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1. Introduction

Quantitative assessment of in vivo distribution of
nanoplastics in bivalve Ruditapes philippinarum
using reliable SERS tag-labeled nanoplastic
modelsT}

Hongyu Du,?® Yunging Wang,**<® Panpan Zhang,*® Rongchao Mei,? Yunxia Ji,?
Xizhen Zhao,?® Zhiyang Zhang,*< Jiping Ma® and Lingxin Chen (& *2f<d

Nanoplastics (NPs) as emerging marine pollutants can be taken up by seafood organisms. It is crucial to
quantitatively assess NP’s distribution behavior in organisms to elucidate concentration dependent bio-
logical effects. Such a knowledge gap has remained due to the lack of reliable NP models and analytical
methods. Herein, surface enhanced Raman scattering (SERS)-labeled NP models were developed and
their bioavailability, distribution and accumulation in Ruditapes philippinarum, a typical marine bivalve,
were quantitatively studied. Taking advantage of the sensitive and characteristic SERS signals of the NP
models, distribution could be quickly and accurately obtained by the Raman imaging technique.
Moreover, quantitative analysis of NPs could be performed by the detection of gold element contents via
inductively coupled plasma mass spectroscopy (ICP-MS) detection. ICP-MS results revealed that after 3
days exposure of monodispersed NPs (100 nm, 0.2 mg L™, the digestive gland accumulated 86.7% of
whole-body NPs followed by gill (5.2%), mantle (5.1%), foot (1.3%), exhalant siphon (1.1%), and adductor
(0.6%). Upon 11 days depuration, 98.7% of NPs in the digestive gland were excreted, whereas the clear-
ance ratios in other organs were much lower. NP aggregates (around 1.5 pm) demonstrated similar distri-
bution and clearance trends to the monodispersed ones. However, the accumulation amount in each
organ was 15.2% to 77.6% lower. Surface adherence and passive ingestion routes resulted in NP accumu-
lation, which contributed to the comparable NP abundance in these organs. Additionally, boiling treat-
ment (mimicking a cooking process) did not decrease the NP amount in these organs. This work provided
a dual-mode and quantitative analysis protocol for NPs for the first time, and suggested the risk of NP
uptake by humans via bivalve seafood diets.

environment, they go through physical and biological degra-
dation processes, resulting in the formation of micro-nano-

Marine plastic pollution has become one of the critical global
environmental problems." Once plastics are released into the
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plastics.” These particles as emerging contaminants have been
detected in numerous marine ecosystems from the equator to
the poles, from surface water to sediment, and from coast to
open sea. Because of their small size and plentiful abundance,
growing studies have evidenced that they could be readily
ingested by over 690 marine organisms at different trophic
levels.?

Bivalves are proposed as a target group to research marine
plastic pollution because of their global distribution, vital eco-
logical niches, susceptibility to plastic uptake and close con-
nection with marine predators and human health. In recent
years, research on the distribution and effects of microplastics
(MPs) on bivalves has intensified.* For example, field-survey
studies revealed that seven types of MPs existed in the digestive
systems of four locally cultured bivalve species (scallop
Chlamys farreri, mussel Mytilus galloprovincialis, oyster
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Crassostrea gigas, and clam Ruditapes philippinarum) in
Qingdao city over four seasons.’ In a study in South Korea,
MPs in bivalve seafood mainly sold in the market were in an
average concentration of 0.15 + 0.2 n g~ ".° Laboratory research
indicated that 80 pm MPs could be ingested and accumulated
on the surface of mussel gills and transferred to the digestive
gland.” Ingestion of MPs might cause histopathological
damage to the digestive system, alteration in metabolic pro-
files, changes in energy metabolism and inflammatory
responses, starvation, or malnutrition. For example, Urban-
Malinga et al.® investigated the responses of two common bur-
rowing bivalves to PE MPs and found that bivalve behaviors
changed after the addition of MPs to the sediment surface.
Woods et al.® exposed Mytilus edulis to PET microfibers shorter
than 0.5 mm over 9 h and demonstrated that the filtration rate
decreased under exposure to a concentration of 3 MPs mL™".
In a study by Detree and Gallardo-Escarate,'® after two periods
of exposure to 1-50 pm of HDPE MPs, mussels were found
to show significant changes between the transcriptomes of
different tissues inducing immune system modulation and
homeostasis alteration. Furthermore, the organs that are most
affected by MP exposure are the digestive gland and gills. Brate
et al.™" exposed Mytilus galloprovincialis to PE MPs (0.01 mg
mL™"; 50-570 pm) and found that PE MP ingestion resulted in
structural changes to the gills and digestive gland, as well as
necrosis in other tissues such as the mantle. Comparatively,
the understanding of the in vivo behaviors of nanoplastics
(NPs, less than 1 pm), which probably have a higher binding
affinity, biological barrier penetration ability and biological
toxicity, has remained elusive.'>"?

The main reason is the lack of an ideal in vivo analysis
method for NPs. Raman technology is a popular method for
MP detection. It is a non-contact technique with a highly
specific fingerprint spectrum and with negligible interference
from water.'* By collecting the unique Raman spectra of
plastic polymers at each pixel, a Raman image can be gener-
ated to directly visualize MPs."> However, it is challenging to
analyze NPs due to the microscale spatial resolution.'® When
the detected NP size was down to 100 nm, Raman mapping
could only produce an image with a much larger scale.” Dark-
field hyperspectral microscopy has been used to identify MPs
and NPs confined within nematodes in an intuitive and fast
manner."® This optical technique is suitable for the analysis of
thin and transparent biological samples, and deep-tissue
measurements for large organisms can hardly be realized. To
date, many studies have used fluorescently-labeled plastic
models to assess the fate of NPs in organisms with the aid of
fluorescence imaging.'® However, the accuracy of this method
was questioned because the fluorescent dye can leach out of
the NPs and stain biological tissues, causing false-positive
results.>>*! In addition, autofluorescence of certain organisms
is strong and causes severe interference in the imaging results,
preventing the general application of fluorescent models.”?
Moreover, restricted by the sensitivity, the organs ready for
detection were mostly limited to those with relatively high NP
abundance;*® whole-body distribution investigations have
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been hardly carried out. To overcome these problems, some
novel labeling and detection techniques have been proposed
recently. For example, '*C-radiolabeled NPs were developed to
study the NP accumulation in clam Pecten maximus.>* Metal-
doped NPs were produced to investigate their fate and behav-
ior in complex environmental systems by inductively coupled
plasma mass spectroscopy (ICP-MS).>* These methods are sen-
sitive and specific; however, they could not realize in situ and
real-time imaging analysis. To date, the development of highly
robust and sensitive NP model particles and rapid imaging
methods has been in great demand for NP studies.

Surface enhanced Raman scattering (SERS) tags have
attracted much attention for bioimaging analysis due to their
high sensitivity, multiplex labeling ability, and satisfactory bio-
compatibility.>® SERS tags are composed of noble metal nano-
particle cores and organic Raman reporter molecules attached
to the core surface. Upon laser irradiation, SERS tags emit
strong characteristic SERS signals of Raman reporters, which
can be used to track the tags in living cells or organisms. The
SERS labeling protocol is superior to fluorescent dye labeling
towards NPs because it prevents not only false-positive results
but also biological background interference.>” Moreover, dual
information, i.e., SERS signal and mapping results obtained by
the Raman imaging technique, as well as gold element
content obtained from ICP-MS detection, can be applied to
indicate the distribution and accurate amount of the NPs. The
two analysis results can complement and confirm each other.

Herein, SERS tag-labeled NP model particles with satisfac-
tory sensitivity, anti-interference ability and reliable in vivo
signal stability were developed. Based on this model, the
uptake, in vivo distribution and excretion behaviors of NPs in a
marine bivalve model, Ruditapes philippinarum, were quantitat-
ively studied. The highlighted findings were as follows: (1)
ingested NPs translocate from the digestive gland to peripheral
organs such as muscle, exhalant siphon and adductor, and
NPs in these organs are excreted at different rates in clean sea-
water; (2) monodispersed NPs (100 nm) accumulate more than
NP aggregates (1.5 um) in the organs with the same NP con-
centration; (3) the accumulation of NPs through adherence on
the organ surface cannot be neglected; and (4) cooking pro-
cesses cannot effectively remove the accumulated NPs.

2. Materials and methods
2.1 Materials

Chloroauric acid (HAuCl,), hydroxylamine hydrochloride
(NH,OH-HCl), silver nitrate (AgNO;), r-ascorbic acid (AA),
styrene (St), hydrochloric acid (HCl), and ethanol were
purchased from Sinopharm Chemical Reagent Co. Ltd.
Sodium citrate, sodium borohydride (NaBH,), and poly-
(vinylpyrrolidone) (PVP) were obtained from Aladdin.
Cetyltrimethylammonium bromide (CTAB) was purchased
from Sigma-Aldrich. Divinylbenzene (DVB) and 2,2-azobis(2-
methylpropyl) dihydrochloride (AIBA) were purchased from
Macklin. Cyanine 7 chlorine (Cy7) was synthesized in our lab-
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oratory. Bovine serum albumin (BSA) was purchased from

Beyotime Biotechnology. The water used in the experiment was

ultrapure water obtained by secondary purification (18.2 MQ
—1

cm™).

2.2 Characterization

The SERS spectra were recorded by using a DXR Raman micro-
scope (Thermo Scientific, USA). A 780 nm laser (89 mW) was
focused by a 10x microscope objective for NP sample solution
and bivalve measurements. Dark-field images of NPs were cap-
tured by using an optical microscope (Eclipse Ti2, Nikon,
Japan) equipped with a dark-field condenser (dry 0.95-0.80).
Transmission electron microscopy (TEM) images were
obtained on a JEM-1400 transmission electron microscope
(JEOL, Japan). Scanning electron microscopy (SEM) images
were acquired on an S-4800 field emission scanning electron
microscope (Hitachi, Japan). Fourier transform infrared (FTIR)
spectra were recorded on an FTIR-6300 infrared spectrometer
(Jacso, Japan). 1 mL of SERS@PS and SERS@PS@BSA (500 mg
L") was vacuum-dried for 12 hours and the powders were
pressed into KBr tablets for analysis. The zeta potential and
dynamic light scattering (DLS) measurements were performed
on a Zetasizer NanoZS90 (Malvern Instruments, U.K.).
Inductively coupled plasma mass spectrometry (ICP-MS) was
carried out on a PerkinElmer SCIEX ELAN DRC II.

2.3 Preparation of SERS labeled NPs

SERS@PS NPs were prepared according to our previous
works.?”*® Gold nanostar (AuNS) based SERS tags were first
synthesized (details in the ESI{), followed by a polystyrene (PS)
shell coating process. Briefly, 19.5 mL of water and 82.5 mL of
ethanol were added to a mixture of purified St (0.95 mL), DVB
(0.05 mL), and PVP (300 mg) in a 250 mL two-necked flask
equipped with a reflux condenser and a Teflon coated mag-
netic stirring bar. The reaction mixture was stirred at 70 °C for
1 h under a nitrogen atmosphere. Then, 3 mL of an aqueous
AIBA solution (1.7 wt%) was added to the flask. After 8 min,
15 mL of a SERS tag solution was introduced into the reaction
mixture. The reaction was continued with heating at 70 °C for
another 12 h under a nitrogen atmosphere. Then SERS@PS
NPs were obtained and washed 5 times by being centrifuged in
water to remove the residual reactants and free PS NPs. To
prepare NP models covered with BSA corona (SERS@PS@BSA),
SERS@PS NPs were dispersed with BSA solution (1 mg mL™)
and incubated for 12 h, followed by centrifugation (6000 rpm,
2503g) to remove the residual BSA.

2.4 Bivalve collection and experimental design

Healthy bivalve Ruditapes philippinarum samples (2.0 + 0.5 cm
shell length) were collected from Sishili Bay (Shandong,
China). Before particle exposure, the bivalves were temporarily
kept for one week in glass tanks equipped with mute air pump
ventilation systems to acclimate to the laboratory conditions,
and natural seawater was changed every day. Natural seawater
(pH ~ 8, temperature at 24.0 °C, salinity ~33%o) was sand fil-
tered (10 pm) followed by ultraviolet irradiation at a dose of

This journal is © The Royal Society of Chemistry 2022
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46 mJ cm™>. Bivalves were fed daily with a suspension of
Chlorella vulgaris (0.1 g L™") during acclimation or experi-
mental assay.

After the acclimation period, the bivalves were randomly
divided into three tanks with 10 L capacity, each containing
50 individuals (one tank per concentration). Bivalves were
exposed to separate treatments (each with three replicates)
containing 0.2 mg L™ (about 5.9 x 10"" particles per mL, see
the calculation in the ESIT) SERS@PS NPs and SERS@PS@BSA
NPs, and a control group without NPs. During the exposure
period, the NPs and seawater were entirely changed every day.
After 3 days exposure, bivalves were transferred to separate
tanks with clean seawater for 11 days depuration. During the
depuration period, seawater was changed every day. The total
experiment time was 14 days. The in vivo distribution of NPs
was determined by SERS measurement (at 1, 2, 3, 4, 8, 10, and
14 days, 3 bivalves each time) and via ICP-MS detection (at 1, 2
and 3 and 14 days, 3 bivalves each time).

2.5 SERS detection of NPs in bivalves

SERS spectra from the foot muscle, exhalant siphon, adductor,
gill, mantle, and digestive gland of the bivalves were measured
after dissection. The tissues were fixed on glass coverslips
before recording the spectra. SERS mapping was carried out by
the preparation of tissue slices with a scanning step size of
20 pm in both the x and y directions. The cross-section slices
of muscular organs (adductor and foot) were prepared and
fixed with paraffin. The false-color images were obtained from

the intensity of the characteristic Raman peak of 1207 cm™.

2.6 Analysis of Au in bivalves by ICP-MS

The bivalves were dissected at 1, 3, and 14 days. The same
organs (adductor, foot, exhalant siphon, mantle, gill, and
digestive gland) of three bivalves were pooled together followed
by acid digestion. 1.0 mL of HNO; was added to each organ
and heated for 12 h at 90 °C. Clear solutions could be
obtained, the volumes of which were fixed to 10.0 mL for the
ICP-MS analysis of Au. The main operating conditions were as
follows: the auxiliary flow was 0.025 L min~" and the plasma
gas flow was 0.5 L min~". The quantification was performed
using an eight-point calibration curve between 1 and 500 ng
mL™", and ""°In was chosen as an internal standard element.
Sole SERS@PS NPs (100 nm, 5.9 x 10"" particles per mL) were
used for NP recovery tests. At the end of the process, we were
able to retrieve 85.5% of the NPs added. The recovery of NPs
from the main organs was tested by a standard addition experi-
ment and a satisfactory result of 86.2% was obtained
(Table S17).

2.7 Statistical analysis

The experiments were conducted using a completely random-
ized design. Origin 8.0 (IBM) and Microsoft Excel 2019
(Microsoft) software were used to analyze the data, determine
the variances, and prepare the diagrams. SPSS was used to
examine the correlation of data obtained from ICP-MS and
SERS methods, and the mode was set to “Spearman” and “two-
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tailed”. Values were expressed as means + standard errors
(SEs).

3. Results

3.1 Characterization of NPs

Fig. 1A shows the schematic illustration of SERS@PS NPs,
which were composed of three parts: (1) gold nanostars
(AuNSs) as a SERS enhancement nanosubstrate; (2) Raman
reporter molecules (Cy7 dye) attached to the surface of AuNSs,
which generated a characteristic SERS signal, and this signal
was distinguishable in biological matrices without interference
and can indicate the presence of the NPs; and (3) a compact
polystyrene (PS) shell over the bare SERS tag to simulate
plastic materials. The TEM image (Fig. 1B) demonstrated the
multi-branched structure of AuNS with a size around 60 nm,
and the thickness of the PS shell is about 40 nm. SEM of the
model NPs revealed the rough surface, which well mimics the
irregular morphology of realistic NPs in the natural environ-
ment. The size distribution obtained from SEM images is
uniform (Fig. S1}). Fig. 1D shows the Raman spectrum of
SERS@PS. There was a good linear relationship between
the Raman intensity at 1207 cm™" and the concentration of
SERS@PS.

Apart from surface morphology, surface chemistry is also a
key factor influencing the environmental behavior of NPs,
which was also considered in this work. In natural water
bodies, NPs are usually capped with numerous kinds of
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protein biosurfactants. The formation of a protein corona
greatly influences the dispersive/aggregate and sediment beha-
viors of NPs, as well as the interaction with organisms and
in vivo fate. It is challenging to identify and coat natural pro-
teins in seawater on NPs, herein a commercially available
bovine serum albumin (BSA) was selected as a capping
agent for SERS@PS NPs to mimic the surface coating of the
natural NPs. SERS@PS@BSA was prepared via hydrophobic
and electrostatic interactions between BSA and the plastic
surface®**® and studied in parallel.

DLS results indicated the size increase of the NPs from
106.3 nm to 156.7 nm after BSA adsorption (Fig. 1E). The par-
ticle size distributions of SERS@PS and SERS@PS@BSA NPs
were stable in seawater (Fig. S27). The zeta potential changed
from 47.0 mV to —18.9 mV (Fig. S37). The polydispersity index
values of SERS@PS and SERS@PS@BSA were 0.215 and 0.369,
respectively, suggesting the uniform size distribution and
good dispersity of both NPs in aqueous solutions. Fig. 1F
shows the FTIR spectra of the NPs with and without the BSA
corona. For the NP sample, the two bands at 2921 ecm™* and
3025 cm™' were caused by the C-H deformation of the
benzene ring, and the adsorption peaks at 1451 cm™' and
1492 cm™" were attributed to the C=C stretch of the benzene
ring. After the attachment of BSA, the peaks at 1659 cm™" and
3328 em™" greatly enhanced, which could be attributed to the
amide and carboxyl groups of BSA, respectively.

Before incubation with the marine bivalves, the dispersity
and signal stability in seawater were studied. Taking advantage
of the localized surface plasmon resonance (LSPR) properties

——BsA
——SERS@PS
——SERS@PS@BSA

(F)

% Transmittance

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

100 1000
Size(d.nm)

Fig. 1 (A) Schematic illustration of the structure of a SERS@PS NP model. (B) TEM image and (C) SEM image of SERS@PS NPs. (D) Raman spectra of
SERS@PS with Cy7 as a Raman reporter. The inset shows the linear relationship between the SERS intensity and the SERS@PS NP concentration. (E)
DLS size distributions and (F) FTIR spectra of SERS@PS and SERS@PS@BSA NPs.
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of the AuNSs, the model NPs emit strong scattering light, and
the image of a single NP can be captured under a dark-field
microscope. This observation was performed in an aqueous
solution and not affected by the high NaCl concentration, pro-
viding the facile and intuitive characterization of the NP state
in seawater. Fig. 2A shows that after dilution of the SERS@PS
NP solution with seawater, aggregation immediately occurred
as suggested by the uneven NP clusters. By contrast,
SERS@PS@BSA NPs homogeneously distributed as single
dots in the observation area (Fig. 2B). DLS measurement
showed similar results. The hydrodynamic diameters of
SERS@PS@BSA slightly changed to 162.6 nm and kept stable
for 14 days, whereas those of SERS@PS sharply increased to
about 1.5 pm in seawater.

The aggregation status of PS NPs strongly affected their
fate, transport, and ecological risks in aquatic environments.*’
Sodium chloride (NaCl) is a dominant salt in natural seawater
which accounts for 77.8% of the total inorganic salts in sea-
water. It has been reported that the NaCl concentration
affected the aggregation of PS NPs. In pure water, NPs
remained monodispersed due to the repulsive force from the
positive surface charge. However, the increasing concentration
of NaCl weakens the energy barrier. When the NaCl concen-
tration reached its critical coagulation concentration value,

View Article Online
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which is the minimum electrolyte concentration to induce
diffusion-limited aggregation, the Cl~ ion neutralizes the
positive charge on the NPs and consequently weakens their
electrostatic repulsion, and the van der Waals attractive
force dominated the particle interactions.>> By contrast,
SERS@PS@BSA NPs are well dispersed as they took advantage
of the steric hindrance and negative repulsion provided by the
BSA corona.

Considering the long-term in vivo imaging study in the
bivalves, the signal stability of both NPs in seawater and
bivalve tissue homogenate was tested in 14 days. The intensi-
ties kept stable (Fig. 2D), laying a foundation for the following
investigations.

3.2 Ingestion and accumulation of NPs in bivalves

SERS@PS and SERS@PS@BSA NPs were added to the tanks
containing bivalves, respectively, at a concentration of 0.2
mg L~". This concentration was of realistic environmental
meaning and simultaneously produced enough optical signals
for the NP tracking. Despite no concentration data of NPs
being available in real natural matrices, they were expected to
be at least as abundant as MPs.** Our exposure concentration
is in the same magnitude of environmentally relevant concen-
trations as the maximum concentrations of MPs reported in
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Fig. 2 Dark-field images of SERS@PS (A) and SERS@PS@BSA (B) in seawater. The white circles indicate the aggregation of particles. (C) DLS size dis-
tributions of both particles in seawater. (D) SERS signal intensities of both NPs in seawater and bivalve tissue homogenate on different days. The
samples for the test in seawater were prepared by the addition of 10 pL of NPs to 1 mL of seawater. The samples for the test in tissues were prepared

by the addition of 50 pL of NPs to 2 mL of tissue homogenate.
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multiple field investigations around 1.0 mg L™" as surveyed in
this literature.**

After different exposure or depuration times, the bivalves
were dissected and the number of NPs in six main organs was
measured by SERS and ICP-MS (Fig. 3A). Fig. 3B shows that no
background signal could be detected from all the tested
organs of bivalves before exposure, whereas the characteristic
SERS signal was recorded from all organs after 24 h exposure
of SERS@PS NPs, suggesting that NPs widely distributed in
the bivalves. The digestive gland showed the strongest signal,
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which was almost 6.4-12.0 times higher than those from the
other organs, indicating that the digestive gland was a major
NP accumulation organ.

Then the accumulation (0-3 day) and depuration (4-14 day)
behaviors were systematically studied by measuring the SERS
intensities (Fig. S4t1) and gold element contents in these
organs in a quantitative manner. Two-tailed Spearman analysis
was performed to examine the correlation between the results
of ICP-MS and SERS methods. The results showed that two
methods had high correlation, and the characterization trends
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Fig. 3 (A) An image of the detected organs of a bivalve Ruditapes philippinarum. (B) Typical SERS spectra measured from the organs of the clams
exposed to SERS@PS for 24 h. SERS intensities (histogram) and gold concentrations detected by ICP-MS (dots) of the organs after exposure to
SERS@PS (C) and SERS@PS@BSA (D) for 1 and 3 days and depuration for 11 days. The SERS intensity (1207 cm™ peak) was presented as a mean of 15
values from three bivalves. (E) Bright-field and SERS mapping images of the cross-section slices of foot and adductor of the bivalves exposed to
both particles for 3 days. The false-color SERS images were obtained from the intensity of the 1207 cm™ peak.
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were consistent (SERS@PS: P < 0.01, r = 0.87 and
SERS@PS@BSA: P < 0.01, r = 0.92). Fig. 3C shows the results
from SERS@PS NPs. The apparent SERS signal and gold
element could be detected from all the organs after 1 day
exposure of SERS@PS NPs. The digestive gland accumulated
the highest concentrations as revealed by the SERS intensity of
2380 cps and the gold concentration of 2.16 ug g~ tissue. By
contrast, the other five organs showed the SERS intensities in
the range of 536-856 cps, and gold concentrations from 0.11
to 0.36 pg g~ tissue. With prolonged exposure time to 3 days,
the SERS signal from the digestive gland dramatically
increased to 7881 cps. The gold content increased to 14.28 pg
g~ ' tissue, which was 6.6 times the value of the first day. By
contrast, accumulation rates in the other organs were much
lower. The SERS intensities slightly grew to around 1000 cps,
and the gold concentration was still at the level of 0.28-0.42 pg
¢! tissue. The digestive gland accumulated the most NPs
(94.0% of whole-body NPs) followed by the gill (1.8%), mantle
(1.7%), exhalant siphon (0.9%), foot (0.9%) and adductor
(0.8%).

After 11 days depuration, the NP concentration in the diges-
tive glands significantly reduced to 0.37 pug g~ '. The excretion
ratio was 97.4%, indicating the strong clearance effect of the
digestive glands. However, SERS signals in all organs were still
detectable in the range of 50.6-794.4 cps, so it was the gold
element in the adductor (0.23 pg g7, gill (0.14 pg g™,
mantle (0.08 pg g~ '), exhalant siphon (0.07 pg g~'), and foot
(0.06 pg g7 ). The excretion ratios of the exhalant siphon, foot,
gill, and mantle were in the range of 66.7%-84.2%. For the
adductor the value was much lower (17.9%).

The behaviors of SERS@PS@BSA NPs were also studied for
comparison (Fig. 3D). The accumulation and depuration
trends were similar to those of SERS@PS NPs. However, the
accumulation rate and amount were higher. After 3 days
exposure, the gold concentrations in the adductor (0.33
pg g Y, foot (0.75 pg g '), exhalant siphon (0.56 pg g™%),
mantle (1.25 pg g "), gill (1.70 pg g7 '), and digestive gland
(24.59 pg g7') were 1.18 to 4.46 times the values from
SERS@PS in the corresponding organs. The digestive gland
accumulated 86.7% of whole-body NPs followed by the gill
(5.2%), mantle (5.1%), foot (1.3%), exhalant siphon (1.1%),
and adductor (0.6%).

After depuration, the amounts remaining were 0.17 pug g~
(adductor), 0.06 pg g~ (foot), 0.15 pg g " (exhalant siphon),
0.05 pg g~ ' (mantle), 0.60 pg g~ " (gill), and 0.31 pg g~* (diges-
tive gland). The excretion ratio in the digestive glands was
98.7%. SERS signals were in the range of 177.4-914.0 cps, indi-
cating the remaining NPs in these organs. The elimination
rate in the digestion gland was roughly calculated based on
the elimination curve fitted by the elimination time and the
corresponding gold concentration remaining in the digestion
gland (Fig. S5). The clearance of SERS@PS NPs in the diges-
tive gland reached 90% after 5.7 days depuration.

SERS@PS@BSA was taken up more than SERS@PS, which
was attributed to the different sizes and sediment behaviors in
seawater. SERS@PS aggregated in seawater and the agglomer-
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ate (1.5 pm) tended to precipitate at the bottom of the culture
tanks. In contrast, SERS@PS@BSA was stable and well dis-
persed in seawater. Considering the filter-feeding habit of
bivalves, the NPs well dispersed in seawater gained a higher
possibility to be inhaled into bivalves (i.e., higher bio-
availability) compared to the NP aggregates deposited on the
bottom of the tank.*> Moreover, particles with smaller sizes
are more likely to come across the gut barrier and enter peri-
pheral organs. This part of NPs was harder to be excreted and
led to higher accumulation. These results implied that the dis-
persive behavior of NPs in the ocean was an important factor
influencing the biological effects.*® Flocculation and sedimen-
tation might weaken NP accumulation and adverse effects in
bivalves.

The understanding of tissue distribution is the first step for
future understanding of plastic debris’ toxicological effects
and transfer within the food web.! Despite MPs having been
intensively studied, the knowledge on NPs was still lacking.
Our study suggested that NPs presented in all main organs of
bivalves, and particles in the digestive gland were much more
numerous than those in the other organs. The results agreed
with a previous study on bivalve C. fluminea, in which fluo-
rescent NPs could accumulate in the mantle, visceral mass
and gill.>” Another study reported that fluorescent NPs were
concentrated in the siphons and remained there for longer
than one month post-exposure.*® Upon the application of
ultrasensitive **C radiolabeled PS NPs, it was found that most
organs of mollusk Pecten maximus were labeled (including the
muscles, gonads, mantle, gills, intestine and kidneys), but the
hepatopancreas had the highest **C concentration.?® The wide
tissue distribution indicated ingestion and accumulation in
the digestive cavity and tubules and translocation into the cir-
culatory system from which NPs reached the foot and adductor
muscle.

To further confirm the translocation of NPs from the diges-
tive gland to mussels, adductor muscle and foot cross-section
tissue slices and the existence of NPs were examined by using
the Raman imaging technique. The application of cross-section
slices prevented possible interference from NPs adhered on the
surface of the tissues. As shown in Fig. 3E and F, characteristic
signals of the SERS tags were observed for both NPs in the two
organs, providing solid evidence that the NPs had crossed intes-
tinal barriers and transported to the muscular organs. The
translocation of NPs might occur via two routes. On the one
hand, small particles could pass through the biological barriers
of animals and transfer from one tissue to another.’® This
phenomenon was also observed in the gill membrane and the
foregut of crabs.’* On the other hand, the immune cells which
could uptake NPs might also play an important role.*> MPs
were tracked in the hemolymph of the mussel Mytilus edulis,
which translocated from the gut to the circulatory system within
3 days and persisted for over 48 days.>'

3.3 Adherence of NPs to soft tissues

The surface of bivalves is rich in mucus that has a strong
affinity to particulate matter. Thus adherence is also respon-
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Fig. 4 (A) SERS intensities measured from dead and live bivalves after exposure to SERS@PS NPs for 12 h. The SERS intensity (1207 cm™ peak) was
presented as a mean of 15 values from three bivalves. (B) Bright field and SERS mapping images of the cross-section of foot after dripping the NP
solution on the foot surface for 4 h.
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Fig. 5 (A) SERS signal stability of SERS@PS upon boiling for 10 min (n = 3). (B) SERS intensities from each organ before and after boiling for 10 min.
The bivalves were exposed to SERS@PS for 1 day. The SERS intensity (1207 cm™ peak) was presented as a mean of 15 values from three bivalves. (C)
and (D) show bright-field and SERS mapping images of the cross-section slices of the foot and adductor of boiled bivalves exposed to both
particles.
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sible for the accumulation of NPs in addition to the ingestion
route.”® Shi’s group reported the adherence of MPs to the soft
tissue of mussels for the first time. They could draw this con-
clusion simply by the observation of MPs in the non-ingestion
organs (foot and mantle) of mussels under the premise that
the tested MPs larger than 100 pm could not enter the circula-
tory system and be transferred to the foot and mantle via an
ingestion route. Adherence to the soft tissue is an exclusive
way.** In the case of NPs in our work, the situation was more
complicated. Both ingestion and adherence were responsible
for the NP abundance, and it is meaningful to clarify the con-
tribution of the two routes. To make a rough estimation, SERS
intensities were recorded from live and dead (sacrificed with a
knife) bivalves after exposure to SERS@PS NPs for 12 h. The
live and dead bivalves inferred the conditions of the sum of
active ingestion and passive adherence, and sole adherence,
respectively. As shown in Fig. 4(A), considerable SERS intensi-
ties were detected from various organs of dead bivalves, which
were kept stable upon thorough rinsing with clean water.
These results proved that the NPs firmly adhered to the tissue
surface of various organs. The proportion of adhered NPs
accounted for 34.4%-74.2% of the total NPs from the intensity
ratios of the dead and live bivalves. Our results strongly
suggested that both adherence and ingestion led to the
accumulation of NPs in the muscular organs.

To further explore whether NPs can penetrate organ sur-
faces, live clams were taken out of water and exposed to air.
After a period, the clams extended their foot out of their
shells. Then, we dripped SERS@PS NP solution (50 mg L)
onto the foot surface. This air exposure made NPs adsorbed
merely on the foot and avoided the possibility of passive NP
uptake in water. After 4 hours, the clams were killed, and the
surface of the foot was thoroughly washed until no Raman
signal was detected on the foot surface. Then the foot was
sliced to obtain a cross-section of the interior followed by
Raman imaging. As shown in Fig. 4(B), characteristic SERS tag
signals could be detected, which indicated that SERS@PS NPs
could penetrate the foot surface.

3.4 Effect of cooking on the NP content

Shellfish is a popular kind of seafood and also a crucial source
of plastic uptake by humans, posing a great threat to human
health. A conventional cooking method was boiling. It is inter-
esting to clarify whether the boiling treatment can reduce the
content of NPs in the polluted bivalves, especially for the
adherence proportion. To test this idea, the bivalves after 3
days exposure were boiled in water for 10 minutes, and the
SERS intensities before and after boiling were compared. The
signal stability of the model NPs upon boiling treatment was
verified first. As shown in Fig. 5A, the signal intensity was
almost maintained. On this basis, the intensities from the
boiled bivalves were measured to indicate the NP amount.
Fig. 5B shows that the SERS signals of each fresh and boiled
tissue did not change obviously, suggesting that cooking did
not expel NPs from bivalves’ tissues. Additionally, Raman
mapping of the cross-section of the boiled adductor and foot
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(major edible organs) demonstrated intensive SERS signals for
both NPs (Fig. 5C), further confirming that considerable NPs
were entrapped in the cooked bivalve mussel.

4. Conclusions

In this work, SERS-labeled NP models were developed to quan-
titatively assess the uptake and translocation of NPs in a
typical marine bivalve Ruditapes philippinarum. The digestive
gland was the major organ and could accumulate around 90%
NPs of the whole body, whereas over 97% of NPs in the diges-
tive gland could be eliminated after 11 days depuration. NPs
were also detected from the tissue cross-section of the foot and
adductor, implying that NPs could translocate from the diges-
tive gland and accumulate in these organs. Boiling treatment
did not work to remove the surface adhered or ingested NPs in
the bivalves, suggesting the potential of NP uptake by humans
via diet. These results implied that the removal of the digestive
gland was suggested to alleviate the exposure risk to humans
during bivalve seafood handling.

To date, there has been an urgent demand for reliable
analytical methods for NP studies in organisms. Single histo-
logical section observation is insufficient (or even impossible)
to judge the absence of NPs in specific organs. Fluorescent
labeled NPs and fluorescent imaging methods are criticized
because they may produce false-positive results. This work pro-
vided a reliable NP model, and dual-mode SERS imaging and
ICP-MS information with high sensitivity could be obtained.
This protocol would facilitate researchers to gain a better
understanding of the fate of NPs as well as ecological and
human health impacts. In the future, the NPs still can be
improved to overcome two limitations. One is that the metal
core increases the density of plastic particles. Despite the
model NPs uniformly dispersing in solution and not sinking,
they are different from realistic NPs in this key physical para-
meter. Smaller gold cores should be used to alleviate this
problem. The other is the NP model is prepared via an in situ
polymerization way, which can only be realized for PS plastic
types. A universal emulsion method may be helpful to extend
labeling plastic types to PE, PP, PVC, etc.”
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