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ABSTRACT: Microplastics (MPs) are pollutants of global concern, and
bioaccumulation determines their biological effects. Although microorganisms
form a large fraction of our ecosystem’s biomass and are important in
biogeochemical cycling, their accumulation of MPs has never been confirmed
in natural waters because current tools for field biological samples can detect
only MPs > 10 μm. Here, we show that stimulated Raman scattering
microscopy (SRS) can image and quantify the bioaccumulation of small MPs
(<10 μm) in protozoa. Our label-free method, which differentiates MPs by
their SRS spectra, detects individual and mixtures of different MPs (e.g.,
polyethylene, polypropylene, polyvinyl chloride, polyethylene terephthalate,
polystyrene, and poly(methyl methacrylate)) in protozoa. The ability of SRS
to quantify cellular MP accumulation is similar to that of flow cytometry, a
fluorescence-based method commonly used to determine cellular MP
accumulation. Moreover, we discovered that protozoa in water samples from Yangtze River, Xianlin Wastewater Treatment
Plant, Lake Taihu and the Pearl River Estuary accumulated MPs < 10 μm, but the proportion of MP-containing cells was low (∼2−
5%). Our findings suggest that small MPs could potentially enter the food chain and transfer to organisms at higher trophic levels,
posing environmental and health risks that deserve closer scrutiny.
KEYWORDS: bioaccumulation, microplastics, natural waters, protozoa, stimulated Raman scattering

■ INTRODUCTION
Microplastics (MPs) are plastic particles <5 mm in size.1 Found
in nearly every environmental compartment, these pollutants are
of global concern because they can accumulate in organisms and
enter the food chain.2,3 As the base of our food chain,
microorganisms (such as bacteria, algae, and protozoa) form a
large part of the biomass in various ecosystems and are critical in
biogeochemical cycling of various elements (e.g., carbon,
nitrogen, phosphorus) and pollutants.4 While MPs have been
shown to accumulate and cause adverse effects in micro-
organisms in the laboratory,5,6 their accumulation in real
environments has never been confirmed. Limited by the spatial
resolution of available tools such as spontaneous Raman and
infrared spectroscopy,7 current field studies have largely focused
only on the accumulation of MPs > 10 μm in large organisms
such as fish, mussels, shrimp, and crabs.8−10 Because small MPs
(<10 μm) can traverse biological barriers more readily and may
be more harmful than large MPs (>10 μm),11 investigating the
accumulation of large MPs in large organisms without knowing
the behavior of small MPs in microorganisms in the natural
environment may underestimate the potential risks of MPs.
The commonly detected polymers of MPs are polyethylene

(PE), polypropylene (PP), polyvinyl chloride (PVC), poly-
ethylene terephthalate (PET), polystyrene (PS), and poly-

(methyl methacrylate) (PMMA). It is estimated that surface
waters contain thousands to millions of these MP particles per
cubic meter.12−15 Yet, most laboratory studies to date have
examined only the bioaccumulation of PS. This is because
tracing MPs requires labeling the polymer with either
fluorescent dyes,16,17 heavy metals,18,19 or isotopes20,21 and
these techniques are mostly established for PS. The problem is
that labels can dissociate22 and labeling techniques cannot be
developed fast enough for the ever growing numbers of MPs.23

Because MPs in the natural environment are unlabeled, using
label-free methods could simplify the investigation process and
broaden the types of MPs that are detected.
Stimulated Raman scattering microscopy (SRS) is an

attractive label-free optical imaging technique for identifying
MPs. It coherently excites selected molecular vibrations through
a nonlinear process resembling stimulated emissions.24,25

Because its stimulation factor can be as high as 1 × 106, SRS is
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orders of magnitude faster and more sensitive than conventional
Raman microscopy. The method has been used to examine the
bioaccumulation of nanoparticles in cells26 and protozoa.27 Zada
et al.28 have also previously used SRS to identify various MPs
(including nylon, PET, PS, PP, and PE) in the sediments of the
Rhine estuary. While promising, for SRS to be a relevant method
for monitoring the vast number and variety of MPs in the
environment, its spectral information must expand beyond the
five calibrated polymers reported previously28 and its resolution
must go below 12 μm as the detection limit in Zada et al.28 for it
to identify smaller MPs that are likely to be taken up by highly
endocytic microorganisms such as protozoa. In the aquatic
environment, protozoans are important grazers of microbes with
critical roles in food chains, nutrient turnovers, and as
bioindicators of pollution and biocontrol agents.29,30

Here, using an improved homemade system reported
previously (Figure 1),31 we show that SRS can be used to
visualize and quantify the bioaccumulation of individual or a
mixture of PS, PVC, PP, PE, PET, and PMMAMPs (<10 μm) in
protozoa. Our system differentiates the polymers based on their
SRS spectra between 2800 and 3100 cm−1 rather than on the
specific wavenumber of each type of MPs.28,32 With a spectral
resolution of 5.4 cm−1 and spatial resolution of 400 nm in theory,
we detected MPs in laboratory grown Tetrahymena thermophila
and discovered PE and unidentified MPs < 10 μm in various
protozoa found in water samples collected from Yangtze River
(third longest river in the world), the Xianlin Wastewater
Treatment Plant, Lake Taihu (third largest freshwater lake in
China), and the Pearl River Estuary (one of China’s largest
estuaries with strong anthropogenic impacts). Our results show
that small MPs are widely distributed in different natural waters,
necessitating a closer examination of their impacts.

■ MATERIALS AND METHODS
Microplastics. The six types of MPs used in this study were

PE (Bowen Plastic Chemical Co. Ltd., Shanghai, China), PET
(Hongcheng New Material Co. Ltd., Guangdong, China),

PMMA (Rigor Technology Co. Ltd., Jiangsu, China), PP
(Wanda Plastic Material, Guangdong, China), and PVC
(Wanda Plastic Material, Guangdong, China). PS with sizes of
approximately 50 (55± 6 nm), 100 (113± 9 nm), 200 (200± 8
nm), 500 (425 ± 30 nm), and 3000 nm (2728 ± 103 nm) were
synthesized by adding different amounts of the emulsifier
sodium dodecyl sulfate and the initiator ammonium persulfate
during the polymerization.33 The morphology of the MPs was
visualized by scanning electron microscopy (Quanta FEG 250,
FEI, USA). Their chemical composition was determined by
Fourier transform infrared (FT-IR) (Tensor 27, Bruker,
Germany) and Raman spectroscopy (XploRA PLUS, Horiba,
France).

Cell Culture. Tetrahymena thermophila SB210 was obtained
from the Institute of Hydrobiology (Chinese Academy of
Sciences, Wuhan, China) and maintained in SPP medium at 24
± 1 °C.34 Potential effects of undefined components in SPP
medium on the dispersibility of the MPs were excluded by
performing the exposure experiments (described below) in
Dryl’s medium (2mMNaH2PO4, 1 mMNa2HPO4, and 1.5 mM
CaCl2 at pH 6.9).27 Before each exposure experiment, T.
thermophila cells were cultured in SPP medium until they
reached the midexponential growth phase, at which time they
were collected by centrifugation (1700 × g, 10 min), rinsed with
freshly prepared Dryl’s medium, and resuspended in exposure
medium.

Microplastic Exposure Experiments. Five exposure
experiments were performed: (1) T. thermophila cells (1 × 105
cells/mL) were exposed to 100 mg PE-, PET-, PMMA-, PP-,
PS-, or PVC-MPs/L for 120 min; (2) T. thermophila cells were
exposed simultaneously to 100 mg each of PE-, PET-, PMMA-,
PP-, and PVC-MPs/L and 20 mg PS-MPs/L for 120 min; (3) T.
thermophila cells were exposed to 0.16, 0.8, 4, 20, or 100 mg PS-
MPs/L for 120 min; (4) T. thermophila cells were exposed to 20
mg 50-, 100-, 200-, 500-, 1000-, or 3000 nm PS-MPs/L for 120
min; (5) T. thermophila cells were exposed to 20 mg PS-MPs/L
for 15, 30, 60, and 90 min. The size of the PS-MPs used in the

Figure 1. Schematic of SRSmicroscopy. PS: pulse shaper consisting of holographic grating, achromatic lens, and slit whose ultimate spectral resolution
can reach 2.5 cm−1. SC: spectral compressor consisting of a grating pair with a distance of 15 cm and a 15 m long PMSMF whose ultimate spectral
resolution can reach 4.87 cm−1 when the Stokes laser power is 425 mW. HWP: half-wave plate, PBS: polarizing beam splitter, L: lens; AOM: acousto-
optical modulator, G: grating, TD: time delay, PMSMF: polarization-maintaining single-mode fiber, DM: dichroic mirror, GM: galvo mirror, MO:
microscope objective; CO: condenser, BF: band-pass filter; PD: photodiode, LIA: lock-in amplifier; PC: personal computer.
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experiments described above was 500 nm unless specified
otherwise. At each time point of the exposure experiments, 2 mL
of cell suspension was collected, fixed in paraformaldehyde (final
concentration 2% w/v), and stored at 4 °C until imaged by SRS
as described below. In experiment (5), T. thermophila cells were
also exposed to fluorescently labeled 500 nm PS-MPs at a
concentration of 20 mg/L for 15, 30, 60, and 90 min. At each
time point, 0.5 mL of cell suspension was collected and the
cellular accumulation of PS-MPs was determined by flow
cytometry (BD, NJ, USA), as reported in our previous study.35

Field Sample Collection. Protozoa were collected from the
Yangtze River near Bagua Zhou (32.24203 N, 118.82989 E), the
aeration tank of the Xianlin Wastewater Treatment Plant
(32.15018 N, 118.94810 E), the Meiliang Bay of Lake Taihu
(31.50650 N, 120.13444 E), and the coastal water of the Pear
River Estuary (22.54687 N, 113.89402 E) as shown in the map
of Figure S1. Yangtze River was chosen because it is the third
longest river in the world and the sampling site in Yangtze River
is close to a chemical industry park. The wastewater treatment
plant we chose herein mainly treats urban domestic sewage.
Lake Taihu was chosen because it is the third largest freshwater
lake in China and the sampling site is in Meiliang Bay, which is
the one of the most polluted area in Lake Taihu.36 The coastal
water was collected from the Pearl River Estuary, which is one of
China’s largest estuaries with strong anthropogenic impacts.37

For this purpose, a cone-shaped plankton net (mesh size of 65
μm)with a collecting vessel at the narrow end was used to collect
protozoa from the surface water (0.1−0.5 m below the surface)
following a procedure similar to that recommended by the US
EPA.38 The samples collected from each site were divided in
half, with one-half fixed in paraformaldehyde (final concen-
tration 2%w/v) on site and stored at 4 °C until SRS imaging and
the other half left unfixed but sent to the laboratory immediately
to be examined by conventional compound microscopy.

SRS Imaging. The SRS microscope contained a dual-output
femtosecond laser (InSight DeepSee, Spectra-Physics, Newport,
USA) with a repetition rate of 80 MHz. The pulse width of the
800 nm pump laser was 120 fs, and the laser was coupled to a 0.3
m polarization-maintaining single-mode fiber (PMSMF). After
the pump laser had transmitted the beam to a 4f pulse shaper
system, consisting of a grating (1800 l/mm@840 nm, Wasatch
Photonics, UT, USA), a lens, and a slit with a mirror on a
motorized stage, pulses were delivered with a pulse width of
∼2.5 ps, as measured by an autocorrelator (CARPE, APE). The
pulse width of the 1040 nm Stokes laser was 220 fs, with the laser
pulses sent to a spectral compressor after modulation of the laser
beam by an acousto-optic modulator at a frequency of 2.7 MHz.
The spectral compressor consisted of a grating pair (1000 l/mm,
LSFSG-1000, LightSmyth, OR, USA) with a distance of 15 cm
and a 15 m PMSMF for self-phase modulation. The pulse width
of the Stokes laser (∼6.5 ps) was measured through the two-
photon signal of rhodamine 6G, using a time-delay module. A
dichroic mirror (DMSP1000L, Thorlabs, NJ, USA) and a time-
delay module were used to combine the pump and probe beams
spatially and temporally. The lasers were delivered to a 2D
galvanometer for SRS imaging; two short-pass filters (ET980sp,
Chroma, VT, USA) were used to block the stokes beam. The
objective lens we used (UPLSAPO 60XW) has a magnification
of 60× and its numerical aperture (NA) is 1.2. After interaction
with the sample, the transmission laser was collected by using a
high NA (1.4) oil condenser (U-AAC, Olympus). A homemade
photodiode with resonant and lock-in amplifiers (HF2 LI,
Zurich Instruments, Switzerland) was used to detect the SRS

signal.31 The Labview platform synchronized wavelength
scanning with stacking of the X-Y-Ω images. The powers for
pump and Stokes lasers were 3 and 300mW, respectively, before
the galvanometer and were 1.5 and 150 mW, respectively, at the
sample. The mapping step size was 800 nm, and the dwell time
was 10 μs unless otherwise specified. Hyperspectral SRS imaging
was performed by varying the Raman shift from 2800 to 3100
cm−1, thus covering the C−H stretching bands of proteins and
lipids as well as the stretching bands of the different MPs. The
fingerprint spectra in the range of 800 to 1800 cm−1 can also
distinguish the different MPs. But their intensity is relatively
weak, and thus the detection limit is not as good as those in the
range of 2800 and 3100 cm−1. While the detection limit can be
improved by increasing the laser power, this may burn and
destroy the biological sample. Even though the wavenumber we
used herein was between 2800 and 3100 cm−1, there is still a
need to increase the pulse width to reduce the transient power of
the laser so that we can image protozoan cells without burning
the sample.
After SRS data acquisition, the multivariate curve resolution

(MCR) algorithm was used to decompose the three-dimen-
sional SRS imaging data matrix D (X-Y-Ω) into signal intensity
profiles and the Raman spectra of the principal components,
represented by matrices C and ST in eq 1, where T is the
transpose of the matrix S and E is the residual matrix or
experimental error.

D C S ET= · + (1)

The MCR input is the 3D matrix D and the reference
spectrum of each component. S contains the output spectra of all
fitted components related to the reference spectrum. Based on
an initial estimate of the pure spectra from a principal
component analysis or prior knowledge, an alternating least-
squares algorithm calculatesC and S according to eq 1 iteratively
until the results optimally fit the data matrix D. Since the inputs
to MCR require both data set and the initial estimation of SRS
spectra for major components, a k-means clustering algorithm is
employed to partition all SRS spectra of each pixel into groups,
and the spectra of each group are then used as initial spectral
estimation for the MCR algorithm.

■ RESULTS AND DISCUSSION
SRS Detects Individual and Mixture of MPs. We first

tested the ability of SRS to image a mixed suspension of 100 mg
of PE-, PET-, PMMA-, PP-, PS-, and PVC-MPs/L (based on
carbon weight). MPs obtained by polymerization (PMMA and
PS) and phase separation (PVC and PP) are spherical, while
those obtained by ball-milling (PE and PET) have irregular
shapes. All six MPs dispersed well in Dryl’s experimental
medium and their primary particle size ranged from 211 to
16698 nm (see the Supporting Information and Figure S2 for
detailed physicochemical characterization of the MPs).
SRS spectral differences of the polymers between 2800 and

3100 cm−1 (Figure S2d) obtained through the integration of
hyperspectral SRS imaging, k-means clustering, and MCR
analysis enabled label-free imaging of PE-, PET-, PMMA-, PP-,
PS-, and PVC-MPs.39 As mentioned before, MCR is a bilinear
model that decomposes the SRS spectral data set and outputs
SRS signal intensity maps and Raman spectra of the principal
components. The signal intensity of a component at each pixel in
the map is expressed as a percentage relative to the intensity of
the MCR-optimized spectrum. A hyperspectral stack of 250
images at wavenumbers between 2800 and 3100 cm−1 was
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acquired in 400 s (Supplementary Movie 1). Analyzing the X-Y-
Ω (Ω: Raman shift) image stack using the MCR algorithm, we
retrieved both the spectra (Figure 2a) and SRS signal intensity
maps for PE, PET, PMMA, PP, PS, and PVC (Figure 2b). The
MCR-optimized spectra for all 6 MPs matched their individual
SRS spectra in Figure S2d. Overlay of all SRS signal intensity
maps is shown in Figure 2c. These results demonstrate that SRS
can image mixed suspension of MPs.

SRS Imaging of MPs in Laboratory Grown Protozoa.
To investigate whether SRS can be used to visualize the
bioaccumulation of MPs in protozoa, we exposed laboratory
grown T. thermophila to 100 mg/L of either PE, PET, PMMA,
PP, PS, or PVCMPs for 120 min before collecting and analyzing
the hyperspectral SRS images of the exposed organisms using
theMCR algorithm. The outline ofT. thermophila is constructed
from the SRS signal intensity map of its proteins and lipids that
generated C−H vibration Raman peaks at 2490 and 2935 cm−1

(Figure 3, top row).27 All 6 MPs accumulated significantly in the
food vacuoles of T. thermophila (Figure 3, middle and bottom
row).
Because natural environments contain a variety of MPs,40

more than one type of MP is likely to accumulate in the

organisms. To examine whether SRS can identify different types
of MPs that accumulate in the protozoa, we exposed T.
thermophila to a mixture containing 100 mg/L each of PE-,
PET-, PMMA-, PP-, and PVC-MPs and 20 mg/L of PS. A lower
concentration of PS was applied because our preliminary
experiment shows that PS accumulates more readily in T.
thermophila than other MPs. This difference in bioaccumulation
is likely due to differences in size, shape, density, and chemical
composition of the MPs.41

The SRS-derived signal intensity maps show all 6 MPs
accumulated in T. thermophila (Figure 4). Although each cell
can accumulate multiple types of MPs simultaneously, no single
cell can accumulate all six MPs at the same time. Despite the
lower concentration, PS showed the highest uptake, followed by
PVC and PMMA. The low uptake seen with PP, PE, and PET
MPs is likely due to their irregular shapes and broader size
distribution. While further studies are needed to understand this
differential accumulation of MPs, these results show SRS can
simultaneously identify all 6 types of MPs in T. thermophila and
is thus a valuable tool for studying bioaccumulation of MPs in
the natural environment.

Figure 2. SRS imaging of a mixture of microplastics (MPs) in experimental medium. (a) SRS spectra of a mixture of 100 mg PE-, PET-, PMMA-, PP-,
PS-, and PVC-MPs/L in Dryl’s medium (2 mM NaH2PO4, 1 mM Na2HPO4, and 1.5 mM CaCl2 with pH 6.9). (b, c) Individual (b) and merged (c)
SRS signal intensity maps of PE-, PET-, PMMA-, PP-, PS-, and PVC-MPs in the same field of view. In the maps, the signal intensity of each type of MP
at each pixel is expressed as the percentage relative to the intensity of the multivariate curve resolution (MCR)-optimized spectrum. Scale bars, 10 μm.

Figure 3. SRS imaging of T. thermophila exposed to a single type of MP. The top row shows the outline of T. thermophila cells exposed to 100 mg PE-,
PET-, PMMA-, PP-, PS-, or PVC-MPs/L in Dryl’s medium (2 mM NaH2PO4, 1 mM Na2HPO4, and 1.5 mM CaCl2 with pH 6.9) for 120 min, as
indicated by the SRS signal intensity maps of proteins and lipids. The middle row is the SRS signal intensity maps of the different types of MPs as
accumulated in the T. thermophila cells of the top row, and the bottom row is the merged SRS signal intensity maps of the proteins, lipids, and the
corresponding MPs in the same field of view as that shown in the top and middle rows. In the maps, the signal intensity of each component (i.e.,
proteins, lipids, or MP) at each pixel is expressed as the percentage relative to the intensity of the MCR-optimized spectrum. Scale bars, 10 μm.
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According to Li et al.,12 the abundance of MPs in freshwater
systems varies with the location, from above 1 million pieces per
cubic meter to less than 1 piece in 100 m3. Then we can estimate
that the mass concentration of MPs in freshwater systems varies
from 125 pg/L to 12.5 mg/L based on an average weight of 12.5
μg for an environmentally relevant MP particle.42 A recent
mathematical model43 further predicts that by 2030, the
concentration of MPs in the subtropical convergence zone will
increase 2-fold. We used our SRS-based method to visualize the
bioaccumulation of MPs at environmentally realistic concen-
trations.T. thermophila cells were exposed to 0.16, 0.8, 4, 20, and
100 mg PS-MPs/L (primary particle size∼500 nm) for 120 min
and imaged thereafter. Significant amounts of PS-MPs
accumulated in the cells at all of the tested concentrations
(Figure 5a). However, as the ambient PS-MP concentration
decreased from 100 to 0.16mg/L, the dwell time of SRS imaging
increased from 10 to 200 μs. At 0.16 mg/L, the intracellular
concentration of PS comes close to the detection limit of our
SRS because a high dwell time (or laser power) increases signal
noise.44 Given that bioaccumulation in natural environments
increases over time, the exposure concentration of PS could be
lowered further for exposures longer than 120 min.
Because MPs in the natural environment come in all sizes, we

also exposed T. thermophila to 50, 100, 200, 500, and 3000 nm
PS-MPs for 120 min (Figure S3). Although the size detection
limit of our SRS is ∼400 nm as restricted by Abbe’s diffraction
limit,45 all sizes accumulated significantly in the cells (Figure
5b). Small particles (50, 100, and 200 nm) below the diffraction
limit were observed as a result of their stronger SRS signal
compared to the background. Additionally, they may aggregate
or concentrate in micron-sized cellular compartments such as
food vacuoles (∼5 μm),46 which makes them easier to be
detected.
We further used SRS to monitor and quantify the

bioaccumulation of PS-MPs over time. T. thermophila cells
were exposed to 20 mg/L of 500 nm PS-MPs for 15, 30, 60, and
90 min, and SRS spectra were obtained for each time point.
Accumulation of fluorescently labeled PS of the same size was

examined in parallel by flow cytometry. We observed PS
accumulation increasing with exposure time (Figure 5c). When
the cellular concentration of PS-MPs is expressed as the ratio of
the area of pixels identified as PS-MPs to the area of pixels
identified as T. thermophila, we found a linear correlation
between the cellular concentration of MPs and exposure time

Figure 4. SRS imaging ofT. thermophila exposed to all six types of MPs simultaneously. The first column is the outline of the representative T.
thermophila cells simultaneously exposed to 100 mg PE-, PET-, PMMA-, PP-, and PVC-MPs/L and 20 mg PS-MPs/L in Dryl’s medium (2 mM
NaH2PO4, 1 mM Na2HPO4, and 1.5 mM CaCl2 with pH 6.9) for 120 min, as indicated by the SRS signal intensity maps of proteins and lipids. The
second to seventh columns are the SRS signal intensity maps of the different types ofMPs as accumulated in theT. thermophila cells of the first column;
the eighth column shows the merged SRS signal intensity maps of the proteins, lipids, and the corresponding MPs in the same field of view as that
shown in the first to seventh columns.While each cell can simultaneously accumulate multiple types of MPs, none of the cells accumulated all 6 MPs at
once. Despite the lower concentration, PS showed the highest uptake, followed by PVC and PMMA. The low uptake seen with PP, PE and PETMPs is
likely due to their irregular shapes and broader size distribution. In the maps, the signal intensity of each component (proteins, lipids, or MPs) at each
pixel is expressed as the percentage relative to the intensity of the MCR-optimized spectrum. Scale bars, 10 μm.

Figure 5. SRS imaging ofT. thermophila exposed to PS-MPs. (a) SRS
imaging shows that the accumulation of PS-MPs (500 nm) by T.
thermophila cells increased as the concentration (0.16−100 mg/L) of
the MPs in the exposure medium (Dryl’s, 2 mM NaH2PO4, 1 mM
Na2HPO4, and 1.5 mMCaCl2 with pH 6.9) increased. (b) SRS imaging
shows the accumulation of 50-, 100-, 200-, 500-, and 3000 nm PS-MPs
in T. thermophila cells. (c) SRS imaging shows that the accumulation of
PS-MPs (500 nm) in T. thermophila increased as the exposure time
increased. (d) According to the results in (c), the intracellular
concentration of PS-MPs ([PS]cell‑SRS), expressed as the ratio of the area
of pixels identified as PS-MPs to the area of pixels identified as T.
thermophila, increased linearly with the exposure time. In the SRS signal
intensity maps of (a−c), the signal intensity of each component (i.e.,
proteins, lipids, or MP) at each pixel is expressed as the percentage
relative to the intensity of the MCR-optimized spectrum. Scale bars, 10
μm.
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(Figure 5d). Cellular concentration of PS-MPs determined by
flow cytometry also correlated linearly with the exposure time
(Figure S4a) and the cellular concentration of PS-MPs obtained
by SRS (Figure S4b). Together, these results demonstrate that
besides imaging, SRS can also quantify bioaccumulation of MPs.

SRS Imaging of MPs in Protozoa from Natural Waters.
Encouraged by the laboratory observations, we used SRS to
examine whether bioaccumulation of small MPs (<10 μm)
occurs in protozoa from field samples. We collected and
examined water samples from four representative aquatic
systems: the Yangtze River, a wastewater treatment plant,
Lake Taihu, and the Pearl River Estuary (see Materials and
Methods and Figure S1 for detailed information on sampling

sites). In contrast to conventional Raman spectroscopy, SRS is a
nonresonant technique and its signal is not interfered by
fluorescence.47 Nevertheless, the pump−probe signal from the
sample with strong fluorescence may still cause significant
interference.48 In the present study, some phytoplankton were
collected, which could not be detected by SRS due to their
strong pump−probe signals, but most of the protozoa can be
clearly imaged by SRS.
All four sites showed similar MP bioaccumulation. Among the

∼150 protozoan cells examined for each site (Figure S5), MPs
were consistently detected inside 3−8 cells (∼2−5%) (Figure
6). SRS imaging (Figure 6a−d) and spectra (Figure 6e−h)
identified two types of MPs: MP1 and MP2. Out of 12

Figure 6. SRS imaging of protozoa collected from natural waters. (a−d) SRS images of the protozoan cells from water samples of Yangtze River (a),
XianlinWastewater Treatment Plant (WWTP) (b), Lake Taihu (c), and the Pearl River Estuary (PRE) (d). (e−h) SRS spectra of the first (MP1) and
second (MP2) types of MP as seen in the SRS images (a−d). While the SRS spectrum of MP1 can be clearly identified as PE, the spectrum for MP2 is
less clear-cut. Spectrum-matching results from PublicSpectra (https://publicspectra.com/) revealed that MP2 could be nylon 46, thermoplastic
polyester elastomer, acrylic rubber, or polyether block amide. In contrast to (a−c), the whole SRS image of (d) cannot be decomposed by the MCR
algorithm. Therefore, only the red boxed area in (d) was processed by MCR. Scale bars, 10 μm.
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protozoan cells shown in Figure 6a−d, MP1 were found in 11
and MP2 were in three cells. While the SRS spectrum of MP1
can be clearly identified as PE (Figure 2a and Figure S2), the
spectrum for MP2 is less clear-cut. Spectrum-matching results
from PublicSpectra (https://publicspectra.com/) revealed that
MP2 could be nylon 46, thermoplastic polyester elastomer,
acrylic rubber, or polyether block amide. Besides protozoan
cells, water samples collected from the Yangtze River also
contained unknown cell aggregates or blastula whose surfaces
were covered with PE-MPs. Copepod neonates from the estuary
water also contained PE-MPs (Figure S6). Together, our results
show bioaccumulation of MPs in microorganisms is ubiquitous
across different aquatic systems including freshwater, waste-
water, and seawater.
Although our SRS system offers the spectral information and

resolution required to detect MP < 10 μm inmicroorganisms, its
current throughput is very low as the SRS spectra between 2800
and 3100 cm−1 (instead of a single wavenumber) from each pixel
of the target organism are collected. Further, because each cell
needs to be examined manually under the microscope,
inspecting 100 protozoan cells for MPs takes around 1−2
days. At this rate, it is less likely that other MPs will be detected,
especially if their concentrations are much lower than those of
PE. Increasing the throughput of the method in the future could
increase the likelihood of detecting other types of MPs in the
protozoa and improve the accuracy of the protozoan population
that contains MPs (e.g., the proportion of MP-containing cells
or the ratio of the area of pixels identified as MPs to the area of
pixels identified as cells). Accurate data on MP bioaccumulation
in protozoa could serve as an indicator of the concentration of
small MPs in the natural environment. Moreover, if the
throughput is highly improved, we can perform a systematic
study about the spatiotemporal pattern for the accumulation of
MPs in protozoan and also other organisms in natural waters.
Additionally, potential changes in the Raman spectra of

weathered MPs in the natural environment should also be paid
attention to. In fact, MP weathering is a challenge to all the
detection methods such as Raman scattering, FT-IR, and also
the mass spectrometry based technique. Theoretically, it would
be better to collect different MP samples from the environment
and build a database for weathered MPs, which could improve
the accuracy of MP identification. In the present study we
performed a hyperspectral mapping for the whole field of view
and the SRS spectra between 2800 and 3100 cm−1 of each pixel
of the image were obtained. Under this condition, we can
identify the MPs not only based on their signal peak but also
based on the shape of their spectra. Therefore, as long as the
chemical composition of the weathered MPs does not change
that much (e.g., not transformed completely to other
substances), we can still identify them based on the shape of
their SRS spectra. This is another advantage of obtaining the
SRS spectra of each pixel for the field of view of a sample instead
of imaging at a single wavenumber.
In summary, we realized label-free imaging of multiple types

ofMPs in protozoan cells grown in the lab and obtained from the
field. Our method, which identifies MPs by their SRS spectra,
show protozoa and other organisms in various natural waters
accumulate MPs < 10 μm. Consistent with world plastic
production volumes,14 PE was the most prevalent plastic found
in the microorganisms. The low proportion of protozoan cells
containing MPs < 10 μm in our study suggests that the
concentration of small and ultrasmall MPs in natural waters is
low as reported previously.49 However, this could change over

time as more plastics are produced, released, and fragmented in
natural waters,42,50 Higher concentrations of small (<10 μm)
MPs in the environment could lead to greater accumulation in
microorganisms like protozoa, which, in turn, could impact
biogeochemical cycling. Further, because microorganisms are at
the base of our food chain, accumulated MPs can enter the food
chain and impact organisms at the higher trophic levels
including humans. Given small MPs migrate more easily and
exert significantly greater biological effects than large MPs, their
potential environmental and health risks merit a closer look.
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