7 ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

REVIEW

Towards a point-of-care SERS sensor for
biomedical and agri-food analysis applications: a
review of recent advancements

’ '.) Check for updates ‘

Cite this: Nanoscale, 2021, 13, 553

Jayakumar Perumal, Yusong Wang, &2 Amalina Binte Ebrahim Attia,
U. S. Dinish @2 * and Malini Olivo*

The growing demand for reliable and robust methodology in bio-chemical sensing calls for the continu-
ous advancement of sensor technologies. Over the last two decades, surface-enhanced Raman spec-
troscopy (SERS) has emerged as one of the most promising analytical techniques for sensitive and trace
analysis or detection in biomedical and agri-food applications. SERS overcomes the inherent sensitivity
limitation associated with Raman spectroscopy, which provides vibrational “fingerprint” spectra of mole-
cules that makes it unique and versatile among other spectroscopy techniques. This paper comprehen-
sively reviews the recent advancements of SERS for biomedical, food and agricultural applications over
the last 6 years, and we envision that, in the near future, some of these platforms have the potential to be
translated as a point-of-care and rapid sensor for real-life end-user applications. The merits and limit-
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ations of various SERS sensor designs are analysed and discussed based on critical features such as sensi-
tivity, specificity, usability, repeatability and reproducibility. We conclude by highlighting the opportunities
and challenges in the field while stressing the technological gaps to be addressed in realizing commer-

rsc.li/nanoscale cially viable point-of-care SERS sensors for practical biomedical and agri-food technological applications.
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1. Introduction

Molecular-level detection of chemicals, biological analytes and
metabolites can be the gateway to elucidating biological pro-
cesses, gaining insight to cellular functions and evaluating
therapeutic efficacy. Detection and the unique identification of
target analytes have become integral in the fields of medical
diagnostics,' disease monitoring,' forensic science,” water or
environmental monitoring,’ food nutrient content* and food
safety® testing. This warrants a sensing method that is rapid,
molecular specific and sensitive enough to detect trace
amounts in very small volumes and in complex environments.
Established chemical sensing methods include mass spec-
trometry (MS), liquid chromatography (LC) or the combination
of these two approaches.” While the LC/MS approach exhibits
unparalleled sensitivity and specificity, it involves collecting
samples to be analysed before transferring to a laboratory for
quantification, rendering this approach laborious, time-con-
suming, confined to a sophisticated laboratory space and
requiring very high capital investment and well-trained oper-
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ators. Magnetic and plasmonic analysis techniques are some
of the other methods implemented in laboratories for rapid
and sensitive trace analytes detection.® However, these tech-
niques are time-consuming, economically unviable, possess
low sensitivity and have a noisy background. Therefore, there
is a need for a more compact and rapid analyte detection
approach at the point-of-sample with minimal steps to meet
these challenges.

In the last decade, surface-enhanced Raman spectroscopy
(SERS)-based ultrasensitive sensing platform has gained
much attention as a promising methodology to detect tar-
geted molecules as it offers high specificity, high sensitivity
and a quick readout. When an analyte is excited by photon
absorption, the Raman-scattered photons shift to lower
energy, while the molecule gains its unique vibrational
energy. The Raman analytical method involves measuring the
Raman-scattered photons to produce a molecular fingerprint
in the form of a Raman spectrum. Nevertheless, the Raman
effect is intrinsically weak and not sufficient to detect low
concentrations of the analyte. The Raman effect can be
amplified in the orders of 10*-10'® when the analyte is
adsorbed onto metallic nanostructures, a phenomenon
known as SERS. This can be attributed to the transfer of
induced energy from the metal surface to the adsorbed
analyte, enhancing the scattering of the analyte.” Thus, SERS
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is capable of detecting trace concentrations of specific ana-
lytes provided that the molecules are in close vicinity to
metallic nanostructures (~few nm) on SERS substrate plat-
forms. Typically, a droplet of liquid sample is deposited onto
a rigid silicon or glass substrate functionalized with a plas-
monic nanostructured surface followed by the adsorption of
analyte molecules onto the surface as the sample dries.

SERS has been exploited in various measurement method-
ologies in analytical and biological chemistry since its first
reported use as a spectro-chemical approach.® SERS-based
analytical strategies can be categorized as label-mediated or
label-free methodologies. The former involves detecting the
analyte indirectly whereby the SERS active molecule is functio-
nalized as a label or a reporter molecule onto the capturing
moiety and the resultant SERS signal of the reporter is
detected as a surrogate measure of the analyte, enhancing the
interface specificity of detection. This approach has demon-
strated its capabilities in SERS-based immunoassays® whereby
detection of analytes is possible in multiplex environments.
Direct label-free detection of analytes, however, mandates the
analyte to be SERS-active and its environment free of any inter-
fering molecules to maintain high specificity. Meanwhile, the
optical properties of a SERS substrate affect the detection
sensitivity.

Point-of-care or POC SERS analysis is one emerging appli-
cation where SERS measurements are acquired on-site as
opposed to conventional laboratory-based testing using bench-
top SERS instruments. POC, as originally mandated by the
World Health Organization (WHO) for HIV testing, has a
generic guideline with the criteria of ASSURED (affordable,
sensitive, specific, user-friendly, rapid and robust, equipment-
free and deliverable to end-users), especially for low-resource
settings.'® Most POC detection methods adopt a lateral fluidic
immunoassay (LFIA) platform, such as paper-based glucose
strips or pregnancy tests, which do not require formal training
for home use. However, they often exhibit low sensitivities.
SERS with significant signal enhancement via “hot spots” cre-
ation'' shows immense potential to address the sensitivity
limitation, with POC SERS arousing more attention. On the
other hand, due to the limitation of current Raman instrumen-
tation development and the SERS substrate, POC SERS raised
some specific issues. The design of POC SERS is especially
centred on the Raman reader (whether it is portable, handheld
or movable) and one issue is the integration of a portable
Raman reader into a general diagnostic system for on-site and
rapid detection. Another issue is the SERS substrate, where
various flexible materials have been exploited in SERS sub-
strates for SERS-based POC diagnostics,"” including paper,*
flexible polymers,'* graphene’® and nanowires,'® each contri-
buting different applications to the substrate by virtue of the
materials’ characteristics. These materials allow the pro-
duction of SERS substrates to be affordable, disposable and
scalable for mass production. To preserve the high specificity
of the SERS technique, careful consideration has to be under-
taken in the molecular functional interface of these flexible
substrates to interact specifically with the analytes in the
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sample environment. Thus, the key parameters of POC SERS
include portability (for the whole sensor system including the
Raman detector) and affordability (in favour of mass pro-
duction and low resource settings) besides sensitivity and
specificity. Common forms of the POC-SERS technique adopt
LFIA formats but with Raman as the signal output (Scheme 1).
A rapid POC SERS sensor with these characteristics is highly
desirable for end-users of POC diagnostics.

Several interesting review articles have come out recently,
selectively focused on the use of SERS POC type devices for
different kinds of biochemical applications such as colloidal
nanoparticles with immunoassay techniques'” or flexible sub-
strates for bio-sensing’* and nano-colloids for pathogen diag-
nostics.'® Seeing the value presented by SERS-based POC
analytical strategies, we herein present a review and compre-
hensive discussion of several approaches in recent practical
applications in biomedical diagnostics, detection of infectious
agents, food science applications, etc. (Scheme 1). Our review
comprises various substrate media that were used from col-
loidal, rigid planar, flexible planar to microfluidics-based sur-
faces that are being explored for different applications. In
order to show the growing interest in the SERS space for bio-
medical and agri-food domains over the years, we have plotted
a graph showing that the number of publications of SERS in
these applications has increased steadily in recent years,
evident from the number of hits achieved from Web of Science
with the keywords “SERS sensor”, “SERS biosensor” and “SERS
for food safety” (Fig. 1). We also highlight the limitations and
future directions in challenges faced in the paradigm shift of
the SERS-based analytical tool from the laboratory to POC
applications.

2. SERS-based applications in agri-
food analysis

In agricultural and food safety analysis, the gold standard
methods for analyte detection are chromatographic-based “wet
chemistry” techniques such as gas chromatography (GC) and
high-performance liquid chromatography (HPLC) followed by
mass spectroscopy (MS). The major limitations with these
methods are the requirement for dedicated lab space, costly
systems with expensive upkeep and the need for highly trained
operators. Additionally, they involve cumbersome analyte
extraction and time-consuming sample preparation steps. Our
proposed economical POC SERS method offers the possibility
for short sample processing time, ease of operation and mini-
mally invasive, on-site detection by virtue of portable hand-
held Raman devices. In this section, we will cover an overview
of SERS techniques for various agri-food applications that
result in reliable quantitative and qualitative analysis.

2.1 Detection of nutrients and plant stress

2.1.1 Detection of nutrients. The food we eat provides us
with essential nutrients and forms the building blocks that
our body needs for repair and growth. Hence, it is necessary to
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Scheme 1 Schematic illustration of reported various types of point-of-care SERS platforms and the different types of analytes detected for various
applications. Reproduced with permission from ref. 51. Copyright 2019, Elsevier. Reproduced with permission from ref. 98. Copyright 2020, Royal
Society of Chemistry. Reproduced with permission from ref. 139. Copyright 2017; Elsevier.

take food that is rich in specific micronutrients such as vita-
mins, minerals, anti-oxidants and phytonutrients from essen-
tial macronutrients for the proper healthy functioning of the
body. Even though several established techniques are accepted
as the standard across different governing bodies to analyse
the nutritional content of food products, still, the complexity
of extracting the analyte into the medium that is suited for
analysis regardless of the target food component is a reality.
Currently, most nutrient analysis is done in a laboratory
setting that involves bulky instruments and time-consuming
processes to obtain the results. Hence, it is challenging to
ascertain the quality and nutrition level of food on the go. Use
of optical techniques that provide high sensitivity and
reliability will be ideal to address this issue, as the analysis
instrument can be made portable and suited for on-site
detection.

Radu et al.™® adopted a SERS-based method for the simul-
taneous detection of two variants of vitamin B (riboflavin and
cyanocobalamin) in cereal fortified by vitamins by fabricating

This journal is © The Royal Society of Chemistry 2021

SERS active substrates in-house using e-beam lithography on a
silicon wafer followed by evaporation of the gold layer. Fig. 2
shows the extraction procedures used for the separation of
vitamin B from a complex fortified cereal product, which can
be further adapted and extended to other food products. One
of the key findings was to maintain a fixed pH (i.e. pH 7) for
obtaining optimum SERS spectral features under a confocal
Raman microscope, as the detection sensitivity was greatly
affected in other pH conditions. They were successful in
detecting two of the vitamin B variants with a limit of detec-
tion (LOD) of 100 nM by maintaining the experimental para-
meters such as pH and method of digesting the food to
analyse for its individual components. The time taken for
SERS analysis was within 7 h compared with the lengthy com-
bination of HPLC and microbiological assay which often
requires more than 26 h.

In another study,®® a label-free SERS spectroscopy tech-
nique was developed for white wine characterization. One
hundred and eighty wine samples were selected for testing,
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Fig. 1 The number of citations found in the Web of Science® database using the keywords “SERS sensor”, “SERS biosensor” and “SERS for food
safety” from 2000 to June 2020.

Fig. 2 Schematic shows the process of bringing the analytes into the liquid medium for analysis. The extraction protocol involves mincing the
sample and dissolving it into suitable solvents to extract the analytes into the liquid medium before the analytes are chemisorbed onto the SERS

enhancing platform. Reproduced with permission from ref. 19. Copyright 2016, Elsevier.
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consisting of white wine varieties namely Sauvignon Blanc,
Ribolla Gialla and Friulano, collected from three different
Italian producers in the northeastern Italy region. Sample
testing was done using citrate-capped Ag colloidal nano-
particles and a portable Raman device with a 785 nm exci-
tation wavelength as a laser source. Spectral differences
between the samples arose from changes in the relative ratios
of metabolites (adenine, adenosine, carboxylic acids and gluta-
thione) present, depending on the type and production
method of the wines. In addition, the results were obtained
with the multivariate predictive model using the relative con-
centration of metabolites to classify the wine based on its
specific variety and its geographical origin with up to 93%
high accuracy.

Similarly, other nutrient components such as anti-oxidants
and flavonoids have been studied using the SERS platform.
Aguilar-Hernandez et al.*>' used silver colloids as an enhancing
medium for SERS detection of phenolic antioxidants, caffeic
acid (CA), ferulic acid (FA), p-coumaric acid (4CA) and sinapic
acid (SA). Chemometric analysis was performed with the prin-
cipal component analysis (PCA) method to classify the anti-
oxidant analytes based on nanoparticle size and analyte con-
centration. It was established that the ideal pH condition of
the colloidal silver medium for highest SERS enhancement
was between pH 5 and 6.5, because changes in the pH affected
the analyte molecular conformation and how it reacts with the
silver colloid particles under a confocal Raman microscope.
Antioxidants CA and 4CA were reported to have a LOD of 2.5 x
107° M. Even though low concentration detections of some of
the antioxidants were demonstrated in this study, further
investigations are warranted to validate the reproducibility of
LODs and to achieve acceptable sensitivity below permissible
detection limits.

SERS sensors are not only limited to analysing liquid ana-
lytes; with the appropriate design of SERS sensors, they could
potentially be employed for the detection of gaseous sub-
stances. Park et al.>* developed a novel SERS substrate by
depositing a layer of silver-nanosphere (AgNS) on a Tenax-TA
polymer film to detect the volatile organic compounds
(VOCs) emitting from living or preserved plant materials. In
this study, the film-based SERS substrate was able to adsorb
and simultaneously detect naturally evaporated VOCs from
three validated VOC standards, enabling the discrimination
between the three standards while detecting the difference in
VOC emission at collection times. The capability of this SERS
method was demonstrated through the detection and differ-
entiation of three types of tea blends using a benchtop
Raman system, and the differentiation between healthy and
caterpillars infested cotton plants based on their VOC emis-
sion in which the wavenumber regions in the SERS spectra
contributing in the classification process were between 1550
and 1750 cm™'. Cotton plants infected with caterpillars
emitted additional VOCs such as (E)-2-hexenal, (E)-2-hexenyl
acetate, caryophyllene, humulene and isoamyl acetate,
whereas a-pinene was found in both healthy and infected
plants.
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SERS has proven to be a poor choice of an analytical
method for inorganic molecular species due to their intrinsi-
cally low Raman cross-sections and a lack of vibrational
modes in their atomic systems.>® However, in an interesting
study, Brackx et al.>* reported a SERS-based method to detect
Zn*" ions in water as a surrogate measure of water contami-
nation. The simple and frugal SERS method firstly involves
randomly aggregating colloidal silver particles upon addition
of a complexometric marker, acquiring a SERS spectrum with
a portable Raman spectrometer and assessing data employ-
ing multivariate methods. Partial least square (PLS)
regression has been employed as the multivariate method,
allowing large datasets to be acquired simultaneously. This
sensor had a detectable range between 160 and 2230 nM in
pure water with an accuracy of 96% and fidelity of 4%. While
the LOD is higher than that of gold standard methods for the
detection of inorganic molecules, its sensitivity is sufficient
enough to detect relevant concentrations of Zn in water
bodies. Shi et al.>® developed a unique miniaturized silicon
SERS analytical sensing method by combining with an
internal standard. The resultant sensor was capable of multi-
plexing, with sensitive and reliable detection of heavy metal-
lic ions present in industrial wastewater demonstrated in
real-life systems. The SERS sensor was composed of a silicon
wafer with dense packing of Ag NPs along with functionali-
zation with 4-ATP (internal standard molecule) and Pb**/Hg*"
responsive DNA strands. LODs of 9.9 x 10~"* M for Pb*" and
8.4 x 107'° M for Hg*" were reported respectively, under a
confocal Raman microscope. The LOD obtained in the
current study was close to two orders of magnitude lower
than the maximum residue limit (MRL) defined by US-EPA.

These investigations show the potential for molecularly
mediated SERS to characterize food products in a fast turn-
around time and with superior sensitivity. In the future, it
would be desirable to develop SERS sensors with a short SERS
analysis time by avoiding lengthy extraction steps along with
the use of stable colloidal nanoparticles that are inert to pH
changes for analyte detection. Although only a few SERS-based
studies have been reported in this space, more development is
needed to establish sensitive detection methods that are rapid
and effortless. A SERS sensor for nutrient detection in the
food space will likely gain major traction in the coming years
with the availability of cheap, stable and high laser power por-
table Raman systems along with a more reliable and reproduci-
ble SERS enhancement medium.

2.1.2 Detection of plant stress markers. Plant stress could
be caused for a variety of reasons and can be categorized into
biotic or abiotic types of stress. These types of stress can
adversely affect the plants during their growth, development
and reproduction stages. To overcome external stress factors,
plants continuously use highly sophisticated and efficient tol-
erance mechanisms. There is a great need for the detection of
the early signs of plant stress and to identify their origins to
address the unavoidable loss of produce or sub-par quality or
yield of produce. A non-destructive or minimally invasive
analytical technique such as SERS has this unique advantage

Nanoscale, 2021,13, 553-580 | 557
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along with minimal or no sample preparation needed for its
sensing applications.

Zhang et al’® reported a swift SERS-based analysis of
residual synthetic cytokinins i.e. 6-benzylaminopurine (6-BAP)
using gold colloids and a portable Raman spectrometer for
readout. 6-BAP is generally used for stimulating plant growth
and growth regulator in stress responses. The major bands in
the fingerprint region for 6-BAP were at 738, 1002, 1318 and
1336 cm™' wavenumber, which represents the vibrational
modes of adenine ring. From the acquired SERS spectra, the
presence of 6-BAP in sprout extract was demonstrated with the
Raman band at 1002 cm™, increasing in intensity as the 6-BAP
concentration increases. A LOD of 0.33 pg mL™" for 6-BAP
detection was reported with the linear correlation in the con-
centration range 0.1-5.0 pg mL™".

Anthocyanins are plant pigments that are natural com-
pounds responsible for the various non-green colours such as
blue, purple and red. They are mainly derivatives of 2-phenyl-
benzopyrylium salts, which exist as glycosylated molecules in
nature. Anthocyanins are produced in plants in reaction to
abiotic stress factors, e.g. drought, high salinity, excess light
and cold. Zaffino et al.”” developed a SERS sensor for the
detection of anthocyanidins. SERS spectral characterization
and pH dependence of anthocyanidins were investigated. The
SERS spectra of six derivatives of anthocyanidins: cyanidin,
delphinidin, pelargonidin, peonidin, malvidin and petunidin,
exhibited distinct differences despite the slight disparities in
molecular structures. SERS has presented itself as an attractive
option to do a rapid label-free detection of the derivatives of
anthocyanidins. A micro-Raman system was used for SERS
spectral measurements.

Yang et al.*® developed innovative SERS techniques for real-
time monitoring of pesticide penetration or diffusion inside
tomato plant tissues. Various concentrations of a pesticide,
thiabendazole (TBZ), were introduced into hydroponic systems
to be feed to tomato plants. While SERS detection of TBZ has
been established before, a unique SERS peak at 737 cm™" on
the plant tissue at day 4 and 6 was additionally detected under
a confocal Raman microscope. This peak is thought to corres-
pond to adenine-moiety by virtue of the plant’s response to
toxic pesticides.

Wang et al*® reported a SERS technique employing an
Ehrlich test followed by mixing with gold nanoparticles
(AuNPs) to generate hotspots for aromatic plant hormone
detection. Plant hormones mediate the plants’ tolerance to
stress and regulate their response. The authors demonstrated
that p-(dimethylamino) benzaldehyde (PDAB) undergoes selec-
tive reaction with indole-3-butyric acid (IBA) over indole-3-
acetic acid (IAA) to form the effective IBA-PDAB cation due to
high selectivity and preference for IBA over that of IAA. Fig. 3A
represents the schematic illustration for the detection process
of IBA in mung bean sprout. Results from the SERS method
were consistent with that of the HPLC results. As shown in
Fig. 3C, the Raman band at the wavenumber region
1498 ¢cm™", under a confocal Raman microscope, was of high
intensity at both the hypocotyl and root tip (see the red line)
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Fig. 3 (A) Schematic drawing for the detection of IBA via SERS. (B) SERS
spectra of the mung bean sprout extract spiked with IBA. (C) SERS
spectra of various parts of mung bean seedling extract: (a) leaf, (b) coty-
ledon, (c) hypocotyl and (d) root tip. Reproduced with permission from
ref. 29. Copyright 2017, ACS Publications.

compared with very weak Raman signal intensity in the coty-
ledon. The endogenous IBA concentration showed an increas-
ing trend from cotyledon < leaf < hypocotyl < root tip in which
the IBA level was found to be 14.8, 63.7, 154 and 181 ng g™/,
respectively. The reported LOD for IBA was 2.0 nM. This label-
free SERS method showed high potential for the screening of
plant hormones in real-time.

A field-ready and ultrasensitive SERS assay for the detection
of dipicolinic acid (DPA), which was a biomarker for bacterial
spores and especially Bacillus anthracis, has been reported.*°
Plant and microbiome interactions are thought to ameliorate
abiotic and biotic stress. The study employed environmentally
safe mercury(n) ions to aid the sensing approach for rationally
designed SERS-active AuNPs, which led to the indirect detec-
tion of DPA, controllable aggregation of special Au colloids for
the detection of Hg>" ions and DPA with a concentration range
(1 nM-8 pM) under a confocal Raman microscope. The
authors were able to achieve a LOD for the indirect SERS
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method and were able to detect DPA as low as a LOD of 0.01
ppb.

Notably, the major limitation of these previously mentioned
SERS methods involves destroying the plant samples to detect
the analyte of interest efficiently. To address this limitation,
there are reported imaging-based methods integrated with
SERS allowing longitudinal real-time measurements to
monitor the health of the plants at different stages of their
growth. For example, Crawford et al. demonstrated the use of
the plasmonic nanoprobes based multimodal method for
in vivo imaging and biosensing of microRNA biotargets within
whole plant leaves.>* In another study, Wang et al. integrated
three different and complementary techniques: SERS, X-ray
fluorescence (XRF) and plasmonics-enhanced two-photon
luminescence (TPL) for in vivo functional imaging of the target
nucleic acid with an excellent spatio-temporal resolution of
200 pm and 30 min, respectively.*>

2.2 Detection of contaminants and chemicals

2.2.1 Detection of pesticides. SERS sensing platforms have
lately been used in place of conventional chromatographic
techniques for the monitoring and reliable detection of pesti-
cide residues in food at trace levels. Surface sampling tech-
niques have commonly been used for routine food screening
to detect pesticides and have been found to be very effective at
detecting them on fruit peels, compared with pulps.®* Overall,
SERS methods were able to detect pesticides with minimal
sample processing and better sensitivity compared with chro-
matographic methods.>® The major advantages of the SERS
method are its capability for label-free direct and sensitive
detection, discriminate multi-class pesticides on plant surfaces
with simpler or no sample preparation involved and onsite
measurements using portable Raman spectrometers. Several
of the pesticides reported that could be detected in situ on
fresh produce included ferbam, thiram, thiabendazole (TBZ),
methyl parathion, pyrimethanil, omethoate, zearalenonepyri-
fos, isocarbophos, deoxynivalenol, dimethoate, phorate delta-
methrin and imidacloprid.*>**> Hence, these direct SERS
methods will be a boon for farmers, as they can perform rapid
screening of their produce using portable Raman spec-
trometers. SERS-based portable sensors have evolved
sufficiently to cater to the label-free direct detection of the
majority of pesticides, as they demonstrated reliable Raman
cross-section, with the standardization on the SERS platform
with reliable reproducibility.

Various SERS techniques for pesticide detection make use
of principle sampling methods such as swabbing via flexible-
SERS substrates, use of cotton swabs and SERS active tape for
“press and peel-off”.***®* As an example, a gecko-inspired
nanotentacle substrate was developed for easy sampling and
direct detection of pesticides, giving a LOD for thiram, a fungi-
cide, on apple peels of 1.6 ng cm™>.*’ Similarly, Chen et al.*’
reported a jellylike, flexible silver nanocellulose (Ag-NC) as a
highly sensitive SERS substrate for pesticide detection, grant-
ing an improved thiram LOD of 0.5 ng cm ™. In this study, fun-
gicides thiabendazole (TBZ) and thiram solutions were com-
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bined with the Ag-NC substrates before adsorbing to alu-
minium plates while apple peels tainted with the two fungi-
cides were prepared with the same substrates for SERS
measurements using portable Raman spectrometer. The pro-
minent Raman bands in the SERS spectra for TBZ detection
were found to be 783, 884 and 1010 cm ™', whereas the repre-
sentative Raman bands for thiram were at 564, 938, 1148, 1386
and 1514 cm ™.

As an alternative to conventional thermoplastic thin and
flexible SERS substrates, sticky tapes were effective in the
analyte collection from any type of sample surface from flat
to curved structures by means of a simple “press and peel
off” technique. Chen et al.>° developed adhesive tape deco-
rated with gold colloidal particles as a SERS tape sensor for
the detection of pesticides in fresh produce. The SERS tape
offers flexibility for full contact to touch the surface of
produce and considerable adhesion to extract analytes
efficiently. The SERS tape has been demonstrated to acquire
distinct SERS spectra of the pesticides parathion-methyl,
thiram and chlorpyrifos in produce such as green vegetables,
cucumber, orange and apple under a confocal Raman micro-
scope. Gong et al.*>® similarly demonstrated the capability of
the adhesive tape-based SERS platform for the direct detec-
tion of pesticide residue from the surface of fruit peels with a
portable Raman spectrometer. Different types of adhesive
tapes were tested on various surfaces such as aluminium foil,
glass and fruit peels for their effectiveness and collection
efficiency. The highest collection efficiency of 60.2 + 7.6% was
observed for glass followed by aluminium foil and fruit peel
with 54.3 + 5.0% and 52.3 + 9.0%, respectively. After the
analyte collection, silver nanoparticles were used for SERS
enhancement. A LOD of 0.0225 mg kg™ was reported for tria-
zophos pesticide, which is below the MRL of 0.2 mg kg™ In
another study by Wu et al.,>" colloidal bipyramid gold nano-
particles (BP-AuNPs) were used instead of the conventional
spherical or star-shaped gold colloids as an enhancing
medium for the target analyte. Fig. 4 shows the schematic of
the BP-AuNPs based SERS adhesive tape sensor for trace pes-
ticide detection on the surfaces of products using a portable
Raman spectrometer. In this study, SERS detection of trace
levels of methyl parathion on the peels of apples, cucumbers
and tomatoes were demonstrated, granting LODs of 98.63 ng
em™? for cucumber, 31.56 ng cm > for tomatoes and 36.58 ng
em™? for apples.”® Flexible SERS sensors could also detect
TBZ fungicide down to sub pM 1 pM (0.2 ppm) on orange
peel in situ which was much lower than the permissible MRL
specified by the EU under a confocal Raman microscope, as
demonstrated by Wang et al.>®> The detection limit for TBZ
was further improved by using gold nanorods (AuNRs) as the
SERS enhancing medium in apple samples - down to
0.06 ppm.>* Alsammarraie et al>* demonstrated the rapid
identification of TBZ pesticides liquid samples (lemon, carrot
and mango juice) by exploiting gold nanorods assembled
onto the silicon surface as the SERS substrate under a con-
focal Raman microscope. Partial least squares analysis was
employed to accurately detect TBZ with R values of >0.98 for
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Fig. 4 Detection of pesticides using SERS substrates. The schematic shows the use of modified adhesive tape modified with bipyramid-gold nano-
particles (AuNPs) as a SERS sensor for pesticide residue detection on the surface of fruit peels. Reproduced with permission from ref. 51. Copyright

2019, Elsevier.

all the juice samples. The LOD for TBZ in lemon was reported
as 149 pg L', while carrot and mango juice LODs were 216
and 179 pg L™, respectively.

The presence of graphene in the SERS substrate can assist
in the enrichment of pesticide analytes due to its high adsorp-
tion capability for organic aromatic compounds by virtue of
the n-n interaction as demonstrated by Sun et al.>®> They pre-
sented a PMMA/Ag NPs/graphene-based flexible SERS 2D sub-
strate to detect trace levels of thiram in apple juice with a LOD
of 0.24 ppm under a confocal Raman microscope, which was
clearly below the MRL of 7 ppm as prescribed by US-EPA. The
use of graphene for analyte enrichment has a great potential
for in situ detection of residual pesticide in food products.*

An alternative substrate medium other than flexible
adhesive tapes and polymer thin films can include textile
fibres with liquid-crystal polymer (LCP) coated with silver
nanoparticles (Ag NP).”® The substrate was capable of detect-
ing trace quantities of thiram that were spiked onto real
samples with a LOD of 0.024 ppm, which was more than an
order lower than the permitted MRL of 5 ppm in fruits.
Similarly, the pesticide carbendazim, which is a potential car-
cinogen, was detected in oolong tea with a LOD of 0.1 ppm,
with gold colloids as an enhancing medium.>” Polymer films
as SERS substrate can also be advantageous as they cover the
produce surface while promoting the self-assembly of AuNPs
and immobilizing them on the film. The SERS sensor devel-
oped by Wu et al.”® was tested for the suitability on the field
with a portable Raman spectrometer and it was able to detect
thiram with its representative Raman bands at 551 cm™" and
1378 cm™' from the SERS spectra.

Knowledge of the penetration profiles of pesticides in fresh
produce is just as important to reduce systemic pesticide resi-
dues in food. Yang et al.** showed the use of a SERS mapping

560 | Nanoscale, 2021, 13, 553-580

method with AuNPs as permeating probes to monitor the
penetration profile of TBZ in spinach leaves under a confocal
Raman microscope after removing residues of it on its surface.
The same technique was also applied to detect the penetration
of multiclass pesticides in additional products such as apples
and grapes.”” These studies were done with non-systemic pesti-
cides as controls, revealing that systemic pesticides penetrate
deeper into fresh produce compared with non-systemic
pesticides.

2.2.2 Detection of contaminants and toxins. Contaminants
could be any undesirable and in most cases inadvertent
materials of chemical, physical or biological origin that find
their way into food items. These substances might enter the
food product in any stage of the production, storage, packa-
ging or transport, or it could be due to the environmental
landscape. Examples of contaminants include metals, plastic
fragments (physical origin), chemicals used in cleaning equip-
ment (chemical origin), exosomes, fungi or toxins (microbial
origin). Most of the chemical and biological contaminants that
are present in various food supply chains threaten the health
of humans and animals alike. Among various available analyti-
cal methods, SERS in recent years has increasingly found
application in this space for the detection of contaminants
and toxins (Table 1).

Mycotoxins, which are of a fungal origin, are toxic second-
ary metabolites commonly found in contaminated crops
during storage processing stages. Grains such as maize,
peanut, barley and corn in tropical climates that were stored in
humid conditions are prone to toxic fungi growth. Mycotoxins
are known carcinogens and cause potential immunotoxicity
and neurotoxicity and, therefore, they are detrimental to the
wellbeing of the consumers. Aflatoxin B; (AFB,) is part of the
mycotoxin family and is most common in food such as

This journal is © The Royal Society of Chemistry 2021
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peanuts and maize. AFB; is produced by a few types of
Aspergillus, which are prevalent in hot and humid conditions
such as the tropics. Ko et al.®® developed a SERS technique
that uses an immuno-analytical method for the rapid and
reliable detection of trace levels of AFB;, with the use of mag-
netic beads for separation and silica-encapsulated hollow gold
nanoparticles (SEHGNs) under a confocal Raman microscope.
The selectivity performance was evaluated with two toxins,
namely fumonisin B (FMB) and ochratoxin A (OTA). These
toxins are closely related to AFB, as they are found along with
AFB1 in corn and barley grains. The relative Raman band at
1616 cm™" was selected as the representative peak for quanti-
tative evaluation. Among AFB; and its mixtures, the SERS
intensity of AFB, increased with increasing concentrations of
AFB,; antigen. In contrast, no such trend was observed for both
FMB and OTA mycotoxins. Thus, the SERS-based immuno-
analytical detection method was found to be highly selective to
AFB,, reporting a LOD of 0.1 ng mL™" and its sensitivity com-
parable with the HPLC method. Pan et al”® developed a
simple SERS method for the rapid detection of alternariol
(AOH), an Alternaria fungi mycotoxin, in pear fruits using an
Ag NPs based substrate. A pyridine modified Ag NPs substrate
was used to improve the affinity of AOH and its subsequent
detection with a LOD of 1.30 pg L™" under a confocal Raman
microscope.

In a different study,®” AFB; was detected using an aptasen-
sor-based DNA as the capturing moiety, which provided high
specificity and sensitivity. Several types of aptamer DNA
strands were used to capture AFB,. The second type of DNA
aptamer was designed as a leaving group that will be released
when AFB; is available for binding. The third type of DNA was
hairpin DNA that will be hydrolyzed in the presence of AFB,.
Finally, a single-stranded DNA was used to bind the Raman
tags. The results were validated by the electrochemical impe-
dance spectroscopy method. The resultant aptasensor exhibi-
ted a linear correlation in the concentration range of 1 pg
mL™" to 1 ng mL™", reporting a very low LOD of 0.4 fg mL ™"
under a confocal Raman microscope. Hernandez et al.”* devel-
oped a label-free SERS method with a gold nanoprisms apta-
sensor for the detection of OTA, a mycotoxin commonly found
in coffee, and alcoholic beverages other than common grains
such as corn and maize. They performed an assay optimization
with the SERS data of OTA and executed a multivariate analysis
using the PLS regress