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Ao et al. propose a 3D single-particle detection method based on stimulated
Raman scattering microscopy for imaging nano- and microplastics. Two case
studies demonstrate the real-world utility of this methodology, indicating promise
for advancing characterization of plastics in both environmental and human tissue
samples.
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SUMMARY

Nanoplastic pollution represents an increasing concern for the sci-
entific community. However, the identification of tiny nano-/micro-
plastics (smaller than 5 um) is still a huge challenge. Herein, we
report rapid detecting and 3D imaging of nano-/microplastics at
the single-particle level via a strategy based on stimulated Raman
scattering microscopy. We demonstrate detection of nanoplastics
as small as 100 nm and discriminate between different types of
nanoplastics using high wavenumber scanning with low wavenum-
ber verification. Nano-/microplastics, such as polyethylene and
polypropylene, are detected in atmospheric and human lung tissue
samples. This work provides a 3D, single-particle-level nano-/micro-
plastics detection method, holding great potential to facilitate the
characterization of nano-/microplastics in the environment and hu-
man tissues. By demonstrating the real-world utility of our method-
ology, we hope to foster wider adoption and understanding of this
critical tool.

INTRODUCTION

Recently, the issue of microplastics has aroused widespread concern. Microplastics
have the characteristics of small size (<5 mm), strong hydrophobicity, low density,
and large specific surface area and can stay in the environment for a long time."?
Furthermore, bulk microplastics can decay through mechanical abrasion, photode-
gradation, and biodegradation, forming nanoplastics (<1 um), which are distinct
from microplastics and have unique characteristics compared with engineered nano-
materials.” These nanoplastics have significantly more potent toxicological proper-
ties™” due to the higher surface area-to-volume ratios that make them prone to sorb
and release chemicals. Besides, their nanoscale size allows them to enter animal/
plant cells and cross epithelial tissues more easily; if inhaled, airborne nanoplastics
can even cross the pulmonary epithelial lining,®” inducing a potential impact on bio-
logical organisms and even the entire ecosystem.

Microplastics and nanoplastics have been detected in many foods and daily neces-
sities related to the human body. Research has shown that microplastics and nano-
plastics were released from infant feeding bottles brewing in hot water, with particle
numbers as high as 162,000,000 particles per liter.? Plastic teabags were reported to
release millions of microparticles and nanoparticles during a typical steeping
process,” while there are still debates about whether these particles are truly plas-
tics."%"" In addition, polystyrene (PS) nanoplastics are detected in three aquatic an-
imals that have a broad distribution in the benthic area, indicating that there is a
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potential exposure risk of humans to nanoplastics through the food chains."?
Table salt, drinking water, and air are also ways of exposure to microplastics. More-
over, the intake of microplastics via inhalation is much higher than those via other
ways."? Currently, stained polypropylene, a thermoplastic polymer, and other un-
known microplastics are found in human placenta.’® Besides, various microplastics
were detected in all the experimental human stool samples,’ suggesting inadver-
tent ingestion from different sources.

However, the current detection methods for microplastics, especially nanoplastics, are
still limited. Electron microscopy,'®"” Fourier infrared spectroscopy,'®'? Raman spec-
troscopies,””?" pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS),'? and
acid depolymerization-liquid chromatography-tandem MS (LC-MS/MS)*” are methods
applied to microplastics and nanoplastics detection and identification. Among them,
Fourier infrared spectroscopy is limited by low spatial resolution, so it is more suitable
for detecting particles above 20 pm and is difficult to use for small-size particles.
Although traditional spontaneous Raman spectroscopy could reach ~500 nm resolu-
tion, the intrinsically weak Raman cross-sections require long integration times for
signal acquisition, hindering its actual detection efficiency. Surface-enhanced Raman
scattering (SERS) boosted Raman signals with designed enhancing substrates and
has been applied to detect nanoplastics in the atmosphere, as reported in our previous
work.”? Nonetheless, the size for identification is limited to several hundred nanome-
ters, and it suffers from uneven hotspots in the SERS substrate, which hinders its appli-
cation in complex environmental samples. The detection of nanoplastics is still facing
many challenges up to now. In quantitative analysis, accuracy and detection speed
are still restrictive factors. Besides, 3D imaging analysis plays an important role in trace-
ability analysis and morphological research, while the morphological characterization of
microplastics in previous studies is limited by the constraints of tools and instruments,
and itis difficult to achieve a balance between achieving high spatial resolution and ob-
taining comprehensive morphological features. Up to now, there has been no method
or technology that could provide accurate 3D information of microplastic samples. At
present, the research on nanoplastics is still in its infancy, and a technical means that
can quickly and intuitively provide properties and 3D information of nanoplastics is ur-
gently needed.

Stimulated Raman scattering (SRS) microscopy is an emerging technology that am-
plifies the Raman signal by a coherent non-linear optical process, enabling high-
speed, 3D imaging with high chemical specificity and sensitivity to overcome such
limitations.”*~?’ Over the past decade, SRS microscopy has been rapidly developed
and widely applied in many branches of biological and biomedical researches, such
as label-free tumor histology, lipid metabolism, drug delivery, etc.?®?? More
recently, SRS has demonstrated advantages for studying materials science, exploit-
ing its quantitative chemical imaging capability.** > As plastics are a type of poly-
mer material, each plastic variant exhibits unique Raman spectral features, making
specific identification possible through SRS microscopy.”® Therefore, the high
spatial-temporal-chemical resolution of SRS microscopy is expected to provide a
suitable tool for micro- and nanoplastics detection. The potential of SRS for rapid
analysis of microplastics has garnered attention in the research community. Liao
et al.”” combined real-time SRS Raman analysis and imaging techniques to analyze
PS and polymethyl methacrylate (PMMA) microbeads, and Zhang et al.*®* demon-
strated the capability of SRS combined with flow cytometry for fast identification
of plastic microspheres. In applications involving real environmental samples, SRS
microscopy has been employed to swiftly identify various microplastic particles in
estuarine sediments®” and to determine the composition of environmental fibers
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in surface seawater, coastal sediments, and deep-sea sediments.*>*" However, ex-
isting SRS-based approaches for environmental sample analysis primarily focus on
identifying polymer categories, primarily targeting larger microplastic particles
(typically larger than 50 um). This limitation results in an underestimation of the pres-
ence of submicron- and nanoplastics in environmental samples.

In this work, we demonstrated a strategy based on SRS for the rapid and accurate
detection of micro- and nanoplastics. First, we achieved the determination of
nano-/microplastics with sizes down to 100 nm and resolved different types of plas-
tics in the mixture within the same field of view (FOV) at a wavenumber region be-
tween 2,750 and 3,050 cm~". Secondly, the high sensitivity of SRS enables the
high-throughput quantitative study and 3D imaging of individual nanoplastic parti-
cles. Furthermore, micro-/nanoplastics in actual atmospheric samples and human
lung tissues were successfully detected and characterized, demonstrating the po-
tential practical studies for environmental science and human health.

RESULTS

Detection of nanoplastics with different sizes

As detailed in the supplemental experimental procedures, each SRS image taken by
our setup depicts the spatial distribution of a specific Raman-active molecular vibra-
tion (Q) in the sample (Figure 1A). To fulfill the purpose of detecting nano-/micro-
plastics, the first key step is to determine the SRS imaging band. Micro-Raman spec-
troscopy (MRS) was used to test the PS microsphere, and its Raman spectrum was
obtained as benchmark, as shown in Figure 1B. According to the spontaneous
Raman spectrum, peaks at 1,000 and 1,029 cm™T, originated from the breathing vi-
bration and the symmetrical stretching vibration between carbon atoms in the ben-
zene ring, present the strongest signals within the fingerprint region and could be
set as characteristic peaks with high specificity. The corresponding SRS spectrum
was taken when the pump-beam wavenumber was set as 942 nm. Meanwhile, we
noticed that as the pump-beam wavenumbers changed to 790 and 801 nm, the reso-
nance SRS images that matched with 3,050 and 2,910 cm ! became brighter, as
commonly seen in SRS where the high-frequency CH stretch signal has higher detec-
tion efficiency and the spectral possess characteristic line shapes. Therefore, all
three bands (950-1,050, 2,800-2,950, and 3,000-3,100 cm™") were selected to
represent PS in our SRS experiments, of which the wavenumbers of the correspond-
ing pump beams were 942, 801, and 790 nm (Figure 1C), respectively. We per-
formed hyper-spectral scanning to determine the type of plastics according to the
spectral shape and peak positions (Figure S1). For the imaging of a standard PS
microsphere, 790 nm was preferred because of the strongest SRS signal. PS micro-
spheres, with gradually reduced particle sizes from 5 um, 2 um, 1 pm, 500 nm, and
360 nm, can be successfully detected at the single-particle level via SRS imaging, as
shown in Figure 1D. We noticed that 100 nm PS nanospheres in SRS imaging were
profiled as ~360 nm rather than the actual size due to the optical diffraction limit,
which could be further improved by doubling the frequency of excitation beams
to the visible range and adapting an optimized objective with a higher numerical
aperture (NA).*? Nonetheless, as evidenced by scanning electron microscopy
(SEM), the current imaging results already show that SRS can detect single 100 nm
PS particles (Figure S2), which is far beyond the detection limit of spontaneous
Raman single-point tests and mapping with or without enhancement.

In order to verify the chemical specificity of SRS in discriminating different types of
nano-/microplastics, samples mixed with 2 um and 500 nm PS, 5 and 2 um PMMA,
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Figure 1. Detection of PS nano-/microplastics with different sizes via SRS

(A) Schematic illustration of SRS microscopy system.

(B) A typical MRS spectrum of PS.

(C) SRS spectra of PS.

(D) SRS imaging of PS with sizes of 5 um, 2 pm, 1 pm, 500 nm, 360 nm, and 100 nm, respectively.
Scale bars: 10 um (top), 2 um (bottom), and 1 um (zoomed-in image) in (D).
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Figure 2. SRS imaging of nano/microplastic mixture

(A) SRS spectra of characteristic peaks of PS, PE, and PMMA.

(B) SRS images of mixed PS, PE, and PMMA mixed samples at different depths in the z axis.
(C) 3D image of mixed PS, PE, and PMMA samples.

Scale bars: 5 um.

and amorphous powdered polyethylene (PE) were identified. Since most plastics
contain a hydrocarbon group (CH; and CHjs), it is possible to identify them within
a Raman band of 2,750-3,050 cm ™" based on their distinct spectral line shapes (Fig-
ure 2A). Consequently, the SRS images at 2,910, 2,850, and 2,950 cm~ ' were used to
discriminate between PS, PE, and PMMA with a linear decomposition method (Fig-
ure 53).** The SRS images of mixed PS, PE, and PMMA samples at different depths in
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the z axis are shown in Figure 2B, where yellow represents PE, magenta represents
PMMA, and blue represents PS.

3D imaging of nano-/microplastics

The characteristic peaks of PS at 2,910 cm™', PE at 2,850 cm™', and PMMA at
2,950 cm ™" were selected as the discriminative peaks for SRS imaging. By stepping
through the z axis of the samples with a step size of 0.4 um, we can reconstruct the 3D
chemical distribution of the mixed microplastic sample from multiple 2D images that
carry different depth information, as shown in Figures 2B and 2C. Among them, the
sample surface is set as the zero point in the z direction, and the detection depth is
sequentially increased until a complete chemical distribution is obtained.

It can be observed from the 3D imaging results that the three microplastic compo-
nents can be accurately distinguished at high wavenumbers, and their spatial distri-
bution and 3D topographic features are also clearly identified (Video S1). The PS
microspheres are regular spheres with sizes of 2 pm and 500 nm (orange arrowhead),
distributed around the PE samples. Most of the PMMA microspheres are in an
agglomerated state. From the imaging results at different z positions, the PMMA mi-
crospheres with particle sizes of 5 and 2 pm are clearly detected. The PE particles are
distributed in irregular aggregates. From the imaging results at different depths, the
longitudinal distribution of PE samples is uneven. The depth fromz=7.2t0 8.4 umis
the area where PE is relatively concentrated in the longitudinal direction. As the z
value continues to increase, the imaging becomes clearer, and at a depth of Z =
6.0 um, it is the focal plane of PS and PMMA. From the depth of Z = 4.8 to
6.0 um, the sharpness of PS and PMMA continues to increase, gradually approaching
its true spherical morphology.

Determination of nano-/microplastics in atmospheric environment

In order to verify the ability of SRS for complex environmental samples, we studied
the detection of nano-/microplastics in atmospheric environmental samples (Fig-
ure 3A). We noticed that few previous works have demonstrated the application
of SRS in microplastics detection with sediments and water samples.’”** However,
the detected Raman bands in these studies were mainly focused on the fingerprint
region, sacrificing the identification efficiency with high specificity due to the
following reasons. First, the SRS signal generated from fingerprint region was nor-
mally lower compared with the high-frequency C-H stretching band, limiting the
detection of nano-/microplastics (<5 pm). Second, the Raman peaks of different
plastics in the fingerprinting region are quite different, and each peak appeared
sharp, which means that a one-shot SRS image could only show one or a few types
of microplastics. For the natural environmental samples, the plastics to be deter-
mined were unknown and diverse. The detection efficiency would be slowed
down by continuous hyper-spectral scanning in each FOV or by adjusting the SRS
resonance conditions at multi-characteristic peaks of different plastics. Based on
this issue, a detection method in the high-frequency C-H stretching band was pro-
posed here. The on-resonance state of SRS during real-time imaging was focused
at 2,865 cm™', while the off-resonance state was set at 2,810 cm™’ (Figure 3B).
One-shot SRS images at 2,865 cm ™" could reveal numerous kinds of plastics, as a hy-
drocarbon group was the fundamental composition for most plastics. The spectrum
in the fingerprint region of each type of microplastic was collected to prove our judg-
ment (Figure S4), and the results show consistency with the detection method using
the high-frequency C-H stretching band. This approach could improve the efficiency
of plastics detection in complex environmental samples. However, if the sample con-
tains many organic matters, such as biosamples (like lung tissues demonstrated
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Figure 3. SRS detection of nano-/microplastics in atmospheric samples
A) Atmospheric sample processing method.
B) SRS spectra of standard microplastic samples.

(
(
(C) SRS imaging of atmospheric sample at different wavenumbers.
(D) 3D image of nano-/microplastics found in atmospheric sample.
(

E) SRS spectra of PP (MP1) and PE (MP2) nano-/microplastics found in atmospheric sample.
Scale bars: 10 um.

below), a digestion treatment (detailed in the supplemental experimental proced-
ures) before testing was necessary to remove the disruption of organic matter. Addi-
tionally, the atmospheric environmental samples could also contain many organic

substances and other complex components,””

and these substances may also
have characteristic peaks in the high-frequency band, which will interfere with the

detection of microplastics.

Figure 3C shows the SRS imaging of preprocessed atmospheric samples. The samples
were subjected to the necessary preprocessing steps to remove organic interferences
and enhance the quality of the image. It can be observed that under a bright-field op-
tical microscope, there are some interfering substances such as filter debris in the sam-
ple, which may become interference in the traditional visual identification method and
affect the observation and identification of nano-/microplastics. While SRS imaging can
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improve the image contrast, there will be no messy interference such as glass fibers,
and the contrast is brighter. In order to ensure that the imaged particles are completely
nano-/microplastic particles, the non-resonant wavenumber of 2,810 cm~" is scanned
again, and obvious bright-dark changes can be seen in the SRS image. Microplastics
do not have a significant peak at 2,810 cm™, so these residual bright particles at
2,810 cm™" are not microplastics but may be the residual organic components or other
impurities that have not been digested. In order to exclude the interference of these
substances, we performed subtraction processing on the scanning results at two wave-
numbers and subtracted the spectrum at 2,810 cm ™' from the spectrum at 2,865 cm ™"
to obtain the nano-/microplastics in the actual environmental sample, namely particle 1
(MP1) and particle 2 (MP2).

Meanwhile, in order to understand the actual morphology of the two plastics, we car-
ried out 3D imaging analysis, as shown in Figure 3D. The relative position and distribu-
tion state of the two microplastics in space were clearly displayed, and the MP1 was
larger in size, above 44.1 x 14.8 x 8.9 um, and showed irregular fragments. The
MP2 was smaller in size, about 5.6 X 3.7 X 5.7 um, and showed an irregular spherical
shape, which belonged to particle-type microplastics. For better identification of the
type of MP1 and MP2, hyper-spectral scanning was preformed to acquire the SRS
spectrum (detailed in the supplemental experimental procedures). Among them, the
scanning results of MP1 at high wavenumbers match the characteristic peaks of poly-
propylene (PP) standard samples (Figure 3E). Through the fingerprint band verification,
it is found that the characteristic peaks of low wavenumbers of PP are also consistent
(Figure S4). The detected microplastic is thus confirmed as PP, while MP2 has a char-
acteristic peak matching PE in the high-frequency C-H stretching band (Figure 3E),
~! and

it was found that the low wavenumber also completely matched the characteristic

so further verification was carried out at low wavenumbers of 1,100-1,150 cm
peak of PE. This microplastic is thus confirmed as PE.

The atmospheric samples were scanned and analyzed according to the above-es-
tablished method, and 4 types of nano-/microplastics were detected, including
PP, PE, PMMA, and cellulose plastics, and their shapes were granular, fibrous, and
fragmented, as shown in Figure 4A. For the microplastics matched to PP and PE in
the high wavenumber scan, we carried out low-frequency band detection and veri-
fication according to the method described above. For the samples matched as
PMMA in the high wavenumber scan, we also selected low wavenumber character-
istic peaks of 750-900 and 1,350-1,550 cm™' for verification. For the samples
matched to cellulose in the high wavenumber scan, we selected the low wavenum-
ber of 1,000-1,200 cm~' for verification, and the analyte that achieved characteristic
peak matching in both high- and low-frequency bands can be confirmed as cellulose
plastics. It should be noted that natural fiber cotton (CO) and manmade cellulosic
fibers such as viscose (CV) cannot be discriminated with spectroscopic methods.
In order to achieve this distinction, microscopic analyses or additional analytical
methods as “more lines for evidence” in fiber examinations are recommended.*®
In the atmospheric samples, a total of 38 nano-/microplastics (~9 x 107* parti-
cles/L) were detected and subjected to analysis for their type and particle size (as
shown in Figures 3C, 4A, and S5). Specifically, Figure 4B illustrates the distribution
of plastic types identified, while Figure 4C displays the particle size distribution of
the detected nano-/microplastics. More than half of the microplastics were identi-
fied as PE microplastics, accounting for 55.26%, followed by cellulose microplastics,
with a total of 12, accounting for 31.58%. The smaller proportions are PP and PMMA,
with only 3 and 2 particles detected, accounting for 7.89% and 5.26%, respectively.
Among all the detected microplastics, the number of microplastics with a particle
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Figure 4. SRS imaging and distribution of nano-/microplastics in atmospheric samples

(A) SRS imaging and spectrum of microplastics in atmospheric samples; (B) Pie chart of the distribution of microplastics in atmospheric samples; (C)

Histogram of distribution of nano-/microplastics with different particle sizes in atmospheric samples.
Scale bar: 20 pm.

size below 10 um accounted for 32%, including 4 tiny nano-/microplastics (<5 pum)
detected. The median size distribution of PE particles is less than 20 um, while
cellulose is higher than 40 um. Although not all PE particles are below 5 pm and
all cellulose plastics particles were above 5 um, t test analysis indicates there is a sig-
nificant difference between the type and the size of PE and cellulose based on the
current data (Figure Sé). The SRS analysis results of various nano-/microplastics in at-
mospheric samples show that the SRS detection method of high wavenumber scan-
ning-low wavenumber verification can be applied to the analysis and identification of
various particle sizes and types of microplastics or nanoplastics in the atmospheric
environment. This good practice in research on the detection of nano-/microplastics
in the atmospheric environment addresses the problem that it is difficult to achieve
high spatial resolution and obtain comprehensive morphology characteristics of
nano-/microplastics in previous studies. This work provides methodological support
for obtaining more accurate and comprehensive 3D information on nano-/
microplastics.

Determination of nano-/microplastics in lung tissue

Our detection method has been successfully applied in the microplastic and nano-
plastic detection of laboratory standard samples and atmospheric samples. As an
additional demonstration, 12 lung tissue samples from hospitals were then analyzed
by SRS to study the existence of microplastics or nanoplastics in human lung tissue.
Patient demographics, including age and types of lung diseases, are presented in
detail in Table S1.

Figures 5A and 5B show the pretreatment procedure of the lung tissues and the SRS
detection results of nano-/microplastics in 12 lung tissues. We found the presence of
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Figure 5. SRS detection of nano-/microplastics in lung tissue

(A) Processing and detection method of lung tissue samples.

(B) SRS spectra and images of microplastics detected in lung tissues.

(C) Distribution of types and quantities of nano-/microplastics in each lung tissue sample.
Scale bars: 5 pm.

nano-/microplastics in 11 lung tissue samples, and a total of 53 nano-/microplastics
were detected, including fibrous, fragmented, and granular shapes (see Figure S7
for details of each sample). The 3D structures of microplastics in lung tissues were
also recorded (Figure S8). Like the nano-/microplastics detected in atmospheric
samples, the tissue samples contain PP, PE, and cellulose nano-/microplastics.
The difference is that PS, which is not detected in atmospheric samples, appears
in lung tissue, and PMMA, which occurs less frequently in atmospheric samples, is
also not detected in lung tissue samples, which may be due to the limited tissue
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samples. In order to mitigate the interference caused by tissue volume in quantita-
tive comparisons, we employ normalization by dividing the detected plastic parti-
cles by the tissue volume measured using the drainage method (Figure 5C).

Our method was successfully applied to nano-/microplastic detection in human tis-
sue. PP, PE, and PS were detected in human lung tissues, which confirmed the appli-
cability of SRS technology in the detection of microplastics in human tissue, demon-
strating its great application potential in related environmental toxicology, air
pollution, and human health-related research.

DISCUSSION

The traditional analysis methods of microplastics such as imaging analysis and SEM
are limited to the 2D shape of the microplastics. Although the observation of
small-sized microplastics can be realized with the help of the high resolution of a
SEM instrument, there is a problem of inaccurate characterization and type determi-
nation of microplastics.'®*’ Therefore, the morphological characterization of micro-
plastics in previous studies is limited by the constraints of tools and instruments, and
it is difficult to achieve a balance between achieving high resolution and obtaining
comprehensive morphological features. With the high temporal-spatial resolution,
SRS microscopy proved to be a robust method for quantitative and 3D morphology
studies of nano-/microplastics through chemical imaging. Specifically, a 512 x 512
pixel SRS image sized as 89.6 X 89.6 um? could be digitized within 1.2's, whereas
MRS takes ~4 h to map a 30 x 30 pixel image with a 15 X 15 um? FOV, achieving
~12,000-fold improvement in frame imaging speed. Meanwhile, SRS offers higher
spatial resolution of ~350 nm. By comparison, the resolution of commercial MRS sys-
tems is limited around 1 pm. The time required to obtain the 3D structure of particles
isindeed influenced by their size. This is because the construction of the 3D structure
is based on a series of 2D images acquired along the z axis. Therefore, the total time
needed forimaging is estimated by considering the number ofimage stacks required
to cover the entire depth of the particles. For instance, by stepping through the z axis
of the samples with a step size of 0.5 um, a 10 um plastic particle with one component
requires 21 SRS images to render the 3D structure; hence, the acquisition time would
be ~25s. The high resolution of SRS enables small-particle-size and even nanoscale
plastics to be efficiently and accurately identified, and its excellent 3D chemical im-
aging capabilities can also accurately restore the distribution state and morpholog-
ical characteristics of microplastics in space, which makes the judgment of microplas-
tics morphological types more accurate and provides more comprehensive and
reliable supporting information for research on microplastic aging and traceability.

The aim of this work is to offer a methodology of nano-/microplastics detection with
SRS imaging. We first verified the capability of SRS in the detection of various types
and particle sizes of nano-/microplastics, showing that the current system could
achieve single-particle detection even at sizes down to 100 nm. Besides leveraging
the advantage of 3D chemical imaging, SRS can obtain the morphology of external
mixed microplastic samples. Considering the complexity of natural samples, we
further proposed a high wavenumber scanning method accompanied by low wave-
number verification. So as to demonstrate the applicability of this methodological
work, we presented two cases of nano-/microplastics detection in atmospheric envi-
ronmental samples and human lung tissues. Various types of nano-/microplastics
such as PP, PE, PMMA, and cellulose plastics were detected in atmospheric environ-
mental samples, and the interference of other impurities was effectively avoided.
The 3D morphological characteristics of PP and PE microplastics in the atmosphere
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were successfully obtained. Like the nano-/microplastics detected in atmospheric
samples, PP, PE, and cellulose nano-/microplastics were detected in 11 of 12 human
lung tissue samples, including fibrous, fragmented, and granular shapes.

Some previous studies on microplastics in the atmosphere have shown that PP, PE,
and cellulose are the most common types of microplastics in the atmospheric envi-
ronment.*®*~>" The size of atmospheric microplastics in previous studies was mainly
restricted by the sampling method and the level of detection and analysis, usually
concentrated in a few hundred microns, while most of the microplastics in this study
are below tens of microns, and only a few particles can reach nearly a hundred mi-
crons. Since the particle size of atmospheric particles is closely related to whether
they can enter the human body through the respiratory system and other metabolic
pathways, the size of microplastics needs to be paid attention to in atmospheric mi-
croplastic research. High concentrations of air pollutants may induce chronic inflam-
matory responses in the respiratory tract, which are associated with cardiovascular
and respiratory diseases.”” Based on this study, more attention should be paid to
the result that atmospheric microplastics are more concentrated in small-size parti-
cles and long fibers. In future research, SRS technology is expected to play an impor-
tant role in the morphology characterization, detection, and analysis of small-sized
microplastics in the environment, as well as in toxicological studies on air pollution
and human health, providing solid methodological support.

Arecentstudy by Amato-Lourenco et al. demonstrated the presence of microplastics in
lung tissue, with PP and PE being the most common types,>” which shows similar results
to our findings. Although our study showed a higher microplastics detection rate in
lung tissue, the comparison is not simple due to different experimental apparatuses
and lung tissue sample processing methods. For example, in the study of Amato-Lour-
enco, lung tissue samples were digested at 60°C by mixing digestive enzymes for 12 h,
density separated with ZnCl,, and filtered onto a silver membrane for Raman testing,
which was achieved by a 633 nm laser. In addition, the selection of patients in previous
studies included death due to hypovolemic shock and abdominal hemorrhage and pa-
tients with cerebral infarction, who may be less exposed to polluted air than those with
lung disease. The difference of detecting instruments would also affect the results. The
deposition of exogenous particulate matter in the lung includes three basic mecha-
nisms, inertial collision, deposition, and diffusion, and is affected by many factors
such as shape, particle size, and density. Some studies show that particles smaller
than 3 um are more likely to enter the deep location of lung tissues.”* Among the mi-
croplastics detected in lung tissue samples by SRS in this study, most of the particles
were between 1 and 2 um, and the fibrous microplastics were longer in length, but their
physical diameters were also below 3 pm. It is also worth noting that some of the par-
ticles are nanoplastics (Figure S7, arrows).

The results of our analysis agree with the idea that the respiratory system isindeed an
important pathway for human microplastic exposure and that microplastic accumu-
lation does exist in lung tissue. However, more robust studies are needed to prove
the relationship between the presence of microplastics in lung tissue and lung
disease and human health. Although microplastics are one of the important air pol-
lutants, current research does not have direct and sufficient evidence to prove that
microplastics are directly related to the above-mentioned diseases. The current
work focuses on the methodology, providing a strategy for rapid screening of micro-
plastic particles in natural samples and for revealing the existence of microplastics in
lung tissue samples, and we expect it to aid future robust testing to help develop
correlations between accumulation and health.
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There are still some deficiencies in the application of SRS in the field of nano-/micro-
plastics detection research. For example, one-shot SRS images only presented a
specific resonance Raman peak, lacking the full spectral information. To verify the
types of plastics, standard spontaneous Raman spectra as a benchmark are a prereg-
uisite. In addition, dyes might contribute huge transient absorption background and
so overwhlem the resolvable SRS signal. The above problems make it difficult to
establish a comprehensive and complete SRS microplastics standard database,
which has an impact on the quantitative research of nano-/microplastics. Future
research is needed to better apply SRS toward the accurate, comprehensive, and
rapid detection and characterization of nano-/microplastics.
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