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Abstract

As the human population grows, the anthropogenic impacts from various agricultural

and industrial processes produce unwanted contaminants in the environment. The

accurate, sensitive and rapid detection of such contaminants is vital for human health

and safety. Surface-enhanced Raman spectroscopy (SERS) is a valuable analytical tool

with wide applications in environmental contaminant monitoring. The aim of this

review is to summarize recent advancementswithin SERS research as it applies to envi-

ronmental detection, with a focus on research published or accessible from January

2021 through December 2021 including early-access publications. Our goal is to pro-

vide awide breadth of information that can be used to provide background knowledge

of the field, as well as inform and encourage further development of SERS techniques

in protecting environmental quality and safety. Specifically, we highlight the character-

istics of effective SERS nanosubstrates, and exploremethods for the SERS detection of

inorganic, organic, and biological contaminants including heavy metals, pharmaceuti-

cals, plastic particles, synthetic dyes, pesticides, viruses, bacteria and mycotoxins. We

also discuss the current limitations of SERS technologies in environmental detection

and propose several avenues for future investigation.We encourage researchers to fill

in the identified gaps so that SERS can be implemented in a real-world environment

more effectively and efficiently, ultimately providing reliable and timely data to help

and make science-based strategies and policies to protect environmental safety and

public health.
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1 INTRODUCTION

Public health and economic development are often challenged by envi-

ronmental safety crises. Within 2021 alone, threats to environmental

and human health have included the Covid-19 pandemic, multiple oil

spills, vast declines in bee populations due to the widespread use of

neonicotinoid pesticides, and the increased occurrence and severity of

algal blooms caused by toxic cyanobacteria. Given current widespread

concerns over environmental pollutants, there is an increasing need

for rapid and sensitive analytical methods to detect and quantify these

harmful substances. Traditional methods for contaminant detection

include HPLC, GC, MS and UV–Visible absorption. However, these

methods have various limitations. For example, HPLC can be expensive

and time consuming and may require complex instrumentation. GC is

limited by the type of sample that can be analysed, and samples may

require extensive purification. MS only gives information about molec-

ular mass and does not differentiate between isomeric compounds.

UV-Vis requires simple instrumentation, but is vulnerable to other con-

taminants within the samplematrix interferingwith the acquired spec-

tra. Also, it is only applicable to analytes of unique light absorbance,

which largely limits its application scope. Surface-enhanced Raman

spectroscopy (SERS) is a promising analytical method to address these

weaknesses. It is an advanced technique that leverages a unique nano-

induced interfacial phenomenon: enhancement of Raman scattering.

Raman scattering was first discovered in 1928 by C. V. Raman, and

occurs when light of a specific wavelength inelastically scatters (either

decreasing or increasing in vibrational energy).1,2 This scattering is

caused by intramolecular vibrations within the analyte, and different

substances will have a unique ‘fingerprint’ spectrum with characteris-

tic peaks at certain Raman shift locations. Through the identification

of these peaks and their intensities relative to one another, an analyte

can be identified with high accuracy, and multiple analytes can be dis-

tinguished from each other.2 Although Raman spectroscopy has many

advantages, such as rapid data collection, small sample volume require-

ment, non-contact detection and high molecular specificity, there are

drawbacks that hinder its ability to be used for environmental moni-

toring. Raman scattering can be extremely weak, due to the fact that

Raman measures only the inelastically scattered photons (approxi-

mately one in every one million scattered photons), which largely lim-

its the detection sensitivity. Fluorescence signals are, comparatively,

much higher than normal Raman scattering, indicating that if the sam-

ple of interest fluoresces, a large background signal could obstruct the

Raman scattering signal.3 These limitations greatly slowed the applica-

tions of Raman spectroscopy in environmental detection, and demon-

strated a need for techniques to improve its performance.

In 1974, Fleischmann et al. observed an enhancement in the

Raman signal through the use of a roughened silver electrode in

their experiments.4 The roughened silver surface helps to enhance

the generated Raman scattering and can even quench interfering

fluorescence.3 Further experiments by Jeanmaire and Van Duyne5

and Albrecht and Creighton6 in 1977 confirmed the above enhance-

ment phenomena. Meanwhile, Jeanmaire and Van Duyne coined the

term surface-enhanced Raman spectroscopy (SERS). SERS utilizes spe-

F IGURE 1 Number of research papers published over the past ten
years by using the search parameter of ‘SERS+ Environment’ onWeb
of Science (review papers excluded).

cial substrates, such as roughened electrodes or nanoscale structures

(called ‘SERS nanosubstrates’) to enhance the normal Raman signal

of target analytes. The enhancement that is observed from SERS

nanosubstrates is due to electromagnetic and/or chemical enhance-

ments. The electromagnetic component is the strongest contributor to

the enhancement and occurs due to localization of light on the SERS

surface when molecules of the analyte are in close physical proximity

to the SERS substrate (1-10 nm).7 The chemical enhancement is due

to the charge transfer that occurs when the analyte molecules are in

direct contactwith the substrate, commonly via adsorption to the SERS

substrate surface. The chemical enhancement depends on the type of

molecule adsorbed to the surfacewhen the charge transfer takes place

between analyte and substrate surface.7,8 Through electromagnetic

and/or chemical enhancements, this technique is able to enhance the

original Raman signal by amagnitude up to 1015.9,10 The enhancement

is quantified by the enhancement factor (EF),11 which is defined as the

ratio of theRaman signalwith SERSenhancementwhen comparedwith

the normal Raman scattering signal, and is proportional to the intensity

of the local electromagnetic field to the fourth power (|E|4).10 For fur-

ther in-depth discussion on these enhancementmechanisms and other

theories behind SERS, we direct readers to several excellent articles

that have been published.7,12–14

SERS is a rapid, non-destructive, chemically specific and versatile

analytical method that hasmany advantages over regular Raman spec-

troscopy. Compared with regular Raman, SERS has higher sensitiv-

ity (even single molecules can be detected15–18) and lower fluores-

cence interference.3 The discovery of SERS in the 1970s resulted in a

rapid uptick in the development and applications of SERS-based ana-

lytical methods in many fields including environmental monitoring.19

As shown in Figure 1, the number of articles being published over the

past 10 years in relation to SERS and its environmental applications has

more than doubled and continues to increase in recent years. In this

review, we will look into articles published in 2021 and 2022 (those

accessible as of December 2021), with a special focus on newest find-

ings in SERS nanosubstrate development and applications in analysing

different chemical and biological pollutants. Additionally, Table 1 pro-

vides an overview of these recent publications involving SERS for envi-

ronmental contaminant detection and Table 2 organizes publications
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TABLE 1 Recent publications (2021 or 2022 early access) on the detection of various environmental contaminants using SERS

Substrate Analyte Sample or SampleMatrix LOD References

SERS aptsensor Hg2+ Tap and lake water 0.11 Fm [86]

IP6@AgNPs probe Fe3+ Integrated circuit cleaning

solution waste

0.1 μM [90]

Phenylacetylene-AgNPs Hg2+ Lakewater 87.6 pM [99]

Dual enhancement SERS sensor Pb2+ Water 4.31 pM [42]

Gold nanoparticles Polystyrene and poly (ethylene

terephthalate)

NPL drop cast onto

Au-functionalized glass

slides

10 μg/mL [115]

Silver nanoparticles on regenerated

cellulose

Crystal violet and polystyrene Analyte deposited on SERS

substrate

0.1mg/mL [62]

Silver @ gold nanostars @ anodized

aluminum oxide

Polystyrene Tap, river and sea water 0.05mg/g [116]

Gold nanoparticles Polystyrene PS spiked in water – [114]

Gold nanoparticles @ 4-MBN Melamine Milk 10 nM [265]

Silver nanoparticles S. aureus and E. coli Substrate – [235]

Goldmodifiedmagnetic nanoparticles Salmonella Spiked: chicken andmilk

Natural: Milk, tap water, poor

water

4 cfu/mL [229]

Silver/copper oxide

nanowires/pyramidal PDMS

Rhodamine 6G, crystal violet

and congo red

SERS substrate surface 10–9, 10–8 and 10–7 M [51]

Graphene oxide nanosheet coatedwith

silver and gold nanoparticles

Beta-carotene andmalachite

green

Analyte deposited on SERS

substrate

<1mg/L [43]

Silver nanoparticles - grafted silicon

nanocones

Rhodamine 6G, crystal violet,

melamine, methyl parathion

AgNPs/SiNC platform, lake

water, milk and tap water

10–14, 10–9, 10–7 and

10–7 M

[49]

Sulphur dopedMoO2 nanospheres Rhodamine 6G, rhodamine B,

crystal violet

Dropped onto glass slide 1× 10–9, 1× 10–10 and

1× 10–8 M

[266]

Silver-doped hydroxyapatite

nanocomposite

Rhodamine 6G and crystal

violet

Dropped on surface of SERS

substrate

10–6 and 10–5 M [267]

Cetyltrimethylammonium bromide

(CTAB)/gold nanoparticles

Hydroxyanthraquinones Mixture of SERS substrate

and analyte

– [40]

Silver nanoparticles/glass fibre filter Rhodamine 6G, malachite green

and crystal violet

Simulated sewage solution 10–10,10–9 and 10–9 M [71]

Silver-tannin furanic foam Malachite green SERS substrate was dipped in

1mMof analyte solution

– [120]

Silver @UIO-66(NH2)/ polydopamine –

molecularly imprinted polymer

Orange II Lake water 10–10 M [121]

Silver nanoparticles @ cellulose nano

crystal

Congo red Injected into platform 10–15 M [122]

Silver nanoparticles Dezocine Spiked urine, blank urine

sample and spike rat serum

10 μg/mL [268]

Goldmultibranched nanoparticles Ibuprofen Water 10–8 M [102]

Molecularly imprinted@ gold– graphene

oxide

Biguanides Health care capsules 0.10mg/mL [105]

Nanoporous gold nanoparticles Pharmaceuticals Substrate – [45]

Silver nanodisks decorated filter paper Tetracycline Analyte dropped onto

substrates surface

10–9 M [46]

Gold nanoparticles Sulfadiazine, sulfamerazine and

sulfamethazine

Water 1 and 50 μg/L [269]

Gold nanowires Furazolidone Deionizedwater, running

water, river and seawater

6.83mg/L [69]

(Continues)



116 Analytical Science Advances
Review
doi.org/10.1002/ansa.202200003

TABLE 1 (Continued)

Substrate Analyte Sample or SampleMatrix LOD References

ACE2 sensor SARS-CoV-2 Purchased spike proteins 300 nm [270]

Pyramidal nanoholes Hepatitis A Water 13 pg/mL [219]

Silver nanorods SARS-CoV-2 23water samples – [218]

Raman probe-functionalized Au

nanoparticles (RAuNPs) on the

graphene oxide (GO)/triangle gold

nanoflower array

Hepatitis B, HPV-16 and

HPV-18

Substrate 1 aM–100 pM [224]

Gold nanoparticles dsDNA Duckmeat 100 aM–10 pM [225]

Upconversion nanoparticles Ochratoxin A Spiked beer 3.2 pg/mL [244]

Silica photonic crystal

microspheres/gold nanoparticles

Aflatoxin B-1, ochratoxin A and

zearalenone

Rice, corn andwheat 0.82, 1.43 and 1.00

pg/mL

[271]

Gold@ silver nanoparticles and gold

nanorods

Ochratoxin A and zearalenone Spiked corn andwheat 0.018 and 0.054 ng/mL [239]

Silver nanoparticles Ochratoxin A Spikedwine andwheat – [272]

Iron(II,III)oxide@ gold nanoparticles

coupledwith gold@ silver

nanoparticles

Zearalenone Spiked beer andwine 0.001 ng/L [273]

Gold nanorods Patulin and alternariol Spiked apple juice 1 μg/L [242]

Articles were obtained by performing the following searches on Web of Science and removing non-environmental papers: SERS + Environment, SERS +

Biological, SERS+ Environment+ Biological, SERS+ Bacteria, SERS+Virus, SERS+Mycotoxin, SERS+ Pharmaceutical, SERS+Dyes, SERS+ Environment

+ Dyes, SERS +Microplastics and SERS + Nanoplastics. The table details substrate type, analyte type, the sample or sample matrix used, method LOD and

the corresponding reference. Note: a separate table below is provided for pesticides due to the large number of publications (Table 2).

involving pesticide detection. These tables include substrate, analyte,

sample or samplematrix, and limit of detection (LOD) if provided.

2 SERS NANOSUBSTRATES

The choice of SERS nanosubstrates is of paramount importance in

Raman analysis. The SERS substrate used determines the method

reliability, accuracy and sensitivity.20 SERS substrates often include

roughened surfaces incorporating gold nanoparticles (AuNPs), silver

nanoparticles (AgNPs), CuNPs or their nanocomposites (NCs).21 As

shown in Figure 2A, AgNPs were found to be the most commonly used

type in our reviewed articles. In addition to noble metal nanoparti-

cles, non-metal SERS nanosubstrates have also been developed such

as semiconductors, quantum dots and graphene dots.8 Recently, to

enhance theSERSperformance and functionality, it has becomea trend

to integrate nanosubstrates with functional materials, including semi-

conductors, metal-organic frameworks (MOFs), molecularly imprinted

polymers (MIP), grapheme and cellulose (Figure 2B). In this section, key

concepts and methodology related to the recent development of inno-

vative SERS substrates are discussed.

2.1 Hot spots

An important consideration in the development of SERS substrates

is the creation of ‘hot spots’, or areas of intense localized surface

plasmon resonance (LSPR) which comprise the electromagnetic

portion of SERS enhancement. Hot spots occur due to the presence

of strong electromagnetic fields on the nanometal surface of SERS

substrates, which are formed upon excitation from a light source of a

particular wavelength.9,22,23 Hot spots increase when there are gaps

between two or more metallic nanoparticles that are within 10 nm

proximity.24,25 A SERS substrate with a higher density of hot spots

across the surface is ideal for Raman enhancement. Hot spots can pro-

vide enhancement up to1015 comparedwith normalRaman scattering,

and are practically required for single-molecule SERS detection.9,10

There are many factors that influence hot spot formation including

nanoparticle composition, shape, size and arrangement. It has been

suggested that hot spots more readily form at sharp corners and edges

due to an increase in surface charge density at these positions. This

enhancement is knownas the ‘lightning rod’ effect.10 Toproduce repro-

ducible substrates with uniformly distributed hot spots, it is necessary

to control the shape and size of the metallic nanoparticles. Surfactants

have been used successfully to control these factors in AuNPs and

AgNPs.10,26,27 Control of the nanostructure arrangement helps to con-

figure hot spots on the nanomaterial surface. This can be accomplished

through the use of covalent bonds between thiolated ligands and gold

which results in the formation of self-assembled monolayers.10,28,29

Many works focus on the development of nanoparticles of a specific

shape, size or arrangement that will facilitate the generation of hot

spots on the substrate’s surface. Due to the frequently heterogeneous

nature of SERS substrates, the enhancement from hot spots on the

surface can vary greatly, which poses a challenge for quantitative
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TABLE 2 Recent publications (2021 or 2022 early access) on the detection of various environmental contaminants using SERS

Substrates Analytes Sample or SampleMatrix LODs References

Silver @molecular imprinted polymers Carbendazim Water 1× 10–9 M [162]

Silver microspheres Carbendazim Chinese tea – [163]

Silver nanoparticles Carbendazim Spiked orange juice and kale

leaves

<2mg/L [164]

Gold nanoparticles Chlorothalonil Spiked orange peels and

standard solution

0.1mg/L [166]

Titanium carbideMxenewith bimetallic

nanocuboids

Crystal violet, malachite green,

methylene blue

Spiked pondwater 10–12 M [168]

Gold nanorods on regenerated cellulose Crystal violet and thiram Substrate surface 1 aM [161]

Quart paper/cellulose nanofibres/silver

nanoparticles+ gold nanostars

Ferbam Spike kale 50mg/kg [179]

2-mercaptoethanol/gold@ silver

nanoparticles

Ferbam and thiabendazole Polluted apple puree 0.0042 and

0.0064mg/L

[20]

Poly (ethylene terephthalate)/pDA/zinc

oxide/silver

Malachite green Substrate surface 10–7 M [169]

Parahydrophobic nanoparticles Malachite green Water – [170]

Silver nanowires@ polydimethylsiloxane Malachite green Spiked apple and pear juice 10 nm [171]

Cotton fibre silver nanoparticles Malachite green Spiked fish 0.05mg/L [172]

Gold-silver alloy nanochains Rhodamine 6G, crystal violet

and thiram

Analyte on SERS substrate 0.03mg/L (thiram) [127]

Methylcellulose decorated silver

nanoparticles

Thiram Spiked tomato and cucumber

peels

2.4 ng/cm2 [128]

Silver/hedgehog like nanosphere array Thiram Analyte on SERS substrate 10–8 M [129]

Gold/zinc oxide nano urchins Thiram Analyte on SERS surface 10 pM [130]

Plasmonic nanocavities Thiram Apple pericarp 10–11 M [131]

Copper oxide@ zinc oxide@ silver

biomimetic setaria

Thiram Apple Single molecule [132]

Silver nanoparticles/fluorinated

ethylene propylene

Thiram Apple 0.1mg/kg [133]

Silver nanoparticles Thiram Apple 0.1mg/L [134]

Micropyramid array/silver nanoparticles Thiram Analyte on SERS substrate 1× 10–7 M [135]

Silver/polystyrene nanoparticles Thiram Apple peel, mineral water and

apple juice

0.0024mg/L (apple

juice andmineral

water) and

600 ng/cm2 (apple

peel)

[136]

Mesoporous gold@ silver nanowires@

2,2,6,6-tetramethylpiperidine-1-oxy-

oxidized – cellulose

nanofiber

Thiram Analyte on SERS substrate 10 fM [137]

Yolk shell gold-silver nanorods Thiram Apple juice 97 nM [138]

2D titanium carbideMXene/gold

nanorods

Thiram Mixture of SERS substrate

and analyte deposited on Si

substrate

10–8 M [139]

Silver/tungsten oxide nanoflakes Thiram Apple peel 1.3 pM [140]

Silver @ tannic acid@ silicon dioxide Thiram Analyte on SERS substrate 10–8 M [141]

Silver nanoparticles/waterborne

polyurethane emulsion

Thiram Apple 9.0165 ng/cm2 [142]

Ferrero chocolate like– copper oxide@

silver microspheres

Thiram Apple peels 0.018mg/L [143]

(Continues)
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TABLE 2 (Continued)

Substrates Analytes Sample or SampleMatrix LODs References

Gold@ silver nanorods Thiram Apple – [144]

Gold nanorods Thiram Analyte and SERS substrate 10–9 M [145]

Silver nanoparticles @ copper (II)

hydroxide nanowires/coppermesh

Thiram Analyte and SERS substrate 0.1mM–50 nM [146]

Silver @ tungsten disulfide quantum dots Thiram Honey and 4 juices: apple,

peach, grape and orange

50 μg/L [147]

Silver nanoparticles Thiram Theoretical 1.2× 10–8 M [148]

Silver nanoparticles Thiram Analyte on SERS substrate 1 μM [149]

Silver @ gold nanorods Thiram, propineb andmancozeb Romaine lettuce and broccoli 0.05, 0.1 and 0.2mg/L [150]

Gold@ silver nanoparticles Thiabendazole Apple 0.001mg/L [177]

Tape/gold@ silver/poly ethylene

terephthalate film

Thiram Apple, tomato and cucumber

peels

5 ng/cm2 [61]

Polymathmethacrylate-silver /

graphite-like carbon nitride / silver

Thiabendazole and carmine acid Apple and apple sauce 2.296× 10–6 and

6.76× 10–5 mg/mL

[175]

Silver-nanoparticles@ zinc

oxide-nanowires

Thiram andmethyl parathion Analytes and SERS substrate 0.79× 10–9 and

1.51× 10–8 M

[151]

Silver nanoparticles @ free standing

porous silicon

Thiram, ammonium nitrate and

picric acid

Analytes on SERS substrate 1, 2 and 1 μM [152]

Gold@ silver nano cuboids Thiabendazole extracted from

pear surface andmalachite

green in fish pondwater

Pear peel and pondwater 0.0105 and 0.87 nM [173]

Gold nanocubes/graphene oxide/silver

nanoparticles

Thiram and thiabendazole Drinking water 0.37 and 8.3 μg/L [153]

Silver nanoparticles Thiram and ziram Apple juice 10–2 and 10–4 mg/L [154]

Gold@ 4-mercaptobenzoic acid@ silver

nanoparticles

Thiram and thiabendazole Aqueous and organic phases 1.58× 10–9 and

1.26× 10–7 M

[79]

Gold@ silver nanoparticles Thiabendazole, thiram,

endosulfan andmalathion

Strawberry extract 44–88 μg/kg [155]

Silver stars Rhodamine B, methylene blue,

thiram and phosmet

Analytes and SERS substrate

2.6×10–16,1.97×10–17,

1.78× 10–18 and

4.08× 10–14 M

[156]

Silver4-NTP @ gold nanoparticles Chlorothalonil, imidacloprid and

oxyfluorfen
Spiked samples: river water

and soil

Real samples: river water, soil,

rice, apple and cabbage

– [167]

Gold nanoparticles Thiram, phorate and

benthiocarb

Rice, vegetables and fruits 10–8 g/mL for thiram,

10–6 g/mL for

phorate and

benthiocarb

[157]

3D-random crossedwoodpile Thiram, carbaryl, paraquat and

fipronil

Analyte on SERS substrate 5–0.05 μM in 20 μL [158]

Gold nanoparticles Thiram, imidacloprid and

chlorpyrifos

Tapwater – [159]

Mercaptooctane/gold@ silver

nanoparticles

Tricyclazole and thiram Pear extract 0.005 and 0.003mg/L [39]

Silver substrate 2,4,5–trichlorophenoxyacetic

acid

Analyte adsorbed on SERS

substrate

– [190]

Gold nanorods Atrazine Analyte on SERS substrate 1.8 μM [182]

Silver nanoparticles Deethylhydroxyatrazine Humic substances – [185]

(Continues)



119 Analytical Science Advances
Review
doi.org/10.1002/ansa.202200003

TABLE 2 (Continued)

Substrates Analytes Sample or SampleMatrix LODs References

Gold nanostars Paraquat Green tea 0.2mg/kg [187]

Silver nanoparticles Paraquat Lake, tap and drinking water 1.2 μg/L [188]

Silver nanoparticles Prometryn and atrazine Soil 5.5 μg/kg and 4.0 μg/kg

for unpurified PRM

and AT

1.3 μg/kg and

0.021 μg/kg for

purified PRM and

ATZ in SHS

[184]

Silver nanoprisms Atrazine, simazine, irgarol and

diuron

Analyte on SERS substrate 10–3 M [186]

Cyclodextrin-gold nano satellite Paraquat, diquat and

difenzoquat

Ground apple 0.05mg/L [189]

Gold@ silver nanoflowers 2,4–D and imidacloprid Milk 2.73× 10–4 and 4.25×

10–4 ng/mL

[191]

Silver nanoparticles/polymethyl

methacrylate

Parathion and fenitrothion Tomato and lemon 10–9 and 10–10 M [193]

Gold nanoparticles Acetamiprid Apple and spinach 1.9× 10–7M [209]

Silver nanoparticles Chlorfenapyr Chive 7mg/L [210]

Silver palladium and gold palladium Chlorpyrifos Analyte on SERS substrate 0.66mg/kg [194]

Silver @ zinc oxide nanoflowers Chlorpyrifos Rice 0.01 μg/mL [196]

Gold nanoparticles Chlorpyrifos Tea – [197]

Silver nanoparticles Dichlorvos Analyte on SERS substrate 1mg/L [211]

Gold@ platinum nanoparticles Dichlorvos Pear 20 μg/L [212]

Psi-Pd NPs Imidacloprid Analyte on SERS substrate 10–9 M [202]

Antigen-gold nanorods@ silver – 4-

MBN

Imidacloprid River water and apple juice 9.58 nM [203]

Gold nanoparticles Imidacloprid Analyte and SERS substrate – [204]

Gold-gel Parathion-methyl Analyte on SERS substrate 10–9 M [199]

Silver nanoparticles Pymetrozine Apple and cabbage 0.01mg/L [214]

Silver @DNA/PDA-cellulose nanofiber Thiamethoxam Apple 0.003mg/kg [59]

Mesoporous copper (I) oxide@ silver

nanoparticles

Pymetrozine and thiram Tea 0.1 ng/g [160]

Gold substrate Acetamiprid and imidacloprid Plasmon activatedwater 5 and 10 μg/L [205]

Ag@D-TMIP Carbaryl and thiodicarb Spiked tap water – [208]

Silver @ gold nano tetrahedrons Profenofos, acetamiprid and

carbendazim

Real samples 0.0021, 0.0046 and

0.0061 ng/mL

[165]

Silver nanoparticles Methomyl, acetamiprid and

2,4–dichlorophenoxyacetic

acid

Green tea 5.58× 10–4,

1.88× 10–4 and

4.72× 10–3 μg/mL

[192]

Gold nanoparticles Temephos, acetamiprid, dicofol

and fenvalerate

Basil leaf – [274]

Au/Cys-Fe3O4/MIL-101 Parathionmethyl Juice 5mg/L [200]

Gold superlattices particles Organochlorine (OCP):

(4,4′-DDT, a-endosulfan,
tetradifon and chlordane)

Water – [201]

Titanium carbide/silicon

dioxide/polydimethylsiloxane

Acetamiprid, clothianidin,

imidacloprid and

thiamethoxam

Apple, wheat, green tea and

corn

7.9, 6.9, 4.8 and 8.2 fM [206]

(Continues)
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TABLE 2 (Continued)

Substrates Analytes Sample or SampleMatrix LODs References

Aluminum-titanium dioxide-metal

organic framework-silver composite

sheet

4-aminothiophenol River water 1× 10–9 M [275]

Silver/cobalt 2-methylimida-zole

metal–organic framework/titanium

dioxide/copper sheet

4-aminothiophenol Deionized and river water 5× 10-11M [276]

Gold@ silver-thioglycolic acid

nanoparticles

Thiabendazole and ferbam Milk 0.12 and 0.003mg/L [178]

(S-MOF@Au) Tartrazine (TA),

chloramphenicol (CP),

imidacloprid (IDP) and crystal

violet (CV)

Analyte and SERS substrate 1.0×10–9 M for TA, 8.0

×10–11 M for CP, 6.4

× 10–11 M for IDP

and 5.0× 10–12 M

for CV

[207]

Gold@ silver nanorods Thiabendazole Apple and peach juice 0.032 and 0.034mg/L [174]

Silver nanoparticles Thiabendazole and

1,2,3,5-tetrachlorobenzene

Analyte and SERS substrate 3.7× 10–7 and 2.3×

10–5 M

[176]

Silver nanoprism/graphene oxide/silicon

nanowire arrays

Atrazine Analyte and SERS substrate 10–6 M [183]

Gold nanostars / PDMS Methyl parathion Apple 1.946 μg/mL [198]

Gold@ silver nanorods Nile blue A dye and fenobucarb

pesticide

Analyte on SERS substrate 1.5× 10−8 M

(fenobucarb)

[213]

Articles were obtained by performing the following search onWeb of Science and removing non-environmental papers: SERS + Pesticide. The table details

substrate type, analyte type, the sample or samplematrix used, method LOD and the corresponding reference.

F IGURE 2 Number of research papers published from 2021 to 2022 on (A) different SERS nanosubstrates and (B) integratedmaterials to
improve SERS performance

determination of an analyte.30–32 To combat this issue, internal stan-

dard (IS) molecules are often used, and are discussed in greater detail

later in this article. A reviewdiscussing recently developedquantitative

SERSmethods was published in 2018.33

2.2 Composition

Recent work has investigated various new substrate materials or mod-

ification of commonly used materials to enhance the signals. It is ideal

for substrates to be stable and uniform to provide robust and repro-

ducible SERS detection. In this section, wewill discuss recent advance-

ments for SERS substrates that focus on the composition of themateri-

als used including bimetallic compounds, functionalized nanoparticles

and graphene-based SERS substrates.

It has been noted that bi-metallic nanoparticles often yield better

results than single-element nanoparticles. Gold-silver core-shell

nanoparticles (Au@AgNPs) are often used, as they take advantage

of the high stability of the gold core while obtaining a higher SERS

enhancement from the silver shell.20,34–36 In addition, surface mod-

ification and functionalization of substrates can enhance the SERS

signals, allowing for more sensitive detection through creating more

adsorption sites on the substrate for the analyte.20,37–39 One study

utilized the beneficial aspects of bi-metallic nanoparticles while



121 Analytical Science Advances
Review
doi.org/10.1002/ansa.202200003

modifying the substrate’s surface with a thiol-containing compound

(2-mercaptoethanol).20 This compound strongly coordinated with the

metals in SERS substrates and acted as a stabilizer, linker and modifier

for the surface. The substrate was used to quantify low concentrations

of the pesticides ferbam and thiabendazole (TBZ) to 0.0042 and

0.0064 mg/L, respectively.20 This demonstrated better stability and

higher sensitivity than a control substrate made from Au@AgNPs

without thiol-containing ligands. They attributed the higher sensitivity

to the creation of more adsorption sites via Au-S bonds on the surface

of core-shelled NPs, and the higher stability with the thiol-containing

ligands acting as a stabilizer to prevent oxidation of AgNP shells.

Similarly, modification of a SERS substrate has also been accomplished

through aggregation of AuNPswith cetyltrimethylammonium bromide

(CTAB) to obtain more sensitive detection of the synthetic dye, 1,2-

dihydroxyanthraquinone (alizarin). It was suggested that this method

could be beneficial for SERS analysis of weakly adsorbing biological

molecules.40

Graphenehasbeen incorporated in SERS substrates andprovides an

additional enhancement due to G-SERS or GERS (graphene-enhanced

Raman scattering). Graphene has unique chemical and physical prop-

erties that are beneficial for SERS analysis including a tunable band

gap, good thermal conductivity, highoptical transparency, fluorescence

quenching abilities and biocompatibility.41,42 In addition, hot spots

are created in gaps between the metal nanoparticles in monolayer

graphene or graphene oxide (GO)/AuNP structures. Furthermore, a

graphene monolayer consists of sp2-hybridized carbon atoms and is

a π-conjugated system. This allows analyte molecules to adsorb to

the surface and interact electronically with the metal and graphene

surface, causing Raman enhancement due to the charge-transfer res-

onance between the analyte and the metal or graphene surface.43

One study utilized G-SERS to detect DNA bases, malachite green

(MG) and beta-carotene.43 Through the use of GO nanosheets coated

with AgNPs and AuNPs in arrays, small biomolecules were efficiently

detected, suggesting that graphene-based SERS substrates canbeused

for sensitive and selective detection of particular biological and envi-

ronmental molecules of interest. Another study used graphene in con-

junction with AgNPs to detect p-nitroaniline (PNA).44 This work made

use of defect-graphene (DG), which has a higher surface area and

porosity, andwas created via acid etching of the graphene surface. The

DG/Ag substrate was then functionalized with a MIP film that allowed

for specific binding to the targetmolecule and high SERS enhancement

(EF = 2.42 × 107). This DG/Ag-MIP substrate was able to detect PNA

in real water samples down to a LOD of 2.5 × 10–15 M and a limit of

quantitation of 10–12 M.

2.3 Shape, size and arrangement of nanoparticles

The design of nanoparticles of unique shapes, sizes and arrangements

that work well with particular analytes is essential for the devel-

opment of SERS-based analytical approaches. For example, Leong

et al. accomplished identification and quantification of specific enan-

tiomers through fabrication of nanoporous gold bowls (NPGBs).

Figure 3A shows a schematic depicting the ability of the NPGBs to

differentiate between enantiomers through utilization of an asym-

metric surface structure in conjunction with electrochemical-SERS.

Figure 3B is a high-magnification SEM image of a NPGB. This enan-

tiospecific adsorption on the substrate resulted in the generation of

Raman spectra which were enantiomer-specific and, thus, allowed for

rapid, chemometrics-driven analysis and identification of enantiomeric

compounds.45 This unique method can provide valuable information

regarding enantiomeric ratios of biologically importantmolecules, such

as pharmaceuticals, which may enter in the environment. Another

study created a cost-effective SERS substrate using filter paper and

silver nanodisks (AgNDs) to detect the antibiotic tetracycline (TC).46

The AgNDs were prepared via a seed-mediated synthesis that used

Ag disk-shaped seeds, N,N-dimethyldodecylamine N-oxide (DDAO) as

a stabilizing and surfactant agent, and ascorbic acid as a reducing

agent. The AgND seeds’ morphology was investigated with atomic

force microscopy (AFM), and the disks were determined to have a size

between 200-450 nm with 30-50 nm thickness. The developed SERS

substrate was used effectively for the detection of TC down to 1 nM.

The relationship between the TC molar concentration and Raman

intensity at 1317 cm–1 was plotted between 1 nM and 1 μM, and

the experimental data were fitted to a Freundlich adsorption model47

(one often used for heterogeneous surfaces).46,48 Silver nanoparticle-

grafted silicon nanocones (AgNPs/SiNC) were developed in a recent

work for the detection of trace contaminants in complex liquid envi-

ronments: crystal violet (CV) in lake water, melamine in milk, methyl

parathion in tap water and rhodamine 6G (R6G) in deionized water.49

To create the nanosubstrate, droplet-confined electroless deposition

was used to deposit AgNPs onto a hydrophobic silicon nanocone array.

Due to enrichment of the analytes by ‘super-hydrophobic delivery’ 50

near hot spots on the substrate surface, analytes were detected at

sub-picomolar concentrationswithin aqueous solutions. This substrate

demonstrates a practical method for monitoring trace contaminants in

various liquid environments.

Another study created a nanosubstrate of unique shapes for SERS

detection: Ag/CuO nanowires (NWs)/pyramidal polydimethylsiloxane

(PDMS).51 A low-cost fabrication was presented that utilized spin-

coating to apply a PDMS monomer with a cross-linking agent colloid

onto pyramidal Si. Following the removal of the PDMS film, Cu film

was deposited via thermal evaporation, followed by immersion in a

diluting anti-formin solution to create CuO NWs. A thin layer of sil-

ver was deposited onto the surface via thermal evaporation to gain

SERS enhancement. The substrate was tested for uniformity using

SERS mapping of R6G signals in a large area. Twenty random points

on the substrate were evaluated to determine the RSD of character-

istic Raman peaks of R6G (613, 774 and 1365 cm–1), which were 6.76,

7.44 and 8.57%, respectively.51 In addition to the high uniformity, the

method was capable of differentiating R6G, CV and congo red (CR) in

a mixture of the three. This substrate shows immense potential for the

uniform detection and identification of synthetic dyemolecules.51

Nanoparticle arrays are sometimes used as a technique of arrang-

ing nanomaterials into a well-ordered system that exhibits desirable

properties. Their properties can be controlled by engineering the
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F IGURE 3 Variousmethods for creating SERS nanosubstrates are shown here. (A) Schematic showing asymmetric nanoporous gold
nanoparticles, which form nanoporous gold bowls, and through electrochemical-SERS, able to produce enantiospecific molecular fingerprints for a
label-free approach to chiral differentiation (adaptedwith permission fromRef. [45]. Copyright 2021 American Chemical Society). (B)
High-magnification SEM image of a nanoporous gold bowl (adaptedwith permission fromRef. [45]). (C) Schematic illustration showing the
synthesis of a bimetallic nanoparticle with an embedded internal standard for quantitative detection. The nanoparticle utilizes a gold core, 4-Mpy
as the embedded Raman probe and a silver shell for both protection and enhancement (Au@4-Mpy@AgNP) (reprintedwith permission fromRef.
[70]. Copyright 2021 Royal Society of Chemistry). (D) TEM image of a Au@4-Mpy@AgNP (reprinted with permission fromRef. [70]). (E) Schematic
representation for the preparation of the dual DTNB-modified gold-shell silica-core nanoparticles (SiO2/AuNPs) for the quantitative detection of
E. coli (adaptedwith permission fromRef. [232]. Copyright 2020 Shi, Xu, Xiao, Zhou,Wang,Wang and Gu)

nanoparticle shape, size and distance from other particles.52 The small

gaps between the nanoparticles have enhanced electromagnetic fields,

leading to the generation of SERS hot spots across a three-dimensional

(3D) structure.53 Large areas of 3Dnanoparticle arrays have been used

successfully for SERS detection.54–58 In a study by Li et al., high area

and highly ordered silver ‘urchin-like’ arrays were created to detect

CV and thiram (THR) in real water environments.53 The nanoparticle

array was formed through an easy and cost-effective double template

method involving an ultra-thin alumina membrane mask and a self-

assembled polystyrene (PS) template. The array demonstrated great

SERS enhancement in the gaps between Ag nanocones and at the tips

of the nanocones (EF of 1.8 × 106 for R6G detection). This substrate

shows great promise to be usedwith SERS as a sensitive, cost-effective

and quantitative tool for environmental monitoring.

2.4 Flexible SERS nanosubstrates

Due to the natural irregularities of environmental analytes, the fabri-

cation of flexible SERS substrates has become a popular area of inter-

est in recent years. Conventional SERS substrates are often brittle,

rigid, expensive or non-environmental friendly.59 Cellulose- and paper-

based substrates have attracted attention for their high degree of

flexibility and 3D structure.60–62 For further information, we direct
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readers to some recent reviews published in 2021, onewhich discusses

the development of filter-based SERS substrates, including a summary

of the applications for these substrates in environmental monitoring

and food safety,63 and another which details various advancements in

flexible SERS substrates for the detection of hazardousmaterials.

As a SERS substrate, cellulose has increased sensitivity due to its

high porosity and natural wrinkles, allowing for more plasmonic hot

spots to form on its surface.34 Since cellulose is sourced primarily from

plant matter, it is a sustainable and renewable resource for SERS sub-

strates. Cellulose that is thin enough (in one or more dimensions) to

be measured on the nanometre scale is referred to as nanocellulose.

It has been reported previously that nanocellulose is a material which

can be self-assembled into well-defined structures.65–67 One study by

Jeon et al. used regenerated cellulose (RC) hydrogel films with either

gold nanorods (AuNRs) or silver NWs (AgNWs) to detect PS nanoplas-

tics (NPLs), and claimed to have developed one of the first cellulose-

based SERS substrates to detect microplastics (MPLs) and NPLs.62

Through comparison studies, they found that PS detection was greatly

enhanced using the AgNWs/RC film as opposed to the AuNRs/RC

film, and suggested that this substrate could be used to detect plas-

tic contamination in water environments.62 Recently, Xu et al. uti-

lized DNA as a template to create polydopamine (PDA)-coated, Ag-

modified cellulose nanofibers. These Ag-modified cellulose nanofibers

self-assembled into a three-dimensional flexible structure to create the

low-cost substrate, Ag@DNA/PDA-CNF.59 This was based on the π-π
conjugation and complementary structure ofDNAwith PDA,which led

to rapid and orderly self-assembly of PDA nanosheets.68 There were

abundant active sites where AgNPs could attach close to one another,

which created large areas of hot spots on the substrate surface. This

method could detect R6G with an EF of 1.03 × 108, and the flexibility

of the cellulose-based substrate allowed it to bewiped on fruit peels to

detect the pesticide thiamethoxam down to 0.003mg/kg.

An article-based substrate with good flexibility was used in a recent

work by Sun et al. in which AgNWs were loaded onto filter papers

to detect the antibacterial agent furazolidone (FZD) with an EF up

to 2.63 × 106.69 This substrate was modified to be simultaneously

hydrophobic and hydrophilic. To do this, a four-layer matrix was first

assembled from adhesive tape, carbon paper, aluminium foil and filter

paper (with the filter paper being the top layer). Next, a 2-mm diame-

ter hole was cut out of the matrix material and coated with hydropho-

bic fluorosilicone resin. The punched-out matrix material was then re-

attached in themiddlewithout thehydrophobic coating, and theAgNW

solution was dropped onto the central hydrophilic area of the sub-

strate, constituting the completed hydrophilic-hydrophobic Ag NW-

paper substrate. Methylene blue (MB) was used as a model ligand to

test the substrates and it was found that, when MB was dropped into

the 2 mm hole in the centre of the developed substrate, there was no

‘coffee ring’ after drying, as there was when MB was dropped onto

a 4.5 mm diameter aluminium foil substrate. This substrate allowed

an even distribution of analyte molecules across the surface, which is

important for accurate SERS analysis. This article-based hydrophobic-

hydrophilic substrate was able to detect MB and FZD concentrations

down to 9.4 × 10–9 mmol/mL and 6.83 mg/L, respectively, with good

linearity (R2 values of 0.991 and 9.995, respectively). The substrate

was further tested for the detection of FZD in the presence (and

interference) of MB in various water environment and on the sur-

face of fish, and detection recovery was 83.9–111% and 79.5–84.6%,

respectively.69

Cellulose- and paper-derived substrates have the potential to

be extremely useful in conjunction with rapid SERS analysis. The

substrates are more environmental friendly than conventional SERS

substrates, and their flexibility lends to unique applications such as

detection of analytes on uneven biological surfaces. These substrates

can be cheaply produced and further developed into environmental

sensors for specific analytes.

2.5 Internal standards

While SERS is extremely useful and reliable for the identification of

analytes, its ability to quantify specific molecules accurately is limited

by the reproducibility of the SERS signals on the prepared SERS sub-

strate. A commonly seen issue is that the distribution of hot spots along

the substrate’s surface is not uniform, resulting in heterogeneous sig-

nal strength in various areas.14,33,70 Raman mapping can be used to

determine the uniformity of a substrate by using two-dimensional map

to show the variation of Raman signal intensity across points within a

specified area. If the substrate is relatively uniform, the RSD between

the points will be smaller.42,71

Highly uniform SERS nanosubstrates are ideal to ensure SERS

reproducibility. However, the synthesis of uniform nanosubstrates can

bequite expensive, skill demanding and time consuming. For substrates

synthesized with less precision, where uniformity is not guaranteed, it

is appropriate to use an IS molecule to increase reproducibility. In uti-

lizing IS molecules, the intensity ratio of the target molecule to the IS

molecule is unchanged, even as the overall enhancement across the

SERS surface may change due to the heterogeneous nature of sub-

strates with non-uniform hot spots.30–32,72 Some challenges are that

both the analyte and IS need to reach some threshold concentration

before the IS provides SERS signals.73 In some cases, there is a possible

competition between the IS molecules and the analyte of interest for

the metal SERS substrate surface, potentially decreasing the accuracy

of the quantitativemeasurement.73,74 Many studies used embedded IS

molecules, which are bound to the core of the nanosubstrate. A shell

is then formed around these to protect the IS molecules. There is no

competitive adsorption between the ISmolecules and targetmolecules

with embedded IS molecules, so interference from the IS is not a prob-

lem for quantitative SERS detection of the target molecule.70,75–78 A

recent study focusing on the detection of the fungicides THR and TBZ

utilized 4-MBA as an IS molecule. 4-MBA functionalized AuNPs acted

as the core in an AgNP-coated shell, and the core-molecule-shell NPs

self-assembled to form a dense nanoparticle array (Au@4-MBA@Ag

NPs). They were able to obtain LODs of 0.38 μg/L for THR and 25 μg/L

for TBZ,79 which produced a significantly more sensitive detection

than their previous study, which used an Au@Ag array without an IS

(LOD for THR=1.1 μg/L and for TBZ=51μg/L).80 Similarly,Wanget al.
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F IGURE 4 Number of research papers published on different
analyte categories discussed in this review from January to December
2021 and early access 2022

synthesized Au@4-mercaptopyridine (4-Mpy)@AgNPs (Figure 3C and

D) by first fabricating AuNPs coated with the IS molecule 4-Mpy, then

utilized a silver reductionmethod to cover these Au@4-Mpymolecules

with an AgNP shell, forming the final core-shell nanoparticles with

an embedded IS.70 This IS-embedded nanostructure created a three-

dimensional hot spotmatrix SERS platform inwaterwith 2.5% v/v glyc-

erol. Quantitative detection for CV was achieved during evaporation

with good sensitivity (down to 5 × 10–9 M) and linearity. The Au@4-

Mpy@AgNPs substrate was also used for quantitative detection ofMG

and THR through the use of linear fitting plots. It was noted that this

substrate was a good candidate to mitigate the effects of Raman signal

fluctuation through theuseof the embedded ISwith a glycerol-assisted

three-dimensional hot spot platform, and it has great promise for the

accurate quantitative detection of various environmental pollutants.70

Bacteria were recently used in conjunction with Au@Ag core-shell

nanoparticles thatwere synthesizedon thebacterium (Shewanella onei-

densis). The bacteria’s cell membrane worked as an IS when the Raman

signals of both the target molecule and the bacteria were measured,

and they maintained a relatively stable ratio for SERS intensity. This

method was used to detect several analytes at varying concentrations

to create linear curves: R6G (0.01–100 μM),MG (0.001–1 μM) and uric

acid (100–500 μM).32 Competitive adsorption between IS and analyte

molecules is avoided with this method. The use of ISs is a promising

technique to improve quantitative detection for analytes of interest,

especially when using a substrate with a heterogeneous surface with

non-uniform hot spots.

3 ANALYTES OF INTEREST

In this section, we discuss current advancements in the SERS detection

of inorganic, organic and biological pollutants. Specifically, we cover

how SERS can be used to detect environmental contaminants such as

heavy metals, pharmaceuticals, plastic particles, synthetic dyes, pesti-

cides, viruses, bacteria and mycotoxins. In summarizing this topic, our

aim is to highlight areas where significant amounts of research are

being published, as well as areas that need further investigation. This

can also be seen visually in Figure 4, wherein there is a high volume of

recent publications for SERS detection of pesticides, but less for other

analytes such as plastic particles and viruses.

3.1 Inorganic pollutants

3.1.1 Detection of heavy metals

Heavy metals are naturally occurring metallic and metalloid elements

that have a high atomic weight and high density when compared with

water.81 Some heavy metals are essential in small amounts for phys-

iological functions in living organisms (such as Co, Cu, Fe, Mn, Mo,

Ni and Zn, which are considered micronutrients),82,83 while others

are extremely toxic and potentially carcinogenic (As, Cd, Cr, Hg and

Pb).84,85 There are increasing concerns regarding heavymetal contam-

inantswithin the environment, as they pose a threat to both humanand

ecological health. Certain anthropogenic activities (e.g.,mining, battery

manufacturing and pesticide use) have greatly increased our exposure

in recent years.84,86 For more detailed information on this topic, we

direct readers to a recent in-depth review from 2021 of the detection

of heavymetals via SERS.87 Some recent developments in SERSmainly

focus on the detection of lead, iron andmercury in the environment.

Lead is one of the most toxic heavy metal ions and can cause irre-

versible damage to various organ systems in the body. It is especially

dangerous for young children to come into contact with lead contam-

ination, as it can cause life-long health challenges.42,88 The use of lead

in several commercially available products (such as leaded gasoline89

or lead-based paints) has significantly decreased in recent years. How-

ever, residual lead contamination is still present in soils and water-

ways. It is of the utmost importance to be able to detect lead con-

tamination selectively and sensitively in our environment. A reusable

and cost-effective SERS sensor was created frommonolayer graphene

integrated with gold-silver hybrid nanostructures on a porous gallium

nitride (GaN) surface to reliably detect and enhance the Raman sig-

nal for Pb2+ down to 4.31 pM.42 In a two-dimensional honeycomb

arrangement, graphene has shown the ability to provide enhance-

ment for adsorbed analyte molecules when used with SERS due to the

GERS effect.41,42 This sensor provided ‘dual enhancement’, as it used

graphenewith noblemetal nanostructures in conjunctionwith theben-

efits of enzyme-linked reactions, to help detect and quantify Pb2+. To

accomplish this, DNAwas hybridized to Pb2+. Labelled Cy3-DNAzyme

probeswith Pb2+-specific DNA substrate strandswere immobilized on

the SERS substrate containingmetal nanoparticles onporousGaNwith

monolayer graphene. The Cy3-labeled thiolated DNAme probe on the

substrate produced strong Raman signals. Following this, the comple-

mentary DNA strand was attached to the DNAzyme probe to form

double-stranded DNA (dsDNA). This dsDNA yielded weaker Raman

signals, because the rigid dsDNA pulled the Cy3 further from the sub-

strate surface.42 When Pb2+ was present on the substrate, the Pb2+-

specific DNAzyme was activated, which split the DNA strand into two

free short chains, allowing the Cy3-labeled DNAzyme probe to move

closer to the SERS surface. This movement is due to π-π adsorption

between the single-stranded DNA and the graphene surface, and ulti-
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mately causes an enhancement in the Raman signal through electro-

magnetic and chemical enhancements. The Raman signal will increase

asPb2+ concentration increases.42 Itwas reported that this sensorwas

recyclable up to three times with only a slight decrease in background

Raman intensity after each use.42 To reuse the substrate, the SERS

sensor was simply washed with PBS to remove dissociated oligonu-

cleotide that had been cleaved by Pb2+. Freshly prepared substrate

strand buffer solution was re-incubated with the sensors for 12 h to

prepare themtodetect Pb2+ again. The reusability of this sensormakes

it more environmental friendly and cost-effective.

Another recent work focused on the development of a label-free,

environmental-friendly SERS probe for Fe3+ detection.90 While small

amounts of Fe3+ are essential for living beings, an excess can be harm-

ful and cause ailments such as cancer,91 liver diseases,92 and neurode-

generative diseases.90,93,94 During various industrial processes, such

as those associated with the production or mining of metals, Fe3+

waste is produced and released into the environment. Excess Fe3+ in

water systems has toxic effects on aquatic organisms, and may bio-

magnify and cause harm to humans as well.95 Thus, it is essential to

efficiently monitor Fe3+ in the environment. A recent work focused

on a label-free Raman probe using Tollens’ reagent and phytic acid

for the nanoprobe synthesis.90 Through the Tollens’ reagent method,

the AgNPs were synthesized in as little as 30 min, and due to the

mild nature of the reagents, they were more homogeneous than

those prepared from conventional methods. The phytic acid molecules

used in the AgNP synthesis have a strong selectivity for Fe3+, which

were detected simply by mixing standards of Fe3+ with the Raman

probe, incubating for 30 s, and dropping onto a glass slide for Raman

detection. The Fe3+ aggregated the AgNPs and caused a change in

the obtained Raman spectra, producing two characteristic peaks. The

developed Raman probe was exposed to other metal ions at the same

concentration as Fe3+, and it was found that the probe had a strong

sensitivity toward Fe3+.While this SERS probewas designed for detec-

tion of Fe3+ in integrated circuit cleaning solution waste, it had a low

LOD of 0.1 μM, and may be promising for other environmental matri-

ces.

Mercury contamination in the environment has both natural and

anthropogenic origins. As exposure to mercury or mercury complexes

has several toxic effects on the human body,96–98 there is a need

for trace mercury detection. A SERS-based Hg2+ sensor was recently

developed by using AgNPs functionalized with phenylacetylene (PA),

which produced a peak at 1988 cm–1. Detection of Hg2+ occurred

when the alkynyl group of the PA coordinated to Hg2+, allowing the

alkynyl to separate from the silver surface. The new bond formation

lowered thepeak at 1988 cm–1 andproduced anewpeak at 2146 cm–1.

This method was successfully used to detect and quantify Hg2+ in lake

water samples several orders of magnitude below the USEPA limits

for permissible concentrations in drinking water.99 A different study

proposed a novel SERS aptasensor with dual-recycling amplification

for Hg2+ detection, combining SERS with nucleic acid signal amplifi-

cation to obtain a more sensitive detection.86 Dual-recycling amplifi-

cation involves the immobilization of aptamers onto a substrate and

bound with a complementary DNA strand, which will cleave off once

the targetmolecule is introduced and is captured by the aptamer. SERS

then detects the released cleavage probes.100 In this recent work, this

methodwas able to detectHg2+ from0.2 to 125 fM,with a LODof 0.11

fM. The sensor was applied to tap and lake water samples effectively,

and shows great potential for the detection of Hg2+ at extremely low

concentrations in the environment. Potentially, by altering the aptamer

sequences, other analytes may be specifically and sensitively detected

by this approach.86

3.2 Organic pollutants

3.2.1 Detection of pharmaceuticals

Pharmaceutical contamination, particularly in water systems, is a

widespread issue which poses a threat not only to human health but

also to overall environmental safety. Wastewater treatment facilities

are the primary outlet for pharmaceutical contamination, as many

pharmaceuticals cannot be successfully removed by current technolo-

gies, especially if the pharmaceutical is present as a metabolite or

degradate and not as a pure compound.101 In a recent review con-

ducted by the US Geological Survey, the most common pharmaceu-

tical contaminants listed were diabetes medications (with the most

prevalent being the Type II medicationmetformin) and painkillers such

as ibuprofen, tramadol, desvenlafaxine and venlafaxine.101 Due to the

ability of these pharmaceuticals to induce biological changes in non-

target organisms, it is of critical importance to be able to detect these

compounds at wastewater treatment plants before they are dispersed

into the environment.101 A recent article by Burtsev et al. estab-

lished a method for detecting and removing ibuprofen from water

samples viamicrofluidic extraction and then capture by lipophilic func-

tionalized gold multibranched nanoparticles (AuMs).102 This method

did not require sample pre-treatment, was reliable and reproducible

and had a low LOD (1.2 × 10–8 M). Another method detected and

degraded pharmaceutical contaminants within one spot, whereinmag-

netic nanoparticles were hybridized with titanium dioxide and tung-

sten disulfide to produceFe3O4@TiO2/WS2 nanoparticleswhich acted

both as a SERS analytical detection agent and a photocatalytic degra-

dation agent.103 This method was able to achieve removal efficien-

cies between 68 and 100% for non-steroidal anti-inflammatory drugs,

antibiotics and cosmetic dyes. Furthermore, the LOD for this method

when applied to rhodamine B was as low as 10 nM (with a removal

efficiency of 100%), making this a promising method for the detec-

tion and photocatalytic degradation of emerging contaminants such as

anti-inflammatories and other pharmaceutical compounds.103 AgNPs

functionalized with graphitic carbon nitride have been used for the

detection of acetaminophen and adsorption of organic dyes in drink-

ing water samples, and provided a low-cost and reusable method for

pharmaceutical contaminant detection, though more research is nec-

essary to apply this method to the adsorption and degradation of

pharmaceuticals.104 Two othermethods have recently been developed

for the detection of pharmaceutical compounds, though neither pos-

sessed degradative properties. The first was developed by Sun et al.,
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and utilized a hydrophilic-hydrophobic silver nanowire paper-based

substrate for the detection of FZD in fish samples.69 This method pro-

vided a lower LOD (10 mg/kg) than comparable methods with SERS,

HPLCandELISA, and had a comparable recovery rate of 79.5–84.6%.69

The second non-degradative method used AuNPs immobilized on GO

as a substrate, combined with aMIP coated onto the substrate surface

to obtain the final MIP@Au-GO structure.105 This design was used to

detect two pharmaceuticals used in the treatment of hypoglycaemia,

metformin hydrochloride (Met HCl) and phenformin hydrochloride

(Phen HCl), with a LOD of 0.10 mg/mL. This substrate was reusable,

had long-term stability and provided high recovery rates when applied

to real samples of hypoglycaemic dietary supplements (87.5–112.5%

for Met HCl and 96.7–115% for Phen HCl).105 While this method was

designed for the detection of Met HCl and Phen HCl used illegally

in non-hypoglycaemic pharmaceuticals, it provides a promising design

forpharmaceutical contaminantdetection inenvironmental samples as

well. For further discussion of the use of Raman spectroscopy and SERS

for the detection of pharmaceuticals, we direct readers to some recent

reviews from 2018 and 2017, respectively.106,107

3.2.2 Detection of micro- and nanoplastics

The increased use and production of plastic products has resulted in a

growing amount of plasticwaste. Over time, plasticwaste breaks down

in the natural environment due to physical, biological and chemical

factors. The degradation of macroplastics has led to the generation

of MPLs, particles smaller than 5 mm and NPLs, particles smaller

than 1 μm, in the environment. There are two forms of MPLs that

have been discovered: primary and secondary. Primary MPLs are

manufactured plastics, such as those used in cleaning products and

personal care products. Secondary MPLs are plastic particles derived

from the degradation of macroplastics. Some examples of secondary

MPLs include those from road paint, tires and washing synthetic

clothing. Primary and secondary MPLs break down into NPLs. MPLs

and NPLs have been detected in aquatic environments, seafood,108

sand,109 bottled water110 and table salt.111 Conventional analytical

techniques, such as Raman spectroscopy and FTIR, are incapable of

detecting particles less than 1 and 10 μm, respectively, due to their low

spatial resolution.61 A commonly used technique for MPL detection

is pyrolysis-gas chromatography mass spectrometry. However, this

technique is destructive and can only analyse a small sample size (e.g.,

0.5 mg).112 Due to the limitations of traditional analytical techniques,

recent studies have used SERS as a new approach to detect MPLs

andNPLs.

SERS is advantageous for plastic detection as it is highly sensitive

and non-destructive, allows for the detection of particles down to the

nanometer size, and has been shown to be capable of detecting parti-

cles in complex samples.113 AgNPs and AuNPs are the most common

SERS substrates for MPL and NPL detection.62,109,114,115 Research on

MPLs andNPLs often focuses on detection of PS particles, as these are

one of the most commonly found plastics in the natural environment.

In a previous study, Zhou et al. analysed 1 μm and 50 nm PS particles

in either ultra-pure water or river water.114 By mixing AgNPs and PS

particles, and dropping the mixture on a silicon water for SERS anal-

ysis, this method was effective in detecting both 1 μm and 50 nm PS

particles in either water matrix. However, the surface used for anal-

ysis was not uniform, leading to poor reproducibility and uneven hot

spots. To fix this problem, it is important to prepare more uniform

substrates. In addition to the uniformity of the surface, other impor-

tant factors to consider in MPL/NPL analysis are the shape and size

of the nanosubstrates, which have been discussed above in the sec-

tion of ‘SERS nanosubstrates’. Optimizing factors, such as shape and

size, can help provide a greater number of hot spots on a substrate.

Some examples that are promising for MPL and NPL detection are

AuNPs-functionalized glass slides,115 silver NWs on RC62 and silver-

coated gold nanostars fixed in anodized aluminium oxide nanopores

(Ag@AuNSs@AAO).116 Caldwell et al. prepared AuNPs -unctionalised

glass slides for detection of nano-sized PS and polyethylene tereph-

thalate (PET). Using the AuNPs-functionalized glass slides, it was

possible to detect PS particles with sizes of 131 and 62 nm, and PET

particles with a size of 62 nm down to 10 μg/mL.115 This method

provides a simple and effective technique for the detection of nano-

sized plastics. Furthermore, this study was able to generate inten-

sity maps from SERS measurements, and such data are imperative

for future research as it provides information regarding NPL distribu-

tion. As was discussed earlier in this review, using bi-metallic parti-

cles can help increase the efficiency of the SERS active substrate. Lê

et al. used silver-coated gold nanostars placed in anodized aluminium

oxide (Ag@AuNSs@AAO) to detect MPLs in the sub-micrometre size

range.116 A total of 0.4 μm PS particles were tested in varying concen-

trations in tap, river and sea water. Even in the presence of complex

environmental samples, they were able to detect the PS particles using

theAg@AuNSs@AAOand reported a LODof 0.05mg/g.116 In compari-

son to the study done by Caldwell et al. using gold-functionalized glass,

the bi-metallic substrate used by Lê et al., was able to detect smaller

particles in more complex environmental samples. Furthermore, in a

study by Jeon et al., silver NWs or AuNRs were fixed to RC, which

was selected for its 3D structure and high flexibility.62 PS nanopar-

ticles of 84, 444 and 630 nm were synthesized and placed on the

prepared AuNRs/RC and AgNWs/RC substrates. The plastic particles

were then analysed using a Ramanmicroscope and they found that the

AgNWs/RC film was able to detect PS particles at a concentration of

0.1mg/mL, while the AuNRs/RC filmwas able to detect these particles

down to 0.5 mg/mL. Therefore, they concluded that the AgNWs/RC

film is a better SERS substrate than the AuNRs/RC film.62 While SERS

hasbeen shown tobecapableof detectingmicro-, sub-micro- andnano-

sized plastic particle standards in proof-of-concept experiments, there

is little research on its ability to detect a variety of plastic particles of

different physical and chemical properties found in thenatural environ-

ment. Further research is needed to conclusively determine if SERS can

be used to detect MPL and NPL particles in complex real-world envi-

ronmental samples. A comprehensive review involving recent advance-

ments for detection of MPLs and NPLs via SERS was published earlier

this year, and we direct readers searching for more information on this

topic to this reference.117
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3.2.3 Detection of synthetic dyes

Synthetic dyes are coloured products chemically derived from petro-

chemicals. Their widespread use in textiles, paints and printing poses

health and environmental risks.118 In the natural environment, even

at low concentrations, synthetic dyes have lasting negative impacts.

When present in water, they obstruct the passage of sunlight, inhibit-

ing aquatic plant growth by preventing photosynthesis, increasing oxy-

gen demand. They are reported to be toxic, carcinogenic, mutagenic,

bio-accumulative and decompose at slow rates.119 In this section, we

will discuss recent developments in SERS detection of commonly seen

synthetic dyes in environmental settings.

SERS has high potential as a trace analysis technique for the detec-

tion of synthetic dyes. Sabathi et al. developed tannin-furanic foams

as SERS substrates.120 Three different foam substrates were created:

standard tannin foam, glyoxal tannin foam and TWEEN pluronic tan-

nin foam. A magnetron sputtering system was used to deposit a 40-

nm thick layer of silver atop the substrates. The SERS performances

of these substrates were tested with MG. On the standard tannin-

furanic foam, lower intensity signals were produced. However, inten-

sity was 23.36 times higher and the RSD decreased by 36% on TWEEN

pluronic tannin foam relative to standard tannin foam. On glyoxal tan-

nin foam, intensity was 28 times higher, but this was accompanied by

a 21% RSD increase. The low RSD and high enhancement for MG on

TWEEN pluronic tannin foam were attributed to homogeneity of the

hot spot across the substrate surface and the fine pore structure of said

substrate. Similar dye tracing work was done by Liu et al., wherein a

superhydrophobic AgNPs/glass microfiber filter substrate was devel-

oped usingmagnetron sputtering, annealing and a gas bath.71 This sub-

strate allowed for the detection of liquid phase analytes with wettabil-

ity control. The hydrophobic component of the substrate was deemed

useful for evenly distributing analyte molecules and making sure they

were located in the SERS hot spots, therefore, achieving a more effec-

tive enhancement. Excellent Ramanenhancementwas attained forMG

and CV, with EFs of 1.09 × 106 and 1.03 × 106, respectively. Another

recent work focused on the detection of the dye acid orange II (OII)

in water bodies using a SERS sensor based on PDA altered MOFs cou-

pledwithMIP technology.121 In that work, theMOFUIO-66(NH2) was

synthesized using a solvothermal method, then wrapped in Ag-loaded

PDA to formAg@UIO-66(NH2)/PDA (AUP) as the SERS substrate. The

AUP-MIP imprinting material was then synthesized via precipitation

polymerization, and allowed for more sensitive detection of OII than

the unmodified AUP substrate. This MOFs-based substrate allowed

for a stronger adsorption capacity because of its porous structure and

large surface area. At concentrations ranging from 10–8 to 10–10 M,

OII exhibited an observable peak at 1596 cm–1. Furthermore, theAUP-

MIP substrate is recyclable through simple rinsing, making it particu-

larly suited to environmental detection.

Chen et al. developed a method to create a multifunctional plat-

form capable of monitoring synthetic dyes using a cellulose nanocrys-

tal (CNC) Ag nanostructure.122 The CNC-regulated Ag nanostructure

functioned as a platform to detect organic dyes in wastewater. The

CNC, acting as both a reducing agent and a stabilizer, reduced silver

nitrate to AgNPs and facilitated the formation of a flat nanostructure.

The abundance of hydroxyl groups on the surface of CNC allowed

AgNPs to form clusters of AgNPs@CNC nanohybrids. These clusters

acted as SERS active sites, providing a greater enhancement than sin-

gle dispersed AgNPs. CR, the analyte of interest, was injected into the

sensing platform at varying concentrations. After SERS enhancement

with AgNPs and CNC, CR peaks were clearly identifiable in all tested

concentrations, with intensity increasing with higher concentration.

The detection limit for this analyte was 10–15 M based on the charac-

teristic peak at 1598 cm−1.

Other recent SERS applications in dye detection did not focus

on real environmental samples, but rather used them as indicator

molecules to evaluate the newly developed methods. Yang et al.

reported an approach involving the fabrication of porous octahedral

Cu2O onto Cu MOFs to create a novel SERS substrate.123 SERS sen-

sitivity was notably high for the detection of MB with this newly

developed substrate, given that concentrations as low as 5 × 10-9 M

were detected. Vannucci et al. focused on the detection of Acid red

26 (AR26) and Acid red 18 (AR18) with Ag nanostars under varying

pH levels.124 AR26 and AR18 typically undergo tautomerism, mean-

ing that one tautomer is present in greater amounts than the other

under different conditions (e.g., pH). Based on the rapid decrease of

SERS enhancement as pH increased, it was concluded that only the

keto (KH) tautomers of the dyes were detectable with SERS. Raman

enhancement was greatest at a pH range of 2–3, allowing for the

enhanced detection of AR26 and AR18 at 10–5 M. Additionally, Xu

et al. fabricated Ag/CuO NWs/pyramidal PDMS as a plasmon coupling

SERS substrate.51 Tomake this substrate, thePDMSstructurewas pro-

duced with an elastomer molding method involving spin coating and

heating. A Cu film was then deposited onto the PDMS structure and

submerged in anti-formin solution to form NWs. For SERS enhance-

ment, Ag was applied to the CuO NWs/pyramidal PDMS via thermal

evaporation. The Ag/CuO NWs/pyramidal PDMS structure was able

to detect CV and CR in a range of concentrations: 10–5 to 10–8 M

and 10–4 to 10–7 M, respectively. Although these above studies have

demonstrated promising laboratory results using newly designed SERS

nanosubstrates, how they will perform in actual environmental sam-

ples is unknown.

3.2.4 Detection of pesticides

It is vital to monitor pesticides on agricultural products to prevent

overuse and to protect human health and the environment. There have

been a number of recent developments and improvements in the sen-

sitive and selective SERS detection of environmental pesticides. While

it is not possible to discuss all of the published articles using SERS to

analyse pesticides from 2021, we have provided a table to organize

recent publications (Table 2). An additional review, published in 2021,

discusses the detection of organochlorine pesticides via SERS includ-

ing a tabulation of various SERS strategies for the detection of several
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analytes.125 Themajor recent advancements for SERS-baseddetection

of fungicides, herbicides and insecticides are discussed below.

Fungicides

Fungicides are a class of pesticides that control fungal growth.

These compounds are often used in agricultural settings to pro-

tect crops from fungal diseases that may damage them and cause

them to be unfit for consumption. While the toxicity of most fungi-

cides is generally low, prolonged exposure to these compounds may

lead to adverse health effects such as neurological disruptions.126

Several recent studies have utilized SERS to detect various fungi-

cides, including tetramethylthiuramdisulfide (THR),39,53,61,70,79,127–161

carbendazim,162–165 chlorothalonil,166,167 MG,168–173 TBZ (a fungi-

cide and parasiticide)20,79,153,155,173–178 and ferbam.20,178,179 Among

them, THR is the most studied due to its wide agricultural applications

and strong binding with SERS nanosubstrates through the thiol group.

Here, wewill use THR as an example to show the recent advancements

in fungicide detection.

THR is a widely used dithiocarbamate fungicide that is applied

to various agricultural crops. While THR is able to protect fruits

and vegetables from fungal diseases that may destroy the plants, it

also causes skin and mucosal disease in humans.140,180,181 Numer-

ous recent studies focus on the detection of THR using SERS

methods.39,53,61,70,79,127–161 While we cannot cover each of these ref-

erences in detail, a few are expanded upon below.Gao et al. have devel-

oped a SERS sensor based on vertically aligned AgNPs deposited on

tungsten oxide (WO3-x) nanoflakes that can detect THR down to 1.2

pM. When detecting THR directly on apple peels, spiked THR could

be detected down to 2.4 μg/L.140 The Raman probe, R6G, was used to

evaluate the Raman signals from the Ag/WO3-x nanoflake substrate.

SERS mapping revealed a uniform signal distribution across the sub-

strate, and the LOD for R6G was found to be 2.7 × 10–13 M. There

is a good linear correlation between Raman intensity at 1365 cm–1

and R6G concentration. The study also showed a strong linear cor-

relation between Raman intensity and THR concentration, with a R2

value of 0.996.140 Another recent study detected THR through the use

of a class of two-dimensional layered materials, MXenes, which were

selected because of their high flexibility and ease of chemical modifi-

cation. Titanium carbideMXenewas usedwith AuNRs in various ratios

to create Raman enhancement at the tips of the nanorods for higher

sensitivity.139 4-aminothiophenol and 1,2-bis(4-pyridyl)ethylene were

used to evaluate the ratios of MXene/AuNRs. When the optimal ratio

was used, the detection of THR had a LOD of 10–8 M, which is much

lower than commercial SERS chips (10–5 M) and Au nanorod arrays

(10–6 M). These results suggest that the developedMXene/AuNRs sub-

strate has the potential for sensitive and quantitative detection of pes-

ticides with SERS.139

Herbicides

Herbicides are a class of pesticides that aim to destroy unwanted

vegetation. Several recent studies have used SERS to detect vari-

ous herbicides present in the environment, including atrazine and

its metabolites,182–186 paraquat (PQ),158,187–189 oxyfluorfen,167

benthiocarb,157 2,4,5-trichlorophenoxyacetic acid (2,4,5-T),190

prometryn,184 diquat and difenzoquat,189 2,4-Dichlorophenoxyacetic

acid (2,4-D)191,192 and parathion.193 Daoudi et al. created a novel

SERS substrate for the detection of atrazine using a hierarchical silver

nanoprism/GO/silicon nanowire array.183 This substrate combined the

benefits of silicon NWs (SiNWs) (cost effectiveness, ultra-sensitivity,

uniformity of the substrate and semi-conductor properties) with the

SERS enhancement from metal nanoparticles to create hot spots

for better Raman signals. The SiNWs were produced from silicon

wafers using a previously studied chemical etching method. Fol-

lowing this, synthesized GO was spin coated onto the SiNWs. Ag

nanoprisms were drop-cast onto the SiNW substrate and allowed

to dry several times to produce a significant Ag nanoprism surface.

This surface was characterized using field-emission scanning electron

microscopy (FESEM), AFM and TEM. Common organic pollutants R6G

and MB were detected with this substrate to study uniformity and

reproducibility. Overall, this substrate was able to provide uniform

SERS enhancements. This substrate had a LOD down to micromolar

concentrations.183 Another recent study by Yao et al. used natural

lotus leaves as hydrophobic surfaces to detect PQ.188 AgNPs syn-

thesized through a citrate-reduction method were mixed with PQ

solutions and then applied to the lotus leaves. During evaporation,

the AgNPs arranged themselves into arrays on a small area of the

lotus leaves, instead of leaving a coffee ring of AgNP aggregates.

The LOD for PQ was found to be 1.2 μg/L, with a good linear cor-

relation between PQ concentration and Raman intensity, indicating

that this method can be used for quantitative analysis. In evaluating

the uniformity and reproducibility of the substrate, the RSD of peak

intensity (at 1642 cm–1) for 50 SERS spectra was found to be 11.6%.

A ‘traditional SERS sensor’ using AgNPs aggregated with salt was

used for comparison, and was found to have an RSD value of 26.9%.

The lotus leaf-based SERS substrates were also found to have Raman

signals about 20 times higher than the traditional SERS sensor. The use

of lotus leaves as a unique and environmental friendly hydrophobic

SERS substrate is a good technique to control the uniformity of AgNPs

for more reproducible detection of PQ. The storage of the lotus

leaves and the water content within the leaves may have impacted

the hydrophobic properties. However, the authors suggested that

under appropriate storage and humidity, long-time storage, up to 30

days, did not impact the hydrophobic properties of the leaves. The

hydrophobicity was evaluated on tender, mature and old lotus leaves

by measuring the contact angle for droplets on the leaves (150.1 ±

1.0◦, 150.0 ± 1.3◦ and 149.5 ± 0.8◦, respectively). It was concluded

that all growth stages were ‘superhydrophobic’.188 This unique SERS

substrate has the potential to be used as an environmental friendly

material for sensitive and reliable detection of herbicides or other

environmental pollutants.

Insecticides

Insecticides are used to kill or repel insects and are often

used in agricultural settings to protect crops from destruc-

tion. SERS has been used to detect several types of insecti-

cides in the past year such as chlorpyrifos,159,194–197 methyl
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parathion,151,198–200 endosulfan,155,201 malathion,155 phosmet,156

imidacloprid,159,167,191,202–207 phorate,157 carbaryl,158,208 fipronil,158

fenitrothion,193 acetamiprid,165,192,205,206,209 chlorfenapyr,210

dichlorvos,211,212 fenobucarb,213 thiodicarb,208 carbendazim,165

profenofos,165 methomyl,192 pymetrozine,160,214 clothianidin and

thiamethoxam.59,206 Recently, Sulaiman et al. created a technique for

the sensitive detection of the insecticide chlorpyrifos using fabricated

bi-metallic nanoparticle alloys in conjunction with SERS.194 A pulsed

laser-induced etching was used to create Si nanopillars as the base

for the substrate, which has a high density of nanogaps that induce

hot spots on the surface. These Si nanopillars were decorated with

synthesized bimetallic alloys of Au-PdNPs and AgPdNPs. Utilization

of transition metals, such as Pd, has been previously suggested as

a method of enhancing the SERS signal for sensitive detection of

analytes.215,216 The SERS sensors were dipped into solutions of chlor-

pyrifos at different concentrations and dried before SERS detection.

The LODwas 0.066mg/L for Au-PdNPs and 0.079mg/L for Ag-PdNPs,

indicating sensitive detection of the target insecticide. The creation

of hot spots from the Si nanopillars used with the bi-metallic alloys

served as a promising technique for trace detection of chlorpyrifos.194

Al-Syadi et al. also utilized SERS for the detection of trace concen-

trations of the neonicotinoid insecticide imidacloprid which has had

devastating impacts on honeybees. In this work, a cost-effective SERS

substrate was created from porous silicon (PSi)-plated palladium

nanoparticles (PdNPs) through electrochemical anodization and

immersion plating.202 In this recent study, the authors indicated the

importance of the porosity of the silicon substrate by comparing low

concentrations of imidacloprid (10–6 M) using Si-Pd NPs (non-porous

Si substrate) with the porous version (PSi-Pd NPs), and found more

intense Raman peaks for the PSi-Pd NP substrate (with a slight shift in

peak position between the two). The PSi-Pd NP substrate had a LOD

of 10–9 Mwith an EF of 1.2 × 105, which was likely due to the creation

of more hot spots on the porous substrate surface. The creation of this

substrate for the sensitive detection of imidacloprid may provide a

scaffold for further advancements involving porous substrates.

Multiple pesticides

While many studies focus on the detection of only one key pesticide of

interest, it is advantageous to develop methods that are able to iden-

tify and quantify (sometimes simultaneously) several different pesti-

cides using the same SERS substrate. Several recent studies focus on

the detection of multiple pesticides. For example, Asgari et al. inte-

grated the technology of filter-based microfluidic devices with SERS

detection using Au@Ag nanoparticles.155 Filtration (using a PTFE fil-

ter membrane) on the SERS chip allows interfering particulate matter

to be removed from the sample to enable amore sensitive detection of

target analytes. In this study, two fungicides (TBZ and THR) and two

insecticides (endosulfan and malathion) were each detected within a

mixture in a strawberry extract (LOD=55, 44, 88 and54μg/kg, respec-

tively). The use of a microfluidic SERS chip requires minimal sample

preparation, compared with conventional methods of preparing and

purifying samples to remove unwanted particulatematter. The authors

presented an optimized filter-basedmicrofluidic SERS sensor to detect

multiple pesticides, establishing the first publication of a filter-based

SERS microchip for detection and quantification of multiple analytes

within complex foodmatrices.155 Anotherwork reported simultaneous

detection of three pesticides, chlorothalonil (fungicide), imidacloprid

(insecticide) and oxyfluorfen (herbicide), through the use of a SERS-

based lateral flow assay (SERS-LFA) test strip and competitive immune

binding.167 In that work, silver nanospheres and silver nanoprisms

were used to detect four different pesticides: atrazine (herbicide),

simazin (herbicide), irgarol (antimicrobial pesticide) and diuron (her-

bicide). Three of the pesticides, atrazine, simazin and irgarol, were all

able to be detected down to millimolar concentrations.186 A flexible

cellulose nanofiber paper-based substrate was developed by Li et al. to

simultaneously detect four organochlorine pesticides inwater samples

including 4,4′-DDT, a-endosulfan, tetradifon and chlordane.201 Lu et al.
utilized a DNA backbone structure with Ag@Au nanoparticles for the

simultaneous detection of profenofos (insecticide), acetamiprid (insec-

ticide) and carbendazim (fungicide). This was achieved using embed-

ded aptamers within the DNA backbone for the three pesticides, and

Raman signalling molecules modified onto the Ag@Au NPs. The DNA

skeletondeformedwhen theaptamers recognizedanyof the threepes-

ticides, and theAg@AgNPsmovedcloser tooneanother, creating SERS

hot spots between them to increase the Raman signals. This technique

provided low LODs for the three pesticides, and allowing for the ultra-

sensitive, simultaneous detection of multiple analytes.165

The simultaneous detection of multiple pesticides is extremely use-

ful as it is common for these compounds to be used in conjunction with

one another in agricultural settings. Bioaccumulation of pesticides in

ecosystems allows different pesticides to be found in similar locations,

so it is important to be able to identify andquantify co-existing contam-

inants using one approach. These recent advancements in the simul-

taneous detection of multiple pesticides are extremely promising for

facilitating the development of versatile SERSmethods in environmen-

tal monitoring.

3.3 Biological pollutants

3.3.1 Detection of viruses

Due to the outbreak and spread of the novel coronavirus, SARS-CoV-

2, research concerning ultra-trace SERS detection of viruses is rapidly

gaining attention, especially as new methods to detect viruses rapidly,

on-site and with low costs are in high demand. Despite this increase

in SERS-based viral detectionmethods, many current techniques focus

on detection in clinical samples such as blood, faecal matter and live

cells. While such detection methods are vital to prevent the spread

of disease, they do not provide much information on how viruses may

persist and transmit in non-human biological systems (such as crops

or livestock) or non-biological environments (such as synthetic sur-

faces). A few recent articles have focused on SARS-CoV-2 detection in

spiked labwater samples217 and environmental waters (collected from

rivers, hospitals and pipe networks),218 as well as hepatitis A detection

in spiked Milli-Q water,219 but to our knowledge there have been no
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publications in 2020-2021 which work to detect viruses in food and

agricultural samples, or in non-aqueous environmental samples. Virus

detection in food systems is especially important, as food can be easily

contaminated at processing facilities, by water and soil pollution, and

by contact with infected livestock.220 The use of magnetic nanopar-

ticles (MagSERS) in conjunction with methods, such as lateral flow

immunoassays and digital microfluidics, has been effective in detect-

ing common food-borne viruses such as influenzaA and avian influenza

in years prior to 2020, and thus, warrants continued investigation in

the future.220 Magnetic nanoparticles have high water dispersion, uni-

formity and biocompatibility, making them ideal for the detection and

separation of biological molecules. For virus and bacterium detection

in particular, immunomagnetic separation (IMS) has gained increasing

attention, as the immunological aspect of the assay (usually comprised

of an antibody or other molecular recognition agent [MRA]221) con-

fers high specificity, while themagnetic properties of the nanoparticles

allow for easy separation of the analyte from the sample matrix, which

is especially important for environmental samples. This high specificity

between the MRA and the target analyte also allows for a low LOD,

often in the picomolar, femtomolar or attomolar ranges for viruses.220

These properties, combined with the ability to simultaneously detect

and remove analytes for subsequent analysis make magSERS a highly

promising method for monitoring viruses, such as SARS-CoV-2, in the

environment.

Anothermethod for the detection of viruseswhich has been gaining

increasing attention is clustered regularly interspaced short palin-

dromic repeats (CRISPR)/Cas-mediatedSERS.CRISPR/Cas technology,

initially developed and popularized as a gene editing tool, has become

increasingly common in biosensing due to its high sensitivity down

to the level of single nucleic acids residues, and programmability to

recognize certain nucleic acids.222 CRISPR/Cas systems can be divided

into two classes: Class 1 and Class 2. Class 1 systems are characterized

by multi-protein effector complexes, whereas Class 2 systems utilize a

single effector protein, making Class 2 systems simpler and preferable

for bio-sensing applications.Within Class 2, there are threemain types

of Cas-guide proteins: Cas9, Cas12a and Cas13a. The guide protein is

selected based on the target analyte type. Cas9 can target both DNA

and RNA sequences, while Cas12a targets only DNA, and Cas13a

targets only RNA. The CRISPR/Cas system is typically coupled with a

nucleic acid amplification method, such as recombinase polymerase

amplification, loop-mediated isothermal amplification, or polymerase

chain reaction, which greatly increases the detection sensitivity.

Furthermore, there are a wide variety of readouts which can be gen-

erated, ranging from fluorometric or colorimetric signals detected on

amicroplate reader to lateral flow strips imaged on amobile app.222 In

addition, SERS signals fromnanoprobes canbemonitoredby aportable

Raman spectrometer, yielding highly sensitive and quantitative detec-

tion. This versatility in readout by a portable Raman technology

makes CRISPR/Cas systems especially promising for virus detection

in the field, where heavy-duty equipment is not practical. Previously,

CRISPR/Cas12a-assisted SERS platforms have been used to detect

human immunodeficiency virus (HIV) in PBS buffer and serum, as well

as hepatitis and human papillomavirus (HPV) in cleavage buffer at

incredibly low levels (LOD = 0.3 fM for HIV in PBS buffer,223 LOD = 1

aM for hepatitis and HPV224). CRISPR/Cas12a has also been used in

food authenticity screening, and this avenue in particular is especially

promising for the detection of pathogens in environmental samples.225

Future studies may seek to merge these two avenues of CRISPR/Cas

research to directly detect viral samples in environmental sources.

Currently, the main drawback of CRISPR/Cas biosensing is that

samples require pre-treatment or nucleic acid extraction, which may

be difficult for on-site analysis. Discovering ways to overcome this

pre-treatment step is an avenue for future work.222 The amplifica-

tion step, in particular, often requires equipment that is not prac-

tical for field work. Recently, several articles have achieved SERS

detection of a variety of samples using amplification-free CRISPR,

demonstrating that CRISPR/Cas is a promising technology for SERS

detection in the field. Amplification-free CRISPR has been used to

detect HIV-1 dsDNA (LOD = 0.3 fM),223 hepatitis B virus, HPV-16,

and HPV-18 DNA (LOD = 1 aM),224 SARS-CoV-2 RNA (LOD = 1

fM),226 SARS-CoV-2 N-gene (LOD = 5 fM)227 and SARS-CoV-2 RNA

in clinical samples (LOD = 100 copies/μL).228 There are multiple ways

to bypass the amplification step while still attaining low levels of

detection, such as coupling CRISPR with a lateral flow assay,223 per-

forming detection on a microchamber platform227 and using multiple

different guide RNAs.227,228 Optimizing both substrate and nanopar-

ticle design can confer higher SERS enhancement, as shown by

Choi et al., wherein Raman probe-functionalized AuNPs (RAuNPs)

were immobilized by ssDNA on a GO/triangle Au nanoflower (TANF)

array.224 In this design, both the RAuNPs and GO/TANF array individ-

ually increased SERS enhancement, so when combined they allowed

for sufficient enhancement so that the CRISPR amplification step

was not necessary. Future work may, thus, consider how to achieve

amplification-free CRISPR detection by optimizing the nanosubstrate

design, designing a microchamber platform, or using multiple guide

RNAs, especially for virus detection in the environment.

3.3.2 Detection of bacteria

Pathogenic bacteria, such as Escherichia coli, Staphylococcus aureus and

Listeria monocytogenes, pose a significant risk to human and environ-

mental health. Pathogenic bacteria can be found in a wide array of

environments, from contaminated drinking water to food produce, as

well as agricultural livestock and even medical facilities. As bacterial

resistance to antibiotics increases, it is becoming evenmore important

to detect trace amounts of bacteria in environmental samples. SERS

is a very promising method for accomplishing this. Here, we will dis-

cuss some of the challenges of using SERS to detect bacterial samples

in environmental samples as well as recent developments to address

these challenges.

One of the main challenges in applying SERS to the environmen-

tal detection of bacteria is to identify distinct bacteria in the same

sample.229 Because the cell walls of different bacterial species are

made up of the same basic biological components, SERS methods typ-

ically cannot distinguish between multiple bacterial species within the
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same sample unless they use a SERS tag to mark species-specific bac-

terial features (also called labelled detection).229 The most apparent

solution to this problem is to use a SERS tag such as antibodies or

aptamers. Previously, a study by Yang et al. utilized the established

signal amplification method of a DNA walker230 to detect Salmonella

typhimurium in aqueous environments.229 This labelled method had

a LOD lower than 10 CFU/mL, making it a promising method for

pathogenic bacteria detection. In another study, L. monocytogenes

was detected in milk samples with a LOD of 12 CFU/mL.231 Hav-

ing such a low LOD in a milk sample is impressive, as the matrix of

milk can interfere with Raman signals much more than water. For

this detection method, modified gold-coated magnetic nanoparticles

(Au@Fe3O4) were used as an IMS agent, and modified AuNRs were

used as a SERS label. Au@Fe3O4 particles were modified with 11-

mercaptoundecanoic acid (11-MUA) and avidin (a glycoprotein), allow-

ing for conjugation of the L. monocytogenes antibody and removal of L.

monocytogenes bacteria from the solution by IMS. For SERS labelling,

AuNRs were modified with the reporter molecule 5,5′-dithiobis
(2-nitrobenzoic acid) (DTNB or Ellman’s reagent) and avidin, and then

conjugated with L. monocytogenes antibody. This method was highly

effective for the detection of pathogenic bacteria in drink and food

samples, and was the first assay to use IMS in conjugation with SERS

for the detection of L. monocytogenes.231 Labelled SERS assays have

also been used to develop a rapid and highly sensitive lateral flow

immunoassay for the detection of E. coli.232 As shown in Figure 3E, Shi

et al. developed gold-shell silica-core nanospheres (SiO2/AuNPs)mod-

ified with a DTNB reporter and monoclonal detection antibody. When

these SiO2/Au NPs were dropped onto the test line of the nitrocellu-

lose conjugate pad, E. colimolecules became sandwiched between the

SERS tags and the capture antibodies located on the test line. The pres-

ence of E. coli was then able to be measured quantitatively by obtain-

ing the Raman intensity of the test line. This sandwich complex was

not formed on the control line of the conjugate pad, meaning that any

E. coli present would not undergo SERS enhancement like those on

the test line. This study also found that the use of gold-coated silica

nanospheres rather than colloidal gold improved the stability of the

nanoparticles significantly and increased sensitivity 200-fold, result-

ing in a LOD as low as 50 cells/mL in PBS solution and 100 cells/mL

in tap water, milk, human urine, lettuce extract and beef.232 Labelled

SERS detection is clearly advantageous in liquid samples, but it has also

been successfully applied to the detection of pathogenic bacteria in

food samples, such as egg powder and black pepper powder, both of

which are low-moisture foods (LMFs). LMFs pose a particular problem

for the spread of bacterial pathogens, as such foods are typically con-

sidered low risk for bacterial growth, but bacteria which survive in this

low moisture state can become more pathogenic upon entrance into

the digestive system where moisture is abundant. To detect E. coli in

LMFs, Pan et al. used the Dual Immunological Raman-Enabled Cross-

checking Test (DIRECT).221 DIRECT relies on metallic nanostructures

(nanoprobes) functionalizedwith 4-ATP as a SERS tag and aMRA, such

as an antibody, which allows the metallic particle to bind to a specific

feature of the bacterial surface (such as an epitope). When enough of

the Raman molecular probes (RMPs) bind to the cell surface, enhance-

ment occurs due to the proximity of nanoparticles to each other, pro-

ducing a SERS signal of the cell wall or extracellular matrix. Because

the signals of the probe and the epitope (or other bacterial surface fea-

ture) are being simultaneously enhanced, this method results in dual

signals, which are used to confirm the binding of the probe and the bac-

terium. Furthermore, because enhancement can only occur if theMRA

attached to theprobe successfully recognizes the target cell feature, no

washingor separation step is needed todistinguishbetweenboundand

unboundprobes. Since thismethod is highly specificwhile not requiring

a washing step, it allows for the rapid detection of pathogenic bacteria

in LMFs with a LOD as low as 102 CFU/g. Furthermore, the use of prin-

cipal component analysis (PCA) alongside this method allows for the

eliminationof spectral noise causedby theLMFs,whichgreatly reduces

the complexity of the spectral data and enables the elucidation of bac-

terial contamination status in environmental samples.221

The use of labelled SERS methods in pathogen detection is clearly

a rapidly growing area of research, but there have also been recent

developments in label-free SERS detection of bacterial pathogens.One

method designed by Tadesse et al. detected Gram negative (E. coli

and Serratia marcescens) and Gram positive (S. aureus and Staphylococ-

cus epidermidis) bacteria in a liquid environment.233 AuNR and bacte-

rial concentrations were varied to optimize large-area enhancement,

and this enhancement was proportional to the surface charge den-

sity of the bacterium. The surface charge density was unique enough

for each bacterial species that the species could be identified sim-

ply from the intensity of the SERS signal produced by the nanorods.

A second approach to label-free detection of bacteria was through

the use of positively charged nanoparticles combined with multivari-

ate analysis.234 With this method, silver/gold bi-metallic nanoparti-

cles (Ag/Au bmNPs) attracted negatively charged bacteria, enhancing

their Raman signals. Multivariate analysis methods, such as PCA and

canonical discriminant analysis, were used to determine the bacterial

species.234 PCA has also been used to discriminate not only between

bacterial species, but also between strains of the same species, making

it a powerful tool to analyse different bacteria in complex environmen-

tal samples.235 For amore in-depth discussion of using SERS for bacte-

ria detection,wedirect readers to the following2021 reviewbyAhmad

et al.236

3.3.3 Detection of mycotoxins

Mycotoxins are a class of metabolites produced by fungi, such as those

in the Aspergillus, Fusarium and Penicillium families. These toxins can

grow readily in favourable environmental conditions, are resistant

to degradation by high temperatures and may possess additional

dangerous properties such as mutagenicity, teratogenicity and car-

cinogenicity. For these reasons, being able to detect the presence of

mycotoxins in food and agricultural products, such as wheat, corn,

peanuts and wine, is of critical importance.237 Sub-classes of mycotox-

ins include aflatoxins (AFs), fumonisins and ochratoxins.238 Previously,

challenges to detecting mycotoxins included high costs, training bar-

riers, complex processing of analytes, destruction of the analyte and
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poor reproducibility resulting from susceptibility to environmental

conditions.239 Furthermore, methods, such as ELISA, TLC, HPLC and

LC-MS/MS, have high accuracy and reproducibility but may not be

sustainable due to the amount of reagents needed for detection.237

Some methods, such as fluorescence or colorimetric detection, may

suffer from background interference and false negatives.237 For these

reasons, using SERS to detect mycotoxins has become increasingly

common as this method, if used properly, allows for high enhancement

and reproducibility in a sustainable and non-destructive manner. In

this review, we will examine recent methods to detect mycotoxins in

environmental samples through the use of various substrates designs,

such as nanoflowers, nanospheres, nanocubes and nanorods; and

through the combination of SERS with aptasensors, which is a rapidly

growing research area for detecting biological pollutants.

There are a multitude of SERS substrate designs which have been

used in the detection of mycotoxins. Previously, Tegegne et al. used sil-

ver nanocubes coated with PDA for the detection of deoxynivalenol, a

mycotoxin commonly found in pig feed.240 This technique, due to sub-

strate uniformity and favourable substrate interactions, was able to

reach an EF of 1.82 × 107 and a LOD in the femtomolar range. The

PDA-coated Ag NCs were also more stable than non-coated Ag NCs.

In addition to the higher stability allowed by the Ag NC@PDA struc-

ture, the use of filter paper resulted in a higher EF than with a sili-

con wafer substrate, likely due to the better packing of the Ag NCs

observed on the filter paper.240 Moreover, this method was highly

reproducible within the same sample and across different samples,

making this method a promising platform for SERS detection of myco-

toxins. Another highly reproducible method was developed by Hahm

et al. using silver-embedded silica nanoparticles for the detection of

alternariol (AOH).241 This method had a higher LOD in the nanomo-

lar range, but the reproducibility was higher (lower RSD) than the

Ag NC@PDA method. This higher reproducibility was likely due to

the substrate structure itself, wherein AgNPs (∼17 nm) were uni-

formly distributed across the surface of thiolated silicon nanoparticles

(∼146 nm). This uniformity within and across particles allowed for reli-

able and reproducible detection, as well as high enhancement and sen-

sitivity due to the presence of hot spots between AgNPs on the SiO2

particle surface.241 More recently, thework done byGuo et al. on SERS

detection of AOH focused on substrate distribution rather than com-

position, using AuNRs (80 nm length) to enhance the coffee ring effect

which is often observable with liquid analytes.242 On the coffee ring,

the concentration of the analyte was typically higher, leading to higher

intensity SERS signals. In this case, both enhancement and sample uni-

formity were higher within the coffee ring region, making detection

results stable and repeatable.242 The LOD for this method was in the

micromolar range, which is significantly higher than the methods dis-

cussed previously. To improve the sensitivity, combining the coffee ring

effectwithoptimized substratedesign shouldbeexplored in the future.

While the above methods are promising, some experiments may

require specificity down to the level of a single molecule. Such meth-

ods, wherein a SERS probe recognizes and binds to a specific site of

the target molecule, are especially helpful for environmental experi-

ments where multiple classes of toxins could be present in the sam-

ple. Currently, the primary methods of SERS detection that allow for

this level of specificity are ones that use aptamers, or fragments of

single-stranded genetic material which bind with a high affinity to

target molecules.239 This high affinity allows aptamers to act as an

alternative to antibodies in many analytical methods, and depending

on the experiment may be preferable to antibodies as their smaller

size allows for lower steric hindrance and a lower change of a linkage

error due to a nucleotide base pair mismatch.243 Previously, aptamer-

based SERS platforms have been used for the detection of myco-

toxins such as ochratoxin A (OTA), zearalenone (ZEN), aflatoxin B1

(AFB1) and fumonisin B1 (FB1).239,244–247 A study by Chen et al.

used gold-silver core-shell nanoparticles modified with an aptamer

and a Raman reporter molecule (probe 1) and AuNRs modified with

cDNA (probe 2) to achieve the simultaneous SERS detection of OTA

(LOD = 0.018 ng/mL) and ZEN (LOD = 0.054 ng/mL).239 Probe 1

was functionalized with aptamers specific to either OTA or ZEN. The

aptamer in probe 1 and cDNA in probe 2 could bind with each other

to form a bridge, which generated strong Raman enhancement. When

the target mycotoxin was present, it outcompeted probe 2 to bind

with the corresponding aptamer in probe 1. The competition broke

down the bridge and decreased SERS signals significantly. An aptamer-

based method for the detection of OTA in beer utilized upconversion

nanoparticles (UCNPs) as a luminescence label and an organic dye as a

quencher and Raman reporter on a gold nanourchin (GNU) substrate.

UCNPs were modified with cDNA, while GNUs were modified with

an aptasensor specific to OTA. When OTA was not present, the cDNA

and aptamer were weakly bound together, forming a bridge between

the UCNPs and GNUs and producing low upconversion luminescence

(UCL) and SERS signals. With OTA present, the aptamers were prefer-

ably bound to OTA, releasing the cDNA-UCNP complex to generate

high UCL signals. Conformational alteration of the aptamer after OTA

binding also decreased distances between the Raman reporter and

GNU, resulting in higher SERS signals. This dual-mode sensor was

able to achieve a LOD of 3.2 pg/mL with UCL and 8.6 pg/mL with

SERS.244 For the detection of AFB1 in peanut oil samples, He et al.

used Fe2O4@Au nanoflowers modified with SH-cDNA as a capture

probe, and Au@Ag nanospheres modified with SH-Apt as a reporter

probe (LOD = 0.40 pg/mL). The mechanism for this study is similar

to that developed by Chen et al., in which mycotoxin binding caused

a linear decrease in SERS intensity. For this method, when AFB1

was not present, the reporter probe bound tightly to the SH-cDNA-

modified nanoflowers and generated strong SERS signals. When AFB1

was present, it preferably bound to the AFB1 aptamer attached to

the reporter probe, releasing it from the capture probe and generat-

ing weaker SERS signals. This method was able to achieve a recov-

ery rate of 96.6–115%.245 AFB1 was detected at the femtomolar level

(LOD = 5.07 fg/mL) by Li et al. through the use of an aptamer-based

DNA tweezer, which allowed for highly sensitive control of the dis-

tance between AgNPs, and thus, control over the generation of SERS

hotspots.247 The ends of each arm of the DNA tweezer were modi-

fied with a single AgNP, and an aptamer specific to AFB1 was bound

between the arms in the open state. When AFB1 was not present, the

arms were held farther apart, producing low SERS signals.When AFB1
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was present, the aptamer preferably bound to it, allowing the arms of

the DNA tweezer to move closer together which placed the AgNPs

within close proximity to one another and generated higher SERS sig-

nals. Thismethodwas also successfully applied to the recovery ofAFB1

from maize samples, with a recovery rate from 95.6 to 106.4%. Last,

in the detection of FB1 on spiked corn samples, He et al. were able to

achieve a recovery rate of 92–107% by using platinum-coated AuNRs

modified with cDNA, and aptamers modified with the fluorescent dye

andRaman reporterCy5.5.246 WhenFB1wasnot present, the aptamer

and the cDNA bound, forming a cDNA-AuNR/aptamer-Cy5.5 complex

which produced strong SERS signals and weak fluorescence signals.

The strong SERS signals were generated due to the close proximity

of the AuNRs and Cy5.5 reporter molecules, but fluorescence levels

were low due to low fluorescence resonance energy transfer between

Cy5.5 and the AuNR. When FB1 was present, the aptamer preferably

bound to it, takingwith it aCy5.5molecule and destabilizing the cDNA-

AuNR/aptamer-Cy5.5 complex. This resulted in lower SERS signals due

to the increase indistancebetweenCy5.5 and theAuNR, but higher flu-

orescence signals due to greater fluorescence resonance energy trans-

fer energy transfer.

As is clear from the above studies, aptamer-based methods vary

widely, and can implement detection methods in tandem with SERS,

such as fluorescence- and luminescence-based methods, allowing for

dual signals to differentiate between toxin presence and absence.

Aptamer-based methods specifically have shown great promise in

detectingmycotoxins in food samples, with LODspanning the nanomo-

lar, picomolar and femtomolar range, depending on the toxin detected

and the exact method used.239 Many comparable methods that rely

on the use of antibodies have LOD only in the nanomolar range,

so aptamer-based sensors are promising for ultra-trace detection of

mycotoxins in environmental settings.246

4 SUMMARY AND OUTLOOK

The sensitive and selective detection of pollutants in our environ-

ment is important for environmental and ecological welfare as well

as human health and safety. In this review, we highlight recent find-

ings on SERS method development and applications in environmen-

tal monitoring. We have discussed multiple components of SERS

nanosubstrates including hot spots, substrate composition, nanopar-

ticle shape, size, arrangement and ISs. These properties should

be optimized for each experiment to achieve the highest possible

LOD and EF for a given nanosubstrate and analyte combination.

Researchers may seek to optimize hotspot formation by altering

nanoparticle size, shape, spatial arrangement or the amount of aggre-

gation between nanoparticles.10,28,29 Nanosubstrate composition can

vary widely depending on the analyte being detected, but overall

bi-metallic nanoparticles are preferable due to their higher stability,

homogeneity and enhancement.20,34–36 Nanoparticle shape can also

varywidely, andherewehavehighlighted a fractionof possible designs,

including nanoporous bowls,45 nanodisks,46 nanocones49 and NWs.51

The spatial arrangement of nanoparticles is also important, and we

have detailed how 3D nanoparticle arrays may be used to optimize

enhancement53 and achieve highly sensitive substrates for environ-

mental detection. Aggregation, in particular, can be increased with

the use of thiolated ligands, which have also been shown to increase

nanoparticle stability by preventing oxidation.20,34–36 The last main

aspect of nanoparticle design which we have reviewed is the use of ISs,

which are especially beneficial for heterogeneous substrates with non-

uniform hot spot distribution and intensity.30–32,72

In discussing SERS nanosubstrates, we have also covered two types

which are being used with increasing frequency: graphene-based and

flexible SERS nanosubstrates. Graphene-based SERS substrates tend

to have higher enhancement due to the formation of hot spots in

gapsbetweennanoparticles andgraphene structures.43 Graphene sub-

strates also confer fluorescence quenching abilities and have good bio-

compatibility, making them optimal for detecting biomolecules in envi-

ronmental samples. Flexible SERS substrates are typically cellulose

or paper-based, and provide an environmental friendly option which

is still effective due to its high sensitivity.34 Nanocellulose, in partic-

ular, has gained attention for its thin structure and self-assembling

abilities.65–67 Flexible substrates are promising for environmental

detection due to their low cost, minimal preparation, high sensitiv-

ity, broad applicability and sustainability, making them an particularly

interesting area which warrants further research.

Further, we focused on SERS applications in the detection of inor-

ganic, organic and biological pollutants in various matrices, such as

on food, crops and environmental waters. Tables 1 and 2 summa-

rize recent publications covering SERS-based detection of different

analytes discussed in this review. In applying SERS for the detec-

tion of inorganic pollutants, we have focused on SERS detection of

heavy metals, such as lead, which pose a significant environmental

threat.Wehave highlighted a labelledmethodwhich utilizes graphene-

based SERS and enzyme-linked reactions to both detect and quan-

tify Pb2+,42 as well as an aptamer-based labelled method for Hg2+

detection.86 For label-free methods of detection, we have discussed

an AgNP substrate90 for the detection of Fe3+ and PA-functionalized

AgNPs99 for the detection of Hg2+. Some of thesemethods also imple-

mented environmental friendly design principles, such as reusability42

and the use of mild reagents,90 making them especially promising for

environmental applications.

For organic pollutants, we have summarized SERS methods applied

to the detection of pharmaceuticals, MPLs and NPLs, synthetic

dyes and various classes of pesticides. Pharmaceutical contamina-

tion, particularly in waterways, is a growing environmental issue

which requires fast and accurate detection methods to solve. We

have summarized methods with the following features: no pre-

treatment requirement,102 simultaneous detection and degradation

of pollutants,103 reusability104 and pharmaceutical detection in real

samples (such as environmental water,104 fish69 and supplemental

medications105). While each of these methods has their own limi-

tations, they provide a promising starting point for future research,

whichmay seek to integrate these beneficial properties to createmore

advanced approaches for pharmaceutical contaminant detection.

For the detection of plastic contamination, we have discussed the
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capabilities of SERS for detecting particles smaller than 1 μm62,114–116

and plastic particles in various types of water, such as tap, river and

sea water.114,116 While previous methods were able to detect PS

nanoparticles, few articles analysed a second type of plastic. PET is

of particular concern, as it is commonly used in water bottle and food

packaging. However, a majority of the research on SERS and plastic

detection focuses on PS. In the future, it is imperative to develop SERS

methods to detect MPLs and NPLs of a variety of compositions, such

as PET, in environmental samples. Regarding the detection of synthetic

dyes, SERS has been proven to be a useful trace analysis technique.

Synthetic dyes commonly contaminate water bodies like wastewater,

groundwater and rivers as a result of industrial processes. Recent

work has allowed for the sensitive detection of commonly used dyes

in these locations. These advancements have been made possible with

the development of newSERS substrates that promote signal enhance-

ment. Dyes that have received recent attention because of enhanced

SERS signals and low limits of detection include MG,120,71 CV,71,51

OII,121 CR,122,51 MB,123 AR26 and AR18.124 Some of the newly

developed SERS substrates involve the use of tannin-furanic foams,120

superhydrophobic NP/glass microfiber filters,71 MOFs,121,123 CNC-

regulated nanostructures122 and NWs/pyramidal PDMS structures.51

Last, in discussing SERS detection of pesticides, we have covered fungi-

cides, herbicides and insecticides, and discussed methods that allow

for the detection of multiple pesticides on the same substrate. Within

fungicide detection, we evaluated promising methods for THR detec-

tion, such as the use of Ag/WO3-x substrates140 and MXene/AuNR

substrates,139 both of which allow for highly sensitive detection.

For herbicide detection, we highlighted a novel method for atrazine

quantification using a silver nanoprism/GO/SiNW array,183 as well as

an AgNP array-based substrate which avoided the coffee ring effect

by using hydrophobic lotus leaves.188 In applying SERS to insecticide

detection, multiplemethods have been able to achieve trace detection,

such as the Au-PdNPs, Ag-PdNPs,194 and PSi-PD NPs202 substrates

discussed previously. Last, for SERS detection of multiple pesticides,

we highlighted the innovative use of a filter-based microfluidic SERS

chip for detection in complex matrices,155 a SERS-LFA test strip,167

and an aptamer-based method using a DNA backbone decorated with

Ag@AuNPs for ultra-trace detection,165 among others. From these

methods alone, it is clear that there is a wide variety of platforms pos-

sible for pesticide detection, andwe encourage future research to both

expandupon these platforms anddevelopnovel ones, especially as pes-

ticide contamination becomes an increasingly important and complex

environmental issue.

Finally, for SERS detection of biological pollutants, we have dis-

cussed advances made in detecting viruses, bacteria and mycotox-

ins. There are a wide variety of SERS methods that may be used for

virus detection, but currently few have been applied to detect envi-

ronmental samples. Promising avenues for future research include

magnetic nanoparticles (MagSERS) in conjunction with immunoassays

and digital microfluidics,220,221 as well as amplification-free Class 2

CRISPR/Cas systems.223,224,226–228 For the detection of bacteria with

SERS, there are a number of availablemethods, andmany have already

been applied to environmental safety research. For labelled methods

of bacterial detection, previous studies have utilized aptamers229 as

well as antibody-based221–232 platforms to detect bacteria in environ-

mental waters, milk, food samples and LMFs. Label-free methods also

show great promise for environmental detection of bacterial samples,

as they require less pre-processing and may, therefore, be easier to

adapt to field studies. Previously, label-free methods have not been

able to effectively detect analyte molecules in real samples which con-

tain multiple species of bacteria, but recent studies have been able to

overcome this barrier by elucidating bacterial species based on sur-

face charge density,233 and by combining spectroscopic data with mul-

tivariate analysis methods to distinguish between species234 or even

strains of bacteria.235 The last class of biological pollutant we have dis-

cussed here is mycotoxins, which pose a significant threat to human

and environmental health due to their toxic properties and ability to

persist in a wide variety of environments. Previous studies have used

substrates, such as thin-film PDA-coated silver nanocubes,240 silver-

embedded silica nanoparticles,241 and AuNRs,242 to detect mycotox-

ins with high sensitivity and reproducibility. More promising, though,

is the use of aptamer-based platforms, which have successfully been

applied to detect multiple classes of mycotoxins.239,244–247 Aptamer-

basedmethods, due to their extremely high level of specificity,243 have

been particularly successful in analysing mycotoxins in real samples

such as beer,244 peanut oil,245 corn,246 and maize247 and warrant fur-

ther investigation in future research.

Despite these significant advancements in SERS technology and its

applications to environmental detection, there are several analytical

gaps that should be addressed in the future. We discuss these gaps in

current research below, and aim to provide concise topicswhich future

researchmay address.

4.1 Improvement of reproducibility

Reproducibility can limit the ability to use SERS to detect contaminants

consistently in environmental samples. Low reproducibility is often

associated with the uniformity of the SERS nanosubstrate. Substrates

with low uniformity have heterogeneous hotspots, making it difficult

to obtain similar results along different areas of the substrate. Further-

more, if the substrate is not uniform, it is difficult to obtain quantitative

results due to the large variations in signal intensity. To evaluate unifor-

mity of fabricated substrates, SERS scans in large areas have been suc-

cessfully used tomap the spatial distribution of SERS signals. Recently,

more uniform substrates have been produced through the control of

the size, position and orientation of nanostructures on surfaces, lead-

ing to predictable and reproducible hot spots.45,46,49,51,53 However,

further work is needed in this area, as the uniformity of substrates aids

in the reproducibility of analytedetection. To combatuniformity issues,

IS can be used, such as the use of plasmonic electronic Raman scatter-

ing peak,248 or 4-MBA79 and 4-Mpy,70 as internal reporter molecules

encased between the core-shell layers of SERS nanosubtrates. The use

of IS is extremely promising for future SERS research, as it eliminates

the need for perfectly homogeneous substrates, and allows for quanti-

tative detection of analytes with high accuracy.
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4.2 Minimizing interference from environmental
matrices

Recent advances in SERS technologies have made it possible to detect

and quantify various contaminants in our environment. However,

given that real-world samples often contain interfering components,

there is a need to develop SERS methods which can identify target

analytes within complex matrices such as soil samples or biological

tissues. Several publications claim that their methods have real-world

environmental applications, but it has been shown that samples within

complex matrices that contain interference often do not yield Raman

enhancement as high as in simple laboratory samples. For example, the

SERS substrate developed by Yao et al. was able to detect THR down

to 10–9 M in a simple water matrix, but on apple peels, it was only able

to detect THR at concentration of 1.2 × 10–7 M.143 Future studies

should aim to improve SERS detection in a variety of complex matrices

in both natural and man-made environments. One strategy of mini-

mizing matrix interference is using more advanced sample purification

methods. Previously, single drop microextraction (SDME) has been

used to pre-concentrate analytes in simple sample matrices before

SERS detection, allowing for more concentrated samples and, thus,

significantly lower limits of detection.249,250 However, the amount of

research combining SDMEwith SERS is very limited, and to our knowl-

edge there have been no studieswhich investigated SDME’s abilities to

improve SERS detection in complex environmental matrices, which is a

promising area for future research. Another strategy to reduce matrix

interference is integrating materials with purification and enrichment

properties into SERS nanosubstrates. SERS-active-charged microgels

have been used for the detection of biological samples without any

pre-treatment steps, and help to protect the analyte from contamina-

tion due to protein adsorption.251 Smart SERS sensors formed from

charged poly(vinyl alcohol) microgels have previously been developed

for the detection of charged pesticides in seawater, and show great

promise for detection in other complex matrices.252 This smart sensor

could selectively concentrate analytes of a particular charge without

pre-treatment of the sea water samples. Clearly, applying methods,

such as those described above to a variety of complex matrices,

is of particular interest for environmental pollutant analysis. We

propose that future research integrate advanced sample purification

strategies into SERS-based analytical methods to minimize interfer-

ence from complex environmental matrices and improve detection

performance.

4.3 Reusable and other multi-functional SERS
substrates

To make SERS-based analytical methods more accessible in low-

resource settings, reusable, sustainable, low-cost and versatile SERS

substrates are necessary. Reusable SERS substrates are a relatively

new but rapidly growing area which warrants further research. The

main advantages of reusable substrates are that they are less costly

and less wasteful since they can be used multiple times. They can

also utilize environmental friendly components in their design such

as green synthesized nanosubstrates.253 Recently, reusable SERS sub-

strates were utilized to detect different analytes such as lead (II),42

melamine,254 azo dyes,255 antibiotic residues,256 R6G,257 dipicolinic

acid, 2,4-dinitrotoluene, and picric acid.258 Reusable platforms have

also been used for the simultaneous detection of paracetamol (PCT),

also known as acetaminophen, and FZD,259 antibiotics256 and syn-

thetic dyes.257 Thematerials used to fabricate reusable substrates can

vary widely, but recent publications have utilized platforms such as

graphene monolayers,42 a zinc oxide/GO/silver (ZnO/GO/Ag) hybrid

substrate,254 a carbon cloth supporting material combined with a leaf-

like MOF and electrodeposited AgNPs (CC-L-MOF@F-Ag),255 silver-

coated AuNRs (AgNPs/GNRs),256 AgNPs deposited on flower-like zinc

oxide microcrystals (ZnO@Ag),257 one-dimensional silver/gold/silver-

chloride NWs (Ag/Au/AgCl NWs),259 Au@Cu2O–AgNC260 and AuNPs

distributed on a laser-textured Au sheet.258 A schematic depicting the

determination of the reusability of the laser-textured Au nanostruc-

tures decorated with AuNPs is shown in Figure 5A. This substrate

was used for the ultra-sensitive detection of several hazardous mate-

rials including dipicolinic acid, 2,4-dinitrotoluene, and picric acid down

to LODs of 0.83, 3.6 and 2.3 pg/L, respectively. The substrate was

tested for its reusability using washing cycles by immersing them in

ethanol and sonicating for 15 min, then testing the remaining sig-

nal using Raman spectroscopy to ensure picric acid was completely

removed. After a fourth washing cycle, the Raman spectrum did not

show any characteristic peaks for picric acid, and the substrate could

subsequently be used again to detect different analytes.258 In a study

by Barveen et al., Ag NWs were utilized as a reusable SERS substrate

for the detection of antibiotics and analgesics (Figure 5B-K).259 These

NWs were used as a template for photoreduction with an Au pre-

cursor to produce AgCl and AuNPs. To assess the reusability of this

material, SERS spectra were taken before and after the photodegra-

dation process. In Figure 5C and E, the retention rates are shown for

each analyte based on the normalized SERS intensity (a.u.) for PCT (at

1342cm–1) FZD (at1359cm–1), respectively, after several photodegra-

dation cycles. Figure 5C shows retention rates for PCT in the second,

third and fourth cycles at 91.00, 82.00 and 69.99%, respectively, while

Figure5E shows retention rates for FZD in the second, third, fourth and

fifth cycles at 94.4, 91.7, 85.6 and 81.5%, respectively, indicating the

self-reviving nature of thismaterial. Another study fromBarveen et al.,

developed hybrid flower-shaped ZnO@Ag nanostructures as reusable

SERS probes for the ultra-sensitive detection of synthetic dyes R6G,

sunset yellow (SY) and tartrazine (TZ) (Figure5L-W).257 After four pho-

tocatalytic degradation cycles, 90.9% of the original R6G SERS peak

at 1367 cm–1 is retained, 76% of the original SY peak at 1393 cm–1 is

retained and 80.1% of the original TZ peak at 1353 cm–1 is retained,

demonstrating the substrate’s reusability.

Themechanismbywhich re-usable substrates can be regenerated is

also important and warrants further investigation. Currently, the most

common methods for regeneration of the substrate are UV-assisted

degradation/UV light irradiation,254,257,259 sonication with ethanol258

and cyclical electrodeposition/stripping.256 The Au@Cu2O–Ag NC

substrate developed by Wu et al. allowed for visible light irradiation
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F IGURE 5 Different reusable SERS substrates cited within this review. (A) Diagram showing the determination of reusability of the developed
SERs substrate: laser-textured Au nanostructures decorated with AuNPs for the detection of multiple hazardousmaterials (reproducedwith
permission fromRef. [258]). (F, G, H) FESEM images of silver nanowires developed by Barveen et al., which were used as a template for
photoreduction with Au precursor solution, producing AgCl and AuNPs. (I, J, K) FESEM images showing Ag/Au/AgCl heterostructure after a
30-min photoreduction. (B) and (D) Show the SERS spectra of paracetamol (PCT) and furazolidone (FZD), respectively, adsorbed on the
Ag/Au/AgCl structure before and after photodegradation. (C) Using the Raman peak of PCT at 1342 cm-1 and (E) using the FZD peak of 1359 cm-1

as the normalized SERS intensity, the retention rates of the Raman peak intensity are shown after several photodegradation cycles for the Raman
probemolecules. (C) Shows retention rates for PCT in the second, third and fourth cycles at 91.00, 82.00 and 69.99%, respectively, and (E) shows
retention rates for FZD in the second, third, fourth and fifth cycles at 94.4, 91.7, 85.6 and 81.5%, respectively (reproducedwith permission from
Ref. [259]). From another study by Barveen et al., (R, S, T) show FESEM images of flowerlike ZnOmicrocrystals and (U, V,W) show the flower-like
ZnO@Ag nanostructures used to detect synthetic dyes rhodamine 6G (R6G), sunset yellow (SY) and tartrazine (TZ). Ag particles were deposited on
ZnO after a 30- min photoreduction. (L,N,P) Show the SERS spectra of R6G, SY and TZ, respectively, through four cycles of the ‘self-reviving’
process. (M,O, Q) Show the photocatalytic degradation of the three dyes at characteristic Raman peaks over four cycles, demonstrating the
substrate’s reusability (reproducedwith permission fromRef. [257])

rather than UV-light irradiation, which is especially helpful for detec-

tion in environmental samples where UV light may damage the ana-

lyte (particularly biological analytes).260 Most notably, only one recent

article has, to our knowledge, been able to regenerate the substrate

with water.255 Inspired by superhydrophobic fish scales, Wang et al.

developed a CC-L-MOF@F-Ag framework which was chemically mod-

ified to confer superhydrophobicity, allowing the substrate to be eas-

ily regenerated with de-ionized water due to its anti-wetting abilities.

While research regarding re-usable SERS materials has made signifi-

cant progress and is promising for environmental detection, we have
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identified several limitations in current research. First is the number

of cycles for which a substrate is reusable. Though the AgNPs/GNRs

developed by Peng et al.256 had excellent renewability for ten cycles,

the majority of recently reported reusable substrates can be used for

fewer cycles, typically ranging fromthree to six.42,254,255,258–260 Thus, a

primary goal for future research should be increasing the cycle count of

reusable substrates, especially ones which may be implemented in the

field. A second goal is to design substrateswhich can be regenerated by

easily accessible means such as water. More research is needed to not

only increase the cycle count of the substrate, but also allow the sub-

strate to be regenerated by simple means, so that re-usable substrates

can be used in the field more easily and efficiently.

Re-usable SERS substrates are a specific category of multi-

functional substrates known as regeneration-enhancement-in-one

substrates. However, there are several other categories of multi-

functional substrates, including flexible substrates, separation-

enhancement-in-one substrates, calibration-enhancement-in-one

substrates and regeneration-enhancement-in-one substrates.261

Flexible substrates have been covered previously in the section of

‘SERS nanosubstrates’ in this review, so here we will focus on the

other three categories. Separation-enhancement-in-one substrates

allow for direct detection in complex matrices, as they selectively

enhance the Raman signals of the analyte by separating the ana-

lyte from the matrix based on its properties such as particle size

or polarity. Calibration-enhancement-in-one substrates utilize IS to

detect analytes within complex matrices without pre-treatment. Last,

regeneration-enhancement-in-one substrates are substrates which

can be utilized multiple times, and include substrates which can be

regenerated by simplewashingwith solvents, photocatalytic regenera-

tion (and degradation), superhydrophobic self-cleaning and reversible

intermolecular interactions. For more details on each of these cate-

gories, as well as detailed information on regeneration mechanisms,

please see the in-depth review by Li et al. from 2021.261 There are a

plethora of ways for reusable substrates to bemulti-functional outside

of their reusability, but one area of particular interest is reusable sub-

strates with contaminant removal abilities. The previously mentioned

Au@Cu2O–Ag NC substrate developed byWu et al. was re-usable and

also multi-functional as it allowed for the simultaneous detection and

degradation of MG.260 Nanosubstrates may also possess additional

properties, such as anti-bacterial properties, which allow for bacteria

detection and removal at the same time. Work by Soleymani et al.

developed green-synthesized reduced GO nanosheets functionalized

with AgNPs from celery seeds (RGO/Ag). While the reusable potential

of this RGO/Ag substrate was not assessed, it did allow for both

the simultaneous detection and removal of pathogenic bacteria due

to the Raman signal enhancement and anti-bacterial effect of the

green-synthesized nanoparticles. Since the target bacteria could be

removed by the nanosubstrate, there is a high potential that this type

of substrates is reusable, which constitutes an innovative direction for

future research, particularly concerning the use of green synthesis in

developing multi-functional materials.253 Researchers may build upon

these findings to increase the number of environmental friendly and

versatile SERS platforms available which can detect multiple analytes

simultaneously, or perform multiple functions (such as flexibility,

separation, calibration or degradation), within the same substrate.

4.4 Advanced data analysis

Some data analysis methods have been mentioned in previous sec-

tions of this review, such as PCA and canonical discriminant analysis,

which are different forms of multi-variate analysis. PCA, in particular,

has been useful in detecting specific species or even strains of bacteria

within complex environmental samples.234,235 Continuing to develop

SERSmethodswhich utilize PCA and othermulti-variate analysis tech-

niques is critically important, particularly for environmental detection,

as these techniques can help identify multiple similar analytes simul-

taneously, and in doing this can eliminate pre-processing steps which

may otherwise be necessary for environmental detection. However,

there are other advanced methods of data analysis which should also

be investigated in future research, and here we aim to briefly dis-

cuss how machine learning (ML) can be applied to future SERS stud-

ies. ML has already been used in SERS research in a multitude of ways,

and have been particularly useful in optimizing substrate design by

predicting new Raman metasurfaces, as well as changes within ana-

lytes (such as viral mutations).262 ML also allows for faster data pro-

cessing with lower error rates compared to human-analysed data.

Advanced algorithms such as the support vector machines-stochastic

gradient descent (SVM-SGD) algorithmandk-nearest neighbours algo-

rithm, can even be used to evaluate spectral data quality and classify

obtained spectra in settings where trained technicians or researchers

are not available (e.g., clinical settings), improving the applicability and

accessibility of SERS platforms.263,264 While such advancements inML

have significantly benefited SERS research in clinical settings, there

has currently been very little research applying advanced algorithms

(like SVM-SGD and k-nearest neighbours) to environmental detec-

tion. With the benefits that even relatively simple analysis techniques,

such as PCA, can confer to SERS detection, it is clear that using more

advanced methods, such as ML, could improve environmental SERS

detection methods significantly. Thus, we propose two avenues which

future research may aim to address: (1) applying current ML algo-

rithms to environmental safety research and (2) developing new algo-

rithms which are uniquely suited for addressing complex environmen-

tal matrices.
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