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Abstract: Microplastics (MPs) have generated worldwide attention due to their global distribution
in the environment, and their potential harmful effects on human and animal health. To analyze
MPs-related scientific publications from a global point of view, we created a bibliometric profile,
by searching the Web of Science Core Collection database for the topic “microplastic* or (micro near/1
plastic*)”, in publications dated from 2004 to 2019. The results revealed an increasing trend in
publication output, and identified contributions of different countries and their collaborations,
as well as influential authors and productive journals in the field of MPs research. Using co-citation
network analysis in VOSviewer, we mined cited references for knowledge bases about analytical
methods, potential sources and spatial distributions of MPs, the impacts of MPs on organisms, and the
interaction of MPs with contaminants, as well as microorganisms. We also identified four global
hotspots for MPs related research, using author keywords co-occurrence network analysis of all
extracted publications, as well as Essential Science Indicators highly cited papers from Clarivate
Analytics. Results of this study provide a valuable reference for ongoing MPs-related research,
which may be of intrigue and awesome noteworthiness for relevant researchers.
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1. Introduction

Plastics used in our daily life and in a wide range of manufacturing processes provide numerous
societal benefits, due to their lightweight, durable, and economic nature [1]. However, plastics are
resistant to aging, and their refractory degradation makes plastic waste a serious environmental
issue [2–4]. Microplastics (MPs), which are smaller items of plastic litter, are of increasing concern
due to their ubiquitous global distribution in aquatic environments [5–7], and their close interactions
with biota [8]. Although no universal definition of MP size exists, a diameter smaller than 5 mm is
commonly accepted [9]. Examples of MPs include resin pellets, microbeads used for cosmetics or
associated with industrial spillages (primary source) [10–12], or pieces broken off of larger plastic litter
by ultraviolet radiation, oxidation, or mechanical abrasion (secondary source) [13]. Release of synthetic
fibers by textile washing is another potential source of MPs [14].
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As there has been increasing concern about MPs research, scholars have reviewed literatures
in this domain covering different aspects. Initially, reviews of MPs research focused mainly on the
marine environment. For example, Cole et al. discussed the sources and transfer of MPs into the
marine environment, and assessed the spatial and temporal distribution of MPs in the worldwide
marine environment [3], and they concluded that the fate of these MPs was still elusive. Wright et al.
investigated the impacts of MPs on marine invertebrates [8]. Later, Horton et al. critically reviewed
the presence, behavior, and fate of MPs in terrestrial environments, by evaluating studies of the
extent of MPs pollution in freshwater, treated water sources, and even agriculture soil [15]. Recently,
the biological effects of MPs have emerged as areas of interest. Researchers have summarized the
potential health effects of MPs present in the food chain [16], and emphasized the interaction between
MPs and microorganisms [17]. The authors of these reviews amassed, summarized, and extended the
MPs-related research based on their long-term research experiences. To date, studies of the evolution of
MPs-related scientific research from a global point of view over time were still insufficient. Bibliometric
analysis, which takes advantage of bibliometric theory using mathematical and statistical approaches,
is a method that can be used to address this knowledge gap. It has been applied to analyze pertinent
literatures in various research fields [18–20], including environment-related fields [21]. With regard to
MPs research, Ivar do Sul et al. summarized the common denominator between MPs and microbiology,
using the bibliometric approach [22], and Barboza et al. evaluated research trends and future
perspectives on MPs in the marine environment for the period 2004–2014, using the cross-disciplinary
quantitative analysis method [23]. As MPs research has increased substantially since 2011, Zhang et al.
conducted an in-depth statistical analysis of global MPs research, using the number of publications as
a primary metric for productivity of countries, institution, authors and journals [24]. An up-to-date
comprehensive review of the scientific literature, which interprets the influence and importance of
different countries, authors and journals, as well as co-occurrence keywords analysis initiated in both
extracted literatures from the database and Essential Science Indicators (ESI) highly cited papers from
Clarivate Analytics; this is still needed to trace global research hotspots in MPs research.

In this study, we conducted an integrated bibliometric analysis of the literatures on MPs research
published from 2004 to 2019. The initial time was set as 2004, because that year, Thompson et al. [25]
coined the term “microplastics (MPs)” to define the smaller plastic litter. We used the analysis to
identify influential countries, international collaborations, contributing authors, preferred journals,
a knowledge base of MPs studies, and research hotspots. The results of our analysis provide a valuable
picture of the status of current global MP research, and help illuminate the next steps for future studies.

2. Materials and Methods

2.1. Data Sources

The Web of Science Core Collection (WoSCC), which generates standardized and high-quality
academic publication information, is used extensively for the bibliometric examination of the evolution
of scientific issues [18,26,27]. On March 12, 2020, all original data were extracted from the online
version of the WoSCC database (indexes: Science Citation Index-Expanded and Conference Proceeding
Citation Index), using the TOPIC “microplastic* or (micro near/1 plastic*)” for the years 2004 to 2019.
ESI highly cited individuals along with the number of their MPs-related publications and ESI highly
cited papers were collected by the same TOPIC from Clarivate Analytics on the same day.

2.2. Data Screening

Initially, 3246 publications (after removal of duplications) were extracted using our data searching
strategy, including some articles related to material science studies. The latter publications could not
be removed simply by excluding some keywords in the data search (e.g., by using “not ‘micro-plastic
deformation behavior’” or “not ‘micro-plasticity’”), because some studies of biodegradable polymers
relate to both material science (composites modification) and our study objective (safe for environment),
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such as [28]. Thus, we conducted content analyses of titles and abstracts of all 3246 publications,
and sometimes the full manuscripts were evaluated to exclude irrelevant publications. Ultimately,
2637 publications written in English or with an English abstract remained after the manual screening
of four types of documents (articles, reviews, proceeding papers and book chapters). Because these
types of documents contained novel concepts, none of them were excluded from our analysis, thus,
these 2637 publications were all included in the bibliometric analysis. Moreover, a total of 395 ESI
highly cited MPs-related papers were extracted from Clarivate Analytics.

2.3. Analytical Methods

2.3.1. Basic Bibliometric Analysis Method

The basic bibliometric analysis method used a range of indicators to identify distributed
characteristics and structural patterns of the general bibliographic data for MPs ongoing work.
For example, the year-wise distribution of research output demonstrated the developing trend of
increasing work in the MPs discipline. The contribution of an individual country/academic researcher
in the MPs scientific research field was ranked by how many times their publication was cited by
others (non-self-citation, NSC), and other data recorded included their total number of publications
(TNP), sum of times cited (STC), non-self-citation ratio (NSCR), number of publications cited by
more than 100 and 50 times, and number of ESI highly cited publications. Preferred journals were
identified as those that delivered academic articles and contributed to the development of the research
field [29]. Both the journal impact factor (IF) and quartiles in relevant categories were derived from
Journal Citation Report (JCR) 2018, and used to explore the publishing journal’s influence in the MPs
field and their interdisciplinary research areas. All bibliographic data were analyzed using Microsoft
Excel 2016, and figures were created using GraphPad Prism (version 7.04, GraphPad Software Inc.,
San Diego, CA, USA) and VOSviewer software (version 1.6.9, Centre for Science and Technology
Studies, Leiden University, Leiden, The Netherlands). We used the results of quantitative analysis
of the evolution of literature, as well as the bibliometric indicators, to present a general informative
overview of MPs research during the study time period.

2.3.2. Network Analysis Methods

VOSviewer is a free software tool based on the Java environment, that is suitable for constructing
complex networks using large-scale data. Therefore, we used VOSviewer software (version 1.6.9) to
conduct an in-depth network analysis to visualize the connections between various MPs-related items,
and to explain their network structure.

Countries co-authorship network: We conducted the co-authorship analysis to identify
collaboration networks among different countries in the MPs research field. The nodes represented
countries contributing to MPs research, and the links between items implied cooperative relationships.
The size of the node increased as the number of articles published by an individual country increased.
The value of the links indicated the number of times a given country shared co-authorship with others.
The strength of the link increased as the number of co-authorships increased.

Cited reference co-citation network: Analyzing a knowledge base in a certain research field can
be conducted by co-citation network analysis for the cited references [18]. In our co-citation analysis,
the nodes represented scientific references. The node size represented the number of times a reference
was cited. The distance between two references indicated the correlation of the articles according to
co-citation links, based on the assumption that more frequently co-cited references exhibited greater
co-citation strength.

Author keywords co-occurrence network: The keywords that authors provided for their articles
about MPs research represented their academic viewpoints. Thus, our author keywords co-occurrence
analysis identified important terms in the MPs academic, as well as the research hotspots in the MPs
discipline. The nodes represented high-frequency author keywords, and the size of an individual node
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represented how many times that keyword occurred. The link strength between two nodes indicated
the number of articles in which two keywords occurred together.

3. Results and Discussion

3.1. Basic Bibliometric Analysis

3.1.1. Characteristics of Publication Output

The year-wise distribution of publication output revealed the progress of MPs research over
time (Figure 1a). The number of publications related to MPs fluctuated slightly from 2004 to 2008,
and the annual publications were all less than 100 until 2014. Obvious growth of MPs research began
in 2014, when the first United Nations Environment Assembly of the United Nations Environment
Programme (UNEP) issued the resolution UNEP/EA.1/L.8, which emphasized critical activities
to address marine plastic debris and MPs challenges. Governments worldwide began a shared
commitment to addressing MPs problems and to conducting the systematic research of many aspects of
MPs [30–33]. The cumulative number of annual publications since 2004 follows an exponential model
(Figure 1b), and the simulation results suggest that publications about MPs issues might increase to
1703 in 2020. On May 8, 2020, we collected data using the same TOPIC from the WoSCC database,
for the time period spanning January 1, 2020 to April 30, 2020, and identified 442 relevant publications.
This value was less than the expected value for one-third of the year 2020 (567), which may be a result
of the significant disruption that is being caused by the COVID-19 pandemic.

Int. J. Environ. Res. Public Health 2020, 17, x FOR PEER REVIEW 4 of 16 

 

hotspots in the MPs discipline. The nodes represented high-frequency author keywords, and the 
size of an individual node represented how many times that keyword occurred. The link strength 
between two nodes indicated the number of articles in which two keywords occurred together. 

3. Results and Discussion 

3.1. Basic Bibliometric Analysis 

3.1.1. Characteristics of Publication Output 

The year-wise distribution of publication output revealed the progress of MPs research over 
time (Figure 1a). The number of publications related to MPs fluctuated slightly from 2004 to 2008, 
and the annual publications were all less than 100 until 2014. Obvious growth of MPs research 
began in 2014, when the first United Nations Environment Assembly of the United Nations 
Environment Programme (UNEP) issued the resolution UNEP/EA.1/L.8, which emphasized critical 
activities to address marine plastic debris and MPs challenges. Governments worldwide began a 
shared commitment to addressing MPs problems and to conducting the systematic research of 
many aspects of MPs [30–33]. The cumulative number of annual publications since 2004 follows an 
exponential model (Figure 1b), and the simulation results suggest that publications about MPs 
issues might increase to 1703 in 2020. On May 8, 2020, we collected data using the same TOPIC 
from the WoSCC database, for the time period spanning January 1, 2020 to April 30, 2020, and 
identified 442 relevant publications. This value was less than the expected value for one-third of the 
year 2020 (567), which may be a result of the significant disruption that is being caused by the 
COVID-19 pandemic. 

 
(a) 

 
(b) 

Figure 1. (a) Annual number of publications on microplastics (MPs) research from 2004 to 2019, 
retrieved from WOSCC; (b) The cumulative annual number of publications since 2004 follows an 
exponential model. 

3.1.2. National Contribution Analysis 

According to the author address information in the 2637 publications, 104countries made 
contributions to MPs research during the study time period. Table 1 lists the top 10 countries by 
their NSC times of publications in MPs research field, as well as TNP (with ranking), STC (with 
ranking), NSCR, and the number of publications cited more than 100 and 50 times. Developed 
countries, including six European countries, two North American countries, and one Oceania 
country, along with a developing country (China) occupied leading positions in MPs research. 
England led the NSC index and was second for STC, which indicated that it produced high quality 
MPs research. The USA also performed well in the areas of research depth and influence, as it 
ranked first for STC and had 62 publications that were cited more than 100 times, and 107 
publications that were cited more than 50 times. China had the most publications (459), but ranked 
seventh for NSC. Canada, the other five Europe countries, and Australia also performed well. The 
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3.1.2. National Contribution Analysis

According to the author address information in the 2637 publications, 104 countries made
contributions to MPs research during the study time period. Table 1 lists the top 10 countries by
their NSC times of publications in MPs research field, as well as TNP (with ranking), STC (with
ranking), NSCR, and the number of publications cited more than 100 and 50 times. Developed
countries, including six European countries, two North American countries, and one Oceania country,
along with a developing country (China) occupied leading positions in MPs research. England led
the NSC index and was second for STC, which indicated that it produced high quality MPs research.
The USA also performed well in the areas of research depth and influence, as it ranked first for STC
and had 62 publications that were cited more than 100 times, and 107 publications that were cited
more than 50 times. China had the most publications (459), but ranked seventh for NSC. Canada,
the other five Europe countries, and Australia also performed well. The 10 countries listed in Table 1
contributed 92.8% of all publications, and the high NSCR values (89.38% on average) indicated that
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these countries had great external influence not only in numbers of studies but also in the quality of
MPs-related publications.

Table 1. The top 10 countries for MPs research ranked by NSC; values for other criteria are given
as well.

Rank Country NSC 1 TNP (R) 2 STC (R) 3 NSCR 4
≥100 5

≥50 6

1 England 23,182 282 (4) 25,376 (2) 91.3% 60 101
2 USA 23,166 381 (2) 25,472 (1) 90.9% 62 107
3 Germany 11,187 317 (3) 127,28 (3) 87.9% 37 76
4 France 10,015 179 (6) 107,83 (4) 92.9% 29 51
5 Netherlands 8369 157 (8) 9096 (6) 92.0% 30 52
6 Australia 8001 155 (9) 8496 (7) 94.2% 21 36
7 China 7491 459 (1) 10,315 (5) 72.6% 19 54
8 Canada 6050 129 (10) 6393 (8) 94.6% 17 28
9 Spain 5084 159 (7) 5504 (9) 92.4% 13 27
10 Italy 4703 230 (5) 5530 (10) 85.0% 15 28

1 NSC: Non-self-citation; 2 TNP (R): Total number of publications (ranking); 3 STC(R): Sum of times cited
(ranking).4 NSCR: Non-self-citation ratio; 5

≥100: the number of publications cited more than 100 times; 6
≥50: the

number of publications cited more than 50 times.

3.1.3. Author Contribution Analysis

According to the statistics, 8191 authors (without debugging repetitions of authors’ names) have
contributed to the increasing scientific knowledge about MPs. Table 2 lists the top 10 influential
authors, ranked by the criteria of NSC on MPs issues, as well as their institution (the latest one), country,
TNP, STC, and the number of ESI highly cited papers (NEHC). These data were manually debugged
to improve the quality of analysis, as a single author may have different forms of abbreviations
but with separately counted articles. Half of these influential authors are from European countries,
which is in agreement with the known active participation of European countries in MPs-related
research. Thompson, R.C. from England was the most productive and influential author, as his
48 publications were cited 11,617 times, and half of his publications were listed as ESI highly cited
papers. Galloway, T.S. and Cole, M., from the University of Exeter, England, ranked second and fourth,
respectively, with the ratio NEHC/TNP > 55%. Shi, H.H., who ranked ninth, was the most active MPs
researcher in China, and 50% of his publications were included as ESI highly cited papers. Galgani, F.;
Koelmans, A.A.; Thiel, M.; Rochman, C.M.; Shim, W.J. and Costa, M.F. also performed well with
their MPs-related research, and contributed information about the MPs distribution in their regional
marine environments, MPs analytical methods, hazardous chemical sorption of MPs, and release of
MPs. These scholars were all listed as ESI highly cited researchers in the Ecology/Environment field,
which indicated that their articles had significant influence on subsequent research.

Table 2. The top 10 authors for MPs research ranked by NSC; values for other criteria are given as well.

Rank Author Organization Country NSC TNP STC NEHC 1

1 Thompson, R.C. University of Plymouth England 11,371 48 11,617 24
2 Galloway, T.S. University of Exeter England 6616 31 6739 18
3 Galgani, F. Ifremer 2 France 4038 28 4110 10
4 Cole, M. University of Exeter England 3100 20 3178 11
5 Koelmans, A.A. Wageningen University Netherlands 2988 39 3173 12
6 Thiel, M. Universidad Catolica del Norte Chile 2570 18 2612 5
7 Rochman, C.M. University of Toronto Canada 1654 24 1696 5
8 Shim, W.J. KIOST 3 SouthKorea 1629 33 1767 5
9 Shi, H.H. East China Normal University China 1615 36 1761 18

10 Costa, M.F. Federal University of Pernambuco Brazil 1277 20 1347 1
1 NEHC: Number of ESI highly cited papers; 2 Ifremer: Institut Français de Recherche pour I’Exploitation de la Mer;
3 KIOST: Korea Institute of Ocean Science Technology.
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3.1.4. Journal Analysis

The 2637 publications were retrieved from 399 journals. Among them, most journals (384, 96.2%)
published fewer than 20 articles about MPs. Table 3 shows the top 15 most productive journals in
which more than 65% of publications related to MPs were published during the period 2004-2019.
These journals were classified in six categories, and all placed in higher quartiles in category (Q1/Q2)
according the 2018 JCR report. Ten of the journals were grouped in the Environmental Sciences category
and three were grouped in the Marine and Freshwater Biology category, which indicated that MPs in
the aquatic environment was the research hotspot. Mar Pollut Bull published the most articles (536)
and had the highest STC and NSC, but its NSCR was lower than that of the other 14 journals. Environ
Pollut, with 327 articles, ranked second. Water Res ranked eighth for TNP, but had the highest IF
(7.913) among the ten Environmental Sciences journals. Sci Rep-UK and Plos One, were grouped in the
Multidisciplinary Sciences category, and Trac-Trend Anal Chem and Analmethods-UK were grouped in the
Chemistry, Analytical category. Articles in Environ Toxicol Chem and Ecotox Environ Safe, which were
classified in the Toxicology category, focused on the ecotoxicological effects of MPs.

Table 3. The top 15 productive journals that published articles about the MPs issue.

Rank Journal TNP STC(R) NSC(R) NSCR IF Categories (Quartile)

1 Mar Pollut Bull 536 22,572(1) 18,544(1) 82.2% 3.782 Environmental Sciences (Q2);
Marine and Freshwater Biology (Q1)

2 Environ Pollut 327 14,456(3) 12,711(3) 87.9% 5.714 Environmental Sciences (Q1)
3 Sci Total Environ 206 6082(4) 5534(4) 91.0% 5.589 Environmental Sciences (Q1)
4 Environ Sci Technol 172 14,466(2) 13,580(2) 93.9% 7.149 Environmental Sciences (Q1)
5 Chemosphere 90 2139(9) 2036(9) 95.2% 5.108 Environmental Sciences (Q1)
6 Environ Sci Pollut R 63 867(11) 835(11) 96.3% 2.914 Environmental Sciences (Q2)
7 Sci Rep-UK 63 3134(5) 3071(5) 98.0% 4.011 Multidisciplinary Sciences (Q1)

8 Water Res 49 2583(6) 2424(7) 93.8% 7.913 Environmental Sciences (Q1);
Water resources (Q1)

9 Front Mar Sci 31 435(14) 425(14) 97.7% 3.086 Marine and Freshwater Biology (Q1)

10 Mar Environ Res 29 2467(7) 2431(6) 98.5% 3.445 Environmental Sciences (Q2);
Marine and Freshwater Biology (Q1)

11 Trac-Trend Anal Chem 29 563(13) 551(13) 97.9% 8.428 Chemistry, Analytical (Q1)
12 Analmethods-UK 28 749(12) 739(12) 98.7% 2.378 Chemistry, Analytical (Q2)

13 Environ Toxicol Chem 28 1127(10) 1094(10) 97.0% 3.421 Environmental Sciences (Q2);
Toxicology(Q2)

14 PlosOne 25 2430(8) 2399(8) 98.7% 2.776 Multidisciplinary Science(Q2)

15 Ecotox Environ Safe 21 304(15) 298(15) 98.0% 4.527 Environmental Sciences (Q1);
Toxicology(Q1)

3.2. Network Analysis

3.2.1. Co-Authorship Network Analysis of Countries

Figure 2 illustrates the collaboration network of countries conducting MPs research from 2004–2019.
The number of publications threshold was set at 30, and of the 104 countries considered, 29 met this
threshold. The whole network consisted of 29 nodes (referred to as countries) and 306 links (total link
strength = 1815). England and the USA were the most affiliated countries; their close international
cooperation was indicated by 28 links and a total link strength of 353 and 369, respectively. They were
followed by Germany (links = 27, total link strength = 274), France (links = 26, total link strength = 218),
and the Netherlands (links = 25, total link strength = 239). Academic collaboration between China and
the USA was far more frequent than that of any other two countries (link strength = 52), which may
be attributed to the high number of Chinese postgraduates/visiting scholars studying or working on
MPs research in the USA. Other countries had fewer academic exchanges, such as Turkey (links = 9,
total link strength = 12), possibly due to the consequence of language and finance barriers.
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3.2.2. Co-CitationNetwork Analysis of Cited References

Of the 57,834 cited references from MPs articles published between 2004 and 2019, 713 references
that were cited at least 30 times were used to create the co-citation network diagram (five clusters with
different colors, Figure 3). Each cluster contained some core literatures with high citation rates and
academic relationships, which revealed a knowledge base in the MPs research field.
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In cluster red, the references with the largest nodes were the articles by Browne et al. [34] and
Hidalgo-Ruz et al. [35], published in Environ Sci Technol, both with 712 co-citations and total link
strengths of 25,800 and 24,418, respectively. Browne et al. [34] was the first study to explore the
global distribution of MPs, which formed the knowledge base for MPs spatial distribution research.
Hidalgo-Ruz et al. [35] reviewed 68 studies, to compare the methodologies used for MPs identification
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and quantification from seawater and sediment samples, and they called for standardized sampling
programs to develop a more comprehensive understanding of MPs distribution. This study undoubtedly
formed the knowledge base for MPs analytical methods. In cluster green, the documents with the
largest nodes were authored by Andray [36] (published in Mar. Pollut. Bull.) and Thompson et al. [25]
(published in Science). These articles were co-cited 712 times and had total link strengths of 29,817
and 26,743, respectively, indicating that they played a crucial role in the MPs co-citation network
structure. Thompson et al. [25] clearly defined the term “MPs” and initiated global research on them.
Andray [36] discussed the mechanism by which MPs are derived from marine debris, forming the
knowledge base for MPs sources. In cluster blue, the document with the largest node (712 co-citations,
23,574 total link strength) was the article authored by Wright et al. [8] and published in Environ
Pollut. Additionally, the laboratory experiments conducted by Setälä et al. [37] and Mattsson et al. [38]
confirmed that MPs could transfer through food chains, and that lower trophic organisms could be
the vector. In cluster yellow, the document with the largest node was written by Teuten et al. [39],
who examined the uptake and subsequent release of hydrophobic organic contaminants present on
plastic debris. This study formed a knowledge base about the interaction of MPs with contaminants.
In cluster purple, Zettler et al. [40] first described a microbial community as a “plasticphere”, and called
for research on the interaction between MPs and microorganisms.

3.2.3. Co-Occurrence Network Analysis of Author Keywords

(1) In Publications Extracted from WoSCC
There were 4957 unique author keywords recorded in extracted publications from WoSCC. Among

them, 3785 words (76.4%) were only used once, 566 (11.4%) were used twice, and 178 (3.6%) were used
three times. These author keywords emphasized the breadth of MPs-related research, but also indicated
a lack of continuity in research focuses. Some author keywords had different forms, but the same
meaning (e.g., “FT-IR Spectroscopy” and “FT-IR” manually standardized as “FT-IR”), so we manually
standardized 299 author keywords (with a minimum of 5 occurrences) to 230 keywords, and used them
for co-occurrence network analysis (Figure 4). “Microplastic” (the biggest dot, Occurrence = 1146)
was the most frequently used author keyword (and was used as our search term). The keywords
“marine environment pollution” (occurrence = 366), “marine debris” (occurrence = 296), “ingestion”
(occurrence = 105), “nanoplastic” (occurrence = 89), “sediments” (occurrence = 88), “polystyrene”
(occurrence = 69), “FT-IR” (occurrence = 66), “freshwater” (occurrence = 60), and “polyethylene”
(occurrence = 57) ranked second to tenth in the author keywords analysis, during the period from 2004
to 2019. These keywords were used in a large number of articles dealing with the distribution of MPs
in different environments (e.g., marine environment, sediments, and freshwater), the ingestion of MPs
by organisms, analytical techniques and quantification of these particles, and the biological effects
of exposure to polystyrene or polyethylene nanoplastic. Figure 4 shows that the author keywords
provided for MPs articles formed different clusters (by color), which represented global hotspots in
MPs-related field (see Section 3.3).
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3.3. Hotspots of MPs Research

3.3.1. MPs Sources and Spatial Distribution

Contributed keywords can be found in cluster red and green in Figures 4 and 5, including marine
plastic pollution, marine debris, beach, surface water, Mediterranean, accumulation, etc.

To address the key MPs problems, the international community has already developed policy
responses, such as the European Marine Strategy Framework Directive, which is an ambitious program
aimed at preventing MPs pollution. The scientific literature related to sources, pathways, and
distribution of MPs is already substantial and constantly growing. MPs have been observed in almost
every habitat of the aquatic environment, including ocean surface water [41], the water column [42],
beaches [43], subtidal and deep-sea sediments [44,45], and freshwater lakes [46]. However, how to
integrate MPs monitoring into existing environmental monitoring programs with reliable quantification
routines requires further work.

3.3.2. MPs Analytical Methods

Contributed keywords can be found in cluster yellow in Figure 4 and cluster purple in Figure 5,
including identification, density separation, elutriation, sediment, spectroscopy, FT-IR, Raman, etc.

MPs analytical methods were developed to meet different purposes in MPs surveys, and can be
divided into three steps: (1) sampling; (2) pretreatment for MPs extraction; and (3) qualitative and
quantitative analysis. For sediment samples, high density solutions were commonly used to extract
MPs, based on density separation [47]. In addition, elutriation columns proved to be useful tools
with high extraction efficiency [48]. For seawater or water samples, selective sampling [49,50] and
bulk sampling [51] methods were used in different studies, as were different pretreatment methods,
such as enzyme digestion with subsequent filtration [49], and the sieve method [50]. For biota samples,
the sampling methods always depended on the organisms being studied. For example, plankton
trawls and nets were used to study the accumulation of MPs in plankton [52], whereas the dissection
of different organs [53] was used for other target species. Digestion pretreatment methods for MPs
extraction from biota samples have received a lot of attention, and many studies compared different
digestion pretreatment methods, in pursuit of higher extraction efficiency [54]. For qualitative and
quantitative analysis, MPs were usually measured and classified by shape, size, color, and chemical
components. Most commonly, the extracted MPs were visually sorted under a microscope, and in
some cases, the chemical components of MPs were determined by Raman spectroscopy [49], FT-IR
micro-spectroscopy [51], and FT-IR [53]. It is notable that MPs analytical methods are now still
debatable and have yet to be standardized.

3.3.3. The Interaction of MPs with Contaminants

Contributed keywords can be found in cluster purple in Figure 4 and cluster green in Figure 5,
including sorption, heavy metals, polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons
(PAHs), phthalates, persistent organic pollutants (POPs), etc.

Partitioning of contaminations to MPs has also been well documented. It has been evidenced
that POPs [55], such as PCBs and PAHs, as well as heavy metals, can be adsorbed onto the surface of
MP particles [56], and the sorption capacity is not only influenced by external factors, such as salinity,
environment temperature, and weathering, but also by polymer type [57]. Additionally, contaminants
adsorbed to MPs as well as MPs additives (e.g., phthalates, alkylphenols) can be desorbed from the
surface of MPs during their transit through the digestive tract in organisms [58], which may have
negative impacts on them [59]. The challenges of understanding MPs sorption/desorption behavior in
different environments and their combined toxic effects on organisms require further research.
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3.3.4. MPs Accumulation in Organisms and Their Potential Impact

Contributed keywords can be found in cluster blue in Figure 4 and cluster blue and yellow in
Figure 5, including ingestion, biomarkers, mussel, fish, seafood, trophic transfer, food web, toxicity,
human health, etc.

MPs have been detected in many wild aquatic organisms, such as beaked whale [53], lobster [60],
crab [61], fish [62,63], bivalves [64–66], and zooplankton [52,67,68]. Laboratory experiments have
shown that MPs can cause some physical harm to a diverse array of organisms upon ingestion [8].
Additional threats of MPs are their capacity to leach toxic additives such as monomers and plasticizers,
and to be potential vectors for hydrophobic POPs, which may cause further health problems, such
as endocrine disruption and even carcinogenesis to organisms upon ingestion [69]. To quantify the
exposure risk from ingested MPs and to evaluate theirpotential eco-toxicological risk, scientists have
studied the survival rate [70,71], growth [72], reproductive status [73,74] and gene expression [75]
of target species. As biomarkers are useful indicators of exposure, they should be used to identify
ecologically significant effects of MPs on sentinel species.

In recent years, the global presence of MPs and nanoplastics in foodstuff, drinking water, and air
samples has been well documented. Consequently, human exposure to MPs via ingestion and
inhalationis inevitable. Initial concern about human exposure to MPs focused on ingestion of MPs
contaminated aquatic organisms. Evidence has shown that the consumption of entirely consumed
organisms such as oysters and mussels may pose a higher risk of MPs exposure than consumption of
eviscerated ones [76]. Other sources of human exposure to MPs include commercial salt and bottled
drinks, as well as airborne MPs that can be inhaled [77]. Although MPs have been detected in human
stool samples [78], nanoplastics reportedly might decrease the viability of human Caco-2 cells [79],
and they can induce pro-inflammatory responses [80]—adverse effects of MPs on human health have
not been reported to date. Thus, studies of the effects of MPs on human health are still urgently needed.

4. Conclusions

MPs, as an environmental pollutant, have become a global problem and they may pose a risk
to human health. To summarize research progress and identify future research topics based on
current hotspots, we conducted a bibliometric profile of MPs relevant research, using data from
the WoSCC database for the period 2004–2019. We found that the scientific output of MPs-related
research experienced rapid growth during the past 16 years, and that this booming research area has
expanded into many related fields. Developed countries were important contributors to MPs research,
as England, the USA, and Germany occupied the top three positions, based on the criterion of NSC.
China was the only developing country in the top 10 national contributors. These influential countries
foster close academic collaborations, as shown by the co-authorship network analysis of countries.
However, more exchanges and cooperation between these countries and others are needed. We also
found that Thompson RC, who defined the term “MPs”, was the most productive author, as well as
the most influential one. All of the top 10 authors identified based on the criterion of NSC were ESI
highly cited researchers in the Ecology/Environment field, which highlights their significant influence
on MPs-related research. Our results show that the issue of MPs is a multidisciplinary research field,
because journals classified in six different categories contained MPs-related articles. The results of
co-citation network analysis of cited references indicated that in-depth research laid a solid foundation
for the MPs scientific field. The internal composition relationships of MPs studies were visualized by
co-occurrence networks of author keywords, both in extracted publications and ESI highly cited papers,
which identified the following research hotspots: potential sources and spatial distributions of MPs,
analytical methods, the interaction of MPs with contaminants, and the impacts of MPs on organisms as
well as human beings. Future MPs studies should focus on the following five aspects: (1) integration of
MPs monitoring into existing environmental monitoring programs; (2) unified technical standards and
reliable quantification routines; (3) sorption/desorption behavior of contaminants on MPs in different
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environments; (4) biological effects on sentinel species and molecular toxicology mechanisms; and (5)
the effects of MPs exposure on human health.

Author Contributions: Conceptualization, F.Q., J.D. and H.W.; methodology and software, F.Q., J.G. and G.L.;
formal analysis, J.D., J.G., G.L. and Y.S.; investigation, A.Y., Y.D. and Q.W.; resources, J.G., G.L. and H.W.;
writing—original draft preparation, review and editing, F.Q., J.D. and H.W.; visualization, F.Q., Y.S. and A.Y.;
funding acquisition, J.D. and H.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by The Science and Technology Innovation Fund of Dalian, P.R. China, grant
number 2019J13SN119; Key Laboratory of Huanghuai Water Environment and Pollution Control, Ministry of
Education, P.R. China, grant number KFJJ-2017-11; Department of Ocean and Fishery of Liaoning Province, P.R.
China, grant number 201808.

Acknowledgments: We would like to thank XianWen Wang of Dalian University of Technology for his technical
support on VOSviewer software.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Phuong, N.N.; Zalouk-Vergnoux, A.; Poirier, L.; Kamari, A.; Châtel, A.; Mouneyrac, C.; Lagarde, F. Is there
any consistency between the microplastics found in the field and those used in laboratory experiments?
Environ. Pollut. 2016, 211, 111–123. [CrossRef] [PubMed]

2. Barnes, D.K.; Galgani, F.; Thompson, R.C.; Barlaz, M. Accumulation and fragmentation of plastic debris in
global environments. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2009, 364, 1985–1998. [CrossRef] [PubMed]

3. Cole, M.; Lindeque, P.; Halsband, C.; Galloway, T.S. Microplastics as contaminants inthe marine environment:
A review. Mar. Pollut. Bull. 2011, 62, 2588–2597. [CrossRef] [PubMed]

4. Eerkes-Medrano, D.; Thompson, R.C.; Aldridge, D.C. Microplastics in freshwater systems: A review of the
emerging threats, identification of knowledge gaps and prioritisation of research needs. Water Res. 2015, 75,
63–82. [CrossRef]

5. Derraik, J.G. The pollution of the marine environment by plastic debris: A review. Mar. Pollut. Bull. 2002, 44,
842–852. [CrossRef]

6. Ivar do Sul, J.A.; Costa, M.F. The present and future of microplastic pollution in the marine environment.
Environ. Pollut. 2014, 185, 352–364. [CrossRef]

7. Wang, J.; Tan, Z.; Peng, J.; Qiu, Q.; Li, M. The behaviors of microplastics in the marine environment.
Mar. Environ. Res. 2016, 113, 7–17. [CrossRef]

8. Wright, S.L.; Thompson, R.C.; Galloway, T.S. The physical impacts of microplastics on marine organisms:
A review. Environ. Pollut. 2013, 178, 483–492. [CrossRef]

9. Arthur, C.; Baker, J.; Bamford, H. NOAA Technical Memorandum NOS-OR&R30. In Proceedings of the
International Research Workshop On The Occurrence, Effects And Fate Of Microplastic Marine Debris,
Tacoma, WA, USA, 9–11 September 2008; pp. 9–11.

10. Fendall, L.S.; Sewell, M.A. Contributing to marine pollution by washing your face: Microplastics in facial
cleansers. Mar. Pollut. Bull. 2009, 58, 1225–1228. [CrossRef]

11. Napper, I.E.; Bakir, A.; Rowland, S.J.; Thompson, R.C. Characterisation, quantity and sorptive properties of
microplastics extracted from cosmetics. Mar. Pollut. Bull. 2015, 99, 178–185. [CrossRef]

12. Eriksen, M.; Mason, S.; Wilson, S.; Box, C.; Zellers, A.; Edwards, W.; Farley, H.; Amato, S. Microplastic
pollution in the surface waters of the Laurentian Great Lakes. Mar. Pollut. Bull. 2013, 77, 177–182. [CrossRef]
[PubMed]

13. Browne, M.A.; Galloway, T.; Thompson, R. Microplastic-an emerging contaminant of potential concern?
Integr. Environ. Assess. Manag. 2007, 3, 559–561. [CrossRef] [PubMed]

14. Cesa, F.S.; Turra, A.; Baruque-Ramos, J. Synthetic fibers as microplastics in the marine environment: A review
from textile perspective with a focus on domestic washings. Sci. Total Environ. 2017, 598, 1116–1129.
[CrossRef] [PubMed]

15. Horton, A.A.; Walton, A.; Spurgeon, D.J.; Lahive, E.; Svendsen, C. Microplastics in freshwater and terrestrial
environments: Evaluating the current understanding to identify the knowledge gaps and future research
priorities. Sci. Total Environ. 2017, 586, 127–141. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.envpol.2015.12.035
http://www.ncbi.nlm.nih.gov/pubmed/26745396
http://dx.doi.org/10.1098/rstb.2008.0205
http://www.ncbi.nlm.nih.gov/pubmed/19528051
http://dx.doi.org/10.1016/j.marpolbul.2011.09.025
http://www.ncbi.nlm.nih.gov/pubmed/22001295
http://dx.doi.org/10.1016/j.watres.2015.02.012
http://dx.doi.org/10.1016/S0025-326X(02)00220-5
http://dx.doi.org/10.1016/j.envpol.2013.10.036
http://dx.doi.org/10.1016/j.marenvres.2015.10.014
http://dx.doi.org/10.1016/j.envpol.2013.02.031
http://dx.doi.org/10.1016/j.marpolbul.2009.04.025
http://dx.doi.org/10.1016/j.marpolbul.2015.07.029
http://dx.doi.org/10.1016/j.marpolbul.2013.10.007
http://www.ncbi.nlm.nih.gov/pubmed/24449922
http://dx.doi.org/10.1002/ieam.5630030412
http://www.ncbi.nlm.nih.gov/pubmed/18046805
http://dx.doi.org/10.1016/j.scitotenv.2017.04.172
http://www.ncbi.nlm.nih.gov/pubmed/28482459
http://dx.doi.org/10.1016/j.scitotenv.2017.01.190
http://www.ncbi.nlm.nih.gov/pubmed/28169032


Int. J. Environ. Res. Public Health 2020, 17, 5639 13 of 15

16. van Raamsdonk, L.W.D.; van der Zande, M.; Koelmans, A.A.; Hoogenboom, R.L.A.P.; Peters, R.J.B.;
Groot, M.J.; Peijnenburg, A.A.C.M.; Weesepoel, Y.J.A. Current insights into monitoring, bioaccumulation,
and potential health effects of microplastics present in the food chain. Foods 2020, 9, 72. [CrossRef]

17. Lu, L.; Luo, T.; Zhao, Y.; Cai, C.H.; Fu, Z.W.; Jin, Y.X. Interaction between microplastics and microorganisms
as well as gut microbiota: A consideration on environmental animal and human health. Sci. Total Environ.
2019, 667, 94–100. [CrossRef] [PubMed]

18. Zou, X.; Yue, W.L.; Vu, H.L. Visualization and analysis of mapping knowledge domain of road safety studies.
Accid. Analy. Prev. 2018, 118, 131–145. [CrossRef]

19. Zhang, M.; Gao, M.; Yue, S.Y.; Zheng, T.L.; Gao, Z.; Ma, X.Y.; Wang, Q.H. Global trends and future prospects
of food waste research: A bibliometric analysis. Environ. Sci. Pollut. R. 2018, 25, 24600–24610. [CrossRef]

20. Wang, L.; Zhao, L.; Mao, G.; Zuo, J.; Du, H. Way to accomplish low carbon development transformation:
A bibliometric analysis during 1995–2014. Renew. Sust. Energ. Rev. 2017, 68, 57–69. [CrossRef]

21. Ruiz-Real, J.L.; Uribe-Toril, J.; Valenciano, J.D.P.; Gazqiez-Abad, J.C. Worldwide research on circular economy
and environment: A bibliometric analysis. Int. J. Environ. Res. Pub. Heath 2018, 15, 2699. [CrossRef]

22. Ivar do sul, J.A.; Tagg, A.S.; Labrenz, M. Exploring the common denominator between microplastics and
microbiology: A scientometric approach. Scientometrics 2018, 117, 2145–2157. [CrossRef]

23. Barboza, L.G.A.; Gimenez, B.C.G. Microplastics in the marine environment: Current trends and future
perspectives. Mar. Pollut. Bull. 2015, 97, 5–12. [CrossRef]

24. Zhang, Y.; Pu, S.Y.; Lv, X.; Gao, Y.; Ge, L. Global trends and prospects in microplastics research: A bibliometric
analysis. J. Hazard. Mater. 2020, 400, 123110. [CrossRef] [PubMed]

25. Thompson, R.C.; Olsen, Y.; Mitchell, R.P.; Davis, A.; Rowland, S.J.; John, A.W.G.; Mcgonigle, D.; Russell, A.E.
Lost at sea: Where is all the plastic? Science 2004, 304, 838. [CrossRef] [PubMed]

26. Ji, L.; Liu, C.W.; Huang, L.C.; Huang, G.H. The evolution of resources conservation and recycling over the
past 30 years: A biboliometric overview. Resour. Conserv. Recy. 2018, 134, 34–43. [CrossRef]

27. Mao, G.Z.; Huang, N.; Chen, L.; Wang, H.M. Research on biomass energy and environment from the past to
the future: A bibliometric analysis. Sci. Total Environ. 2018, 635, 1081–1090. [CrossRef]

28. Su, B.B.; Hyeong, C.N.; Won, H.P. Electrospraying of environmentally sustainable alginate microbeads for
cosmetic additives. Int. J. Biol. Macromol. 2019, 133, 278–283. [CrossRef]

29. Khudzari, J.M.; Kurian, J.; Tartakovsky, B.; Raghavan, G.S.V. Bibliometric analysis of global research trends
on microbial fuel cells using Scopus database. Biochem. Eng. J. 2018, 136, 51–60. [CrossRef]

30. Avio, C.G.; Gorbi, S.; Regoli, F. Experimental development of a new protocol for extraction and characterization
of microplastics in fish tissues: First observations in commercial species from Adriatic Sea. Mar. Pollut. Bull.
2015, 111, 18–26. [CrossRef]

31. Stolte, A.; Forster, S.; Gerdts, G.; Schubert, H. Microplastic concentrations in beach sediments along the
German Baltic coast. Mar. Pollut. Bull. 2015, 99, 216–229. [CrossRef]

32. Avio, C.G.; Gorbi, S.; Milan, M.; Benedetti, M.; Fattorini, D.; d′Errico, G.; Pauletto, M.; Bargelloni, L.; Ragoli, F.
Pollutants bioavailability and toxicological risk from microplastics to marine mussels. Environ. Pollut. 2015,
198, 211–222. [CrossRef] [PubMed]

33. Ma, Y.N.; Huang, A.; Cao, S.Q.; Sun, F.F.; Wang, L.H.; Guo, H.Y.; Ji, R. Effects of nanoplastics and microplastics
on toxicity, bioaccumulation, and environmental fate of phenanthrene in fresh water. Environ. Pollut. 2016,
219, 166–173. [CrossRef] [PubMed]

34. Browne, M.A.; Crump, P.; Niven, S.J.; Teuten, E.; Tonkin, A.; Galloway, T.; Thompson, R. Accumulation
of Microplastic on Shorelines Worldwide: Sources and Sinks. Environ. Sci. Technol. 2011, 45, 9175–9179.
[CrossRef] [PubMed]

35. Hidalgo-Ruz, V.; Gutow, L.; Thompson, R.C.; Thiel, M. Microplastics in the marineenvironment: A review of
the methods used for identification and quantification. Environ.Sci. Technol. 2012, 46, 3060–3075. [CrossRef]

36. Andrady, A.L. Microplastics in the marine environment. Mar. Pollut. Bull. 2011, 62, 1596–1605. [CrossRef]
37. Setälä, O.; Fleming-Lehtinen, V.; Lehtiniemi, M. Ingestion and transfer of microplastics in the planktonic

food web. Environ. Pollut. 2014, 185, 77–83. [CrossRef]
38. Mattsson, K.; Ekvall, M.T.; Hansson, L.A.; Linse, S.; Malmendal, A.; Cedervall, T. Altered behavior, physiology,

and metabolism in fish exposed to polystyrene nanoparticles. Environ. Sci. Technol. 2015, 49, 553–561.
[CrossRef]

http://dx.doi.org/10.3390/foods9010072
http://dx.doi.org/10.1016/j.scitotenv.2019.02.380
http://www.ncbi.nlm.nih.gov/pubmed/30826685
http://dx.doi.org/10.1016/j.aap.2018.06.010
http://dx.doi.org/10.1007/s11356-018-2598-6
http://dx.doi.org/10.1016/j.rser.2016.08.021
http://dx.doi.org/10.3390/ijerph15122699
http://dx.doi.org/10.1007/s11192-018-2936-y
http://dx.doi.org/10.1016/j.marpolbul.2015.06.008
http://dx.doi.org/10.1016/j.jhazmat.2020.123110
http://www.ncbi.nlm.nih.gov/pubmed/32574874
http://dx.doi.org/10.1126/science.1094559
http://www.ncbi.nlm.nih.gov/pubmed/15131299
http://dx.doi.org/10.1016/j.resconrec.2018.03.005
http://dx.doi.org/10.1016/j.scitotenv.2018.04.173
http://dx.doi.org/10.1016/j.ijbiomac.2019.04.058
http://dx.doi.org/10.1016/j.bej.2018.05.002
http://dx.doi.org/10.1016/j.marenvres.2015.06.014
http://dx.doi.org/10.1016/j.marpolbul.2015.07.022
http://dx.doi.org/10.1016/j.envpol.2014.12.021
http://www.ncbi.nlm.nih.gov/pubmed/25637744
http://dx.doi.org/10.1016/j.envpol.2016.10.061
http://www.ncbi.nlm.nih.gov/pubmed/27814532
http://dx.doi.org/10.1021/es201811s
http://www.ncbi.nlm.nih.gov/pubmed/21894925
http://dx.doi.org/10.1021/es2031505
http://dx.doi.org/10.1016/j.marpolbul.2011.05.030
http://dx.doi.org/10.1016/j.envpol.2013.10.013
http://dx.doi.org/10.1021/es5053655


Int. J. Environ. Res. Public Health 2020, 17, 5639 14 of 15

39. Teuten, E.L.; Rowland, S.J.; Galloway, T.S.; Thompson, R.C. Potential for plastics to transport hydrophobic
contaminants. Environ. Sci. Technol. 2007, 41, 7759–7764. [CrossRef]

40. Zettler, E.R.; Mincer, T.J.; Amaral-Zettler, L.A. Life in the “Plastisphere”: Microbial communities on plastic
marine debris. Environ. Sci. Technol. 2013, 47, 7137–7146. [CrossRef]

41. Chae, D.H.; Kim, I.S.; Kim, S.K.; Song, Y.K.; Shim, W.J. Abundance and distribution characteristics of
microplastics in surface seawaters of the Incheon/Kyeonggi coastal region. Arch. Environ. Contam. Toxicol.
2015, 69, 269–278. [CrossRef]

42. Cózar, A.; Echevarría, F.; González-Gordillo, J.I.; Irigoien, X.; Úbeda, B.; Hernández-León, S.; Palma, A.T.;
Navarro, S.; García-de-Lomas, J.; Ruiz, A.; et al. Plastic debris in the open ocean. Proc. Natl. Acad. Sci. USA
2014, 118, 10239–10244. [CrossRef]

43. Turra, A.; Manzano, A.B.; Dias, R.J.S.; Mahiques, M.M.; Barbosa, L.; Balthazar-Silva, D.; Moreira, F.T.
Three-dimensional distribution of plastic pellets in sandybeaches: Shifting paradigms. Sci. Rep. 2014, 4, 1–7.
[CrossRef]

44. Vianello, A.; Boldrin, A.; Guerriero, P.; Moschino, V.; Rella, R.; Sturaro, A.; Da Ros, L. Microplastic particles
in sediments of lagoon of Venice, Italy: First observations on occurrence, spatial patterns and identification.
Estuar. Coast. Shelf Sci. 2013, 130, 54–61. [CrossRef]

45. Van Cauwenberghe, L.; Vanreusel, A.; Mees, J.; Janssen, C.R. Microplastic pollution indeep-sea sediments.
Environ. Pollut. 2013, 182, 495–499. [CrossRef] [PubMed]

46. Wang, W.F.; Ndungu, A.W.; Li, Z.; Wang, J. Microplastics pollution in inland freshwaters of China: A case
study inurban surface waters of Wuhan, China. Sci. Total Environ. 2017, 575, 1369–1374. [CrossRef]

47. Quinn, B.; Murphy, F.; Ewins, C. Validation of density separation for the rapid recovery of microplastics from
sediment. Anal. Methods-UK 2016. [CrossRef]

48. Kedzierski, M.; Tilly, V.L.; Bourseau, P.; Bellegou, H.; César, G.; Sire, O.; Bruzaud, S. Microplastics elutriation
from sandy sediments: A granulometric approach. Mar. Pollut. Bull. 2016, 107, 315–323. [CrossRef]

49. Zhao, S.; Zhu, L.; Li, D. Microplastic in three urban estuaries, China. Environ. Pollut. 2015, 206, 597–604.
[CrossRef]

50. Florian, F.; Camille, S.; Gael, P.; François, G.; Luiz, A.; Pascal, H. An evaluation of surface micro and meso
plastic pollution in pelagic ecosystems of western Mediterranean Sea. Environ. Sci. Pollut. R. 2015, 22,
12190–12197. [CrossRef]

51. Song, Y.K.; Hong, S.H.; Jiang, M.; Han, G.M.; Shim, W.J. Occurrence and distribution of microplastics in
the sea surface microlayer in Jinhae bay, South Korea. Arch. Environ. Contam. Toxicol. 2015, 69, 279–287.
[CrossRef]

52. Desforges, J.P.W.; Galbraith, M.; Ross, P.S. Ingestion of microplastics by zooplankton in the Northeast Pacific
Ocean. Arch. Environ. Contam. Toxicol. 2015, 69, 320–330. [CrossRef]

53. Lusher, A.L.; Hernandez-Millian, G.; O’Brien, J.; Berrow, S.; O’Connor, I.; Officer, R. Microplastic and
macroplastic ingestion by a deep diving, oceanic cetacean: The True’s beaked whale Mesoplodon mirus.
Environ. Pollut. 2015, 199, 185–191. [CrossRef] [PubMed]

54. Dehaut, A.; Cassone, A.L.; Frère, L.; Hermabessiere, L.; Himber, C.; Rinnert, E.; Rivière, G.; Lambert, C.;
Soudant, P.; Huvet, A.; et al. Microplastics in seafood: Benchmark protocol for their extraction and
characterization. Environ. Pollut. 2016, 215, 223–233. [CrossRef] [PubMed]

55. Rios, L.M.; Moore, C.; Jones, P.R. Persistent organic pollutants carried by synthetic polymers in the ocean
environment. Mar. Pollut. Bull. 2007, 54, 1230–1237. [CrossRef] [PubMed]

56. Holmes, L.A.; Turner, A.; Thompson, R.C. Adsorption of trace metals to plastic resin pellets in the marine
environment. Environ. Pollut. 2012, 160, 42–48. [CrossRef] [PubMed]

57. Bakir, A.; Rowland, S.J.; Thompson, R.C. Competitive sorption of persistent organic pollutants onto
microplastics in the marine environment. Mar. Pollut. Bull. 2012, 64, 2782–2789. [CrossRef]

58. Rochman, C.M.; Hoh, E.; Kurobe, T.; Teh, S.J. Ingested plastic transfers hazardous chemicals to fish and
induces hepatic stress. Sci. Rep. 2013, 3, 3263. [CrossRef]

59. Rochman, C.M.; Kurobe, T.; Flores, I.; Teh, S.J. Early warning signs of endocrine disruption in adult fish from
the ingestion of polyethylene with and without sorbed chemical pollutants from the marine environment.
Sci. Total Environ. 2014, 493, 656–661. [CrossRef]

60. Murray, F.; Cowie, P.R. Plastic contamination in the decapod crustacean Nephrops norvegicus (Linnaeus, 1758).
Mar. Pollut. Bull. 2011, 62, 1207–1217. [CrossRef]

http://dx.doi.org/10.1021/es071737s
http://dx.doi.org/10.1021/es401288x
http://dx.doi.org/10.1007/s00244-015-0173-4
http://dx.doi.org/10.1073/pnas.1314705111
http://dx.doi.org/10.1038/srep04435
http://dx.doi.org/10.1016/j.ecss.2013.03.022
http://dx.doi.org/10.1016/j.envpol.2013.08.013
http://www.ncbi.nlm.nih.gov/pubmed/24035457
http://dx.doi.org/10.1016/j.scitotenv.2016.09.213
http://dx.doi.org/10.1039/C6AY02542K
http://dx.doi.org/10.1016/j.marpolbul.2016.03.041
http://dx.doi.org/10.1016/j.envpol.2015.08.027
http://dx.doi.org/10.1007/s11356-015-4453-3
http://dx.doi.org/10.1007/s00244-015-0209-9
http://dx.doi.org/10.1007/s00244-015-0172-5
http://dx.doi.org/10.1016/j.envpol.2015.01.023
http://www.ncbi.nlm.nih.gov/pubmed/25667115
http://dx.doi.org/10.1016/j.envpol.2016.05.018
http://www.ncbi.nlm.nih.gov/pubmed/27209243
http://dx.doi.org/10.1016/j.marpolbul.2007.03.022
http://www.ncbi.nlm.nih.gov/pubmed/17532349
http://dx.doi.org/10.1016/j.envpol.2011.08.052
http://www.ncbi.nlm.nih.gov/pubmed/22035924
http://dx.doi.org/10.1016/j.marpolbul.2012.09.010
http://dx.doi.org/10.1038/srep03263
http://dx.doi.org/10.1016/j.scitotenv.2014.06.051
http://dx.doi.org/10.1016/j.marpolbul.2011.03.032


Int. J. Environ. Res. Public Health 2020, 17, 5639 15 of 15

61. Wójcik-Fudalewska, D.; Normant-Saremba, M.; Anastácio, P. Occurrence of plasticdebris in the stomach of
the invasive crab Eriocheir sinensis. Mar. Pollut. Bull. 2016, 113, 306–311. [CrossRef]

62. Lusher, A.L.; McHugh, M.; Thompson, R.C. Occurrence of microplastics in the gastrointestinal tract of pelagic
and demersal fish from the English Channel. Mar. Pollut. Bull. 2013, 67, 94–99. [CrossRef] [PubMed]

63. Jabeen, K.; Su, L.; Li, J.N.; Yang, D.Q.; Tong, C.F.; Mu, J.L.; Shi, H.H. Microplastics and mesoplastics in fish
from coastal and fresh waters of China. Environ. Pollut. 2017, 221, 141–149. [CrossRef] [PubMed]

64. Mathalon, A.; Hill, P. Microplastic fibers in the intertidal ecosystem surrounding Halifax Harbor, Nova Scotia.
Mar. Pollut. Bull. 2014, 81, 69–79. [CrossRef] [PubMed]

65. Van Cauwenberghe, L.; Janssen, C.R. Microplastics in bivalves cultured for human consumption.
Environ. Pollut. 2014, 193, 65–70. [CrossRef]

66. Li, J.N.; Yang, D.Q.; Li, L.; Jabeen, K.; Shi, H.H. Microplastics in commercial bivalves from China.
Environ. Pollut. 2015, 207, 190–195. [CrossRef] [PubMed]

67. Steer, M.; Cole, M.; Thompson, R.C.; Lindeque, P.K. Microplastic ingestion in fish larvae in the western
English Channel. Environ. Pollut. 2017, 226, 250–259. [CrossRef]

68. Sun, X.X.; Li, Q.J.; Zhu, M.L.; Liang, J.H.; Zheng, S.; Zhao, Y.F. Ingestion of microplastics by natural
zooplankton groups in the northern South China Sea. Mar. Pollut. Bull. 2017, 115, 217–224. [CrossRef]

69. Teuten, E.L.; Saquing, J.M.; Knappe, D.R.U.; Barlaz, M.; Jonsson, S.; Björn, A.; Rowland, S.J.; Thompson, R.C.;
Galloway, T.S.; Yamashita, R.; et al. Transport and release of chemicals from plastics to the environment and
to wildlife. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2009, 364, 2027–2045. [CrossRef]

70. Au, S.Y.; Bruce, T.F.; Bridges, W.C.; Klaine, S.J. Responses of Hyalella azteca to acute and chronic microplastic
exposures. Environ. Toxicol. Chem. 2015, 34, 2564–2572. [CrossRef]

71. Mazurais, D.; Ernande, B.; Quazuguel, P.; Severe, A.; Huelvan, C.; Madec, L.; Mouchel, O.; Soudant, P.;
Robbens, J.; Huvet, A.; et al. Evaluation of the impact of polyethylene microbeads ingestion in European sea
bass (Dicentrarchus labrax) larvae. Mar. Environ. Res. 2015, 112, 78–85. [CrossRef]

72. Besseling, E.; Wegner, A.; Foekema, E.M.; van Den, H.M.J.; Koelmans, A.A. Effects of microplastic on fitness
and PCB bioaccumulation by the lugworm Arenicola marina (L.). Environ. Sci. Technol. 2013, 47, 593–600.
[CrossRef] [PubMed]

73. Lee, K.W.; Shim, W.J.; Kwon, O.Y.; Kang, J.H. Size-dependent effects of micro polystyrene particles in the
marine copepod Tigriopus japonicas. Environ. Sci. Technol. 2013, 47, 11278–11283. [CrossRef] [PubMed]

74. Cole, M.; Lindeque, P.; Fileman, E.; Halsband, C.; Galloway, T.S. The impact of polystyrene microplastics on
feeding, function and fecundity in the marine copepod Calanus helgolandicus. Environ. Sci. Technol. 2015, 49,
1130–1137. [CrossRef] [PubMed]

75. Sussarellu, R.; Suquet, M.; Thomas, Y.; Lambert, C.; Fabioux, C.; Pernet, M.E.; Le, G.N.; Quillien, V.;
Mingant, C.; Epelboin, Y.; et al. Oyster reproduction is affected by exposure to polystyrene microplastics.
Proc. Natl. Acad. Sci. USA 2016, 113, 2430–2435. [CrossRef]

76. Carbery, M.; O’Connor, W.; Palanisami, T. Trophic transfer of microplastics and mixed contaminants in the
marine food web and implications for human health. Environ. Int. 2018, 115, 400–409. [CrossRef]

77. Liu, C.; Zhang, Y.; Wang, L.; Deng, J.; Gao, Y.; Sun, H. Widespread distribution of PET and PC microplastics
in dust in urban China and their estimated human exposure. Environ. Int. 2019, 128, 116–124. [CrossRef]

78. Schwabl, P.; Köppel, S.; Königshofer, P.; Bucsics, T.; Michael, T.; Reiberger, T.; Liebmann, B. Detection of
various microplastics in human stool. Ann. Intern. Med. 2019, 171, 453–457. [CrossRef]

79. Wu, S.J.; Wu, M.; Tian, D.C.; Qiu, L.Q.; Li, T.T. Effects of polystyrene microbeads on cytotoxicity and
transcriptomic profiles in human Caco-2 cells. Environ. Toxicol. 2020, 35, 495–506. [CrossRef]

80. Forte, M.; Iachetta, G.; Tussellino, M.; Carotenuto, R.; Prisco, M.; De falco, M.; Laforgia, V.; Valiente, S.
Polystyrene nanoparticles internalization in human gastric adenocarcinoma cells. Toxicol. Vitr. 2016, 31,
126–136. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.marpolbul.2016.09.059
http://dx.doi.org/10.1016/j.marpolbul.2012.11.028
http://www.ncbi.nlm.nih.gov/pubmed/23273934
http://dx.doi.org/10.1016/j.envpol.2016.11.055
http://www.ncbi.nlm.nih.gov/pubmed/27939629
http://dx.doi.org/10.1016/j.marpolbul.2014.02.018
http://www.ncbi.nlm.nih.gov/pubmed/24650540
http://dx.doi.org/10.1016/j.envpol.2014.06.010
http://dx.doi.org/10.1016/j.envpol.2015.09.018
http://www.ncbi.nlm.nih.gov/pubmed/26386204
http://dx.doi.org/10.1016/j.envpol.2017.03.062
http://dx.doi.org/10.1016/j.marpolbul.2016.12.004
http://dx.doi.org/10.1098/rstb.2008.0284
http://dx.doi.org/10.1002/etc.3093
http://dx.doi.org/10.1016/j.marenvres.2015.09.009
http://dx.doi.org/10.1021/es302763x
http://www.ncbi.nlm.nih.gov/pubmed/23181424
http://dx.doi.org/10.1021/es401932b
http://www.ncbi.nlm.nih.gov/pubmed/23988225
http://dx.doi.org/10.1021/es504525u
http://www.ncbi.nlm.nih.gov/pubmed/25563688
http://dx.doi.org/10.1073/pnas.1519019113
http://dx.doi.org/10.1016/j.envint.2018.03.007
http://dx.doi.org/10.1016/j.envint.2019.04.024
http://dx.doi.org/10.7326/M19-0618
http://dx.doi.org/10.1002/tox.22885
http://dx.doi.org/10.1016/j.tiv.2015.11.006
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Data Sources 
	Data Screening 
	Analytical Methods 
	Basic Bibliometric Analysis Method 
	Network Analysis Methods 


	Results and Discussion 
	Basic Bibliometric Analysis 
	Characteristics of Publication Output 
	National Contribution Analysis 
	Author Contribution Analysis 
	Journal Analysis 

	Network Analysis 
	Co-Authorship Network Analysis of Countries 
	Co-CitationNetwork Analysis of Cited References 
	Co-Occurrence Network Analysis of Author Keywords 

	Hotspots of MPs Research 
	MPs Sources and Spatial Distribution 
	MPs Analytical Methods 
	The Interaction of MPs with Contaminants 
	MPs Accumulation in Organisms and Their Potential Impact 


	Conclusions 
	References

