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Abstract
Micro(nano)plastic (MNP) pollutants have not only impacted human health directly, but are also associated with numerous 
chemical contaminants that increase toxicity in the natural environment. Most recent research about increasing plastic pol-
lutants in natural environments have focused on the toxic effects of MNPs in water, the atmosphere, and soil. The method-
ologies of MNP identification have been extensively developed for actual applications, but they still require further study, 
including on-site detection. This review article provides a comprehensive update on the facile detection of MNPs by Raman 
spectroscopy, which aims at early diagnosis of potential risks and human health impacts. In particular, Raman imaging and 
nanostructure-enhanced Raman scattering have emerged as effective analytical technologies for identifying MNPs in an 
environment. Here, the authors give an update on the latest advances in plasmonic nanostructured materials-assisted SERS 
substrates utilized for the detection of MNP particles present in environmental samples. Moreover, this work describes dif-
ferent plasmonic materials—including pure noble metal nanostructured materials and hybrid nanomaterials—that have been 
used to fabricate and develop SERS platforms to obtain the identifying MNP particles at low concentrations. Plasmonic 
nanostructure-enhanced materials consisting of pure noble metals and hybrid nanomaterials can significantly enhance the 
surface-enhanced Raman scattering (SERS) spectra signals of pollutant analytes due to their localized hot spots. This con-
cise topical review also provides updates on recent developments and trends in MNP detection by means of SERS using a 
variety of unique materials, along with three-dimensional (3D) SERS substrates, nanopipettes, and microfluidic chips. A 
novel material-assisted spectral Raman technique and its effective application are also introduced for selective monitoring 
and trace detection of MNPs in indoor and outdoor environments.
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Introduction

Plastics of polystyrene (PS), polypropylene (PP), poly-
ethylene (PE), polyethylene terephthalate (PET), and so 
on are today not only extremely versatile, but also the 
most-produced polymer materials worldwide [1, 2]. These 
polymers have been introduced as significant components 
for specific manufacturing processes due to their unique 
properties of cost-effectiveness, flexible shaping, and 
long-lasting robustness. Plastic materials are currently 
used in universal applications for the industrial manufac-
turing of numerous commercial products, including auto-
motive parts (e.g., instrument panels, knobs, and trim), 
electronic components (interior and exterior materials for 
displays, calculators, and computers), food processing 
(packaging and labeling), temperature control apparatuses 
(heaters and refrigerators), medical devices (diagnostic 
components, test tubes, disposable products), and stor-
age (foams and compact discs) [3, 4]. Although plastic 
materials have provided many economic benefits and con-
veniences in modern life, they have also caused serious 
risks, inducing harmful impacts on global public health 
and ecological influences over the natural environments 
of soil, plants, and oceans [5, 6]. The implications of the 
COVID-19 pandemic on plastic pollution have become 
one of the most pressing environmental issues [7, 8]. 
For example, the harmful effects of either polycarbonate 
microplastics [9] or PS MNPs may critically impact the 
health of plastic factory workers and general consumers 

who use these products due to their uptake via various 
routes, including inhalation [10, 11], dermal contact [12, 
13], and ingestion of PS-contaminated foods, water, and 
marine products [14, 15].

The severe impacts of MNPs comprise various aspects 
of degradation and their fate in natural environments. Pol-
luted plastic fragments (nano- or micro-sized) are a crucial 
issue for aquatic organisms, such as zebrafish [16], in the 
case of either ingestion or uptake, resulting in negative 
metabolic responses, such as neurotoxicity, pulmonary 
toxicity, organ accumulation, oxidative stress, and organ 
damage [17, 18]. In addition, MNPs can influence the nat-
ural environment not only by themselves, but also in com-
bination with other toxic contaminants, including benzo(a)
pyrene [19], cadmium [20], arsenic [21], and bisphenol A 
[22], through adsorption and desorption processes. In par-
ticular, MNPs with different surface charges [23], shapes 
(e.g., microplastic fibers and granules) [24], and sizes [25, 
26] cause the risk of chronic exposure in living organisms. 
Furthermore, these plastic products typically have numer-
ous additives aimed at improving their properties, such as 
phthalates [27] and polybrominated diphenyl ethers [28]. 
These toxic additives can be released into the natural envi-
ronment from plastic products, resulting in toxic effects 
in aquatic ecosystems. In this case, plastic products have 
been an indirect source of pollutants [29]. For this reason, 
the waste disposal of plastic products [1, 3] is a significant 
issue because of the threat from MNP pollutants in global 
ecological systems [30, 31].
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Consequently, a series of studies on the chronic toxicity 
of MNP exposure has reported on potential risks that may 
be linked to various human health issues, including endo-
crine disturbances, reproductive toxicity [32], neurotox-
icity, gastrointestinal toxicity, liver toxicity [14], cardiac 
fibrosis [33], pulmonary fibrosis, and even carcinogenesis 
[10]. Additionally, a line of proof has emerged of negative 
effects from exposure to PS MNPs and additives for blood 
plasma [34, 35] and human health [36]. Based on scientific 
evidence, the serious risks of PS MNPs have been fully 
justified as a cause of cellular toxicity in mammals [37]. 
Many researchers have studied the chemical and physical 
toxicities of micro-sized (or nano-sized) PS fragments by 
in vitro experiments using [13], for example, human lung 
cells [38], human HepG2 cells [39], human-derived cells 
[40], RAW 264.7 macrophages [41], human gastric adeno-
carcinoma cells [42], and L02 cells [43]. Furthermore, 
in vivo experiments were conducted using mice [26, 44], 
Daphnia magna [45], zebra fish [17], red tilapia [25], and 
fathead minnow [46].

In addition to these investigations of toxicity, to pro-
vide an early warning about the potential risks of MNPs, 
many researchers have evaluated the current research on 
microplastics by means of the systematic assessment 
[47] of quality assurance/quality control and data quality 
[48]. Recently, there has been a large number of scien-
tific reviews promising to elucidate not only the effects 
of MNP pollution on risks to human health [49] and the 
environment [50], but also many methodologies for the 
trace detection of MNPs in aquatic [51, 52], sedimen-
tary [53, 54], freshwater, and coastal ecosystems [55], 
as well as other environments [56, 57], in wastewater 
[58], and on beaches [59]. Furthermore, several research-
ers have investigated a variety of analytical technologies 
for the trace detection of MNPs, including fluorescence 
microscopy [18, 60–62], impedance spectroscopy [63], 
microwave-based techniques [64], hyperspectral imaging 
[65, 66], Fourier transform infrared spectroscopy (FTIR) 
[67, 68], near-infrared (NIR) hyperspectral imaging and 
chemometrics [69], semi-automated analysis [70], a 
thermo analytical method [71], and mass- or particle-
based analysis [72]. However, these thermal analysis 
methodologies often require additional procedures to 
separate analytes in the sample preparation, leading to 
time-consuming and toxic organic solvents, as well as 
further adverse effects on the environment. The detection 
of MNPs require more consideration and a focus on novel 
detection methods, such as plasmonic resonance-based 
Raman spectroscopy sensors. Interestingly, spectroscopic 
methods that have been well investigated and shown 
to provide highly sensitive trace detection of MNPs 
include Raman scattering microscopy methods, such 
as Raman imaging, normal Raman spectrum [73, 74], 

deep learning for reconstructing low-quality FTIR and 
Raman spectra [75], or the combination of Raman imag-
ing and matrix-assisted laser desorption/ionization mass 
spectrometry [76], thermal gravimetric analysis, FTIR 
spectroscopy, or gas chromatography mass spectrome-
try [77]. Recently, metal plasmonic nanostructures have 
emerged as potential materials utilized in various fields 
such as energy application [78, 79], catalytic reduction 
[80], and efficient dye removal [81]. Especially, since 
plasmonic nanomaterials exhibit a powerful ability to 
amplify signal intensities in sensor technologies [82–85], 
there is a series of studies on the development of novel 
and unique nanostructures used for technique detection 
such as 3D nanocomposite-assisted tartrazine determi-
nation [86], sensitive guanine-based DNA biosensor 
[82], cyanazine herbicide monitoring [83], and Ponceau 
dyes sensing [87]. Furthermore, due to their excellent 
enhancement of resonance Raman scattering spectros-
copy, many researchers have been interested in devel-
oping the plasmonic nanomaterials-based SERS sensing 
method. In particular, also successfully developed for 
MNP detection are the plasmonic nanostructure-based 
SERS technique [88–91] with supporting silver nanopar-
ticles (AgNPs) [92], gold nanoparticle (AuNP) substrates 
[93], gold nanostars [94], commercialized Klarite sub-
strates [95], AuNP-decorated sponges [96], silver-coated 
gold nanostars [97], a single gold nanopore fabricated at 
the tip of a glass nanopipette [98],  SiO2 self-assembly 
sputtered with Ag films [99], Ag nanowire arrays on 
regenerated cellulose (RC) films [100], and microflu-
idic chips [101].

Considering that having environmental significance, 
MNP pollutants have impacted not only ecological sys-
tems but also human health [102, 103], this mini-review 
provides a critical updated and comprehensive over-
view of published works regarding the on-site detection 
of MNPs by means of Raman spectroscopy, which is 
attracting scientific attention. There have been numer-
ous review studies on the effects of microplastics on 
freshwater environments [104], drinking water [105], the 
atmosphere [106, 107], seawater and sediment [108], 
terrestrial plants [109, 110], soil [111], groundwater 
[112], aquatic environments [113], various organisms 
[16, 114], cellular toxicity in mammals [37], potential 
health repercussions [115, 116], and much more. How-
ever, further study is still urgently needed regarding 
trace detection of MNPs that are aimed at early warn-
ing of harsh effects on human health based on accu-
mulated evidence, which must be done before it is too 
late due to the tremendous manufacturing utility of 
plastics. Although there have been several reports on 
MNP detection using thermogravimetric analysis [117], 
Raman spectroscopy [118], FTIR and Raman [119], NIR 
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and nuclear magnetic resonance (NMR) [120], spec-
troscopy and thermal analysis [121], and many meth-
ods [122, 123], there are few reviews focusing solely on 
surface-enhanced Raman spectroscopy, despite its uni-
versal application. This review evaluates and discusses 
recent developments and trends in designing uniquely 
structured materials that aid in platforms used for the 
efficient detection of MNPs that pose a risk to human 
health to understand the correlations between the Raman 
technique and plasmonic resonance phenomena (Fig. 1). 
The main content used for on-site detection of MNPs 
by Raman spectroscopy can be divided into three parts: 
(1) Raman detection of MNPs, including Raman imag-
ing and normal Raman spectra; (2) novel plasmonic 
nanostructure-based SERS detection of MNPs, includ-
ing pure noble metals, hybrid nanomaterials, and 3D 
SERS substrates; and (3) other materials that introduce 
SERS detection of MNPs, including nanopipettes and 
microfluidic chips. This literature provides sufficient 
evidence supporting the analysis of MNPs in the natural 
environment with different levels of dose, sizes, shapes, 

and surface charges that have adverse impacts on human 
health. In addition, this article includes recently updated 
developments on convenient SERS technology and 
trends in the functionalization of unique nanostructure-
introduced monitoring of MNPs. The current challenges 
for and perspectives on novel nanomaterial templates 
used for SERS are discussed in terms of the detection 
of MNPs.

Pathways of MNP particle exposures 
to human

MNP particle exposure can occur directly to workers in 
industrial manufacturing or people using plastic household 
products. There are three main pathways for human expo-
sure to MNPs: inhalation, dermal contact, and digestion 
[114]. After entering the human body, MNP particles show 
basic effects in the physical, chemical, microbiological, and 
immune barriers of the body, leading to dispersal throughout 
the body and inducing toxic effects [116]. Also, the toxic 

Fig. 1  The health effects and current challenges in Raman spectra-
based detection of MNP in the environment [138, 146]. Adapted with 
permission from Ref. [138]. Copyright 2020, American Chemistry 

Society. Adapted with permission from Ref. [146]. Copyright 2021 
under the terms and conditions provided by Elsevier and Copyright 
Clearance Center
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risks of MNPs could depend on various factors, including 
the dosage, length of exposure, and the specific plastic par-
ticle-associated contaminants involved.

Inhalation

It is recognized that evidence has emerged that airborne 
MNP particle pollutants damage health due to their pro-
duction processes and uses [10, 106]. The inhalation of 
MNP particles is a critical issue associated with health 
risks [24]. The potential risks from respiratory exposure 
are significant due to the small sizes (micro or nano) 
of plastic particles, which could cause serious damage 
directly to tissues of the nose, throat, and lungs [38, 124]. 
A study of the atmosphere in the metropolitan area of 
Hamburg, Germany, indicated that the atmospheric depo-
sition of microplastics was at an estimated level of 275 
microplastic particles/m2/day [125]. In addition, a group 
of researchers has found that there are many risks for res-
piratory threats to using products containing expanded 
PS, because not only styrene monomers but also other 
chemicals (volatile organic compounds) have been emit-
ted from commercial products containing expanded PS 
beads. Accordingly, the emission fluxes of styrene mono-
mer (µg/(m2h)) were measured at different temperatures 
to illustrate typical product use. At 25 °C, this value was 
estimated from 25.3 to 8.73 ×  103 for the samples. In the 
case of increased temperature from 36 °C (human body’s 
temperature) to 50 °C (inside an automobile’s tempera-
ture in summer), this value significantly increased from 
range = 124–2.44 ×  104 to range = 474–4.59 ×  104, respec-
tively. In a bedroom and automobile at 36 °C, due to sty-
rene emissions from expanded PS beads, the maximum 
estimated styrene concentrations were higher than the 
relevant guidelines in air [11].

Dermal contact

Contact with MNP particles in water or air causes expo-
sure [126–128], and due to daily use of commercial prod-
ucts containing MNP particles, dermal contact is one of 
the most effective and common pathways of human intake 
[12]. The level of dermal exposure to MNP particles may 
depend not only on the sizes of the particles, but also on 
their concentration. The size of MNP particles may be one 
of the main factors leading to skin pore penetration, and 
this has been investigated by many scientists. For example, 
numerous researchers have studied a systematic comparison 

of neurotoxic hazard risk by not only different types, shapes, 
and sizes of plastic particles, but also by exposure to differ-
ent concentrations and for different durations [129]. High 
concentrations may also be a critical feature in exposure 
absorption that results in the bioaccumulation of large quan-
tities of MNP particles in the human body. Additionally, 
the duration of contact or the chemical contaminants in the 
MNP particles may also increase skin absorption.

Ingestion

MNP pollutants can enter the food chain, leading to poten-
tial harsh impacts on human health [15, 108, 130]. There is 
one report that MNPs were generated when opening plas-
tic packaging [4]. Many scientists have indicated that oral 
ingestion of MNP particles may cause the most extreme 
poisoning, resulting in bioaccumulation in the intestines 
and liver [131]. For example, researchers have reported 
on the toxicity of nano-sized polymethylmethacrylate 
(PMMA) plastic particles dependent on the exposure 
route and food items [132]. Oral exposure to MNP parti-
cles through the frequent use of bottles or food containers 
means that the MNPs enter the human body through the 
food chain [102], primarily in drinking water [105] and 
seafood [133]. Many scientific investigations have illus-
trated the negative effects on health caused by drinking 
MNP particles from soft drink bottles or after drinking 
water stored in bottles contaminated with MNP particles. 
For example, many researchers have underestimated the 
health risks of PS MNP particles that have jointly induced 
intestinal barrier dysfunction by reactive oxygen species-
mediated epithelial cell apoptosis and lipid storage distri-
bution [44, 134]. Workers handling plastics or equipment 
for the application of plastics may also ingest plastics if 
they do not wash their hands prior to eating or smoking. 
Consequently, those handling such applications should be 
carefully instructed on the handling of nano-sized plastics, 
including warnings not to clear a spray line or nozzle by 
blowing through it with their mouth.

MNP detection by Raman spectroscopy

Analytical technologies based on spectroscopic Raman—
including Raman imaging, normal Raman spectroscopy, and 
SERS spectra—have been widely adopted in many fields. 
Raman platforms used for SERS methods may be divided 
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into pure noble metal nanostructured materials, hybrid nano-
materials, 3D Raman substrates, or other materials.

Raman imaging

Based on different spectroscopy methods, Raman imag-
ing— separating the species of molecules present in the 
sample—is reflected in two-dimensional maps [135, 136]. 
Due to its potential applications, this method has been 
universally employed in many fields, including the envi-
ronment, materials, and biology [119, 137]. Based on data 
from multiple individual studies, Fig. 2 shows the com-
bined summary result of the detection of MNPs by Raman 
imaging. For example, Fig. 2A illustrates a quick process 
for the detection of four ubiquitous types of MNPs—PE, 
PS, PP, and PET—that exist in environmental matrices 
worldwide. Although many efficient techniques for MNP 
detection have been successfully investigated after special 
sample preparation, it remains a significant necessity for 
developing a novel method allowing for the direct identi-
fication and visualization of MNP particles in real sam-
ples as well as environmental and organismal matrices. 
In this article, the authors first introduce a novel method 
of detecting MNPs in a complex background by Raman 
hyperspectral imaging with multivariate analysis data of 
curve resolution-alternating least squares, which aimed to 
directly identify and visualize either individual analytes 
or mixed analytes without a pre-treatment sample, wash-
ing, or removal of organic matter. Interestingly, multi-
variate curve resolution-alternating least squares method-
based Raman imaging has been successfully applied to 
in situ MNP identification in not only environmental sand 
samples, but also fish feces biological samples. Moreover, 

this method indicated that Raman imaging with multivari-
ate analysis of curve resolution-alternating least squares 
has allowed for the successful detection of MNP particles 
in samples that have complex backgrounds while elimi-
nating fluorescence interference and overlapping Raman 
bands [135].

In addition, Fig. 2B illustrates an optimized method using 
different chemometric techniques of spectral Raman imaging 
for microplastic particle identification in indoor and out-
door air. This study’s results demonstrate that this analy-
sis resulted in appropriate identification of spectral Raman 
imaging using chemometric statistical approaches for not 
only virgin, but also environmental microplastic particles 
by size. For sensitivity, in spectral data sets, the developed 
analysis of an agglomerative hierarchical cluster and Pear-
son’s correlation are recommended for MNP identification. 
The results also show a potential application in the identifi-
cation of airborne microplastic particles outdoors, using data 
obtained in an urban part of London, UK. Airborne micro-
plastics have been raised as an area of concern for human 
exposure, and this method can detect exposure concentra-
tions of airborne microplastics, providing early warnings of 
potential human health impacts before it becomes too late 
[138].

Figure 2C shows a comparison of two types of decoding 
approaches to visualizing MNPs by means of Raman imag-
ing. The first approach—a logic-based algorithm—is used 
to merge images of samples containing several standard 
microplastics for which the spectra are known. Based on 
a selected characteristic band, the Raman intensity can be 
mapped as one selected image, or several images at char-
acteristic bands can be merged into one image. However, 
this approach means a low signal-to-noise ratio because 
signals that are not selected peaks are ignored. The second 
approach—a principal component analysis-based algo-
rithm—is used to decode the spectrum matrix for complex 
samples containing several microplastics for which spec-
tral standards are unknown. In this study, the authors suc-
cessfully justified and assigned unclear samples to MNPs 
and other materials by selecting and generating principal 
component score curves to mimic Raman spectra. In this 
way, the MNPs and other materials were simultaneously 
visualized by mapping the principal component loadings 
as images. Overall, the principal component analysis-based 
algorithm that decoded the spectrum matrix for an accurate 
map showed some advantages over visualizing the MNPs 
via Raman imaging [139]. Other authors have investigated 

Fig. 2  Schematic diagram of spectroscopic Raman detection of MNP 
particles contaminating in A real-world samples by means of Raman 
imaging [135], B in ambient particulate matter using Raman spectral 
imaging [138]. C Schematic diagram of visualization and identifi-
cation of MNPs via principal component analysis (PCA) to decode 
Raman spectral imaging [139]. D Schematic diagram of visualiza-
tion and identification of MNP particles by Raman imaging [136]. 
Adapted with permission from Ref. [135]. Copyright 2021 under the 
terms and conditions provided by Elsevier and Copyright Clearance 
Center. Adapted with permission from Ref. [138]. Copyright 2020, 
American Chemistry Society. Adapted with permission from Ref. 
[139]. Copyright 2021 under the terms and conditions provided by 
Elsevier and Copyright Clearance Center. Adapted with permission 
from Ref. [136]. Copyright 2020 under the terms and conditions pro-
vided by Elsevier and Copyright Clearance Center

◂
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Fig. 3  A Schematic diagram of Raman spectroscopy-based selective 
detection of MNPs using Nile red staining [146]. B Schematic dia-
gram of Raman spectroscopic detection of MNP particles in water 
samples via a particle capturing medium as well as perfluorocarbon 
[147]. Adapted with permission from ref. [146]. Copyright 2021 

under the terms and conditions provided by Elsevier and Copyright 
Clearance Center. Adapted with permission from Ref. [147]. Copy-
right 2021 under the terms and conditions provided by Elsevier and 
Copyright Clearance Center
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various factors influencing the quality of Raman imaging in 
visualizing and identifying MNPs < 100 nm, such as a dis-
tinguishing laser spot, pixel size or image resolution, size 
or position of MNPs within a laser spot, signal intensity 
of Raman spectra, steps of pre-treatment of samples, and 
so on (Fig. 2D). In the present study, the authors success-
fully estimated billions to trillions of MNPs ranging in size 
from ~ 7 mm down to ~ 200 nm [136].

Normal Raman spectroscopy

In normal Raman spectra-based MNP detection, a laser 
source is used as an incident ray directly on MNP samples 
[118, 140]. The laser light is scattered by the bindings 
inside the molecular analyte, and the inelastically scattered 
light is collected and processed into a Raman spectro-
scopic image [141]. The Raman spectroscopy-assisted sen-
sor technique is a simple method that has been widely used 
in the selective detection of analytes based on their distin-
guishing spectra in the sample background. This method 
can be widely applied in the environment [142], food, and 
biology [143–145]. For example, as shown in Fig. 3A, this 
study successfully combined micro-Raman spectroscopy 
and Nile red staining for a novel analytical method of 
MNP detection. Micro-Raman spectroscopy with 442 nm 
laser-induced Nile red luminescence could target specific 
MNP identification via an orange filter, which leads to 
reducing the number of MNP particles for improving sam-
ple throughput and selective detection. Besides effective 
quantified properties, Nile red staining has been advan-
tageously applied with little interference as an objective 
criterion for the pre-selection detection of MNP particles 
by micro-Raman spectroscopy. This method has therefore 
successfully detected targeted analysis of MNP particles 
after the Nile red staining dye induced a map of suspected 
MNPs [146].

Figure 3B illustrates a simple scheme for online MNP 
detection in water using Raman spectroscopy. Here, per-
fluorohexane (PFH) is used as an MNP-capturing medium 
rather than a conventional physical filter for MNP separa-
tion. Due to its high density and hydrophobicity, PFH is 
induced as a firm droplet at the bottom of the 90° curve 
of a water-filled L-shaped tube. Subsequently, a sample of 
tap water containing PE particles was added and flowed 
through the L-shaped tube, causing PE particles to be cap-
tured in the PFH droplet. For reliable quantitative analy-
sis, a 6 mm diameter laser beam was used to measure the 
Raman spectral acquisition of the whole droplet instead 

of only partial spectroscopic sampling. In the collected 
spectral Raman, the quantities of dispersed PE particles 
in the water samples were clearly elevated based on the 
increased intensity ratios of Raman signal bands for PE 
and PFH. Due to the shapes of PFH droplets, the captured 
PE particle did not change with greater ionic strength, and 
this method successfully detected PE particles in seawa-
ter samples. The results demonstrate that this analytical 
scheme is feasible for the accurate field analysis of MNPs 
[147].

Nanomaterial‑enhanced detection of MNPs

Pure noble metal‑based nanostructure‑enhanced detection

Due to the best enhanced ability of Raman signal, plas-
monic nanomaterials have been adopted as one of the most 
widely used substrates for sensor technologies by means 
of Raman spectrum. Among numerous nanostructured 
materials, the pure noble metals—gold (Au) and silver 
(Ag)—have emerged as potential nanomaterials contrib-
uting to spectral Raman-active platform-based detection 
[88]. Furthermore, the unique shapes and sizes of pure 
noble metals have helped generate highly dense plasmonic 
hot spots to enhance the selective and sensitive method 
by means of Raman spectra. Studies have developed more 
unique nanostructures made from pure noble metals that 
aimed to maximize the enhancements for establishing a 
high density of plasmonic hot spots, leading to not only 
enhanced electromagnetic fields but also amplified Raman 
signals [148]. In addition to the synthesis of new nano-
structures, modification of the surface of nanostructured 
materials has been investigated using specific probes for 
Raman sensing with sensitive and selective abilities. For 
example, Fig. 4A shows the great effort made to detect 
MNPs in aquatic environments by means of in situ SERS 
spectroscopy. AgNPs based MNP detection in environ-
mental samples has been evaluated in comparisons of the 
potential SERS spectroscopy with normal Raman spectra 
for the analysis of MNPs. In the present study, the authors 
tested various conditions—including the ratio of the sam-
ple volume to AgNPs, NaCl concentrations, and sample 
concentrations—to assess the detection of MNPs, such 
as PS, PE, and PP, in either pure water or seawater sam-
ples. Due to the Raman-active substrate showing good, 
enhanced efficiency, the AgNP-assisted SERS method 
was successfully developed for the qualitative detection 
of MNPs of various sizes as well as 100 nm, 500 nm, and 
10 µm. The optimal enhancement factor was estimated to 
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be  104, and it was also demonstrated that the AgNP-based 
SERS detection method could overcome the limitations 
to the detection of MNPs in liquids or the detectability of 
small-sized plastics ranging from 100 nm down to 40 µg/
mL. The results indicate that this potential method could 
be applied to the rapid detection of MNPs in aquatic envi-
ronments in the future [92].

Recently, MNP pollution has steadily become a crucial 
global issue due to the universal manufacture of MNPs 
and their use in plastic products [54, 149]. Figure 4B 
illustrates rapid MNP detection using a novel substrate 
that was synthesized from plasmonic nanostructured 
materials—Au nanorods (AuNRs) and Ag nanowires 
(AgNWs)—applied to RC hydrogel films. The authors 
reported that the enhanced SERS signal of the crystal vio-
let AgNWs/RC film was estimated to be approximately 
six times greater than that from AuNRs/RC film, which 
exhibited the SERS active array with a high enhanced fac-
tor of  107. In this way, AgNWs/RC film substrates have 
provided great potential for nano-sized PS detection with 
a limited concentration down to 0.1 mg/mL. Due to many 
advantages, including good reproducibility, flexibility, low 
cost, and ultra-sensitive characteristics of the nano-sized 
PS-SERS signal, this AgNWs/RC film could provide a 
potential application in SERS-based rapid detection of 
nano-plastics in an environment [100].

Hybrid nanomaterial‑assisted nanostructure‑enhanced 
detection

In addition to the pure noble metals, hybrid nanomateri-
als of either bimetallic nanostructures or nanocomposites 
have been adapted by using effective plasmonic materials 

for Raman-active substrates, which are applied in a variety 
of fields of biosensors and environments [150]. Because 
MNP pollutants are a serious ecological threat [52, 66], 
researchers have investigated the label-free identifica-
tion of several MNPs using fluorescence lifetime imaging 
microscopy [60] and the weathering of MNP interactions 
with coexisting constituents [20–22, 151]. In addition, 
Fig. 5 shows a unique NIR SERS-labeled MNP model 
that aimed to obtain not only signal stability, but also com-
pletely prevent false positive problems in both complex 
biological environments and in vivo. The authors provided 
an ideal analytical tool for a reliable bio-MNP interaction 
investigation of various organisms. In vivo behavior imag-
ing has been successfully studied in living adult zebrafish 
and zebrafish embryos, as well as in Brassica rapa green 
vegetables. Due to the many advantages of MNP parti-
cles, including ultra-sensitive single MNP particles, anti-
interference, multiplex labeling ability, and detection of 
deep tissue, the applicability of MNP particles from the 
aspect of optical properties has been successfully verified 
by means of plasmonic gold nanostar-based SERS spectra 
[94].

3D nanostructure‑enhanced substrate‑introduced MNP 
detection

Recently, the authors studied a combination of Raman 
microscopy and scanning electron microscopy with the 
goal of identifying 100 nm plastic particles in a variety 
of environmental samples [152]. Other authors have suc-
cessfully combined 3D SERS active substrates and Raman 
microscopy. As shown in Fig. 6A, MNP pollutants have 
been detected in various environmental samples, including 
aquatic life and mammalian (including human) health, by 
Klarite substrate-based SERS spectra. Klarite is known 
to be an exceptional 3D SERS substrate that has a dense 
grid structure fabricated from Au shapes with inverted 
pyramidal cavities. The Klarite substrate exhibited the 
potential to detect a single MNP particle at sizes down to 
360 nm in atmospheric/aquatic samples [95]. Figure 6B 
shows an MNP detection scheme using SERS spectra 
and a unique 3D platform. In the present study, a novel 
nano-well-enhanced Raman-active template was success-
fully developed, which was composed of self-assembled 
 SiO2 and sputtering silver films on the surface of the  SiO2 
 (SiO2@Ag). Due to the coffee ring effect, numerous robust 
nano-wells in a 3D substrate exhibited the potential to trap 

Fig. 4  A Schematic diagram of in situ SERS spectroscopy-introduced 
MNPs detection in aquatic environments using AgNPs [92]. B FE-
SEM images of PS nano-sized particles on the plasmonic nanopar-
ticles/RC film: B-a 630 nm PS nanoparticles on an AuNRs/RC film 
(surface density of AuNRs on RC: 0.063 mg/cm2); B-b 630 nm PS 
nanoparticles on an AgNWs/RC film; and B-c 84  nm PS nanopar-
ticles on an AgNWs/RC film (surface density of AgNWs on RC: 
0.99  mg/cm2). SERS spectra of B-d 84  nm PS nanoparticles (0.1–
10  mg/mL), and B-e 630  nm PS nanoparticles (0.1–10  mg/mL) on 
AgNWs/RC films [100]. Adapted with permission from Ref. [92]. 
Copyright 2020 under the terms and conditions provided by Elsevier 
and Copyright Clearance Center. Adapted with permission from Ref. 
[100]. Copyright 2021 under the terms and conditions provided by 
Elsevier and Copyright Clearance Center
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MNPs, leading to a specific method for testing of environ-
mental samples. Interestingly, a single PS MNP particle 
was directly visualized on this substrate, and the limited 
detection of PS concentrations in bottled water, tap water, 
and river water was estimated at 5 ppm. This novel 3D 
template provides a method for ultra-sensitive detection 
of MNPs by means of SERS spectra [99]. As shown in 
Fig. 6C, the ultra-sensitive detection of MNPs based on 
SERS spectra used a novel 3D SERS active substrate, as 
well as a sponge supported by the AuNP layer. The AuNP-
decorated sponge pores exhibited the effective ability to 
capture MNP particles out of water samples. This template 
allows for the sponge size to be adjusted, leading to con-
trol of distance and the generation of many hot spots on 
the surface of the 3D substrate. In turn, the many hot spots 
mean that the Raman signal intensity for MNPs in water 
is greatly enhanced on the substrate [96].

To address the toxic effects of PS nano-plastics [153], 
the present study presents a novel 3D Raman template 
that sensitively detects PS MNP particles in a variety of 
water samples, as shown in Fig. 6D, E. The Ag-coated 
Au nanostar (AuNSs@Ag) dimers were well aligned as a 
vertical dimension array into a template containing ano-
dized aluminum oxide (AAO) nanopores. This uniformity 
of AuNSs@Ag dimers illustrates a great potential applica-
tion as a 3D Raman-active substrate used for trace detec-
tion of MNP pollutants, including those with diameters 

of 0.8–4.8 µm, in water samples. The vertical dimensions 
of the AuNSs@Ag dimers were well designed by the con-
trolled diameter of the AAO pores and the diameter of the 
AuNSs@Ag. This unique nanostructure exhibits not only 
a small gap but also a unique anisotropic nanostar dimer, 
providing many electromagnetic field enhancements at 
the tips of nanomaterials. This, in turn, leads to highly 
dense hot spots that induce an enhanced Raman signal 
of PS MNPs. This study found that AuNSs@Ag dimer-
based 3D SERS active substrates yielded stronger Raman 
signals at the same weight ratios for PS MNP particles 
with diameters as small as 0.4 µm, whereas such behaviors 
could not be observed for larger PS MNP particles. The 
limited detection of 0.4 µm PS MNP particles by means 
of SERS spectra was estimated to be ∼ 0.05 mg/g and was 
accompanied by not only a fast detection time, but also no 
sample pretreatments. This 3D SERS template composed 
of nano-sized AuNSs@Ag dimer vertical dimensional 
matching platforms may prove to be a useful analytical 
tool for detecting MNP pollutants in water samples [97].

Other material‑supported MNP detection

Nanopipettes Over the past two decades, MNPs have 
become an increasingly crucial issue, and a series of stud-
ies have focused on analyzing MNPs in environmental 
samples [8, 55, 70, 122, 154]. This topic still attracts the 
most scientists, who have widely investigated and per-
formed a variety of novel analytical methodologies for 
MNP detection [103, 117, 155]. Recently, nanopipettes, 
which are fabricated by applying heat during the pull-
out process of a glass capillary, have been described as 
exhibiting many potential applications in the analytical 
community [156]. Nanopipettes emerged not only as a 
route for nanoscale studies of ion transport, but also the 
development of chemical and biochemical sensors [157, 
158]. Figure 7A shows a single Au nanopore with a highly 
SERS active template fabricated on the tip of a glass nano-
pipette. PS nanoparticles can be identified by means of the 
SERS spectrum while passing through a single nanopore, 
as shown in Fig. 7B [98].

Microfluidic chips There is still a need to develop and 
improve a novel analytical method for detecting MNP 
particles in environmental samples within a short time 

Fig. 5  A-a Schematic diagram of synthesis procedure of SERS 
labeled nano-plastic models (SERS@PS) for reliable bio-nano inter-
action investigations. TEM image of A-b Au nanostar, A-c SERS@
PS. A-d In  situ Raman detection based on SERS@PS of a living 
zebrafish. B To investigate in the uptake of developmental SERS@PS 
nano-plastics, their exposures were checked at several different peri-
ods: B-a SERS@PS nano-plastics exposure at the embryonic stage (6 
hpf), B-b Pictures of the dechorionated embryo and stripped chorion 
(36 hpf), and B-c the correlated Raman intensities; B-d SERS@PS 
nano-plastics exposure at the first larvae stage (48 hpf), B-e Pictures 
of larvae (72 hpf) containing of SERS@PS nano-plastics, and B-f 
the organs of larva at 48, 72 and 96 hpf-correlated Raman intensi-
ties; B-g SERS@PS nano-plastics exposure time was 0, 24 and 48 h, 
respectively, at the second larvae stage (120 hpf), B-h pictures of lar-
vae (120 hpf) containing of SERS@PS nano-plastics, and the diges-
tive system of zebrafish larvae at 0, 12, 24 and 48 h-correlated Raman 
intensities. The errors were checked from the measured result of 
either 6 embryos or larvae [94]. Adapted with permission from Ref. 
[94]. Copyright 2021 under the terms and conditions provided by 
Elsevier and Copyright Clearance Center
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Fig. 6  A Schematic diagram of Klarite substrates-induced SERS 
detection of < 1  μm MNPs in the environmental samples [95]. B 
Schematic diagram of the nano-well-enhanced SERS visualization 
and quantification of MNPs in the environmental samples [99]. C 
Schematic diagram of rapid and sensitive detection of trace concen-
trated MNP particles based on Au-nanoparticle-decorated sponge 
by means of SERS spectra [96]. D Self-organized Ag-coated Au 
nanostar dimers in nano-porous anodic aluminum oxide leading to 
generate Raman active substrates (AuNSs@Ag@AAO) for the sen-
sitive detection of PS MNP pollutants in water samples. E-a 0.4 μm 
PS concentration-correlated SERS spectra with a range of 0–0.1% in 

distilled water, E-b PS concentration-corresponded calibration curve 
of the 1000   cm−1 SERS signal as a function of PS concentration 
using AuNSs@Ag@AAO platforms. Three measured SERS spectra 
estimate error bars indicate standard deviations [97]. Adapted with 
permission from Ref. [95]. Copyright 2020, American Chemistry 
Society. Adapted with permission from Ref. [99]. Copyright 2021, 
Royal Society of Chemistry. Adapted with permission from ref. [96]. 
Copyright 2021 under the terms and conditions provided by Elsevier 
and Copyright Clearance Center. Adapted with permission from Ref. 
[97]. Copyright 2020 under the terms and conditions provided by 
Elsevier and Copyright Clearance Center
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[51, 53, 56, 57, 67, 121, 159]. Figure 7C displays a novel 
micro-optofluidic platform used for fast detection of MNP 
particles by means of Raman spectra. The micro-optofluidic 
platform was fabricated with micro-reservoirs leading to 
micro-filters that are designed to trap all MNP particles in 
an ultra-compact area. The researchers successfully enabled 
fast optical spectroscopy and imaging to detect the MNP 
nature and type contained in this ultra-compact area. Fur-
thermore, according to the size ranges in different reser-
voirs, passive size sorting was implemented for sorting the 
MNP particles. A reference method with flow cytometry 
was used to retrieve the distributed sizes of the MNP sam-
ples, but data on the chemical nature was therefore lost. To 
validate the potential application of this micro-optofluidic 
platform, model samples containing standard MNP particles 
of different sizes and chemical natures were mixed and suc-
cessfully checked [101].

According to several previous reports on MNP identifica-
tion, instead of using Raman imaging and normal Raman 
spectroscopy, plasmonic nanomaterial substrates-assisted 
SERS detection has been successfully developed to detect 
MNP pollution in environments with lower concentrations 
than without nanostructures. Depending on the ingredient 
of real samples, the authors have been many great efforts in 
developing novel technologies for appropriate MNP moni-
toring, respectively. To develop unique SERS plasmonic 
nano-substrates, researchers have fabricated SERS platforms 
used for detected MNP methods including pure noble metal 
nanostructured materials, hybrid nanomaterials, 3D Raman 
substrates, or other materials (nanopipettes and microfluidic 
chips). Those platforms efficiently monitored Raman signals 
of MNP particles from practice samples. MNP could be suc-
cessfully identified by distinct signals, even though there is 
no specific separated processing. However, there are several 
existing literature reviews on the topic of plasmonic plat-
form-based SERS detection for MNP particles, this work is 

still different in comparison with previous reports as shown 
in Table 1.

SERS is a powerfully analytical technique that has been 
widely adopted to monitor for the direct detection of analyte 
molecules in a mixture without separated processing, in spite 
of their low normal Raman intensity. Interestingly, the nano-
plasmonic substrates-assisted SERS method is known as an 
extreme sensitivity and selectivity detection. In addition, 
since the COVID-19 pandemic has appeared in the world, 
disposable plastic products have been over-manufacturing 
leading to the most pressing issues as well as plastic pol-
lution in the environment. Although the present pollutants 
of MNP may be low level, it seems difficult to avoid its 
increment input in the natural environment. Therefore, the 
nanocomposite substrates-introduced SERS method offers 
many not only potential applications but also promising 
features for the detection of MNP particle pollution in envi-
ronmental nature. Thus, research efforts in the combination 
of nanostructured materials and Raman spectra are still nec-
essary to continuously develop the novel SERS substrates 
including different compositions and unique morphologies, 
which aimed to improve the sensitive, selective, and reliable 
methods that could be efficiently used in practices. Further-
more, MNP pollution is one of the crucial issues that influ-
ence direct human health, alongside a harmful impact on 
environmental nature. New research provides many efficient 
technologies protecting human health and avoiding harm-
ful MNP pollution. As summarized in Table 2, based on 
Raman spectra, numerous novel optical sensor technolo-
gies were successfully developed for the trace detection 
of MNPs, with improvements in aspects such as selectiv-
ity and sensitivity, as well as economic and reproducible 
benefits. Specific aspects were studied and evaluated on the 
current spectroscopic and optical sensor methods, but there 
are several perspectives to be addressed in future studies: 
(1) improving optical sensor methods based on pure, noble 
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metal nanomaterials and hybrid nanostructured materials; 
(2) developing more 3D SERS substrates that exhibit highly 
accurate target sensors; (3) exhibiting the ability of multi-
ple detection of similar analytes under various conditions; 
(4) developing a dual functional sensing platform used for 
both Raman spectroscopy and fluorescence detection or 
both colorimetric and fluorescence; and (5) preparing a new 
nanomaterial such as nanopipette or microfluidic chip that 
exhibits the ability to detect trace MNP contaminants.

Conclusions

Due to universal applications in various areas, the 
manufactur ing and application of plastic mater i-
als around the globe have continuously increased in 

recent years. The subsequent use of plastic products 
has led to MNP waste accretion in natural environ-
ments, which has emerged as a ubiquitous issue. Here, 
the goal of this work updates on the latest advances 
in plasmonic nanomaterials-assisted SERS platforms 
which aimed to detect the trace MNP particles exist-
ing in environmental nature. Therefore, the authors 
introduce various novel SERS substrates which have 
been fabr icated from either pure noble metal or 
unique hybrid nanomaterials. The findings revealed 
that great efforts could be created the new and effi-
cient technologies for the MNP identification, which 
expose not only high selectivity, but also ultra-sen-
sitive monitoring of MNP with a low limited detec-
tion. Furthermore, to protect human health and the 
environment by avoiding the harsh impact of MNP 
particles pollution, the combination of plasmonic 
nanomaterials-assisted SERS substrates and Raman 
spectroscopy can be a critical issue attracting many 
researchers in the future for portable and fast analysis 
of MNP particles in environmental nature. According 
to the validated previous studies, this concise topical 
review provided an update on recent developments 
and trends in MNP detection by means of enhanced 
Raman scattering using a variety of unique materi-
als, as well as 3D SERS substrates, nanopipettes, and 
microfluidic chips. A novel materials-assisted spectral 
Raman technique and its practical application were 
introduced for the selective monitoring of trace detec-
tion of MNPs in indoor and outdoor environments.

Fig. 7  A-a Schematic diagram of preparation a glass nanopipette 
which has fabricated a single Au nano-pore at the tip. SEM images 
of A-b the bare glass nanopipette, A-c the Au nanopores-coated 
glass nanopipette, A-d and Au nanopores formed by one high volt-
age electric pulse in 0.1 mM KCl. B The waterfall plot of 0.5% PS 
concentration-correlated SERS spectra in 100  mM KCl with– 1  V 
potential [98]. C-a A microscope picture of microfluidic chip reser-
voir containing trapped PS particles (diameter 80  µm), correspond-
ing with Raman spectrum. C-b A microscope picture of microfluidic 
chip reservoir containing a mixture of 20 µm PS particles and 6 µm 
PMMA particles, corresponding with Raman spectra. C-c A micro-
scope picture of microfluidic chip reservoir containing 10 µm PMMA 
particles, corresponding with Raman spectroscopy of a single 10 µm 
PMMA particle [101]. Adapted with permission from Ref. [98]. Cop-
yright 2019, Royal Society of Chemistry. Adapted with permission 
from Ref. [101]. Copyright 2021, Springer Nature

◂

Table 1  Summary of literature reviews on the topic of SERS detection for MNP particles

Platforms Pollutant types Practice samples References

Plasmonic nanostructures Bacteria, viruses, pesticides, antibiotics, 
additives, microplastics and nanoparticles

Food and water [90]

SERS nano-substrates Heavy metals, pharmaceuticals, plastic par-
ticles, synthetic dyes, pesticides, viruses, 
bacteria and mycotoxin

Food, water and health care capsules [89]

SERS substrates: metal nanoparticle in sus-
pension, metal nanoparticle immobilized 
on solid substrate, nanofabrication of solid 
substrate

Microplastic Water [91]

Many methods: SERS, FTIR, NMR, GC/MS, 
and etc

MNPs In vitro cell cultures, tissues/organs, 
environmental samples

[123]

SERS substrates Phthalates, plasticizers, and xenobiotic 
contaminants

Environmental samples [160]

Nanohole arrays, nanopipettes, nanowires, 
and microfluidics chips

MNP particles including PS, PE, PP, etc Environmental samples This review
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