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A B S T R A C T

Microplastics have been reported to attach to the marine macroalgae which act as the vector for microplastic
transfer in the marine food web. In this study, the edible seaweed nori (Pyropia spp.) was chosen as a target
species. The microplastic contaminant situations in nori were analyzed in both its final commercial products and
the intermediate products across different processing stages. The abundance of microplastics ranged from 0.9 to
3.0 items/g (dw) among 24 brands of commercially packaged nori samples. With the development of nori
processing stages, an enlarged size fraction of greater microplastics (1–5mm) was observed. Compared with
commercially packaged nori samples, the proportions of polypropylene, polyethylene and poly (ethylene-pro-
pylene) copolymers increased, whereas that of polyester decreased in factory-processed nori. Additionally, we
further simulated and quantified the number of fluorescent polyester fibers (concentrations: 0, 1000, 5000,
10,000 fibers/L) attach to the algal pieces of Pyropia yezoensis under laboratory conditions. The average
abundance of microfibers on the nori was positively and quantitatively related to their abundances in seawater
(p < 0.01). To our best knowledge, this is the first work that shows the prevalence of microplastics in the
commercial seaweed nori and relates to their potential sources during the processing phase.

1. Introduction

Microplastics (MPs; defined as< 5mm in the largest dimension) as
an emerging environmental pollutant have been of particular concern
around the world (Law and Thompson, 2014). In recent years,

researchers have found that MPs were ubiquitously distributed in var-
ious environments, including sea surface water, water columns, marine
sediments, lakes, rivers, polar glaciers, the soil and the atmosphere
(Browne et al., 2011; Van Cauwenberghe et al., 2013; Cozar et al.,
2014; Eriksen et al., 2013, 2014; Lebreton et al., 2017; Lusher et al.,
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2015a; Kim and An, 2019; Liu et al., 2019). After MPs are attached by
algae or microorganisms in the ocean to form biofilms, their densities
increase and gradually sink from the sea surface, thereby causing MPs
to suspend in the water or settle down in the seabed. There have been
several reports showing that MPs can migrate downward from the
surface water in the form of feces and marine snow after being ingested
by organisms (Clark et al., 2016; Karlsson et al., 2017; Katija et al.,
2017; Porter et al., 2018).

When organisms contaminated by MPs are ingested by other or-
ganisms, MPs can also be transferred and accumulated between or-
ganisms of different trophic levels in the food web (Lusher et al., 2015b;
Toussaint et al., 2019; Wesch et al., 2016). To date, more than 690
marine species, including bivalves, crustaceans, fishes, sea mammals,
and seabirds, have been testified to be contaminated by MPs (Carbery
et al., 2018). However, very limited field studies have been focused on
investigating microplastic pollution in phytoplankton or macroalgae.

As primary producers in the marine ecosystem, seaweeds provide
food and habitats for their consumers and many other associated or-
ganisms (Taylor and Cole, 1994). Nevertheless, interactions of MPs
with seaweeds and their fate in the marine food web are yet not well
understood. So far, one laboratory study has proved that the periwinkle
Littorina littorea, which feeds on the seaweed Fucus vesiculosus, can in-
gest both MPs and non-MPs contaminated algal food without any pre-
ference (Gutow et al., 2016). Therefore, seaweeds can adsorb MPs and
facilitate their transfer to organisms of higher trophic levels.

Furthermore, some species of seaweeds, such as nori Pyropia spp.,
are also important ingredients of seafood and have close relationships
with human health. In the year of 2010, there were 19 million tons of
global seaweed production with an estimated market value of 5.7 bil-
lion USD (FAO (Food and Agriculture Organisation of the United
Nations), 2010). China, the largest seaweed-producing country in the
world, accounted for about 60% of farmed seaweed yield by quantity
and 45% by value worldwide (FAO (Food and Agriculture Organisation
of the United Nations), 2011). The red seaweed nori Pyropia spp. is an
edible vegetable and easily processed, thereby it has a large number of
farming areas along the coastal waters of China. Accordingly, if the
water environments that used for nori cultivation have been reported
highly polluted by MPs, then MPs may contaminate and retain in this
commercially important seafood species nori even after they are pro-
cessed and packaged.

In the present study, we hypothesize that the contamination of MPs
may be ubiquitous in marketed nori products and MPs may occur and
change in nori during its processing phase. Thus, to test these hy-
potheses, we analyzed the contaminant situations of MPs in both nori’s
final commercial products and the intermediate products across dif-
ferent processing stages. Additionally, we simulated and quantified the
number of adherent fluorescent polyester fibers to algal pieces of
Pyropia yezoensis under laboratory conditions to establish the relation-
ship between microplastic levels in nori and the seawater. Together,
these results will be used to determine the possible sources of MPs in
nori and assess the potential risks to human health.

2. Materials and methods

2.1. Collection of nori

Twenty-four brands of commercial dried nori were purchased from
local markets in China in January and February 2019. These commer-
cial products came from eight provinces and one municipality along the
east coastal zone of China (Fujian Province: nine brands; Shandong
Province: four brands; Hainan Province: three brands; Liaoning
Province and Shanghai Municipality: two brands each; Jiangsu,
Zhejiang, Guangdong, and Guangxi provinces: one brand each). A pack
of dried nori with a range of weight from 30 to 100 g was selected for
each brand. In addition, fresh nori (Pyropia spp.) was collected from
three nori farm sites (NF1, NF2, NF3) in the Yellow Sea in February 2019

(Fig. S1). Their corresponding washed and dried products were ob-
tained sequentially from three different nori processing factories lo-
cated in Lianyungang City, Jiangsu Province, China.

2.2. Quality control of experiments

To prevent the potential cross-contamination, all of the liquids
(artificial seawater, hydrogen peroxide, and saline solution) were fil-
tered through glass fiber filters (Whatman GF/B CAT No. 1821-047,
pore size =1 μm, filter diameter =47mm) before use. All laboratory
glasswares and tools were cleaned with 70% ethanol and rinsed three
times with MilliQ water (Millipore, Bedford, USA). The samples in clean
Petri dishes were immediately covered with aluminum foil or glass lid
when they were not in use. Non-latex nitrile gloves and cotton la-
boratory coat were worn during the whole experimental process.

2.3. Measurement of the psychrometric ratio of nori

Clean and dried beakers were covered with aluminum foil and
weighed (W0). Approximately 100 g of wet nori (unwashed and wa-
shed) were transferred to the beakers, respectively. Then the beakers
with wet nori were weighed (W1), placed and dehydrated in a con-
vective oven (DHG-9123A, Jinghong Co., Ltd., Shanghai, China) at 105
℃ for 8 h. After drying, the beakers with dried nori were weighed (W2)
again. The weight of each sample was measured three times. The psy-
chrometric ratio of nori was calculated by the following formula:

=
−

−

×The psychrometric ratio W W
W W

100%1 0

2 0

2.4. Enzymatic hydrolysis and hydrogen peroxide treatment

The dried algal thalli from commercial packaged nori and labora-
tory dried ones were picked up with forceps and cut into pieces using
dissecting scissors. Approximately 3 g dry weight of small pieces of nori
algal sheet was placed into a 1 L glass bottle, with three replicates were
taken separately for each commercial brand or processing stage. Blank
controls without samples were simultaneously performed to assess air
contamination. Approximately 100mL of cellulase solution (0.1%, v/v)
was added to each bottle to decompose the cytoderm of algal cells. The
pH was adjusted to 4.5–6.0 and the bottles were incubated in an orbital
shaker (ZWF-1112, Zhicheng Co., Ltd., Shanghai, China) at 55 ℃ at
80 rpm for 1 h. Subsequently, 100 μL of alcalase solution (100%, v/v)
was added to digest the released protein after decomposition of the cell
wall. The pH of the solution was elevated to 6.0–7.0 and the bottles
were placed in the shaker at 55 ℃ at 80 rpm for another 1 h. After two-
step enzymolysis, approximately 400mL of H2O2 solution (30%, v/v)
was added to each bottle. Then the bottles were set in the shaker at 65
℃ at 80 rpm for 72 h until digestion is completed.

2.5. Floatation and isolation of MPs

The floatation and isolation of MPs were performed as previously
described (Li et al., 2016). Briefly, approximately 500mL of filtered
saturated solution of NaCl was added to separate MPs from the organic
matter in the dissolved liquid. Then the cocktail of liquid was mixed
and held overnight. After floatation, the supernatants of liquid were
directly filtered over a nitrocellulose membrane filter (Millipore
SMWP04700, pore size =5 μm, filter diameter =47mm) by a va-
cuuming system. After filtering the liquid, the membrane filters were
collected in clean Petri dishes for further microplastic verification.

2.6. Visual identification and validation of MPs

Digital images of plastic-like particles on the membrane filters were
taken under a stereo optical microscope (Zeiss Discovery V8, Göttingen,
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Germany) equipped with an AxioCam Icc3 camera. Then a number of
suspected plastic particles were arbitrarily selected for verification of
MPs using a micro-Fourier Transform Infrared (μ-FT-IR) spectroscope.
The infrared spectra of samples were recorded on Nicolet iN10 MX
(Thermo Scientific, USA). The OMNIC operating system in the trans-
mission mode was used to obtain data with a 4 cm−1 resolution and 32
scans (Yang et al., 2015). The polymer type of samples was verified in
comparison with the Thermo Scientific infrared spectra library and our
own database of semi-synthetic celluloses. For effective verification of
particles, the spectrum matching with similarity index no less than 0.7
was accepted. Of all 693 visually identified particles, 328 particles
(47.3%) were instrumental verified (Supplementary Table S1). Such a
validation rate and a number of analyzed particles meet the general
requirements (close to 50% validation rate with a minimum of 100
particles) in the field of microplastic research (Hermsen et al., 2018).

2.7. Adherence of fluorescent MPs to nori in the laboratory

To explore how the seaweed gets MPs in the field and if the MPs can
adhere to the surface of nori, a laboratory experiment was conducted.
The fluorescent polyester fibers (Ex: 341 nm, Em: 530 nm) were pro-
duced by blending the polyethylene terephthalate (PET), luminescent
powders and coupling agent, which can improve the spinnability and
luminesce properties of the fibers. They were used in this experiment
and cut into pieces as tiny as possible using dissecting scissors. The
approximate size of these microfibers varied from 100 to 2000 μm. The
polymer type of fluorescent fibers was verified by a Thermo Nicolet iS5
FT-IR spectroscope. The aqueous stock suspension of microfibers (ap-
proximately 100 fibers/mL) was prepared for subsequent exposure ex-
periments with a gridded Sedgewick-Rafter Counting cell (Li et al.,
2019).

The laboratory exposure experiment was performed with a modified
protocol suggested by Gutow et al. (2016). In brief, small pieces of algal
thalli (surface area: 3−6 cm2) were abscised of Pyropia yezoensis that
was directly collected from nori farms. The algal pieces were rinsed
thrice with MilliQ water to remove epiphytes on the surface of the alga.
Then the washed algal piece was individually placed in a glass flask
with 40mL of filtered seawater. The seawater was supplemented with
fluorescent microfibers from a serial dilution of aqueous stock to the
following concentrations: 0, 1000, 5000, 10,000 fibers/L. Each con-
centration treatment comprised 6 replicates. The algal pieces were
whirled on an orbital shaker at 9 ℃ at 60 rpm for 2 h in seawater
containing fluorescent microfibers. Then the flasks of each concentra-
tion treatment were halted and sampled for further microplastic ana-
lysis. In the end, all algal pieces from exposure flasks were picked out,
tiled and dried on slides for 1 h. The numbers of fluorescent microfibers
on the upper layer of the algal piece were quantified with a fluorescence
microscope (Olympus BX53, Tokyo, Japan). The length of microfibers
and the surface area of the tiled alga were measured by an image
processing Image J software (NIH, Bethesda, MD, USA).

2.8. Statistical analysis

Normal distribution of data and homogeneity of variances were
examined using the Shapiro-Wilk and Levene’s test, respectively (SPSS
22, SPSS Inc., Chicago, Illinois, USA). The Kruskal-Wallis ANOVA
analysis was used to determine whether there was a significant differ-
ence in microplastic abundances for more than two commercial brands
of nori samples. Two-way ANOVA test was used to analyze the effect of
source or processing on the abundance of MPs in nori samples.
Statistical significance was accepted at p < 0.05 and values were
presented as means ± standard deviation. A linear regression analysis
was applied to determine the significant correlation between the
abundances of fluorescent microfibers in seawater and on the surface of
the algae. The figures and maps were plotted and generated using
software Origin pro 9 (Origin Lab Co., Northampton, MA, USA) and

Surfer 16 (Golden Software, Inc., Golden, Colorado, USA).

3. Results

3.1. Characteristics of MPs in commercially packaged nori

In the investigation of MPs occurrence in commercially packaged
nori, all selected brands excluding one brand (B2) were identified to be
contaminated by MPs. As shown in Fig. 1, the abundance of MPs de-
tected from commercially packaged samples ranged from 0.9 to 3.0
(average: 1.8 ± 0.7) items/g. dry weight (dw). Compared to these
detected MPs found in commercially packaged nori, the MPs for the
blank control (0.1 ± 0.2 items/g. dw) is negligible. However, no sig-
nificant differences in microplastic abundances were found among
different commercial brands (Kruskal-Wallis test, p= 0.060).

The size, shape, and color distributions of MPs in commercially
packaged nori are shown in Fig. S2. The size of MPs in commercially
packaged samples ranged from 0.11 to 4.97mm, and the median size
was 1.13mm. MPs with sizes greater than 1.0 mm (25–90%, average:
57.8%) were more recurrently detected than other size fractions (Fig.
S2A). Fiber was the predominant shape of MPs (50–100%, average:
85.2%), followed by fragment, film, and pellet (Fig. S2B). The color
categories of MPs were classified according to the methods of Feng et al.
(2019). Blue-green colored MPs (10–76.5%, average: 41.4%) were
more frequently observed than other color classes (Fig. S2C). As shown
in Fig. S3, several representative morphotypes of MPs in commercially
packaged nori were photographed and further verified for polymer
types.

Of the 227 effectively verified particles, 89 plastic items (39.2%)
being affiliated with 11 polymer types were verified from commercially
packaged nori samples (Supplementary Table S2). Polyester fibers were
the most dominant detected MPs (18.9%), followed by rayon (6.6%),
polypropylene (4.0%), polyamide (1.8%) and cellophane fibers (1.8%).
In addition, non-plastic particles, including cotton and naturally oc-
curring cellulosic fibers, accounted for 60.8% of total particles mea-
sured.

3.2. Characteristics of MPs in factory-processed nori

The psychrometric ratios of unwashed nori were 11.1 ± 0.2%,
16.2 ± 2.9%, and 11.2 ± 0.4%, and those of washed nori were
9.2 ± 0.2%, 3.0 ± 0.4%, and 3.5 ± 0.3% for sources from NF1, NF2,

Fig. 1. Abundance of MPs in nori samples with different commercial brands
from the markets. Each bar represents mean ± SD of three replicates (n=3).
Letters above each bar indicate the result of multiple comparisons of micro-
plastic abundance; the bars sharing the same letter are not statistically sig-
nificant.
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and NF3, respectively. After conversion to the same term of dry weight,
the overall abundance of MPs in factory-processed nori ranged from
1.0–2.8 (average: 1.8 ± 0.6) items/g. dw (Fig. 2). Two-way ANOVA
indicated that the source (F2,18= 4.551, p=0.025) affected the MPs
abundances significantly, whereas the processing (F2,18= 2.807,
p=0.087) didn’t. Specifically, the Post-hoc LSD test suggested that the
average abundance of MPs in nori samples from NF3 farm was sig-
nificantly lower than samples from NF1 or NF2 farms.

The size, shape, and color distributions of MPs in factory-processed
nori samples are shown in Fig. S4. The size of MPs in factory-processed
samples ranged from 0.07 to 4.74mm, and the median size was
0.85mm. The fraction of MPs sizes greater than 1.0 mm (33.2–53.3%,
average: 43.4%) increased along with the production process (Fig.
S4A). The primary shapes of MPs were fibers (57.1–74.9%, average:
64.8%), followed by fragments, films, and pellets (Fig. S4B). Similar to
what was found in commercially packaged nori, blue-green colored
MPs (43.9–53.9%, average: 48.1%) were the most prevalent class in
factory-processed samples (Fig. S4C).

Of the 86 effectively verified particles, 62 plastic items (72.1%)
belonging to 10 polymer types were validated from factory-processed

nori samples (Supplementary Table S2). Among them, polypropylene
fibers were the most commonly identified MPs (16.3%), followed by
rayon (10.5%) and polyester fibers (9.3%). To track the origin of
polypropylene MPs detected in potential manufacturing or industrial
uses, different sizes of polypropylene fibers were analyzed in nori
samples from a farm site (Fig. 3A), unprocessed (Fig. 3B) and dried
products (Fig. 3C) from a processing factory, respectively.

3.3. Adherence and quantification of MPs to nori in the laboratory

Upon UV light activation on the surface of algal pieces of P. ye-
zoensis (Ex: 341 nm, Em: 530 nm), no fibers were observed in the con-
trol whereas fluorescent polyester microfibers were readily visible in
the exposure treatments (Fig. 4A and B). The length of the fluorescent
microfibers measured in this experiment ranged from 85 to 2123
(average: 656 ± 384) μm. When algal pieces of P. yezoensis were
contaminated by fluorescent microfibers, the average abundance of fi-
bers on the nori was positively related to the fiber number concentra-
tions in seawater (Linear Regression, F1,22= 54.818, p < 0.01). Sig-
nificantly lower numbers of adherent fibers on algal pieces were
counted at the lowest concentration compared to the other two higher
concentrations (Krusal-Wallis test, p < 0.05) (Fig. 4C). Thus, these
results suggest that microplastic abundances attached to the surface of
nori are positively and quantitatively related to microplastic con-
centrations in its surrounding waters.

4. Discussion

4.1. Microplastic pollution in commercially packaged nori

In the current study, we investigated microplastic pollution among
24 selected brands of commercially packaged nori samples. MPs were
found in 23 out of 24 analyzed samples. The high frequency of micro-
plastic detection rate (95.8%) is much greater than that reported in
canned sprats and sardines (20%), but it is close to that reported in
commercial salts (94.1%) (Karami et al., 2018, 2017). These dis-
crepancies may due to different analytical methods, food sources and
food processing procedures. The abundance of MPs in nori ranged from
0.9 to 3.0 (average: 1.8 ± 0.7) items/g. dw, and is comparable with
those previously found in commercial bivalves (average: 2.5 ± 1.5)
from the local markets of China, and live and processed mussels
(0.9–1.4) sold in the supermarkets of UK (Li et al., 2015, 2018).
However, on basis of the results of the available studies in other types of
regularly consumed food, such as honey, salt and sugar, the abundances
of MPs were not reported in a unified measuring unit in these samples
(Hermsen et al., 2018; Karami et al., 2017; Liebezeit and Liebezeit,
2013, 2015; Muhlschlegel et al., 2017; Kosuth et al., 2018). Therefore,
it is still hard to compare microplastic contamination levels among
these food items without bias.

Since plastic waste has been suggested being classified as a ha-
zardous substance, the occurrence of MPs in seafood poses potential
health risks to humans by seafood consumption (Rochman et al., 2013;
Alexander et al., 2016). Regarding toxicity of MPs, several preliminary
medical studies have demonstrated adverse effects of microplastic ex-
posures, including size-dependent effect of plastic particles, transfer of
additives and adsorbed chemical contaminants, disturbance of the gut
microbiome, induced oxidative stress and enhanced inflammatory re-
sponse (Frohlich et al., 2009; des Rieux et al., 2005; Eldridge et al.,
1989; Volkheimer, 1975; Brown et al., 2001; Hussain et al., 2001).
Wright and Kelly (2017) predicted that particle size, shape, chemical
composition, hydrophobicity, surface charge, and functional groups are
influencing factors to determine the uptake of MPs by humans. How-
ever, without further investigation, standardized methods and quanti-
fication of MPs being translocated through popular seafood species, it is
hard to conduct an accurate exposure assessment on the trophic transfer
of MPs to higher levels of organisms, and consequently humans.

Fig. 2. Abundance of MPs in nori samples across different processing stages
from source NF1 (A), NF2 (B), and NF3 (C), respectively. Each bar represents
mean ± SD of three replicates (n=3). Letters above each bar indicate the
result of multiple comparisons of microplastic abundance; the bars sharing the
same letter are not statistically significant.
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Therefore, more research is needed to further investigate factors in-
fluencing microplastic loads by these seafood species, their bioaccu-
mulation and biomagnification factors, as well as their trophic inter-
actions in the marine food web. With the continuous increase of MPs in
the environment, this field of research requires urgent and systematic
investigation to inform risk assessments of the impact of MPs on human
health.

4.2. Variations of MPs across different processing stages in nori

Microplastic pollution levels in coastal seafood species are closely
related to concentrations of MPs detected in their ambient sediments
and waters (Li et al., 2016; Jabeen et al., 2017; Qiu et al., 2015;
Mathalon and Hill, 2014; Yu et al., 2016; Zhao et al., 2018). Not sur-
prisingly, we found that the average MPs abundance in unprocessed
nori samples differed significantly among different sources. In addition,
several laboratory studies have shown that the number of MPs that
adhered to the aquatic organisms, such as brown seaweed Fucus vesi-
culous and blue mussel Mytilus edulis, was correlated with the con-
centrations of suspended microparticles in waters (Gutow et al., 2016;
Kolandhasamy et al., 2018). On the other hand, processing may play a
role in varying the average MPs abundance in nori samples along with

the production process. Interestingly, the abundance of MPs in nori
samples from NF3 farm was continuously increased after the washing
and after drying stages compared with those before the washing stage.
This is indicated that a relatively higher level of MPs can be introduced
during the processing phase although the environmental background
microplastic value is low for nori at the farming site.

Furthermore, the fraction of greater sized MPs (1–5mm) in factory-
processed nori samples were commonly enlarged across different pro-
cessing stages. Slightly higher percentages of fibrous and colored MPs
were observed in nori samples after the washing stage compared to the
other two processing stages. To interpret these variations better, further
investigation is needed to understand the bioavailability of MPs to nori
in situ, the open and enclosed status of nori washers and dryers, as well
as the shedding of clothing that workers worn at different processing
stages.

4.3. Potential sources of MPs in nori

The majority of MPs in nori we found were of fibrous shape, which
suggests they may come from various sources, including riverine input
and sewage effluent from coastal areas, the breakdown of larger plastic
debris from local human activities (Browne et al., 2011; Lebreton et al.,

Fig. 3. Analysis of MPs in nori samples with optical microscopy and μ-FT-IR spectroscopy. Nori samples in the first column (A1, B1, C1) were photographed from a
nori farm site, a nori processing factory, and a dried nori product, respectively. Optical photographs in the second column (A2, B2, C2) showed the plastic particles
isolated from different sources to their left ones, and the third column (A3, B3, C3) displayed FT-IR spectra of the corresponding particles to their left ones. These
particles were all identified as polypropylene in the top left corners of panels.
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2017; Thompson et al., 2004; Woodall et al., 2014; Mason et al., 2016;
Peller et al., 2019; Deng et al., 2019; Su et al., 2019; Severini et al.,
2019). The global production of synthetic fibers has been continuously
increased since the 1960s, it is therefore that this type of MPs con-
tamination is likely to increase in the marine environment (Thompson
et al., 2004; Woodall et al., 2014). According to a global investigation
of microplastic pollution along the shorelines, there is evidence that a
primary source of MPs is synthetic fibers from washing garments
(Browne et al., 2011). Rivers are widely found to represent the major
pathway for plastic fibers to enter the aquatic environment (Lebreton
et al., 2017). Some point sources, like Wastewater Treatment Plants
(WWTPs) effluents and textile industrial discharges, are considered as
significant contributors of textile fibers to land-based sources of MPs in
the river basins (Mason et al., 2016; Peller et al., 2019; Deng et al.,
2019). In addition, the widespread occurrence of synthetic fibers in nori
samples analyzed could be related to the intense human activities in the
nori’s culture and production area, such as the use of plastic lines for

the attaching of seaweed seedlings and from fishing nets. This evidence
was also found in similar sea ranching areas for other commercially
important species, such as fishes, mussels and oysters (Mathalon and
Hill, 2014; Su et al., 2019; Severini et al., 2019). Taken together, these
results suggest that there are various potential sources of synthetic
microfibers to the aquatic environment and the organisms.

Furthermore, the polymer types of particles detected in various
samples are used to trace their origins in potential manufacturing or
industrial uses (Li et al., 2018; Mathalon and Hill, 2014; Lusher et al.,
2017; Claessens et al., 2011; Desforges et al., 2014). Of these commonly
used polymers related to fishery activities, polyethylene, poly-
propylene, and polyamide are broadly used in textile fabrics and fishing
tackle, including ropes, fishing nets and threads (Claessens et al., 2011;
Desforges et al., 2014). Polystyrene, polyvinylchloride, and poly-
ethylene terephthalate are mainly used for packaging purposes, e.g.
plastic bags, caps, bottles, film, containers, and pipes (Claessens et al.,
2011). In our study, different sizes of polypropylene plastic debris were

Fig. 4. Adherence of fluorescent polyester microfibers to nori. Microphotographs of fluorescent polyester microfibers on the surface of algal pieces of P. yezoensis in
the control (A) and in the exposure treatment (B). Arrows indicate the location of microfibers. Scale bar =100 μm. Abundance of fluorescent polyester microfibers on
algal pieces of P. yezoensis that were contaminated at different microfiber number concentrations in seawater (n= 6) (C). The letter above each bar shows the result
of multiple comparisons of microfiber densities among different microfiber concentration treatments; the bars sharing the same letter are not statistically significant.
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also identified in factory-processed nori samples (Fig. 3). This is direct
evidence to show a connection between plastic materials used in an-
thropogenic activities and MPs detected in seafood species and their
processed products. Nonetheless, polypropylene, polyethylene and poly
(ethylene-propylene) copolymers were relatively low or none in total
MPs identified in commercially packaged nori samples. It might be
caused by specific procedures of nori processing, such as washing and
drying, which removed a large number of certain types of plastic
polymers from origin samples. In contrast, the proportion of polyester
fibers increased in these final commercial products. Previous studies
have shown that contamination of textile fibers, which includes MPs, is
prevalent in indoor and outdoor air (Dris et al., 2017, 2016). Most re-
cently, Liu et al. (2019) found that polyester (including PET) is the most
dominant component in MPs from dust in urban China. Hence, these
airborne synthetic fibers were very likely to appear and contribute to
the composition of polymers in nori’s commercial products during the
processing and packaging phases.

In addition to regular synthetic fibers, semi-synthetic cellulosic fi-
bers, such as rayon and cellophane, are also recurrently detected in
both biotic and abiotic samples (Lusher et al., 2015a; Woodall et al.,
2014; Taylor et al., 2016; Chen et al., 2018; Lusher et al., 2014). These
fibers contributed to approximate 30%–60% of suspected MPs analyzed
in the above studies, the proportions of which were relatively higher
than what we currently found in nori samples. In the present study, we
found that the semi-synthetic cellulosic fibers accounted for about 8.4%
and 14% of total microparticles measured in commercial and factory-
processed nori samples, respectively (Supplementary Table S2). The
production volume of semi-synthetic cellulosic fibers is higher than all
other synthetic organic polymers according to a review of Shen et al.
(2012). Also, there have been several reports indicating that these ar-
tificial fibers could be the majority of MPs in the marine environment
from terrestrial sources (Woodall et al., 2014; Chen et al., 2018).
However, it is challenging to distinguish semi-synthetic cellulosic fibers
clearly from natural fibers using the traditional spectroscopic methods
(Comnea-Stancu et al., 2017; Cai et al., 2019). Therefore, further re-
search is needed to identify their presence and quantify their amount
more accurately to better understand their potential sources and fates in
various environments.

5. Conclusions

Our results demonstrate that MPs were ubiquitous but low in the
commercial seaweed nori. In the investigation of factory-processed
nori, the source did significantly influence the abundance of MPs in nori
while processing did not. Our findings indicate that the abundance and
composition of MPs in nori’s final commercial products and the inter-
mediate products are related to microplastic concentration and type in
their ambient environments, respectively. Moreover, we need to pay
careful attention to discern the potential sources of MPs in these sea-
food products and assess the human health risks of MPs in future stu-
dies.
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