water using hydrophobic
sponges. Panel (A and B) adapted with permission from ref. 138, copyright 2019 Elsevier Ltd. Panel (C and D) adapted with permission from ref. 143,

copyright 2019 The Royal Society of Chemistry.

adsorption of plasmonic Ag nanowires and hydrophobic hex-
agonal boron nitride nanoparticles on the surface of the sponge
fibres. As shown in Fig. 9C and D, this enabled the plasmonic
and hydrophobic sponges to selectively attract and adsorb
organic solvents mixed within water, which allowed a variety
of organic solvents including benzene, toluene, ethylbenzene
and xylene to be identified at hundreds-of-ppm levels in river
and sea water samples within several seconds using a portable
Raman spectrometer.

3.2 Polarity-based separation

A simple and reproducible method that can be used in-field
with no specialist equipment to extract and enrich hydrophobic
dipolar molecules from complex aqueous samples is liquid-
liquid extraction.**"*® For example, Liu, Tan et al. showed that
simply shaking fruit juice spiked with thiabendazole with
chloroform allowed rapid extraction of the dipolar pesticide
from the juice sample into chloroform."*” As shown in Fig. 104,
the separated thiabendazole chloroform solution could be used
directly as the oil phased for nanoparticle self-assembly by
mixing and shaking it with a colloidal solution of Au nanorods
(see Section 2.3 for detail mechanism). This led to the for-
mation of a densely packed and highly plasmonically active 2-
dimensional array of Au nanorods at the water-oil interface

1528 | J Mater. Chem. C, 2021, 9, 11517-11552

which allowed thiabenzadole in fresh juice to be quantitatively
detected from 10* to 1 ppm. Importantly, the authors demon-
strated that the whole process could be completed within 10
minutes using a portable Raman spectrometer which showed
the high practicality of the approach. Similarly, Tian, Yang, Li
et al. showed that n-butanol can be used to extract creatinine,
which is a key biomarker for kidney disease, from artificial
8 The separated creatinine m-butanol solution can be
mixed with an aqueous solution of aggregated Au nanoparticles
which allowed the SERS signals of creatinine in artificial urine
samples to be quantitatively detected between 10 mg L™ " to
260 mg L " with excellent reproducibility. Importantly, this
approach was faster and more sensitive than the analytical
technique currently employed by hospitals, which demon-
strated the practicality of this novel SERS platform.

Although convenient, liquid-liquid extraction requires the
polarity of the target analyte to be highly distinct from the
contaminant molecules. For more chemically challenging sam-
ples, simultaneous separation and analysis of each of the
individual chemical components can be achieved using thin
layer chromatography (TLC)-based SERS approaches. The most
straightforward method to couple TLC with SERS is to deposit
colloidal nanoparticles directly onto the separated sample
spots on the TLC plate. This method has been demonstrated
useful for quantitative SERS detection of a variety of analytes,

urine.
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Fig. 10

(A) Schematic illustrations of the experimental set-up used for SERS analysis with plasmonic interfacial arrays. Spectra set showing the SERS signals of

thiabendazole dissolved at different concentrations in the oil phase obtained using the interfacial nanoparticle arrays as the enhancing material; (B) schematic
illustrations of the separation and detection of complex samples using TLC-SERS substrate; (C) transmission electron microscopy (TEM) images of MIL-101
MOF nanoparticles with Au nanoparticles embedded within; (D) SERS spectra set and schematic illustrations showing the separation and detection of FOS and
ENL in invisible and overlapping sample points using TLC-SERS; (E) schematic illustrations of the fabrication of fork paper substrates and its sampling process;
(F) photograph of a pure paper and a paper substrate coated with Au@Ag nanoparticles used for chromatographic separation of fluorescence and crystal violet.
TEM image of the Au@Ag nanoparticles; (G) SERS spectra obtained from the tips and middle of the paper strip after chromatographic separation. Panel (A)
adapted with permission from ref. 147, copyright 2018 Springer Nature Limited. Panel (B—D) adapted with permission from ref. 156, copyright 2018 Elsevier Ltd.
Panel (E-G) adapted with permission from ref. 163, copyright 2021 The Royal Society of Chemistry.

including aflatoxins, pesticides and herbal extracts, dispersed
within a wide range of complex real-life samples, including
paint, cooking oils and mouldy food.**”*** However, colloidal
deposition is a dynamic process, which leads to time-
dependent SERS responses, and the product deposits are gen-
erally non-uniform, which results in irreproducible
measurements."”>'*® Moreover, successful deposition of the
enhancing colloid onto the sample requires knowledge of the
positions of the separated sample spots on the TLC board. This
makes analysing overlapping or invisible sample spots, which
is a commonly occurring phenomenon in TLC separation,
extremely challenging using simple colloidal deposition. To
tackle this issue and further improve the practicality and
sensitivity of TLC-SERS methods, multifunctional SERS sub-
strates, which combine TLC and Raman enhancement in-one
have been developed.®>**”'>® For example, Lu, Li et al. devel-
oped a TLC-SERS-in-one substrate which contained a mixture of
SiO, microparticles and MIL-101 metal-organic framework
(MOF) microparticles incorporated with Au nanoparticles, as

This journal is © The Royal Society of Chemistry 2021

shown in Fig. 10B and C.'®® In use, the SiO, microparticles
acted as the solid phase for TLC while the Au-modified MOF
microparticles provided Raman enhancement. Using rhoda-
mine 6G as the model analyte, the authors showed through
contrast experiments that the TLC-SERS-in-one substrate
allowed faster sampling and stronger SERS signals to be
obtained compared to the conventional approach of depositing
colloidal nanoparticles onto commercial TLC plates. The
improved functionality of the multifunctional substrate was
attributed to the difference between the physical arrangement
of the Au enhancing nanoparticles dispersed within MOFs and
deposited directly from colloids. To demonstrate the advantage
of the TLC-SERS-in-one substrate over the conventional method
of depositing colloids on TLC plates, direct SERS analysis of
chemical compounds in botanical dietary supplements were
performed. It was shown that performing Raman scanning across
the surface of the TLC-SERS-in-one substrate allowed fosinopril
sodium and enalaprilat, which generated overlapping and invisi-
ble sample spots, to be successfully identified (Fig. 10D).
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In addition to TLC plates, paper has also been demonstrated
as an effective substrate for separating complex samples for
SERS analysis.'***®? For example, Man, Leng et al. designed a
fork-shaped paper substrate functionalized with Au@Ag rasp-
berry nanoparticles for separation and SERS detection of mix-
tures of charged dyes.'® The fabrication and application of the
substrate is illustrated in Fig. 10E. The fork paper substrates
were functionalized with raspberry-like Au@Ag nanoparticles,
as shown in Fig. 10E and F, through multiple steps of in situ
chemical growth. Importantly, the tips of the fork paper substrates
were functionalized with positively-charged poly(allylamine hydro-
chloride) and negatively charged poly(styrenesulfonate), respec-
tively, which allowed mixtures of oppositely charged dyes to be
separated and concentrated onto different fork tips for SERS
analysis, as shown in Fig. 10F and G. The practicality of the fork
paper substrate was demonstrated through the analysis of mala-
chite green in fishpond water with fluorescein as the contaminant.
Impressively, it was shown that nearly all the malachite green could
be separated from the sample mixture and concentrated onto the
tip of the substrate, which allowed its detection down to 1 pM
concentration.
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3.3 Intermolecular interactions-based separation

The separation of chemical compounds within complex sample
matrices can also be achieved by modifying the surface of the
enhancing nanomaterials with a thin layer of functional
materials.”*™** More specifically, these functional materials
enable the separation of the analyte molecules from the bulk
sample and localize them near the enhancing surface through
intermolecular interactions, such as electrostatic, hydrophobic,
hydrogen bonding, n-m, van der Waals or a combination of
several of the above. Arguably, the most widely employed class
of functional material for surface modification of SERS enhan-
cing substrates is the self-assembled monolayer (SAM) of small
organic molecules.'®™'%¢ For example, Ling et al. designed a
“SERS taster” for profiling wine flavours by harnessing vibra-
tional information of the intermolecular interactions between
flavour molecules and SAMs of organic chemical receptor
molecules functionalized on the surface of plasmonically active
Ag nanocube films, as illustrated in Fig. 11A."®” Fig. 11B shows
the four different types of chemical receptors used for the
analysis. Apart from the bare Ag nanoparticle receptor which
provided SERS information by interacting directly with the
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(B) schematic illustrations of the different types of intermolecular

interactions between different receptors and the same flavour molecule; (C) spectra set showing the spectral changes induced by intermolecular
interactions between different receptors and the flavour molecule 3-mercaptohexyl acetate; (D) schematic illustrations of the working principles of the
SERS lateral flow assay platform. Photograph demonstrating the magnetic properties of the SERS active magnetic nanoparticles. SEM image of a typical
batch of the SERS active magnetic nanoparticles. The scale bar in the SEM image corresponds to 250 nm; (E) photographs of the lateral flow assay SERS
platform treated with samples, which contained (1) 10° pfu per mL of HAdV and 10° pfu per mL of HIN1, (2) O pfu per mL of HAdV and 10° pfu per mL of
HINZ, (3) 0 pfu per mL of HAdV and 0 pfu per mL of HIN1, (4) 10° pfu per mL of HAdV and O pfu per mL of HIN1, respectively. Spectra sets showing the
corresponding SERS signals obtained from each paper strip. Panels (A—C) adapted with permission from ref. 167, copyright 2021 American Chemical
Society. Panel (D and E) adapted with permission from ref. 175, copyright 2019 American Chemical Society.
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flavour molecule, the other receptors were small molecules,
which identified flavour molecules through intermolecular
interactions that generated spectral changes. Importantly, each
receptor was carefully designed so that they interacted with a
different functional moiety of the same flavour molecule
through a different type of intermolecular interaction. There-
fore, combining the spectral changes generated by the same
flavour molecule on different receptors allowed a complete
chemical profile, termed “SERS superprofile”, of the analyte
to be obtained, as shown in Fig. 11A and C. Finally, the authors
showed that the SERS superprofiles can be analysed using
principle-component analysis (PCA), which allowed quantita-
tive multiplex profiling of five different wine flavour molecules
to be achieved at parts-per-million levels with >95% accuracy.

The surface of SERS enhancing nanomaterials can also be
functionalized with a self-assembled monolayer of bio-
molecules, in particular aptamers and antibodies, which selec-
tively capture target analytes mixed within complex
samples.'®**”* To introduce the sample and facilitate target
recognition the functionalized enhancing particles are typically
used in combination with carefully designed paper substrates
to form separation-enhancement-in-one lateral flow assay
platforms."**'7>"7* For example, Wang and Wang et al
designed a lateral flow assay platform which utilized SERS
active magnetic nanoparticles for rapid simultaneous detection
of two respiratory viruses, influenza A (H1N1) and human
adenovirus (HAdV), in real biological samples, as illustrated
in Fig. 11D."”” The enhancing nanoparticles were prepared
through a multistep process to incorporate magnetic, plasmo-
nic and target recognition functionalities. More specifically, a
solvothermal reaction was used to prepare magnetic Fe;O,
nanoparticles ca. 120 nm in diameter. The surface of the
Fe;O, nanoparticles were modified with positively charged
polyethyleneimine (PEI) to attract negatively charged Au nano-
particles ca. 3 nm in diameter. This led to the formation of
Fe;0,@Au core-shell satellites, which were treated with 5,5-
dithiobis-(2-nitrobenzoic acid) (DTNB) to modify the surface of
the Au nanoparticles with DTNB SERS tags. After this a con-
tinuous Ag shell was formed on the outside of the Fe;O,@Au
satellite particles through in situ chemical reduction to produce
Fe;0,@Au@Ag nanoparticles with an encapsulated SAM of
DTNB. Finally, the surface of the Fe;0,@Au@Ag nanoparticles
was modified with a mixed layer of DTNB and capture anti-
bodies to produce magnetic SERS tags that bound selectively to
matching viruses within bio-samples. In use, the magnetic
SERS tags were dispersed directly into biofluids to capture
H1N1 and HAdV viruses. After the magnetic SERS tags com-
plexed with viruses, they were magnetically separated from the
bulk sample to form the final sample solution. Applying
the final sample solution to the sample pad on one end of
the paper substrate allowed the magnetic SERS tags complexed
with viruses to be carried to different test lines on the paper
substrate by lateral flow. Since the test lines were functiona-
lized with antibodies which bound specifically to a matching
virus or antibody, this allowed the bare magnetic SERS tags and
SERS tags complexed with HIN1 or HAdV to be selectively

This journal is © The Royal Society of Chemistry 2021
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captured on different test lines for SERS analysis. The concen-
tration of each of the viruses could be indirectly determined by
measuring the SERS signal intensity of the DTNB tags on the
corresponding test lines, as shown in Fig. 11E. This allowed
H1N1 and HAdV to be quantitatively detected down to 50 and
10 pfu per mL, respectively, which were more than 2000x more
sensitive than standard lateral flow assays based on simple
colloidal Au nanoparticles.

In addition to molecular monolayers the enhancing surface
can also be functionalized with thin layers of molecularly
imprinted polymers (MIPs) to facilitate target capture within
complex sample matrices.'*>'”*'”” MIPs are often described as
the synthetic analogues to antibody-antigen systems, since they
function through a similar “lock and key” mechanism to
selectively capture the template molecule used during MIP
production, as illustrated in Fig. 12A."”® For example, Liu, Yang
et al. designed a MIP-based magnetic SERS substrate for highly
selective quantitative SERS analysis of paclobutrazol pesticide
residues in complex environments.”® As shown in Fig. 12B, the
SERS substrates were fabricated by assembling a uniform layer
of Au@Ag nanoparticles with 12 nm interparticle spacing on
the surface of Fe;0,@SiO, microparticles, which were then
encapsulated within a layer of MIP to form the final (Fe;0,@
SiO,~Au@Ag)@MIP (FSAA@MIP) microparticles. As shown in
the inset of Fig. 12B, transmission microscopy analysis of the
FSAA@MIP microparticles revealed that the MIP was uniformly
coated as a ~15 nm thick shell on the surface of the FSAA
particles. This was significantly thinner compared to other MIP-
based SERS substrates previously reported in literature which
allowed the SERS activity of the noble metal nanoparticles to be
fully retained. In use, the FSAA@MIP microparticles could be
incubated with soil samples spiked with paclobutrazol and
then extracted conveniently with magnetic separation, which
allowed the pesticide to be quantitatively detected down to
1.5 ng. As shown in Fig. 12C, since the MIPs bound selectively
to paclobutrazol, no interference was observed within the
SERS signals even when the soil samples were also spiked with
other organic pollutants including thiram, malachite green and
methylene blue, which typically adsorbed strongly to noble
metal nanomaterials. To demonstrate the versatility of the
FSAA@MIP as a practical SERS substrate, the authors demon-
strated that they could be sprayed directly onto the surface of a
mango or incubated with river water and then collected with
magnetic force to detected paclobutrazol.

Alternatively, polymeric macromolecules, such as oligo
(ethylene glycol) or zwitterionic polymers can also be used to
repel contaminants from the enhancing surface to enable
direct SERS analysis of bio-samples.’”™*8! For example, Jiang,
Yu et al. designed an optofluidic system functionalized with
antifouling mixed SAMs which allowed quantitative SERS ana-
lysis of a variety of clinically relevant molecules in plasma to be
achieved by flowing the drug containing plasma samples
through the SERS enhancing channels, as shown in
Fig. 12D."®> More specifically, the enhancing surface was first
modified with a SAM of mercaptoundecyl bromoisobutyrate
“initiator”’, which were used to graft chains of antifouling

J. Mater. Chem. C, 2021, 9, 11517-11552 | 11531
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Fig. 12 (A) Schematic illustrations of the working principles of molecular imprinted polymers (MIPs); (B) schematic illustration of the preparation of

Fes04@SiO,—Au@Ag (FSAA) MIPs. Inset shows a TEM image of the product FSAA MIPs; (C) SERS spectra set demonstrating the selectivity of the FSAA MIP
sensors. Spectra (i—iv) correspond to the SERS signals of the target analyte paclobutrazol and three contaminants, namely, thiram, malachite green and
methylene blue. Spectrum v corresponds to the SERS signals obtained from a soil sample spiked with all four chemicals; (D) schematic illustrations of the
SERS optofluidic system; (E) schematic illustrations of the different types of mixed self-assembled monolayers functionalized on the surface of the
enhancing material to achieve anti-fouling and target recognition; (F) panel (i) show SERS spectra of Doxorubicin in plasma ultrafiltrate control at
concentrations ranging from 0.05 to 10 mM. The background signals from plasma have been subtracted. Panel (ii) shows the linear region of the
Doxorubicin detection curve generated by plotting the average intensity ratio of the doxorubicin peak at 442 cm™ and plasma peak at 520 cm ™ as a
function of doxorubicin concentration. The error bars stand for standard deviations obtained from three replicates. Panel (i) shows partitioning and
departitioning kinetics of 20 mM Doxorubicin in plasma on the anti-fouling SERS sensor. Panel (A) reproduced with permission from ref. 178, copyright
2017 American Chemical Society. Panel (B and C) adapted with permission from ref. 75, copyright 2020 American Chemical Society. Panel (D-F) adapted

with permission from ref. 182, copyright Springer Nature Limited.

zwitterionic poly(carboxybetaine acrylamide) to form a mixed
monolayer of initiators and zwitterionic polymers, as shown in
Fig. 12E. Using this set-up, it was demonstrated that a strongly
adsorbing anticancer drug, doxorubicin, could be quantita-
tively detected between 0.05 and 2 uM in plasma, which covered
most of its clinically relevant concentration region (Fig. 12F(i
and ii)). Moreover, it was shown that the sensor could be
recovered in 95 seconds by fluxing the doxorubicin-complexed
enhancing surface with pure plasma to facilitate analyte
desorption (Fig. 12F(iii)). To demonstrate the versatility of
this approach, the authors showed that the initiator within
the mixed SAM could be replaced with “attracting molecules”
(such as 3-mercaptopropionic acid and 1-propane-thiol)

r “probing molecules” (such as 4-mercaptobenzoic acid and
4-mercaptophenylboronic acid) to enable SERS detection
of weakly adsorbing drug molecules (such as amitriptyline
hydrochloride and carbamazepine) or indirect SERS detection

1532 | J Mater. Chem. C, 2021, 9, 11517-11552

of bio-analytes with small Raman cross-sections (such as fruc-
tose) in plasma, respectively.

3.4 Size-exclusion-based separation

Another feasible approach to separate small analyte molecules
from micro/macro-contaminants is through size exclusion. For
example, to remove the interference of macro-particulates in
liquid samples, plasmonic nanomaterials can be introduced on
the surface of commercial filtering materials, such as filter
paper, to construct multifunctional SERS substrates that allow
sample filtration and SERS enhancement."**'#3'%% For more
challenging samples, such as bio-fluids which contain poly-
meric protein molecules that compete with the analyte for
enhancing surface, the SERS substrate can be functionalized
with molecular sieves to preclude the micro-sized contami-
nants from the enhancing surface (Fig. 13A)."**"'®” For exam-
ple, Yang et al. showed that colloidal Au nanorods@metal

This journal is © The Royal Society of Chemistry 2021
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Fig. 13 (A) Schematic illustrations of SERS detection performed by drying Au nanorods@MOF (AuNR@ZIF-8) enhancing particles on a slippery surface;
(B) SEM and TEM images of the AUNR@ZIF-8 particles. Inset shows a photograph of the AUNR@ZIF-8 colloid. Optical and SEM images of an aggregate
composed of dried AUNR@ZIF-8 particles and complex blood components on the slippery surface; (C and D) SERS spectra of whole blood and whole
blood spiked with 10 nM of 4-nitrobenzene thiol obtained with AUNRs and AUNR@ZIF-8 particles as the SERS substrates; (E) schematic illustrations of the
working principles of SERS detection using charged microgels incorporated with Au nanoparticle agglomerates. Inset shows an optical microscopy
image of the charged microgels containing Au agglomerates; (F) schematic and photograph showing positively charged microgel suspended in a raw egg
sample spiked with fipronil sulfone. SERS spectra of varying concentrations of fipronil sulfone in eggs measured using charged microgels; (G) schematic
illustrations of the formation process of stable plasmonic aggregates. The photographs show the evolution of the colloid at different stages of the
fabrication process. SEM images of the stable plasmonic aggregates; (H) schematic illustration of proteins being excluded from the interparticle hot spots
due to steric congestion; () SERS spectra of varying concentrations of adenine in artificial serum obtained with stable plasmonic aggregates; (J) the
corresponding calibration curve for adenine concentration versus the SERS signal intensity of the vibration band at 731 cm™. Panel (A-D) adapted with
permission from ref. 188, copyright 2020 American Chemical Society. Panel (E and F) adapted with permission from ref. 189, copyright 2018 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. Panel (G-1) adapted with permission from ref. 39, copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

organic frameworks (MOFs) could be used as the SERS sub- To test the ZIF-8 functionality as a molecular sieve, the
strate for direct detection of small molecules in whole blood."®®  Au@ZIF-8 nanoparticles were dried with 10 pL of an analyte
In their work, a simple wet-synthesis was used to produce Au solution containing a mixture of 4-nitrobenzene thiol,
nanorods@zeolitic imidazolate frameworks-8 (Au@ZIF-8), as 1-naphthalene thiol and rhodamine 6G. Since the aperture size
shown in Fig. 13B. Since the ZIF-8 shell were measured to be of the ZIF-8 were ca. 3.4 A, which were significantly smaller
ca. 143 nm thick, it was found that they prohibited the than the hydrodynamic diameter of rhodamine 6G (10 A), only
formation of SERS hot spots between Au nanorods. Regard- the SERS signals of 4-nitrobenzene thiol and 1-naphthalene
lessly, drying a droplet of the Au@ZIF-8 nanoparticles on a thiol were observed. To demonstrate the practicality of the
slippery polydimethylsiloxane (PDMS) surface allowed suffi- Au@ZIF-8 nanoparticles, they were dried with whole blood
cient enrichment of the enhancing particles, which enabled a spiked with 10 nM of 4-nitrobenzene thiol. As shown in
test analyte, 4-nitrobenzene thiol, to be detected down to 0.1 nM. Fig. 13B-D, the SERS signals acquired from Au@ZIF-8

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. C, 2021, 9, 11517-11552 | 11533
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nanoparticles only contained the vibrational bands of 4-
nitrobenzene thiol while strong interference signals were
observed in contrast experiments performed with plain Au
nanorods. Alternatively, the enhancing nanoparticles can also
be encased in nano-porous polymers to achieve size-selective
SERS detection. For example, Kim, Kim et al designed a
microfluidic synthesis to produce colloidal dispersions of
charged microgels containing Au nanoparticle agglomerates
for direct SERS analysis of toxic chemicals in eggs.'®® The
microgels were not only nano-porous but could also be func-
tionalized with either acrylic acid (—) or acrylamide (+) func-
tional groups to render them charged, which allowed the
microgels to attract oppositely charged target molecules while
rejecting similarly charged contaminants and any macromole-
cules with hydrodynamic diameters larger than the mesh size,
as shown in Fig. 13E. This allowed fipronil sulfone, which is a
toxic metabolite, to be directly detected in fresh eggs with SERS
using the charged microgels without any pre-treatment of the
egg. As shown in Fig. 13F, the limit of detection of fipronil
sulfone in eggs was determined to be 0.05 ppm which was
comparable to the maximum residual level of 0.02 ppm desig-
nated by the United States Environmental Protection Agency.

For many commonly used plasmonic nanoparticles, such as
nanospheres and nanocubes, the maximum plasmonic
enhancement is achieved at interparticle nano-junctions,
which are only several nanometres wide."*® Therefore, it is also
possible to construct SERS enhancing substrates which contain
plasmonic nano-junctions that act simultaneously as SERS “hot
spots” and molecular sieves.'®*'°> For example, we have
recently demonstrated an emulsion-templated method to pro-
duce stable quasi-spherical Au/Ag colloidal aggregates, as
shown in Fig. 13G.% Since the plasmonic nanoparticles within
each aggregate were packed tightly to form nano-junctions
which precluded the adsorption of protein macro-molecules,
this allowed the colloidal aggregates to be used directly as the
SERS substrate for quantitative detection of adenine and phe-
nytoin in artificial serum. Moreover, since the protein mole-
cules were limited to adsorb only onto the less-enhancing outer
surface areas of the nanoparticles, this in turn enriched the
adenine molecules within the plasmonic hot spots, as illu-
strated in Fig. 13H, which led to a 3x SERS signal increase
compared to contrast experiments performed without protein.
As shown in Fig. 131 and J, the limit of detection of adenine in
artificial serum was determined to be 10~ % M, and the linear
quantification range was determined to be between 10 °-
1077 M.

Additional examples of each of the aforementioned strate-
gies from recent literature are provided in Table 2. In summary,
this section introduced the four main strategies to produce
separation-enhancement-in-one SERS substrates for direct and
rapid SERS detection of analytes dispersed in complex sample
matrices. In general, the choice of separation mechanism is
greatly dependant on the composition of the sample ie., the
physical and chemical properties of the analyte molecules and
contaminants. Magnetic and wettability separation enables the
extraction of analyte molecules from physically complex sample
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matrices but are not effective for separating analytes from
contaminants which compete for the enhancing surface. In
this regard, competitively adsorbing macro-contaminants, such
as protein can be physically excluded from the enhancing
surface with size-exclusion provided by nano-porous functional
materials, which has been demonstrated useful for SERS ana-
lysis of bio-samples, such as serum. If the identity of the target
and/or contaminant is known, direct SERS detection can also
be achieved via target-specific intermolecular interactions,
which capture the analyte molecules, or via antifouling layers,
which selectively reject the contaminants. Alternatively,
complex samples can be treated using liquid-liquid extraction,
which is a method that allows certain analytes to be conveni-
ently extracted from the sample matrice. This method also has
the potential to allow analyte enrichment by developing SERS
methodologies based on single-drop microextraction.'®*™%¢ For
a more thorough analysis, the samples can be treated with TLC-
based SERS substrates, which separates the mixture into indi-
vidual components based on polarity differences allowing SERS
analysis of each of the chemical species within the sample.

4. Calibration-enhancement-in-one
SERS substrates for precise
quantitative analysis in complex
sample matrices

As discussed in Section 3, the surface accessibility and plas-
monic properties of enhancing substrates are often compro-
mised by the contaminants within complex real-life samples.
This often leads to irreproducible SERS signals, and in turn
presents a significant challenge for quantitative analysis.
Although it is possible to remove the interference from complex
matrices with sample pre-treatment, this significantly raises
the cost of analysis. Therefore, a variety of SERS substrates with
self-calibration functions have been developed, some of which
have been combined with the functional materials discussed in
Section 3 to build separation-calibration-enhancement-in-one
SERS substrates to allow direct quantitative SERS analysis
of complex samples with improved precision and accuracy.
While the enhancing substrates incorporated with calibration
functionality come in various forms, the strategies for incor-
porating internal standards generally fall into two categories,
surface modification with self-assembled monolayers or utili-
zation of intrinsic reference materials which are discussed in
detail below.

4.1 Calibration with adsorbed self-assembled monolayers

The most widely used strategy to introduce self-calibration
functionality in SERS substrates is to modify the enhancing
surface with a self-assembled monolayer of Raman tag
molecules.’®” 2% Typical examples of Raman tag molecules
include 4-mercaptobenzoic acid (MBA) and 5,5-dithio-bis-(2-
nitrobenzoic acid) (DTNB, also known as “Ellman’s Reagent”)
which adsorb strongly to Ag/Au surfaces to generate intense

This journal is © The Royal Society of Chemistry 2021
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Table 2 Additional examples of separation-enhancement-in-one SERS substrates for analysis of complex real-life samples
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Substrate

Separation strategy

Sample & challenge

Target analyte

Performance in practice

Performance with
model solution

Fe;0,@GO@Ag"*°

Au/Ag nanostar deco-
rated super-
hydrophobic-supero-
leophilic polystyrene
membrane'**

Au superparticle’**

Silicon nanowire array
decorated with Ag
nanodendrite'®’

Au sputtered chroma-
tography paper*®®

Polyadenine-DNA &
alkyne reporter
modified Au NP***
Superhydrophobic Au
NPs/nickel foam®®
Raman reporter label-
led Au NPs-based lat-
eral flow assay strip"”*

Magnetic-based MIP
decorated with Au
NPSI76

PEG-S functionalized
Au triangular nanopr-
isms patch®®®

Metal NPs embedded
hydrogel micropellet'*®

Polydopamine@Au
nanowaxberry*!

Magnetic enrich-
ment & separation

Wettability

Liquid-liquid
extraction

TLC

Paper

chromatography

Coordination

Hydrophobic

interactions
Bio-recognition

Hydrogen bonding

Antifouling

Size exclusion

Size exclusion

Honey: viscous food
matrix containing 77%
sugars and several
other minor
components

Artificial water-oil mix-
tures: insoluble oil pre-
sents challenges to the
analysis; the oil and
dissolved dyes inter-
feres with SERS
Farmland, river and
fishpond water:
unknown contaminants

Milk: competitively
adsorbing proteins

Pond water: unknown
contaminants; rice
paste: viscous sample
with unknown
contaminants

Artificial water sample:
unspecified amounts of
dye contaminants

Tap water: unknown
contaminants

Bacterial pathogen
solution: unknown bio-
contaminants

Milk: competitively
adsorbing proteins; tab
water: unknown
contaminants

Diluted human plasma:
bio-contaminants,
mainly protein

Milk: competitively
adsorbing proteins;
whole blood: bio-
contaminants, mainly
protein

Soil: particulate matter

Chloramphenicol

Rhodamine 6G

4,4'-DDT, chlordane,
tetradifon,
a-endosulfan

Melamine

Malachite green, crystal

violet, methylene blue
(pond water); Cd*,
Cu**, Ni** (rice paste)

Hg', Ag’

Pyrene, 1-naphthol

Y. pestis, F. tularensis, B.
anthracis

2,4-Dichlorophenoxya-
cetic acid

Fentanyl, 4-ANPP,
cocaine, heroin,
cannabinoids

Melamine, glucose

Thiram

Demonstrated 1.0 x
107 M

LOD: 10 M

Demonstrated 5 nM

(4,4'-DDT, chlordane,
tetradifon), 6 nM (a-

endosulfan)

LOD: 2.5 ppm

10" M (malachite
green and crystal vio-
let), 10~° M (methylene
blue), 10° M (Cd**,
Cu2+, Ni2+)

LOD: 0.77 nM (Hg"),
0.86 nM (Ag")

Demonstrated 10> M
(pyrene, 1-naphthol)
LOD: 43.4 CFU per mL
(. pestis), 45.8 CFU per
mL (F. tularensis), 357
CFU per mL (B.
anthracis)
Demonstrated 1 ng
mL ' in milk and tab
water

LOD: 3.0 pg mL ™" (fen-
tanyl); demonstrated 1
nM (4-ANPP, cocaine,
heroin, cannabinoids)
LOD: 10 nM (melamine
in milk); 0.01 mM (glu-
cose in whole blood)

LOD: 0.31 pug g *

LOD: 1.0 x 107 M

Unspecified

LOD: 0.46 nM (4,4-
DDT), 0.59 nM (chlor-
dane), 0.97 nM (tetra-
difon), 0.87 nM (-
endosulfan)
Unspecified

Unspecified

LOD: 0.36 nM (Hg"),
0.06 nM (Ag")

LOD: 10~® M (pyrene),
10~° M (1-naphthol)
Not applicable

0.00147 ng mL ™"

Unspecified

LOD: 0.01 mM (glucose)

LOD: 0.5 nM

Abbreviations: limit of detection (LOD); nanoparticle (NP); 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (4,4'-DDT); graphene oxide (GO);
4-anilino-N-phenethyl-piperidine (4-ANPP); poly(ethylene glycol) thiolate (PEG-S); metal organic framework (MOF); molecular imprinted

polymer (MIP).

and distinct Raman vibration bands that could be compared
against the SERS signals of analytes to improve the accuracy of
quantitative detection.’**°" However, a problem with these
conventional Raman tag molecules is that their signature peaks
often lie within the Raman fingerprint region and therefore
overlaps with the SERS signals of the analyte, which compli-
cates data analysis. To tackle this issue, several research groups
have introduced new Raman tag molecules which retain the
advantages of traditional tag molecules but generate distinct
vibration bands within the Raman silent region.”"”* For exam-
ple, Li et al. demonstrated that Prussian blue (PB) could be

This journal is © The Royal Society of Chemistry 2021

used as an internal standard to improve the quantitative
performance of Au colloids in the SERS analysis of dyes and
bio-molecules dispersed in real-life samples.>*" As shown in
Fig. 14A, the Prussian blue internal standard was chemically
grown onto the enhancing surface of the colloidal Au nano-
particles by treating citrate-stabilized Au colloid with an aqu-
eous solution of K;[Fe(CN)y] followed by an aqueous mixture
containing K,[Fe(CN)s] and FeCl;, which led to the formation of
a 2-3 nm Prussian blue shell around the Au nanoparticles.
Importantly, the SERS signals of the Au@PB nanoparticles
consisted of a single intense Raman vibration band at
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Fig. 14 (A) Schematic illustrations of the synthetic process of Au@Prussian Blue (PB) nanoparticles. TEM and energy-dispersive X-ray (EDX) mapping of a
Au@PB nanoparticle; (B) SERS spectra of the Au@PB particles; (C) spectra set (i) shows SERS spectra of carcinoembryonic antigen (CEA) in serum obtained
plotting the signal intensity of CEA and the intensity ratio between CEA and the internal standard as a function of CEA concentration; (D) schematic
illustrations of the fabrication process of Au@Ag particles with an embedded layer of internal standard molecules; (E) SERS spectra of the Au@Ag particles
with an embedded layer of 4-mercaptopyridine internal standards acquired at different excitation wavelengths; (F) TEM and EDX mapping of the Au@Ag
nanoparticles; (G) plots comparing the calibration curves obtained by plotting the signal intensity of the analyte or the SERS intensity ratio between the
analyte and the internal standard as a function of analyte concentration. Panel (A and B) adapted with permission from ref. 201, copyright 2019 American
Chemical Society. Panel (C) adapted with permission from ref. 202, copyright 2019 Elsevier Ltd. Panel (D-G) adapted with permission from ref. 203,

copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

2155 cm™ ! arising from the Prussian blue shell, as shown in

Fig. 14B. Moreover, the Prussian blue shell and its SERS signals
remained highly stable within a wide pH (3.2-7.5) and tem-
perature (25-100 °C) range, which make it an excellent candi-
date as an internal standard. Using the Au@PB colloids as the
enhancing substrate allowed crystal violet and dopamine in
model aqueous solutions to be quantitatively detected from 2.0
to 100 nmol L™ " and 500 to 8000 nmol L™ ", respectively. More
importantly, a significant improvement in the linearity and
precision of the SERS quantification curve could be observed
when the calibration curves were plotted using the relative
intensity of the characteristic peaks between the analyte and
Prussian blue internal standard rather than just the SERS
signal intensity of the analyte. Lin, Feng et al. demonstrated
that 4-mercaptobenzonitrile could be used as an internal

1536 | J Mater. Chem. C, 2021, 9, 11517-11552

standard to significantly improve the SERS quantitative perfor-
mance of Au nanoparticles.”®® Similar to Prussian blue, the
4-mercaptobenzonitrile contained C=N functional groups,
which when functionalized on the enhancing surface of the
Au nanoparticles generated an intense and distinct vibration
band at 2224 cm " in the Raman silent region of the spectra. As
shown in Fig. 14C spectra set i, this led to a significant
improvement of the precision of the indirect SERS quantifica-
tion of a tumour marker, carcinoembryonic antigen in clinical
serum samples (Fig. 14C spectra set ii and iii).

A common issue that arises from functionalizing the enhan-
cing surface with Raman tag molecules is that they compete
with adsorbing analyte molecules for the enhancing surface.
This not only leads to weaker SERS signals, and in turn poorer
limit of detection of the analyte molecules but also jeopardizes

This journal is © The Royal Society of Chemistry 2021
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the calibration functionality of the internal standard. This has
limited the applications of SERS substrates with externally
functionalized internal standards to the in-direct detection of
weakly adsorbing analyte molecules, which do not compete
with the internal standard for enhancing surface. To combat
this issue, Ren et al. designed colloidal core-shell nanoparticles
with embedded internal standards.”®® As illustrated in Fig. 14D,
the core-shell nanoparticles were synthesized by functionaliz-
ing the surface of plasmonic Au nanoparticles with a mixed
monolayer of 4-mercaptopyridine, which acted as the internal
standard, and cysteamine, which acted as the molecular linker
for the chemical growth of an Ag shell surrounding the thiol-
modified Au cores. As shown in Fig. 14E, the core-shell
structure with embedded internal standards were verified with
transmission microscopy and energy-dispersive X-ray spectro-
scopy which showed that the mixed-thiol layer on the surface of
the Au cores retained its integrity and was encapsulated within
a 10 nm thick Ag shell. More importantly, strong SERS signals
of the 4-mercaptopyridine internal standard could be obtained
from the product particles with 532, 638 and 785 nm excitation
wavelengths, as shown in Fig. 14F. An important advantage that
comes with embedding the Raman tags within the core-shell
particles is that this leaves the enhancing surface accessible to
analyte molecules. This paved the way for the adsorption, and
in turn SERS detection of analyte molecules, such as 1,4-
phenylene diisocyanide, pararosaniline (also known as “basic
red 9”) and uric acid, which have low affinity towards Ag/Au
surfaces. Moreover, normalizing the SERS signal intensity of
the analytes against the embedded internal standards in the
core-shell nanoparticles allowed the huge signal fluctuations
induced by colloidal aggregation to be removed. This led to
significant improvements in the accuracy and precision of the
quantitative SERS measurements without compromising the
limit of detection, as shown in Fig. 14G. This work pioneered
the synthesis of core-shell plasmonic nanomaterials with
embedded internal standards which have now been used both
directly as the enhancing material for quantitative SERS and as
the functional component for building more sophisticated
SERS sensors.” 204727

4.2 Calibration with intrinsically present reference materials

In some cases, the SERS/Raman signals of materials, which are
intrinsically present within the SERS sensor can be used as a
convenient and stable reference for signal calibration.”*®>'"
For example, Liu et al. showed that the SERS signals of acetone
which were present in the environment of interfacial Au nano-
particle arrays could be used as a reliable reference to calibrate
the SERS signals of analyte molecules.>'* As shown in Fig. 15A,
the acetone molecules were part of the solution in which the
plasmonic nanoparticle arrays resided, and as a result, were
physically present within the enhancing hot spots between
adjacent Au nanoparticles. Correspondingly, the presence of
acetone within the plasmonic hot spots were reflected by the
presence of a clear vibration band at 1430 cm ™" within the SERS
spectrum obtained from the Au nanoparticle arrays. As shown
in Fig. 15C, calibrating the SERS signal of the analyte molecule,

This journal is © The Royal Society of Chemistry 2021
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Fig. 15 (A) Schematic illustrations of acetone internal standards residing
along with the analyte molecules in the interparticle hot spots within
interfacial nanoparticle arrays; (B) plots comparing the calibration curves
obtained by plotting the signal intensity of thiram or the intensity ratio
between thiram and the acetone internal standard as a function of thiram
concentration; (C) plots comparing the relative standard deviation of the
intensity of the 1386 cm™ vibration band from thiram on 40 different
points of the SERS substrate before and after calibration with acetone
internal standard; (D) SERS spectra of varying concentrations of 2-
naphthalenethiol (2-NAT) obtained on PDMS-based SERS substrate; (E)
plots comparing the calibration curves obtained by plotting the signal
intensity of 2-NAT or the intensity ratio between 2-NAT and the PDMS
internal standard as a function of 2-NAT concentration. Panel (A-C)
adapted with permission from ref. 212, copyright 2018 American Chemical
Society. Panel (D and E) reproduced with permission from ref. 213, copy-
right 2020 American Chemical Society.

thiram, against the 1430 cm™" peak from acetone allowed the
RSD of the SERS signals collected on 40 different spots of the
enhancing substrate to be improved significantly from 14.5% to
5.9%. The improvement in the precision of the quantitative
measurements was also clearly reflected in the calibration
curves of thiram established with and without acetone calibra-
tion (Fig. 15B). Similarly, Jiang et al. showed that the polydi-
methylsiloxane (PDMS) polymer in Au nanowire/PDMS
films can be used as the internal standard to improve the
precision of SERS quantification.*”* As shown in Fig. 15D, the
PDMS generated a stable and distinct characteristic peak at
2905 cm ™!, which when used as an internal standard, enabled
SERS quantification of 2-naphthalenethiol (2NAT) with notably
improved precision (Fig. 15E).

Table 3 lists additional examples of calibration-
enhancement-in-one SERS substrates from recent literature
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Table 3 Additional examples of calibration-enhancement-in-one SERS substrates for precise quantitative analysis of complex real-life samples

Internal material &

Substrate Internal type characteristic vibration

Sample

Performance with
internal

Performance without
internal

Plasmonic Au film”? External SAM 4-Mercapto benzoni-

trile (2223 cm™ 1)

Silicon nanohybrid External SAM

SERS chip'®®

4-Amino thiophenol
(1079 ecm ™)
Au@IS@Ag core-satel- Internal SAM
lite nano-assembly”*

4-Mercapto benzoni-
trile (2221 cm™ 1)

Au fractal SERS Internal SAM 4-Mercapto benzoic
probe®* acid (1078 em ™)

GO coated Fe;O,@-
TiO,@AuAg NpP*%®

Intrinsic material TiO, (149 cm™")

Intrinsic material Biomolecules on bac-
teria: phospholipid
(713 em™ '), tyrosine
(853 cm™ "), phenylala-
nine (1006 cm™ ")

Biogenetic Au@Ag
nano island**°

Alkyne-modified
graphene-isolated Au
NPZI 1

Intrinsic material Acetonitrile (2263
cm )

Bacteria in culture
media and human
blood

Pb** and Hg*" in water

Prostate-specific anti-
gen in clinical blood
samples

DNA in buffer solution

Methylene blue, sac-
charin sodium, car-
mine acid in water

Rhodamine 6G, mala-
chite green, uric acid in quantitation
water

Alkaline phosphatase
in buffer solution

Unspecified Dynamic detection
range between 10" to
107 CFU per mL; 6.70%
RSD on 900 points
Same quantitation
range. Pb>": R* = 0.993;
Hg”" R* =0.991

Linear quantitation
between 7.69 to 173.1
ng mL~"; R* = 0.99; RSD
6.514%

Linear quantitation
between 6.77 to 50 fM;
R =0.947

Same quantitation
range. Methylene blue:
R? = 0.996; saccharin
sodium: R* = 0.998;
carmine acid: R* = 0.994
Rhodamine 6G: linear
quantitation between
0.01 to 1 uM with
phospholipid internal
(R? = 0.9528), 1 to 100
UM with phenylalanine
internal (R* = 0.9904);
malachite green: linear
quantitation between 1
to 100 nM with phos-
pholipid internal (R* =
0.9819); uric acid: linear
quantitation between
100 to 500 uM with tyr-
osine internal (R* =
0.9877)

Linear quantitation
between 0.002 U L™ to
1 UL R*=0.994

Poor linear quantita-
tion. Pb*": R* = 0.975;
Hg>* R* = 0.753
Unspecified

Unsuccessful quantita-
tion; 1.75 fM LOD

Adequate linear quanti-
tation. Methylene blue:
R? = 0.977; saccharin
sodium: R* = 0.986;
carmine acid: R* = 0.974
Unsuccessful

Unsuccessful
quantitation

Abbreviations: limit of detection (LOD); nanoparticle (NP); self-assembled monolayer (SAM); internal standard (IS); 4,4'-dipyridyl (4,40-DP), 5,5’-

dithiobis (2-nitrobenzoic acid) (DTNB); graphene oxide (GO).

which fall into the two categories discussed above. Another
worth-noting strategy that has recently been proposed for
calibrating SERS signals is the use of the plasmon-enhanced
electronic Raman scattering signals from the enhancing metal
as the internal standard. This approach has been successfully
utilized to improve the accuracy of quantitative SERS analysis
performed in living biological systems.”***'*> In summary,
utilizing the SERS/Raman signals of intrinsically present refer-
ence materials as an internal standard is a convenient approach
to construct calibration-enhancement-in-one SERS substrates.
Moreover, the approach does not rely on surface modifications
of the enhancing materials which leaves the enhancing sub-
strate accessible for analyte molecules. However, this approach
is not generally applicable since it relies on the existence of a
suitable reference material within the SERS system. The gen-
erally applicable strategy is to rationally functionalize the
enhancing substrate with Raman tag molecules which generate
intense and distinct Raman vibration bands. However, this
process is not straightforward since the internal standards
must be firmly bound onto the enhancing surface but not

1538 | J Mater. Chem. C, 2021, 9, 11517-11552

hinder the interaction between the enhancing surface and
analyte molecules. This challenge has been recognized and
largely resolved with the development of core-shell nano-
particles with an embedded inner layer of internal standard
molecules. It should be noted that both strategies discussed
above are focused on calibrating fluctuations in the plasmonic
properties of the SERS substrates but overlook the potential
change in SERS signals brought about by the change in the
surface chemistry of the enhancing material during analysis. In
fact, the change in the surface properties of the enhancing
materials is of particular significance in real-life analysis, since
a major challenge faced by SERS sensors deployed in complex
real-life samples is surface passivation by adsorbing contami-
nants and/or oxidation which might not drastically change the
plasmonic properties of the enhancing substrate but would
significantly inhibit the adsorption of analyte molecules.>'**"
This can be partially resolved by adding structurally tailored
internal standards, which possess similar affinities to the
enhancing surface as the target analyte molecule, to co-

adsorb with the analyte molecules.>'®**° However, this

This journal is © The Royal Society of Chemistry 2021
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approach must be further developed so that the structurally
tailored internal standards can be integrated into the SERS
substrate to increase the practicality of the approach.

5. Reusable regeneration-
enhancement-in-one SERS substrates

As a surface technique SERS relies on the strong interactions
between molecules and the enhancing surface to confine
analytes within the localized surface plasmon resonance, as
well as to facilitate charge transfer, to achieve signal enhance-
ment. This allows the Raman signals of extremely small
amounts of analyte molecules adsorbed on the enhancing
surface to be detected but also makes SERS particularly sensi-
tive to surface contamination.*®?'72° As a result, SERS sub-
strates have typically been used for single measurements to
ensure optimum sensitivity and quantification accuracy which
has significantly driven up the price of SERS analysis. This is
not helped by the fact that the most widely used enhancing
materials are expensive Ag/Au noble metals, which require
additional fine processing to generate well-defined nanostruc-
tures with tailored surface properties to enable optimal
enhancement. In an effort to lower the cost of SERS, a variety
of strategies to create reusable SERS substrates have been
proposed by the SERS community and are summarized in the
following section.

5.1 Simple substrate recycling procedures

Up to now, a variety of post-analysis treatments, both chemical
and physical, have been developed to regenerate SERS sub-
strates. Amongst these methods, the most straightforward is to
wash the enhancing surface with common solvents, such as
water and ethanol, after SERS analysis."****"**> To increase the
effectiveness of this approach and shorten the treatment time,
the washing process is sometimes accompanied by
sonication.>”**®> This approach has typically been demon-
strated with model dye molecules, such as rhodamine 6G and
malachite green,?*>*****>* which are adsorbed on the surface of
the enhancing substrate through weak electrostatic attraction
but has also been demonstrated with less effectiveness for more
strongly adsorbing analytes, such as thiram.''>?*' Strongly
adsorbed analytes can be fully removed from the enhancing
surface via thermal treatment.”**">*® However, since this pro-
cess typically takes place at temperatures > 250 °C and lasts for
tens of minutes, the surface of the enhancing noble metal
nanoparticles must be functionalized with additional heat-
resistant inorganic surface-layers, such as metal oxides and
graphene, to preserve the morphology of the enhancing parti-
cles during thermal treatment. Alternatively, strongly adsorbed
chemical species can be removed from the surface of enhan-
cing substrates using oxidative plasma cleaning, which can be
completed within seconds and is generally applicable to solid
enhancing substrates.”**”>*! However, this requires the use of
expensive laboratory-based specialist equipment which is unde-
sirable for the routine applications of SERS in-field.
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A cheap, mild and rapid method, which has been demon-
strated to be highly effective even for the removal of strongly
adsorbed analytes, such as thiols and pyridines, on both Ag and
Au enhancing surfaces, is treatment with sodium borohydride
solution.'?*>'23232.233 This method was pioneered by Zhang
et al. who showed that the cleaning ability of borohydride
solution originated from the hydride ions derived from sodium
borohydride having a strong affinity to Au nanoparticles.”**
This allowed a variety of adsorbing analytes which included,
rhodamine, poly(N-vinylpyrrolidone) (PVP), adenine, I, Br™, p-
methylbenzenethiol, 2-napthalenethiol, p-benzenedithiol and
homocysteine to be completely displaced from the surface of
colloidal Au nanoparticles. Naturally, the rate of analyte
desorption was positively correlated to the concentration of
NaBH, solution, it was found that complete desorption of the
thiol analytes occurred within 10 minutes when the concen-
tration of NaBH, was above 25 mM. After displacing the
analytes, the hydride anions can be desorbed from the enhan-
cing surface through mild acid treatment to reactivate the SERS
substrate.

5.2 Photocatalytic regeneration

Although post-analysis cleaning procedures allow effective
removal of even strongly adsorbed analytes from the enhancing
surfaces, these procedures typically require careful handling by
specialists, which significantly limit their routine applications.
Even treatment with NaBH, solutions is not straightforward,
since the NaBH, solution must be freshly made to generate
hydride ions. To increase the practicality of reusable substrates,
multifunctional SERS substrates with integrated self-cleaning
functionalities have been designed. Amongst these self-
cleaning substrates, arguably the most widely researched are
hybrid substrates which contain plasmonic noble metals that
provide SERS enhancement and photocatalytically active mate-
rials that enable catalytic degradation of the adsorbed analyte
molecules.®® For example, Jiang et al. designed multifunctional
Fe;0,@TiO,@Ag microparticles as recyclable SERS substrates
for direct detection of antigens in human serum.>*> The multi-
functional Fe;0,@TiO,@Ag microparticles were prepared by a
multi-step reaction, which allowed the thickness of the inter-
mediate TiO, layer and the density of the outer layer of
plasmonic Ag nanoparticles to be adjusted. The Ag nano-
particles not only provided SERS enhancement, which allowed
antigens containing a mixture of ferritin and carcinoembryonic
to be quantitatively detected between 10™* to 107" g mL™" in
human serum, but also acted as electron-sinks, which signifi-
cantly enhanced the photocatalytic efficiency of the TiO,
catalyst. The catalytic efficiency of the microparticles could
be further improved by concentrating the microparticles
through external magnetic force. Using human serum contain-
ing 10 ug mL ™" of antigens as test samples, the authors showed
that the adsorbed antigens could be degraded down to an
undetectable level with 100 minutes of UV irradiation. This
allowed the microparticles to be used repeatedly for 9 cycles of
SERS analysis without any observable decrease in their photo-
catalytic and SERS efficiency, as shown in Fig. 16A. To further
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Fig. 16 (A) Plot showing the SERS activity of the Fes0,@TiO,@Ag micro-

particles after 9 cycles of photo-regeneration; (B) plot comparing SERS
results obtained from Fez04@TiO,@Ag microparticles and chemilumines-
cent results obtained from commercial immunoassay kits; (C) schematic
illustrations of the photodegradation process on RGO@MoS,@Ag nano-
composites. Inset shows the SEM image of a typical RGO@MoS,@Ag
particle; (D) SERS spectra showing the photodegradation of methylene
blue catalysed by RGO@MoS,@Ag nanocomposites; (E) plots showing the
change in SERS signal intensity of melamine, vanillin and bisphenol A in
milk as a function of analyte concentration; (F) SERS spectra of a milk
sample spiked with a mixture of melamine, vanillin and bisphenol A
obtained using the same batch of RGO@MoS,@Ag nanocomposites after
8 cycles of photo-regeneration. Panel (A and B) reproduced with permis-
sion from ref. 235, copyright 2020 Elsevier Ltd. Panel (C—F) adapted with
permission from ref. 243, copyright 2021 Elsevier Ltd.

validate their practicality as reusable SERS substrates, the same
batch of microparticles were used as the enhancing substrate to
analyse 5 clinical serum samples from different patients. As
shown in Fig. 16B, the results of the SERS measurements were
highly consistent with the results obtained from conventional
chemiluminescent immunoassay kits used in hospitals. In
addition to TiO,, a variety of other photocatalytically active
materials, such as MoS,, ZnO and WO;_,, have been used to
construct SERS substrates, which can be regenerated with UV
irradiation.”***¢"23¥ However, the prolonged regeneration pro-
cess along with the requirement for special irradiation sources
make these substrates less ideal in practice. This has led to the
development of visible-light-induced self-cleaning SERS sub-
strates, which are potentially more sustainable and often offer
faster regeneration speed compared to their UV-excited
counterparts.>*°*> For example, Jiang et al. designed SERS
active reduced graphene oxide (RGO)@MoS,@Ag nanopowders
which can be regenerated with solar-light irradiation, as shown
in Fig. 16C.>** The nanocomposite powders were fabricated by
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in situ hydrothermal growth of MoS, nanoflowers onto the
surface of GO sheets. This was followed by in situ growth of
AgNO; nanoparticles on the surface of the MoS, nanoflowers
via photo-reduction. The product RGO@MoS,@Ag showed
excellent SERS efficiency which allowed methylene blue to be
detected down to 10~ '° M with just 20 UL of analyte solution.
Moreover, the nanocomposites exhibited excellent photocata-
Iytic activity. As shown in Fig. 16D, the methylene blue in
20 pL of 107> M methylene blue solution could be photocata-
Iytically degraded down to a concentration undetectable by
SERS with 45 minutes of artificial sunlight irradiation. To
demonstrate their practicality, the RGO@MoS,@Ag powders
were applied as enhancing substrates for the detection of
chemical additives in milk. As shown in Fig. 16E, the limit of
detection for melamine, vanillin (VA) and bisphenol A (BPA) in
milk were determined to be 107 M, 1078 M and 1077 M,
respectively. To demonstrate the reusability of the RGO@
MoS,@Ag enhancing substrates, the enhancing powders were
treated with 20 pL of milk containing a mixture of the three
analytes and then photo-cleansed for eight repeated cycles. As
shown in Fig. 16F, the SERS signals obtained for each cycle
were nearly identical with only ca. 9.8% intensity deviation.

It is worth noting that visible-light induced substrate regen-
eration can also be achieved with just noble metal nanomater-
ials using plasmon-induced photocatalytic reactions.***>*®
For example, Postnikov, Lyutakov et al. designed bimetallic
Au/Pt films, which enabled the detection of dibenzothiophene
in biodiesel and could be regenerated with solar-light
irradiation.>*® As shown in Fig. 17A, the bimetallic films were
constructed by spin coating SU-8 polymer onto glass substrates,
which allowed periodical patterns to be formed via laser
lithography. After this the substrates were made plasmonically
active by evaporating a 25 nm thick layer of Au on its surface.
Finally, the Au layer was covered with a 2.5 nm thick layer of P,
which promoted the adsorption of the target analytes. Using
the bimetallic films as the enhancing substrate allowed diben-
zothiophene to be quantitatively detected between 10" M to

0~ M in biodiesel. The adsorbed dibenzothiophene mole-
cules could be effectively removed down to concentrations,
which were undetectable by SERS, using plasmon-induced
reactions in cyclohexane. As shown in Fig. 17B, the degradation
could be completed within 15 minutes of irradiation using
250 W of artificial sunlight. Moreover, the SERS signal intensity
of dibenzothiophene only decreased by 4.8% after five cycles of
detection-regeneration, as shown in Fig. 17C.

The recent development of SERS substrates has also led to
the emergence of a variety of novel noble metal-free enhancing
materials.”*® Amongst these materials, enhancing substrates
based on semiconductors, such as ZnO, TiO,, and MoS,, stand
out particularly since they are not only potentially cheap
and stable alternatives to Ag and Au but are also photocataly-
tically active which allows for the construction of reusable
substrates.”*”"2*® For example, in a proof-of-concept demon-
stration, Liu, Gao et al designed photocatalytically active
ternary ZnO/ZnS/MoS, nanocomposites, as shown in Fig. 17D,
which could be used as reusable substrates for SERS.*”!

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1tc02134f

Open Access Article. Published on 19 julho 2021. Downloaded on 17/10/2025 00:14:46.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

View Article Online

Review

400
SERS measurement
B sl e C
i, Go| N A
Se o LED 850 nm (200 mW) 00 250 I N rw ¥
LEY ® Sun simulator (250 W) © 200 (T ¢ 5 &%
o Al 1 ' A} ' .
X : & - Sun simulator (125 W) ..a 150 '.' | ’,‘ | :: \ ! ¢
* >100] /oo Vo N A
. - o ' ¥ | V! v '
o " % @ sof | L y
. b4 ® - o .o . f| EE=RERtes oo il B
Tee 9 o= % Regen‘ention }
- . y ; £ 50—y .
0 5 10 15 20 25 30 35 40 45 0 1R 2 3 4{5 6 7| 8 9
I R i fs Time of illumination, min egeneration cycle
=S
3000] E g
>
=E “/\J\ 3-ZnMoNCs / \ E
ZnMoNCs = Physical mixing §
i { z ZnS/MoS, =
z ZnO/MoS,
o e—
*E A ZnO/ZnS A
L MoSA N
ZnS
ZnO
1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800

Raman shift / cm”
Fig. 17

Raman shift / cm™

(A) Schematic illustrations of the bimetallic Au/Pt films. Atomic force microscopy image showing the surface morphology of the bimetallic Au/Pt

films; (B) plot showing the photo-degradation of dibenzothiophene monitored by SERS; (C) plot showing the SERS activity of the bimetallic Au/Pt films
after 4 cycles of photo-regeneration; (D) schematic representation and TEM image of ZnO/ZnS/MoS, nanocomposites; (E) SERS spectra of 4-
mercaptopyridine adsorbed on ZnO/ZnS/MoS, nanocomposites compared to other types of materials; (F) SERS spectra of rhodamine 6G adsorbed on
the same batch of ZnO/ZnS/MoS, nanocomposite over 5 cycles of photo-regeneration. Panel (A—-C) adapted with permission from ref. 245, copyright
2019 The Royal Society of Chemistry. Panel (D—F) adapted with permission from ref. 251, copyright 2019 The Royal Society of Chemistry.

The nanocomposites were synthesized through in situ chemical
growth using phosphomolybdic acid hydrate (PMo;,)@zeolitic
imidazolate frameworks-8 (ZIF-8) as the precursor. Importantly,
forming the nanocomposites via this approach allowed nano-
scale contact points between the ZnO, ZnS and MoS, in the
nanocomposites to be generated with higher efficiency com-
pared to physically mixing the individual components which is
significant for achieving strong SERS and photocatalytic activity
(Fig. 17E). By immersing the nanocomposite powders in 4 mL
of different analyte solutions, the limit of detection for a model
analyte, rhodamine 6G, under resonant conditions were deter-
mined to be 107° M. Moreover, the enhancing surface of the
nanocomposites could be regenerated with 30 min of UV
irradiation, which allowed 5 repeated cycles of SERS analysis
to be performed without any observable loss in the signal
intensity of the analyte, as shown in Fig. 17F.

5.3 Superhydrophobic self-cleaning

Although photocatalytically active SERS substrates have inte-
grated regeneration mechanisms which make them more con-
venient to operate by non-expert users, the extensive
regeneration period and the requirement of additional light
sources limit their applications in practice. Conversely, super-
hydrophobic self-cleaning enhancing substrates can typically
be regenerated easily and rapidly by rinsing with water.>>>2°>
Inspired by nature, superhydrophobic enhancing substrates are
typically composed of enhancing noble metal nanoparticles
dispersed on the surface of micro-structures to mimic the surface
structure of self-cleaning biomaterials, such as lotus leaves.

This journal is © The Royal Society of Chemistry 2021

In a typical display, Li et al. designed non-pinning superhy-
drophobic films with plasmonic hierarchical microscale
and nanoscale surface structures produced by laser litho-
graphy as reusable SERS substrates (Fig. 18A).>°°® Using
rhodamine 6G as the model analyte, the authors demonstrated
that the enhancing surface could be regenerated by simply
immersing the substrate in ethanol, as shown in Fig. 18B.
Moreover, as shown in Fig. 18A and D, the large contact angle
of the water droplets on non-pinning superhydrophobic sur-
faces enables droplets of aqueous analyte solutions to dry into a
concentrated spot instead of a dispersed coffee-ring structure
on the enhancing surface, which allows significant enrichment
of the analyte, thus presenting a unique advantage for SERS. As
shown in Fig. 18E, this led to a significant increase of SERS
signal intensity by 28.3x when 20 pL of rhodamine 6G was
dried onto a non-pinning superhydrophobic plasmonic surface
instead of a hydrophilic plasmonic surface. As a result, the limit
of detection of rhodamine 6G deposits on the non-pinning
superhydrophobic enhancing substrates reached 10~ ** M, as
shown in Fig. 18C. Although evaporation of the analyte droplet
on non-pinning superhydrophobic enhancing substrates allows
analyte enrichment, it also requires extensive periods of drying.
For example, Yin et al. showed that complete evaporation of
just 3 uL of aqueous analyte solution under ambient conditions
took ca. 15 minutes.>*” Therefore, in an effort to shorten the
analysis period of superhydrophobic enhancing substrates, the
authors designed superhydrophobic Cu(OH), nanoneedle
arrays decorated with Ag nanoparticles which allowed direct
analysis of analytes dissolved in solution droplets without the
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Fig. 18 (A) Schematic illustrations of an aqueous sample droplet drying into a concentrated spot on the surface of a non-pinning superhydrophobic film.

SEM image showing the hierarchical micro and nanoscale structure on the film surface. Finite element simulations showing the distribution of the
electromagnetic field enhancement on the film surface; (B) spectra set showing the SERS signals of rhodamine 6G obtained before and after washing; (C)
plot showing the signal intensity of rhodamine 6G as a function of concentration; (D) optical images and schematic illustrations of a water droplet drying
on a hydrophilic surface (i), a pinning hydrophobic surface (ii) and a non-pinning hydrophobic surface (iii); (E) SERS spectra obtained by drying an aqueous
droplet of rhodamine 6G onto (i—iii) surfaces; (F) SEM images of the Cu(OH), nanoneedle array before and after being coated with Ag nanoparticles; (G)
SERS and Raman spectra of milk spiked with 1 ppm melamine and the background Raman signals of the enhancing substrate; (H) plot showing the Raman
intensity of crystal violet and rhodamine 6G after 5 cycles of substrate regeneration. The inset photograph shows varying types of sample droplets sitting
on the surface of the Ag decorated Cu(OH), films. Panel (A-E) adapted with permission from ref. 256, copyright 2017 The Royal Society of Chemistry.
Panel (F-H) adapted with permission from ref. 257, copyright 2018 Elsevier Ltd.

need for solvent evaporation. As shown in Fig. 18F, arrays of
Cu(OH), needles were deposited electrochemically on the sur-
face of copper foils to form microscopic structures. The surface
of the Cu(OH), needles were decorated with 20 nm diameter Ag
nanoparticles through electrostatic attraction to form plasmo-
nic hot spots. Finally, the surface of the Cu(OH), needles and
Ag nanoparticles were functionalized with a self-assembled
monolayer of 1H,1H,2H,2H-per-fluorodecyltriethoxysilane,
which rendered the surface superhydrophobic. In use, a 3 pL
droplet of analyte solution could be deposited on the surface of
the enhancing substrate and analyzed with SERS directly,
which allowed melamine in milk and thiram in apple juice to
be detected down to 0.1 ppm (Fig. 18G). Moreover, the substrate
could be regenerated by simply blowing away the analyte
solution droplet with air. As shown in Fig. 18H, this allowed
crystal violet and rhodamine 6G to be detected sequentially for

1542 | J Mater. Chem. C, 2021, 9, 11517-11552

5 cycles without any obvious decrease in the SERS activity of the
enhancing substrate.

5.4 Reversible intermolecular interactions

An emerging strategy for constructing reusable SERS substrates
is through reversible intermolecular interactions. This is gen-
erally achieved by functionalizing the enhancing surface with a
layer of functional material, which interact selectively with the
target analyte through reversible interactions that can be
reflected in the SERS signals. For example, Alvarez-Puebla,
Romo-Herrera et al. designed reusable SERS sensors for the
real-time monitoring of CO based on its reversible interactions
with iron porphyrins.>®® The SERS sensor was composed of
xerogel foam embedded with concave Au nanocubes, which
have been modified with Fe(u) metalized 5-[(triisopropylsi-
lyl)thio]-10,20-diphenylporphyrin (Fe-TDPP), confined in a

This journal is © The Royal Society of Chemistry 2021
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Fig. 19 (A) Schematic illustrations of the reversibility of the CO sensor.
SERS spectra of the sensor as a function of the concentration of CO in the
flowing air; (B) plot showing the SERS reversibility of the sensor upon
exposure to several cycles of CO and air; (C) schematic illustrations of the
reusable supramolecular plasmonic films; (D) plot showing the SERS
activity of the supramolecular sensor after 5 cycles of regeneration. Panel
(A and B) reproduced with permission from ref. 258, copyright 2021 The
Royal Society of Chemistry. Panel (C and D) reproduced with permission
from ref. 263, copyright 2017 American Chemical Society.

capillary glass tube. The Fe-TDPP ligands formed complexes
with CO through polar pocket effects which led to the appear-
ance of several new vibrational bands in the SERS spectra that
allowed CO to be detected quantitatively (Fig. 19A). Since CO is
a weakly adsorbing analyte with an inherently weak Raman
cross-section, this meant that the changes observed in the SERS
signals were contributed solely by the complexation of CO with
Fe-TDPP. This allowed the quantitative detection range of the
CO sensor to be adjusted to 10-40 ppm to match the minimum
hazardous concentration of CO in air, by simply varying the
amount of Fe-TDPP ligand modified on the enhancing surface.
Moreover, since Fe-TDPP also complexed with O,, this meant
that the sensor could be regenerated by simply flowing through
dry air for 32 seconds, which allowed 5 cycles of CO detection
without any notable decrease in the activity of the sensor
(Fig. 19B).

The surface of the enhancing material can also be functio-
nalized with macromolecules to capture target analytes through
reversible host-guest interactions.”**"**' More specifically, the
macromolecules capture and place the analyte molecules
within the enhancing surface plasmon through weak intermo-
lecular interactions, such as cation-dipole interactions or
hydrophobic force.?®> Therefore, this approach is most useful
for SERS analysis of analyte molecules with a decent Raman
cross-section but low affinity to the enhancing surface. For
example, Pérez-Juste, Pastoriza-Santos et al. designed reusable
supramolecular plasmonic films composed of multiple layers
of plasmonic Au nanospheres, which have been modified with

This journal is © The Royal Society of Chemistry 2021
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ammonium pillar[5Jarene (AP[5]A) macrocycles for the detec-
tion of polyaromatic hydrocarbons, as illustrated in Fig. 19C.>%*
The plasmonic films were fabricated based on electrostatic
layer-by-layer deposition of citrate-stabilized Au nanoparticles
and AP[5]A macrocycles, which led to the formation of
randomly dispersed plasmonically active Au nanoparticle
aggregates functionalized with AP[5]A molecules. The AP[5]A
macrocycles captured polyaromatic hydrocarbons through
favourable host-guest intermolecular interactions, which
enabled quantitative SERS detection of pyrene, nitropyrene
and anthracene in aqueous solutions down to 5 nM, 0.05 uM
and 50 nM, respectively. Non-quantitative SERS detection of the
three analytes at sub-nanomolar concentrations, as well as
multiplex detection, were also demonstrated. As shown in
Fig. 19D, the enhancing surface could be regenerated by soak-
ing the substrate in N,N-dimethylformamide for 4 hours which
led to the release of the analyte from the host AP[5]A macro-
cycles. This allowed 5 cycles of SERS detection of pyrene in
0.1 uM solutions, without any significant decrease in the SERS
activity of the plasmonic films.

Another popular type of functional material for achieving
reusability is molecular imprinted polymers (MIPs).'7®:>64726¢
As introduced in Section 3.3, MIPs not only enable selective
binding of analytes within complex sample matrices but can
also be regenerated through solvent treatment, which make
them excellent candidates for constructing reusable SERS sub-
strates for practical applications. For example, Yu et al
designed reusable Fe;0,@Ag@MIPs nanocomposites for SERS
detection of sibutramine illegal additives in oral substances.>®”
The Fe;0,@Ag@MIP nanocomposites captured sibutramine
analyte molecules through favourable intermolecular interac-
tions between the analyte and the carboxylate functional moi-
eties of the MIP, which enriched the analyte molecules near the
surface of the plasmonic Ag layer. This allowed sibutramine to
be quantitatively detected from 10> to 10~ ° M using a portable
Raman spectrometer by dispersing the Fe;O,@Ag@MIP nano-
composites in 5 mL of model sibutramine solution. After SERS
analysis, the Fe;O,@Ag@MIP nanocomposites could be con-
veniently extracted magnetically from the sample solution and
redispersed into organic solvents for regeneration. This allowed
the nanocomposites to be reused for 10 detection cycles with
just a slight decrease in SERS activity. To demonstrate their
practicality, the Fe;O,@Ag@MIP nanocomposites were applied
for the SERS analysis of three commercial slimming supple-
ments, which revealed the presence of sibutramine. More
impressively, the amount of sibutramine within each of the
positive samples predicted by SERS were highly consistent with
the results obtained using conventional high-performance
liquid chromatography coupled with mass spectroscopy.

In some cases, the analyte molecules can react with the
functional materials on the enhancing surface leading to
reversible structural changes of the functional materials, which
is reflected in the SERS spectra and can therefore be utilized for
reversible SERS analysis.”®®*>”" For example, Ji et al. designed a
reusable SERS sensor for the quantitative detection of F~
in real-life samples based on a pH-reversible reaction between
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Fig. 20 (A) Schematic illustration of the working principles of the pH-

reversible F~ sensor; (B) plot showing the average area ratio between the
SERS peak at 1576 cm™! and 1589 cm™! as a function of the log
concentration of F~; (C) plot showing the SERS activity of the sensor after
6 cycles of regeneration; (D) schematic illustrations of the fabrication of
the electro-reversible tyrosinase sensor. Inset shows a SEM image of the
enhancing Au nanoparticles on the surface of the sensor; (E) bar chart
showing the ratio value between the SERS intensity of the vibration bands
at 484 cm™! and 588 cm™! as a function of sample type. The red
histograms correspond to the signals obtained from blank reference
samples and pure samples of the chemicals labelled below. The blue
histograms correspond to samples containing a mixture of tyrosinase and
the chemicals labelled below. The error bars represent the standard
deviation calculated from 3 independent measurements; (F) plot showing
the SERS activity of the sensor after 10 cycles of electro-regeneration.
Panel (A-C) reproduced with permission from ref. 272, copyright 2019
American Chemical Society. Panel (D—F) reproduced with permission from
ref. 273, copyright 2019 American Chemical Society.

F~ and 4-mercaptoboric acid.”’* As illustrated in Fig. 204, the
SERS substrates were composed of a densely packed layer of
plasmonic Ag nanoparticles chemical grown on the surface of a
silicon wafer. Importantly, the surface of the enhancing Ag
nanoparticles was functionalized with a self-assembled mono-
layer of 4-mercaptoboric acid Raman tag, which reacted

1544 | J Mater. Chem. C, 2021, 9, 11517-11552

View Article Online

Journal of Materials Chemistry C

specifically with F~ through the boronic acid moieties leading
to structural, and in turn, spectral changes of the Raman tags
that could be used to indirectly quantify the amount of
F~ within the sample. Analyzing the area ratio between the
SERS characteristic peak of fluoride-bond and unreacted
4-mercaptobenzoic acid Raman tags allowed F~ in model
aqueous samples to be quantitatively detected between 10 *-
1077 M, as shown in Fig. 20B. The limit of detection of F~
was determined to be 10™® M, which exceeded the maximum
guideline values of F~ in drinking water set by the World
Health Organization by >3 orders of magnitudes. The binding
of F~ ions could be reversed by adjusting the pH of the
chemical environment since OH™ and F~ ions competed for
the boron center. This enabled the enhancing substrate to be
regenerated by washing with sodium hydroxide solution, which
allowed it to be used for 6 cycles without any observable
degradation in SERS activity, as shown in Fig. 20C. To demon-
strate the practicality of the F~ sensor, the enhancing substrate
were used for the detection of F~ in samples of natural water
and toothpastes. Impressively, the recovery rate of F~ in these
samples ranged between 91.43-111.4%, and the relative stan-
dard deviations were less than 5.0%. Li et al. designed a SERS
sensor for the quantitative detection of a significant biomarker,
tyrosinase, in serum based on an electro-chemically reversible
reaction of p-thiol catechol Raman tags catalyzed by the tyrosi-
nase analyte.””®> As shown in Fig. 20D, the SERS substrates were
fabricated by chemically modifying citrate-reduced Au nano-
particles onto the surface of indium tin oxide electrodes. To
enable indirect detection of tyrosinase, the surface of the
plasmonic Au nanoparticles was functionalized with p-thiol
catechol, which converted to p-thiol benzoquinone upon inter-
acting with tyrosinase. This induced significant spectral
changes to the SERS signals of the Raman tags which in turn
allowed tyrosinase to be quantitatively detected between 0.1 to
100 U mL™*. Based on the principle of signal-to-noise ratio
being >3, the theoretical limit of detection of tyrosinase was
calculated to be 0.07 U mL ™. Since the oxidation of the p-thiol
catechol Raman tags were selectively induced by tyrosinase, the
tyrosinase SERS sensor exhibited high selectivity to tyrosinase
even in complex biological samples containing other chemical
species such as inorganic salts, small molecules and macro-
biomolecules, as shown in Fig. 20E. Importantly, the p-thiol
benzoquinone Raman tags could be conveniently reduced to p-
thiol catechol electrochemically by applying —0.3 V potential
for 120 s, which allowed the tyrosinase SERS sensor to be
reused for 10 cycles while retaining excellent reproducibility,
as shown in Fig. 20F. To demonstrate their practicality, the
tyrosinase SERS sensors were applied for the quantitative
detection of tyrosinase in real serum samples. The results were
highly consistent with the data obtained from commercial
ELISA kits, which showed the accuracy of the SERS sensor.
Table 4 lists additional examples of reusable SERS sub-
strates from recent literature, which fall into the categories
discussed above. Examples of other less researched substrate
regeneration strategies include the replacement of the enhan-
cing nanoparticles and voltage-induced desorption of analyte

This journal is © The Royal Society of Chemistry 2021
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Table 4 Additional examples of regeneration-enhancement-in-one SERS substrates
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Substrate

Sample & target analyte

Regeneration strategy

Regeneration procedure

Reusability

Nanoporous Ag sheet***

Graphene-veiled Au(Ag)
nanoarray’>®

Au nanorod array on Si
wafer?*°

Au NPs decorated cicada
wing®®?

Ag/ZnOJ/Au 3D hybrid
film23°

Chestnut-like Ag/WO;_,
NPSZS7

MoS,/Fe,0; heterojunction
nanocomposite®*®

TiO,-decorated chiral car-
bonaceous nanotube
film?>*°

rGO-TiO,Fe;0,
nanohybrid**°

Ag flower and MOF leaf
decorated carbon cloth?*?

Si wafer decorated with
hierarchical Ag nanos-
tructures on indium oxide
nano-branches>**
MIP@Ag>*®

1 puM lindane or rhoda-
mine B water solution

10> M rhodamine 6G,
10~2 M amoxicillin,
unspecified amount of
rhodamine B and methy-
lene blue water solutions

10 mg L™ thiabendazole
methanol solution

10> M p-amino thiophe-
nol, crystal violet, methyl
orange, nile blue A, rhoda-
mine 6G water solution

10~® M rhodamine 6G
water solution, 200 ng pL ™"
A-DNA ethanol solution

Unspecified concentration
of malachite green, 1 pM
thiram water—ethanol
solution

10~* M bisphenol A water
solution

10~* M methylene blue

1x107° M4
mercaptobenzoic acid, 4-
mercaptopyridine, 6-
mercaptopurine mono-
hydrate, 1,2-di(4-pyridyl)
ethylene, p-aminobenzoic
acid

1.00 x 10~ °® M rhodamine
6G
2.1 x 10> M rhodamine

6G water solution

1 x 10> M bisphenol A in
acetonitrile solution

This journal is © The Royal Society of Chemistry 2021

Solvent treatment

Annealing

Plasma

Treatment with NaBH,
water solution

UV light photocatalytic

degradation

Visible light photocatalytic
degradation

UV light photocatalytic
degradation

Visible light photocatalytic
degradation

UV light photocatalytic
degradation

Superhydrophobicity

Superhydrophobicity

Intermolecular interaction

Immerse in ethanol for 5
min - sonicate in water for
8 min

Heated at 300 °C for 30 min

Treatment for 1 min

Treatment with unspeci-
fied concentration of
NaBH, solution for 5 min -
wash with water 3 times -
dry in vacuum at 30 °C

UV irradiation (8 W,

254 nm) for 40 (100) min
while immersed in 4 mL of
water for rhodamine 6G (A-
DNA)

Rinse with deionized water
for 5 s — irradiation with
visible light (1000 W xenon
lamp, 400-800 nm) for 50
min - rinse with deionized
water for 5 s - blow dry
with nitrogen gas

Incubation of sample with
substrate for 10 min - UV
(details unspecified) irra-
diation for 50 min - mag-
netic separation

Drop 10 puL water on sub-
strate - irradiation with
visible light (300 W xenon
lamp, AM1.5 air mass fil-
ter) for 20 min - blow dry
with nitrogen gas
Disperse used substrate in
ultrapure water - UV irra-
diation (details unspeci-
fied) for 2 h with stirring -
magnetic separation —
rinse with anhydrous
ethanol

Sonicated in 30 mL of
deionized water for 10 min

Sonicated in isopropyl-
alcohol bath for 10 min

Treatment with methanol-
acetic acid solution (details
unspecified)

J. Mater. Chem. C, 2021, 9, 1517-11552 |

Analyte fully removed;
SERS activity fully main-
tained for 22 cycles
Analyte fully removed;
SERS activity maintained
for 15 cycles with rhoda-
mine 6G; fluctuation in
SERS activity due to change
in particle morphology; 2
regeneration cycles
demonstrated for amox-
icillin, rhodamine B and
methylene blue

SERS activity fully main-
tained for 7 cycles; RSD
between regeneration
cycles was 4.87%

Analyte fully removed;
SERS activity fully main-
tained for 4 cycles

Analyte fully removed;
slight drop off in SERS
activity after each regen-
eration cycle, demon-
strated 8 and 4
regeneration cycles for
rhodamine 6G and A-DNA,
respectively

Near-full removal of ana-
lyte; slight drop off in SERS
activity after each regen-
eration cycle, maintained
more than 70% SERS
activity after 5 cycles using
malachite green as analyte;
maintained more than
83% SERS activity using
thiram as analyte

Near-full removal of ana-
lyte; slight drop off in SERS
activity after each regen-
eration cycle after 5 cycles

Analyte fully removed;
SERS activity fully main-
tained for 4 cycles

Analyte fully removed;
SERS activity fully main-
tained for 8 cycles demon-
strated with 4-
mercaptobenzoic acid;
detection and regeneration
also demonstrated by
shuffling between different
analytes

Analyte fully removed;
SERS activity decreased by
17.3% after 6 cycles

SERS activity fully main-
tained for 10 cycles

29% drop off in SERS
activity after 4 cycles of
regeneration
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Table 4 (continued)
Substrate Sample & target analyte Regeneration strategy Regeneration procedure Reusability

270

Ag decorated nanotip Unspecified concentration

of NADH water solution

Intermolecular interaction

Treatment with 1.0 mM
FeCl; solution for 20-30
min

Raman tag fully reversed;
slight drop off in signal
intensity after 4 regenera-
tion cycles

Abbreviations: nanoparticle (NP); reduced graphene oxide (rGO); metal organic framework (MOF); nicotinamide adenine dinucleotide (NAD) +

hydrogen (H) (NADH).

molecules through reverse bias or electro-oxidation.?’*”® In

summary, different strategies for substrate regeneration come
with different advantages and disadvantages. More specifically,
treatment with sodium borohydride solution offers a conveni-
ent and effective solution for substrate regeneration. However,
the practicality and generality of this approach is limited by the
fact that the washing process also endangers any functional
molecules which have been deliberately introduced on the
enhancing surface. Amongst the different types of multifunc-
tional SERS substrates with incorporated self-cleaning func-
tionality, photocatalytic self-cleaning substrates are the most
widely researched. However, the current generation of photo-
catalytic SERS substrates typically require extensive periods of
UV exposure, which is in itself unsustainable and impractical.
Conversely, it has been demonstrated that the SERS activity of
superhydrophobic substrates can be regenerated within min-
utes or even seconds by simply rinsing with water or blowing
with air. However, the nature of this regeneration process and
the extreme sensitivity of surface-hydrophobicity to adsorbed
surface species means that self-cleaning superhydrophobic
SERS substrates are inherently limited to the analysis of weakly
adsorbing analytes dispersed in samples without strongly
adsorbing contaminants. Within this context, reusable sub-
strates based on reversible intermolecular interactions seem
the readiest for real-life applications. This is because the
intermolecular interactions are typically target selective, which
provides separation functionality that enables direct SERS
detection in complex real-life samples. Moreover, the molecule
layer which provides reversibility can be rationally engineered
so that the spectral changes observed during SERS analysis
arise from the structural changes of the functional molecule
layer rather than the analyte molecule itself, which enables
indirect SERS analysis of chemical species with low Raman
cross-sections and/or weak affinity to the enhancing surface.

6. Conclusions and perspectives

In conclusion, this review introduced the main strategies for
constructing multifunctional enhancing substrates designed
for practical SERS analysis. Depending on their functionality,
the multifunctional SERS substrates were categorized into
flexible substrates for in situ analysis of surface residues,
separation-enhancement-in-one substrates for direct chemical
analysis of complex samples, calibration-enhancement-in-one
substrates for direct quantitative analysis of complex samples

11546 | J Mater. Chem. C, 2021, 9, 11517-11552

and regeneration-enhancement-in-one SERS substrates for
repeated use. In general, some success has been achieved in
incorporating the above functionalities into enhancing sub-
strates which allows reproducible and quantitative SERS ana-
lysis of certain complex real-life samples to be performed.
Moving forward, the next step is to develop multifunctional
substrates which combine several of the functionalities dis-
cussed above. In this regard, there have already been some
successful demonstrations of substrates with combined
functionalities.”* 199202298213 11y addition, other important
metrics, such as suitability for automated mass production
and stability during storage must also be taken into considera-
tion. While the importance of these properties has been recog-
nized to some degree by the SERS community,"®>*”°">%* more
rigorous standards must be established in order to facilitate the
routine application of SERS in practice. For example, a SERS
substrate should not be defined ‘“‘cheap” simply by the appar-
ent cost of the raw materials within the substrate but as a
whole, which includes the cost of production, application,
storage and disposal. To reach practical standards, the stability
of the substrates should be assessed at least by months rather
than days. These challenges can likely be addressed by smart
substrate engineering combined with the discovery of novel
enhancing materials, such as semiconductors and plasmonic
polymers,>*”**> which offer similar magnitudes of signal
enhancement to Ag/Au but at a reduced cost. Finally, standar-
dized procedures and methodologies must be developed to
determine substrate performance, as well as for the application
of SERS in practice,”®>*** since these are crucial preconditions
for promoting SERS to non-specialist users.
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