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The increasing prevalence of nanoplastics (NPs) in food and their potential implications for
hrrman health har-e become a growing concern in scientific and public health discorrrse.
Using the Scopus database, this bibliometric analysis pmvides a comprehe.nsive overviera,

of global research trends on NPs in food from 2015 to 2024. Resr ts shorv a significant
increase in publications and citations post-2019- China is the top-ranked country in terms

of the nr.unber of pr6lications, citations, collaborations, affiliations, and ftmding sponsors.

The most impactfrrl d(rrments lvere rer.iew artides, indicating that this research field
is currently in a synthesis stage. The most productive source was Sctence of the Total

Enttirorunent, with 21 articles, while 9 of the top 10 most productive joumals were published
b1' Elserier, highlighting the field's c(mcentrati(n in high-impact outlets. The most prolific
authors were Wang, I., and Li, Y; Li, Y u,as also the author $,ith the nost citation inlluence,

with a h-index of 9. Ke).word co-occurrence analysis showed seven thematic clusters
folned frtxn 50 individual keywords; the dominant tenns were microplautics, NPs, and

human health. These findings illtrstrate an evolving and interdisciplinary research field
centered on evaluating the risks and detection of NPs in food and their implications for
public health.
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L. Introduction
Plastics have become a part of our lives in the 21st century, with products involving

plastics playing an essential role in delivering the food we consume and i-n things that

we rse every day [' ]. Plastics stay tied to various commercial matters as they are cheap,

easy to produce, versatile, and hydrophobic. Global plastic production began around the

1950s and later increased signilicantlY dt€ to its widesPread use in dail-v life [.1. Since then,

global plastic production has increased from 1.5 million tonnes Per annum to 374.8 million
tonnes in 2019. A brief dip in production u'as obsen'ed in 2020 (375.5 million tonnes) due

to disruptions caused by the COVID-19 pandemic, followed by further increases in 2022

(390.7 million tonnes) [ ]. The trend of increasing global plastic uction is expected to

Iasti ch in the region of
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940 million tonnes by 20,10 [ r]. A report was macle based on the worldwide literahrre, which
indicated that 79% of plastics have not been disposed of properlr-, resulting ilr significant
plastic pollution ['i,,.1. Therefore, plastic pollution has become an intemational issue because

of its impacts on human health, terrestrial, marine, and atmospheric envimnments.
Plastic pollution is not a new research topic. The study of plastic pollution began in

the early 1960s when reports of marine species ingesting or becoming tangled in plastic
pollution began to appear Ii l. Then, in the 1970s, researchcrs documented plastic waste
in the North Atlantic Ocean, further highlighting the growing concem regarding plastic
pollution in marine environments [-]. In 2004, Thompson et al. [.] used the term "mi
croplastics" (MPs) to describe the microscopic plastic debris seen in oceans, which was
follor,r'ed by a cornmonly accepted definition of MPs classified as plastic pollution less than
5 mm in at least one dimension [. ]. Following this classification, nomenclatrrre based (]n

size discrimination was also applied, with terminology referring to mega-, macro-, meso-,

micro-, and nano-plastics (NPs) [r , ,].

NPs, ranging in size from I to 1000 nm, constitrlte another neu/ly identified class of
plastic contaminants derived from the breakdown of larger plastic wastes in the environ-
ment or intentionally manufactured as plastic microsystems for various applications Ir ] l.
These tiny particles have behaviors and properties that set them apart from MPs in that
they may behave differently because they arc considerably smallet more rcactive, and more
mobile, with a greater surface-to-mass ratio, therefore making their behavior distinctly
different when entering environmental or biological svstems I i. ,] r]. Because of their tinv
size and high surface area, they have a greater potential to pass biological barriers or inter-
fere with living systems and then carry harmful contaminants into biologrcal sl,stsrns 1, ,1-

They are also a cause for concem due to increased environmental and human health risks

when increased reactivity, mobfiry and potential for bioaccrrmr ation and biomagnifica-
tion in food webs are considered Ir-.]. Even with the increasing prevalence and potential
environmental and human health risks that NPs present, we still do not know much or
har.e a general awareness of NPs, which calls for more research into their inflrrences and

mechanisms of action.

In the past l0 years, the scientific community has couectively turned its focus toward
the study of NPs in food for two main reasons, namely their direct impact on hurnan health

and their recent detection in food such as bottled water, dairy table salt, seafod, and crops.

Therefore, chronic exposure through food consumption warrants further examination, as

ingestion is the primary route by which NPs enter the human body [ , ,1. The ingested NPs

can traverse the gastrointestinal tract, potentially become bioavailable, and possibly induce
cytotoxicity, oxidative stress, and immune response dysregulation or lead to charges in
the gut microbiome Ir ]. NPs may also contain adsorbed contaminants such as persistent

organic pollutants, heavy metals, and pathogenic microorganisms, further increasing
its toxicological potential I r,]. Hence, humans'chronic exposure to NPs through food
consumption has become an interesting area for scientific research- The field of study on
NPs has included many disciplines to address this issue, such as environmental science,

toxicology, food science, analytical chemistry, and public health. As a result, there is an

urgent need to address the present research landscape of NPs in food to show trends,

collaborations within research areas of focus, and remaining knowledge gaps.

Bibliometric anaiysis provides a structured and quantitative approach to reason about

this need. By examining metadata from scientific ptrblications, including publication counts,

citations, authors and institutions, ke).'words, and collaboration networks, bibliometrics
provides a vierv of research activity in a field Ir ''1. This research activity includes access

to impactful papers, active researchers. countries, and institutions, as well as monitoring
6b

o
;:

{--./ lr\,\SsR

thematic or topic evolution over time [ ]. This study c analysis of

/?

it
,1-'

tri".i
/l'\



Foods 2025, 14,3102
3 ol2?

global research activity on Nlis in t'ood and their impact on human health, Earlier hibliomet-
ric studies focused broadly on MPs and combhed micro- and nanoplastio (MNPS) [- ,-]-..1.

In contrast, ttre crurent study focnses specifically on NPs, hrman health, and how they are
treated scier-rtifically in the literahrre.

The current study has multiple aims in creating a global rcsearch trcnd around NPs in
food i,rnd their impact on htuniu hea-lth. The fust aim is to exanine the ntrsrber uf ucientific
publications and the growth trend in this area of research to get a senre of the changes in
scholarly inclination over time. Second, the study focuses on the leading contributors to
global research in this area, wh.ich includes leading authors, countries, institutions, funding
sponsors/ and iournals. It also provides an overview of the geography and institutions
contributing to and engaging in research. Third, the stLrdy aims to find the patterns of
collaboration and co.authorship trends to show the nature and size of research networks
and linkages in the broader scientific commmity. Another key aim is to tind the most cited
and influential prrblications. Articles mmtioned as inlluential corrld help serve as reference

points for ft1trre studies. Additionall)', the snrdy helps to find emergent themes in researth
and the ke),words rsecl to highlight conceptual development ancl shifting areas of focus
withm the field.

2. Materials and Methods
2.7. Data Source artd Search Stratcgy

Access to diverse scholarly databases and search engines, including Scopus, \4roS,

Science Direct, arld Google Scholar, makes locating and retrie\ing scientific prrblications
for bibliometric analysis significantly easier [-).]. The data was collected using the Scopus

database on 15 May 2025. Scopus is one of the leading and most comprchensive abstractinB

and citation databases of peer-reviewed literature []r.1. A structured direct search query
was used to ensure relevant, high-qualilv publications, fcrcusing on the presence of NPs in
food and their impact on human health.

We used the follorving search string irr the TITLE ABS KEY field to capture
relevant documents:

(TITLE-ABIKEY ("nanoplastic*" OR "nano-plastic'" OR nano plastic*) AND TITLE-
ABSKEY ("food") AND TTTLE-ABS-KEY ("human health")) AND PUBYEAR > 2014

AND PUBYEAR < 2025 AND (LIMIT-TO (DOCTYPE, "re") OR LIMIT-TO (DOCTYPE,

"ar") OR LIMIT-TO (DOCTYPE, "ch") OR LMIT-TO (DOCTYPE, "bk'l) AN (LIMIT-TO

(LANGUAGE, "English")).
This search string was developed from a previous publication to retrieve documents

directly linked to NPs, food, and human health in the title, abstract, or keywords [].i]. The

astedsk (*) in the search string acted as a wildcard oPerator, searching to include all words

that preceded it. The search was limited to documents published betrveen 2015 and 2024 to

capture a recent research hend. To help ensure relevant and scholarly data, the search was

also limited to English and the following document t)?es: research articles, review articles,

book chapters, and books. To assure the quality and reliability of our study, we focused on

selected document types that are fully developed and peer-reviewed rcsearch outPuts.

2.2. Data Exryrt attd Preparotion

The retrieved bibliographic data was downloaded from Scopus in a CSV format
with all the relevant metadata (i.e., authors, affiliation, titles. abstracts, key"words, years

published, sources, and citations). Duplicate entries, irrelevant publications, and non

English records were manually inspected and removed
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2.j. Dttn Anolysis

After gathering the data, we imported the search results into the Bibliometrics 4_5.0

R package and VOSviewer 1.6.20. These two programs allow more complex bibliometric
analyses than other ma,or softwarc progams [ ,--]. The Bibliometrics R software package is
an open-source program that facilitates quantitative research in scientometrics and biblio-
metrics. It is developed h the R lantuate, an open-source environment, and the software
core quality comprises statistical algorithms, access to high-quality numerical routines, and
the provision of integrated data visualization tools [:' l. With R, we can perform various
analyses, includhg publication trend analysis, author collaboration analysis, and kelnvord
analysis, to comprehensively understand the research landscape. In addition, VOSviewer
is a widely employed tool for visualizing and exploring bibliometric networks. lt facilitates
thc idcntificahtm of rcscarch chustcrs, thc risualization of cr>authorship nc.trvorks, and the
mapping of ke).word co-occurrence neth,ork [] i, I ll.

3. Results and Discussion
3.1.. Mai ltrforrrwtiorr About tltt Biblionatric Dattsel

The bibliometric dataset (Figure ) used for this study covers the period from 2015

to 2024 and includes 287 documents published in 154 diverse sources. The dataset shows
an extreme average growth rate of 68 .76Y" per year, consistent with the growing number
of researchers studying NPs in food and their effects on human health. The average age

of documents is 2.32 years, which shows that most of the papers in this area are recent.
The documents have a total of 26,843 referencet and with an average of 53.84 citations per
dcrument, the dataset shows a significant amount of academic use. ln tera$ of ke),words,
808 author keywords and 2995 Keywords Plus provide a helpful perspective on the most
often expressed themes and emphases in the literature. There are 1505 authors, and with
only cight documcnts bcing singlc-authorcd, thc collaborativc naturc of this rcscarch arca

is explicit. The average number of co-authors per document is 6.04, and 33.1% of the
publications detail international collaborations, highlighting the global breadth of the
nesearch cornmunity around this issue.

Figure 1. The main inlomration of the refined docrrments.

Furthermore, for publication type, most documents are classified as revierv articles
(137) and research articles (104); there are 45 book chapters and one book. Review articles in
this discipline form a considerable part of the available literatue. This only shows that the

*-ientific cummr.rnity c(mtinues to cumbine existinl; knolvledge anrl dttrrment any critical
gaps in knowledge. Although the volume of articles continues to grow, original research

and interdisciplinary research are necessary to resolve tstanding questions
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important to concluct more empi.ical studies that link real expos,re renarios to measurable
health outcomes. Building up tlts area of research will help facilitate linking studies of Nps
with human risk assessments, thereby ensruing that scientiiic investigations are aligneri
with actual public health issues.

j.2- Subject Areo Distrihution

The documents obtained for this hibliometric analysis were drawn from a broad
range of subfect areas, demonstrating the interdisciplinary nature of research on NPs in
food and their impact on human health. A total of 287 documents were found covering
many subject areas (Figure ,'), with Environmental Sciences being the largest contributor
(174 documents), follora'ed by Chemistry' (51), Agricultural and Biological Sciences (49), and
Medicine (42). Engineering (38), Pharmacology, Toxicology, and Pharmaceutics (35), and
Biochemistry, Genetics, and Molecular Biology (34) also made a substantial contribution,
while smaller inputs from the Social Sciences, Computer Science, and Health Professions
hdicate interdisciplinary engagement.

Others

Physica and
Astronomy

Materials Science

Biochemistry
Genetics and

Uolecular Biology

EnYr.g runo ntal
Scierrge

Ctrer<tistr),

Engi.taoring

Agricultural and
Biological
Sciencea

Figure 2. Distribution ol publication-s based on their subiect area

The strong representation of Environmental Sciences confirms this area's importance
in understanding the diskibution, degradation, and ecological hazards by the existing NPs

in the environment. Chemistry shorvs the significance of analytical methods, molecular-
level analysis, and testing for detecting and characterizing NPs from complex matrices
such as food and water. l'he Agricultural and Biological Sciences arrd Medicine repre-

sentations indicate a growing awareness of holv NPs are transferred to food chains and
the implications for human health. The need for toxicological and biochemical studies,
further supported bv Pharmacological and Molecular Biological studies, indicates the need

to demonstrate cellular damage, oxidative stress, and the long-term effects of exposure.

Engineering, Materials Science, and Chemical Engineering are making a growing effort
to innovate anrl adopt detection tools, $,ater filtration technologies, and safer and more

sustainable alternatives to plastics. Social Sciences,

agement suggest that research moves beyond labora
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awarEness/ data modeling, and regulatory policies in Nlrs. lt is important to note that some
prrblications are dassified rurder more than orrc subiect area, as interdisciplhary strrd_ies

often span several domains. This diverse subiect reprcsentation reinJorces the complexity
of the NP issue and the collaborative efforts needed to understand and address its impact
on the environment, food systems, and human health.

3.3. Annual Publications and Citations kend

The analysis of annual publication and citation kends from 20'15 to 2024 indicates
consistent and notable Fowth in scienfific interest in NPs in food and their impact on
human health (Figure -). During the earliest phase (2015-2018), research activity li,as
limited. Only one publication occurred in 2015 and 2016, no publications in 2017, and two
in 2018. Regarding citations, they were also relatively low, with 10 in 2015, 1,2 in 201,6,

3l in 2077, and 94 in 201ti. The field began tr.r grolv ffom 2019 onwards. The mrmber of
publications grew to 6 kt 2019,77 n 2020, and 27 in 2027. Citation counts followed a similar
pattefn, with 189 in 2079, 422 in2020, and 1064 in 2021. The finding repres€nts a growing
academic inter€st in the subject matter. The most substantial increase in activitv occurred

Hrareen 2022 and 2024.1n2022,49 papers were published,TS n 2A3, and Il l in 2024. The

citation of the documents increases dramatically for each of those years: 7079 in202,3510
n 2023, and5470Ln2024.

1la
a 7

Figue 3. Annual trends in the number of publications and citations for the last decade.

The annual publication and citation trends illustrate the rapid progression of NP
research fi'om refurement to an interdisciplimry area oI study. kr the early years (201F2018),

the fe.w publications and citations indicate a lack of awareness, detection technology, and

regulatory or public concem about NPs. The lack of publications in 2017 and 31 citations
indicates early diance on a few early studies that gathered academic attention. From 2019

to 2021, the field mtrved to a phase of growth. There were improvements in the chemical

analytical methods to detect NPs, some initial evidence of the toxicological effects of NPs,

and an increase in public recognihon of the issue [.i:,, . l l. l'he last period, from ZO22 to 2024,

represents a fast-expanding field of grorvth. Tlrc ruurrber of ptrblished papers ald citatiorrs

indicates the level of adoption the field has globally, and the tugency researchers have as

they tackle the non-trivial problem of NPs.

j.4. Country Analysis

Researchers from a total of 62 cor.rntries produced a total of 287 publications on NPs

in food and human health. The top contributing countries, all the authors by
publication volume (Figure ,a), were China (509), India the USA (137),
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South Korea (51), Spain (48), france (46), Germany (45), Unitecl Khgdom (rl4), and Australia
(36). Citalion analysis of countries (Figure b) revealed tl.rar china's total citations were
2961. Other top contributors werc the USA (1663), Italy (1302), France (1036), portugal (926),
Germany (883), lndia (523), the United Kingdom (606), Auskalia (552), arrd Canada (542).
Country collaboration analysis (Figure ;c) revealed that China had the highest intemational
collaboration with multiple countries. The China-USA collaboration was the strongest,
with eight ioint publications. China also collaborated often with Australia, Korea, and
Pakistan (five each) and had forr collaborative prrblications each with Canada, Hong Kong,
India, and Nigeria. Other noteworthy links inclrrded the USA-Arstralia collaboration (five

ioint publications) and the Australia-Sri Lanka parinership (four ioint publications).
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Figure 4. Country analysis is based on the number of publications (a), citation courl (b), and
collaboration with other countrier (c).

The rc$rlts indicate that in terms of quantity and inrpact, China serves a siBnficant rt e

in the global advancement of NP-related rcsearch. China is noted to have many publications,
citations, and international collaborafions, which suggests that it has a strategic aim in
NP-rclatcd rcscarch. Thc conncctions bcflvccn China and thc USA appcar strong and
possibly field-based, highlighting an effective and established partnership sruror.rnding
environmental health issues. Both India and Italy produced similar research on this topic;
however, Italy's impact was significantly higher than India's. The USA had strong citations

based on the amount of published research, which promotes the idea that some studies have

a highqna.lity impact, while others arc lower in quantity. European countries experienced

moderate publications with high citation counts, indicating that although research may
be focused or smaller in scale, it mav have had a significant impact. Portugal is a high
contributor, with lower publications producing many citations. China's international
collaboration with other developing nations and countries such as lndia, Nigeria, and
Pakistan results in shared environmental concerns, intemational funding schemes, and
bilateral sc'ientific agreements. In addition, team ctilaborations, srrch as USA-Aushalia
and Australia-Sri Lan-ka, indicate increasing invoh,ement hom the Asia-Pacific region
and suggest an expanding global research network on NPs. shows that the
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multifaceted, aimecl at more effectively understancling ancl acldressing multiple risks posed
by NPs.

Co-Authorship by Country

The coauthorship analysis by country was conducted using full counting, with a

minimum ttu'eshold applied for inclusion. Based on the data, the top ten countries with
the highest levels of co-authorship activity by total link strength were identified and are

Siven in Figure i'. China emerged as the most prolific contribntor, with the highest total
link strength (31), indicating its extensive intemational collaboration. The United States

and the United Kingdom came in second and third, with total link strengths of 29 and 21,

respectivel)'. Other leading contributors included India, Italli German),, France, and South
Korea, each with moderate link strengths ranging from 11 to 19. Auskalia and Nigeria,
with fewer documents, stood out with high citation counts and moderate link strengths,
reflecting impacfirl contributions and active participation in intemational collaborations.

;cnArn;

sourforea

united kinRdonr
au$t,a

unitSates d:

.l}

Figure 5. Coauthorship network visualization map of the top 10 countries.

3. 5. Aff I iat ion Analys is

The top l0 institutional conkibtrtions analysis revealed that the leading afflliations
publishing on NPs in food and their impact on human health are from China and other

maior research countries (Table l).

Table 1. The most ilflrrential affi.liation a]rd its corurtr\'-

Af6liation Country Articles

Guangdong Ocean University
Boston College
Universitat Autdnoma De Barcelona
University Of Milan
Chongqing University
Joint Research Centre (JRC)

Naniing Normal University
Rutgers University
Sun Yat-Sen University
University Of Salemo

China
US

Spain
Italy

China
Belgium
China

US
China
Italy

37
l8
15

15

74

74
13
13
't2
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'lhe preclominance of Chinese institutions among the top contributors inclicates that
China is the leader in this research area itl terns o[ publication volume ard il.rstitutional
capacity. The heavy output from a single institution, Guangdong Ocean University, and
other institutions across China suggests that res€arch hubs in many region-s significantly
contribute to research on NPs. The presence of institutions like tsoston College and Rutgers
University illustrates the level of participation by North America in this research area.
Further, European institutions like Universitat Autdnoma de Barcelona, the University of
Milan, and the Joint Research Centre are significant contribrrtors, showing widespread
international interest and involvement in this research area. The institutional diversity
suggests continued international engagement and recognition by research hubs in Asia,
Europe, and North America and indicates that studying food and environmental pollution
from NPs and measures to reduce the potential health impacts of NPs is essential. Rec-

ommendations for future collaborative efforts by the leading institutions could improve
interdisciplinary research and collaboration, which can help accelerate knowledge and
provide potential solutions to NP pollution.

3.5. Ftotding Sponsor

From the refined dataset, the shrdies pr.rblished about NPs in food and httman health
received ftlnding fnrm 159 distinct frurding agencies and 110 rurdefured ftmding agencies

drre to a Iack of reporting. The rmdefined ftmding information limits the qrrality of the

current research. This means that the analysis may underestimate the true level of funding
support while potentially introducing bias to any conclusions surrounding how research

activities are funded, including identifying the significant {Inding agencies. This key
limitation high-lights the need for funding sources to be transparent and standardized,
allowing detailed mapping of funding pattems. Moreovet some studies were funded by

more than one funding agency, suggesting cooperative funding or multi-source sponsorship.

The top 10 funding agencies and their country are given in lhble . The National Natural
Science Foundation of China was the most noticeable funding sponsor and provided
funding for 45 publications, the most significant number worldr.vide, followed by the
Ministry of Science and Technology of the People's Republic of China, which funded

35 studies. The European Commission funded 21 publications, and two articles were

funded by Horizon 2020 and the Horizon 2020 Framework Prop;ramme. Others. including
thc National Rcscarch Foundation of Korca, fundcd t',r'clvc articlcs, and thc Ministry of
Science, ICT and Future Planning (Korea) funded eight articles, demonstrating a strong

South Korean presence. UK Research and Innovation funded twelve publications, and the

National Inshtutes of Health, USA, funded seven.

Table 2. Top 10 fturding sponsors in the lield of NP-reLated research.

Funding Sponsor Country Articles

National Natural Science Foundation of China
Ministry of Science and Technology of the People's
Republic of China
European Comrnission
National Research Foundation of Korea
UK Research and Innovation
National Key Reearch and Development Program
of China
Ministry of Science, ICT and luture Plarming
Horizon 2020
Horizon 2020 Framcwork Programmc
National Institutes of Health

China

China

45

35

27

72
12

10

8
7

7

Europe
Korea
UK

Ch ir.ra

Korea
Europe
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'l'he ftrnding pattem indicates that research investment has a geographical focus due
to the predominance of Asian a.d Europea. institutions in rerarch fu.ding, with China
being the most in-0rrentia-l corrntry. The National Nahrral Science Foundation of China
alone represented the most funded publications, highlighting China's strategic focus on
environmertal toxicology and advanced materials research. Furthermore, the participation
of multiple Chinese agencies demorutrates China's eftirrts to become a leader in NP research.
However, the vast number of publicatioru with no funding information suggests that more
reporting on 6.rnding sor.uces wor d help identify the level of financial slrpport for this area

of research I r,] l.

3.7. Docuntent Analusis

In total, 287 documents on NPs ir food and human health were collected and analyz.ed.
Citation count identilied the most cited docrments. The top 10 hghly cited docuInents
had cltations ranging from 453 to 885, signifying their significance irr terms of scientific
impact. The most cited document discussed the environmental and ecotoxicological risk of
NPs [. :1, r rhile other highly cited papers focused on human health analytics prccesses to
detect NP and MP contamination in i'ood items. Most of the documents are review articles
reflecting the cturent stage oI the field for slnthesizing arld evaluating emerging elidence.
Few experimental studies have incorporated new developments in detecting MNPs from
food matter.

The top 10 documents are summarized in Table . and discussed here. Da Costa
et al. I I il reviewed the sources, environmental fate, and ecotoxicological consequences

of NPs, emphasizing that their small size and large surface area enable them to penetrate

higher trophic levels. Revel et al. I il highlighted the human health implications of
MNPs, which focus on the potential routes of exposure and two mechanisms of toxicity:
(1) physical damage by the particles and (2) chemical todcity from additives or adsorbed
pollutants. Ivleva I r':1 highlighted the analytical challenges asscriated rr.ith detecting and

quantifying MNPs. They made an excellent call for standardized methods of sampling,
finding, and qrnnti{ying MNPs. Conti et al. [:;, '] rmdertook one of the first empirical studies

of MPs in fruits and vegetables and saw elevated contamination levels in apples and carrots.

Rahman et al. [ ':. ] systematically ana\yzed, over 17 ,000 publications. They found potential
toxicological effects of MNPs, including a variety oi areas for future research related to
systcmatic gaps in knowlcdgc, cxposurc pathways, and long-tcrm cffccts. Shcn ct al. [ ,.1

aimed to characterize the toxicological effects of NPs in orgalisms and illuminated the role

of particle size and surface chemistry in toxicity. In the review provided by Yuan et al. []"1
on the definitions, characterization, and toxicology of MNPs in marine environments
and focrd systems, they lbLurd hiunan exposure padrways and dexribed pulymer-specific

toxicity. Galloway [-r,t] pubLished a chapter with a collection of human health hazards

caused by MNI's. 'Ibussaint et al. f: I reviewed human dietary exposure to MNI'S. Bradney

et a]. [])] reviewed particulate plastics as carriers of toxic trace elements in terrestrial and

aquatic environments. The review explained how plastics absorb heavy metals and how
this contamination impacts organisms and hrtmans through erposure via food or air.
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Table 3. Ti.rp 10 most cited d(ruments

Paper Docunent Type Total Citations Reference

Da Costa ll 2016, Sci. Total Environ.
Revel M, 2018, Curr. Opin. Environ. Sci. Health
IYleva NP, 2021, Chem. Rev
Olivcri Conti C, 2020, Environ. Rcs.
Rahman A, 2021, fti. Total Environ.
Shen M, 2019, Environ. Pollut.
Yuan Z,2022, ki. Total Environ.
Galloway TS, 2015, Marine Anthropogenic Litter
Toussaint B, 2019, Fc}od Addit. Contam. Part A
Chem. Anal Control Exposure Risk Assess
Bradney L, 2019, Environ. Int.

Review
Review
Review

Rcscarch
Research
Review
Review

Bcnk Chapter

Review

685
581
579
563
541
526
484
483

170

453

tt
Review

3.8. Most Reletnnt loumals

Research on NPs in food and human health has appeared in 154 sources. Table ;
displays the top 10 most productive ioumals, their number of publications, publishers, and
journal qualiry The leading ioum al is Scictrcc of thc Tbtal Enaironnrnt , which has 21 articles
published, the highest number, which makes it the principal source of NP-related rcsearch.
The other productive journals are Journal of Hazardous Materials (17) and Enztironnrental

Pollution (701. Most significantl.v, it shor d be noted that 9 orrt of the 10 iotlrnals belong to
Elsevier publishers. and 8 out of l0 soluces are Tier 1 (Tl) iorrmals, reflecting high-irnpact,
interdiriplinary research in NPs. The quality of the ioumals was asses-sed using the Scopus

database available for the year 2024. T1 is the top 10th percentile of joumal quality. Ql and

Q2 are the fust and second qrrartile qnality, marking the 25th and 50th percentile points.
Moreover, of the 154 sourcet 105 ioumals published one article, which shows that while the

interest in NP-related rese.arch is wide-ranging and interdisciplinary consistent publication
is centered around a few leading ioumals.

Table 4. Top 10 most productive journals.

Sources Articles Publisher Quality of the tournal

Science of the total environment
|oumal of hazardous materials

Environmental pollution
Environmental research

Chemosphere
Environrncnt Intcrnational

Heliyon
Toxics

Tiac-trends in analytical chemistry
Nanoimpact

2l
77
10

9
6
5
5
5
5

4

Elsevier
Elsevier
Elsevier
Elsevier
Elsevier
Elscvicr
Elsevier
N{DPI

Elsevier
Elsevier

T1
T1
T1
T1
T1
T1

Q1
Q2
T1
T1

3.9. Autlnr AnaLysis

Of 1505 contributin8 authors, a small group represents the leading authors and con-

tributors in the field of NPs research in ftxd and hr.rman health (Table ::). Wang, J., was

noted as the most prolific contributor, with 11 published articles, while Li. Y., follon'ed
with 10 publications. Other active contributors included Li, J., with six articles; Li, C., Li, X.,

Wang, 8,, Zhang, C,, Zhmg, X., and Zhang, Y, each with fi\'e articles; antl He, L., with
foru publications, rormding ont the top 10 contribntors. In meastuing scientific imPact

through the h-index, applicable to both prodttctivity
with a h-index of 9, meaning Li, Y has received consi

Li, Y leads
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consistent citation based on productivity. Wang, J. follows in h-index, with a h-inclex of 6, a

reflective rneasu.re of productivity aud quality of pLrblication. Li, C., Li, J., Wang, 8., and
Zhang,X. each obtained a h-index of 5, and He, L., Kim, K.-H., Li, X., and Zrang, C. each
had a h-index of 4. While many authors may have published multiple papers, only a few
show firm productivity and citation impact, signifying their pivotal role in advancing the
current understanding of NPs' effech; on ftx)d and human health.

Iable 5. Top l0 most productive authors based on their number of publications and h-index

Author Analysis by Publications Author Analysis by h-Index

Authors Articles Author h-Index

Wang, I.
Li, Y.

Li,I.
Li, C.
Li, x.
Wang, B.

Zhang, C
Zhang, X.

Zhang,Y.
He, L.

11

10

6
5

5
5

5
5
5

4

9

6

5
5
5
5
4
4
4
4

Co-Authorship by Author Analysis

Co-authorship by an author is an officral indicator of the participation of two or nrore
authors in a document. In a co-authorship network, nodes represent authors and are

connected when they share the authorship of a document [ : ]. In this case, co-authorship
by author analysis was undertaken to investigate the collaboration pattems between co-
authors who published articles about NPs in ford and associated human health outcomes.

We applied a full counting approach, including a minimum threshold of three published
documents and three citations per author. Out of 1361 authors, only 37 met this threshold.
For each of the 37 authors, we found the total link strength to all coauthors to measure the

intensity of the collaborations with those authors. For visualization purposes, we chose

the top 10 author-s with the greatest total link strength, as illustrated in Figure ,. The
gap in network maps clearly shor,.,s two distinct clusters of collaboration, highlighting
independent research groups with different thematic and/or inshtrrtional affiliations.
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lhe results illustrate the structu.re and intensity of researchers' collaborative networks
in the field of NPs. The lir* strength is the irltensiW of an attthor's collaborative ties
with others []{1. Total link strength scores for collaborative ties are cumulative; thus, an
author with a higher linl strength is more heavily integrated into the scholarly network
of researchers in this field and has conEibuted to and coordinated multi-author proiects.
Authors such as Hong, P, Li, C., and Zhou, C. showed the strongest collaborative Iinks.
each with a total link shength of 12. Their total link strength scorcs suggest that they play a
prominent role in exchanging knowledge and/or producing research in collaboration with
others. In a close-knit group or collaborative cluster, these authors contributed to common
research aims and were very productive. Other authors of the note were He, L. and Wu, Z.
(link stength: 10) and Ma, L (link strength: 9) based on this group's research collaboration.

ln contrast, the authors Li, X., Li, Y, Wang, J., and Wang, Y registered lower link
strengths (between two and four), meaning that their co-authoring interactions were less

extensive. Notably, Li, Y. had the highest citation count (236) yet a lower linl strength (4);

this may show a more independent or limited form of co-authorship. This may be the case

for Wang, J., who had the highest number o{ plrblications (11) of the listecl authors, while
also registering a low link strength (3), showing high productivity but low collaboration.
The difference between citation impact and link strenBth demonstrates that extensive
partnership does not always lead to impactful research [] .1. On the other hand, high link
strength will often also reflect srutained levels of co-authorship and the impact on the team.

3.10. Keytuord Co-Occurrcnce An o lysis

Ke)'word co-occnrrence analysis was condrrctetl to find the leading themes in the

studies on NPs in food and their effect on food. Overall,736 kefvords were extracted
without any similar terms fiom the dataset. A minimum number of occurrences of three

was used, resulting in 53 keywords. The top 50 keywords were included for network
visualization (Figure . ). The top 10 most frequently crcurring ke).words in terms of

occurrences were MPs (151 occurrences,362 link strength), NPs (146,329), human health
(56, 165), toxicity (32, 97), food chain (20, 70), plastics (15. 52), pollution (12, 35), fout (11, 38),

plastic pollution (10, 34), and environment (10, 31). The top 50 keywords were rePresented

in seven clusters with the full counting method: Cluster 1 (red, 13 keywords), Cluster 2

Qreen, t0 keyruords), Cluster 3 (blue, 8 keywords), Cluster 4 (yellow, 8 keywords), Cluster 5

(purplc, 7 kcy'w'ords), Clustcr 6 (light bluc, 3 kcywords), and Clustcr 7 (orangc, 1 kcyrvord).

Each ke)'word node size shows the frequency of its occurrence. The proximity of keywords

shows the frequency with which keywords occur in titles, abstracts, or keyword lists.

3.10-1. Cluster 1 (Red): Toxicity and Health Impacts

This cluster revolves around the toxicological and biological impacts of NPs, specifi-

cally on human health and ecological health. "Biodegradation. contaminants, cytotoxiciry
oxidative stress, and toxicity" emphasizes the damage associated with NPs. The presence

of NPs and the "food chain and trophic transfer" indicate NPs' movement through the

ecosystem, primarily the food weh [-,' ]. Keywords like "gut microbiota, heavy metals, and

human heatth" reinforce the idea that exposure to NPs can be far-reaching, from altering

the balance of microorganisms in the gut to accumulating toxins Ir ].
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Figure 7, Top 50 NP research-related keyword co-occurence visualization map.

3.10.2. Cluster 2 (Green): Environmental Contamination and Exposure

This cluster focuses primarily on environmental contamination and exposure path-
$/ays, especially where NPs are involved in terrestrial or aquatic environments. The main
keywords include "contamination, environment, environmental health, food, plants, and
pollution," representin8 the enormous variety of contdminated ecological media. Keywords
like "plastic particles, soil, toxicology, and water" suggest that NPs ha\.e entered the land

and aquatic systems, raising potential health impacts on plants, animals, and humans [ ;' ].
The "environmental health" keyword suggests a human{entric view, connecting t},pes of
environmental pollution with risks to public health.

3.10.3. Cluster 3 (Blue): Risk Assessment, Food Safety, and Regulatory Aspects of NPs

This cluster concerns regulatory and risk-related aspects and the public safety, par-

ticularly in dealing with plastic pollution. The keywords "bioaccumulation, degradation,
emerging pollutants, food safety, and health effects" show concems about the accumulation

of plastics and related chemicals into food chains and the unknown or evolving risks of
thcsc pollutants. Risk managcmcnt, toxicological cffccts, and plastic additivcs undcrscorc
the attention llivel to assessment and control mecharism.s despite signilicant challenges

to managing the human health risks of plastics and their products [ : '1. The cluster high-
lights the increasing interest in integrated safety in responding to emerging challenges that
NPs produce.

3.10.4. Cluster 4 (Yellow): Plastic Waste and Sustainable Alternatives

Cluster 4 focuses on plastic production and the environmental waste it creates. The

terms "bioplastics, environment pollution, food packaging, health risks, plastic pollution,
plastic waste, and plastics" denote a strong emergent concem with the entire lifecycle

of plastic material to waste disposal and its contributions to environmental imPact. The

keyword "health impacts" suggests human dimensions of environmental pollution, while
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3.10.5. Clrrster 5 (l'urple) MNI's in Health lmpact

This cluiter is linked with human health and the risk of direct exposure to MNPs and
their additives. Keywords in this cluster include "additives, drinking water, exposure,
health impacts. inflammation, MPs, and NPs," which represent ar.emres of entry into the
human body (e.g., ingestion and inhalation) [.'r]. The mention of "inflammation" implies
biological responses that can start with plastic particulates or chemical residues [: i l. MNPs
have been associated with respAatory condihons, including chronic inllaanmaton, asthma,
prrlmonary fibrosis, and possibly lung cancer. Ingested MNPs can affect the gastroin-
testinal tract and microbiome, and har-e been associated with inflammatory bowel dis-
eas€, irritable bowel syndrome, autoimrmrne diseases, and nutrient malabsorption ['''-:.'r1.
While less is known about the impact of Ml's and Nl's on the integumentary svstem,
thcy harc be.t'n rcported t() dismpt skin intcgrity, causc krcal inflammation, and infltr
ence skin hommstasis Iir.]. This cluster represents increasing concem about how NPs

might interact with human physiology in chronic health conditions. It shows the urgent
need for toxicological studies and risk reduction methods to deal with this challenge of
sigrrificant concem.

3.10.6. Cluster 6 (Light BIue): Internalization of NPS

This small but critical chrster foorses on specific health risk endpoints and specific
exposure pathways. This cluster includes "human exposure, human health risks, and

translocation," representing the mechanisms of movement of NPs in the human body
and their potential to cross biological barriers [ '-]. Leslie et al. [. ]l reported that of
the blood samples collected from healthy volunteers in the Netherlands, 77'lo contained
NPs, suggesting that they are able to cross epithelial barriers (e.g., gut, lung) and enter
systemic circulation. In line with this, Marfella et al. I it] noted that MNPs, predominantly
polyethylene and PVC, were embedded in the arterial plaque of 589/. of asymptomatic
patients undergoing carotid entlarterectomy. The finding of plastie particles in vascrrlar

6ssue is strong support of their affinity for translocation and potential accumulation
in tissue.

3.10.7. Cluster 7 (Orange): Phytotoxic Effects of NPS

This cluster contains iust one keyword, "phytotoxicitv," which refers to the effect of
NPs on plants. Although it orrly contains one key,word, it represents a significant and
emerging concern in the literature about how plastic pollutants affect plants, including
plant health, soil healt[ and agricultural productivity [,-., i]. Smaller MNPs may also be more

mobile in soil and allow for greater exposure to seed coats and possible effects on water
and nutrients during gemrination than plastic debris in the form of macroparticles [' ]1.

The type, concenhation, and surface charge of an MN? type affect seed germination.
High concentrations of MNPs can have phytotoxic effects, reducing seed germination and

seedling vigor [,'l], while surface charge affects the availabiliW of nutrients and water in
the soil [...1.

All chuters are corurected tlrrorgh a flow that starts with pla.stic waste and srlstainable

altematives (Cluster 4), which represent the sources and potential solutions to Plastic
pollution. This pollution leads to environmental contamination and exposure (Cluster 2),

where NPs enter terrestrial and aquatic ecosystems. From there, NPs move through the food

web, cawing toxicity and health impacts (Cluster 1) on humans and wildlife. These health

concerns prompt risk assessment, fcxrd safety, and regulatory efforts (Cluster 3) aimed at

managing the risks posed by NPs. Detailed understanding of human exposure pathways

and biological i.utenalization (Clusters 5 and 6) in{orms the assessment of health risks by

revealing how NPs enter and affect the body. Finally, p lr € (Cluster 7) show
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the impact of NPs on plant anrl soil health, connecting to environmental contamination
and irtflrrenciDg food safetl'. Altogether, these chsters illLrstrate an integrated research
framework covering the lifecycle of NPs, their environmental and health impacts, and the
responses aimed at mitigation.

i.11. Theuntic lt4np Analysis

A thematic map was created using author keywords from the datas€t to visualize the
conceptual structure of NP-based research in food and human health contexts (Figure t).
The map has four quadrants, motor themes, niche themes, emerging or declining themes,
and basic themes, determined according to two dimensions: cenhality (degree of relevance)
and densiq. (degree of development) [.,]. The basic theme quadrant (lorv density, high
centrality) included "MPs, NPs, pollution, and human health". This quadrant shows that
plastic partides are common contaminants, and there is concem about potential impacts on
human health. It provides a conceptual Ioundation for much of the research in the field.
However, the underdevelopment of this theme is evidence of a lack of clinical, mechanistic,
or long-term epidemiological studies linking exposure to NPs with a medical pathology in
humars, such as inflammatiory endocrine dismptors, genotoxicity, or carcinogeniciti'.

e

3e

Figur€ E. Thematic map visualizatron

In contrast, the motor theme quadrant Qrigh density and eerttrality) include; "bioaccu-

mulation, human health risk, food products, environmental pollution, drinking water, and

phytotoncity," which are well-developed and highly central to the field. The keywords
"food products" and "human health" in motor themes raise concem about how the NPs

enter the food chain and reach humans and the systemic effects of these particles once

ingested. A recent study has indicated that NPs can translocate across biological mem-

branet enter systemic circulation, and elicit oxidative stress, immunotoxicity, or metabolic

alterations [r,r]. This cluster strongly shows the shift in NPs from the environmental to the

biomedical field.
The niche themes (high density; Ior.r' centrality) are recently raised topics, u'hich

include "COVID-19, nano-plastics, disposable face masks, combined toxicitv, adsorPtion,

sr.rstainability, and digestion". The COVID-19 pandemic lns the concem oI plastic-

based personal protection equipment (PPE) waste ente
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fragmenting into MNl,s, and eventually re-entering human exposure routes [,,,,]. I hese
themes coherently overlap with co,rbined toxicity, wherE Nps interact with other existing
chemicals or heavy metals, which could increase the toxic effects. Through niche themes,
they offer novel insights into real-world exposure contexts and complex toxicological
interactions, essential for risk assessment.

The emerging or declining theme (k-rw centrality and density) quadrant includes
keywords such as "MNPs, ecological risk, environmental pollutants, and polystyrene Nps."
Each of these shows either essential but unresolved pressures or declining research areas.

Ecological risk, as the name implies, is not directly linked to human health; however, if
NPs disrupt key organisms that are part of the food web, they could negatively affect
the ecosystem services that support food security and nutritional value. Pollstyrene NPs
are continuously utilized as model systems in NP toxicity studies- However, they are
not what researchers necessarily mean in terms of potential food implicationt and they
are relevant to the discussion because they may ultimately degrade during the storage or
heating of foods [, ,-1.

4. Conclusions
The current bibliometric analysis confirms rapid research growth and the interdis-

ciplinary nature of research on NPs in food and human health. This field of study has
received significant scientific interest over the past decade, ftuther shown by the recent
growth in prrblications and citations. The strmgth of review articles in tlts field shows that
the scientific communig is still tryrng to amalgamate existrng knowledge and find gaps
in knowledge and research opportunities. Most publications r.vere from Environmental
Sciences, Chemistry, and Biological Sciences. Still, publications from different subject ar-
eas, including Medicine, Pharmacology, Engineering, and various Social Sciences, show
the field's interdisciplinary natrrre. China and its respective National Nahual Science

Foundation and the European Commission are major funding organizations that have pub-
lished the mnst and have the highest percentage ofany nation's collaboration. Keyword
co-occurrence analysis revealed seven thematic clusterg most dominated by themes rclated

to toxicity, environmental contamination, safety for food products, plastics waste, human
exposure, and concems with regulatory practices. While this provides a rich overview
of existing knowledge, the lower incidence of experimental evidence producing studies,
specifically those dtectly lilking NPs exposure to human health outcomes, underscores

the need for more targeted, in vivo, and longitudinal studies.

Although there have been some advancements in the literatur€, there are still many
rurknowns in this area. First, we stiU lack approved methods for finding and quantifying
Nl's in complex Iood matrices. Secondly, all toxicological studies are either in vitro or in
animal modcls. Thcrc is a lack of data about thc cffccts of chronic, low-dosc cxposurc
in humans. Third, many countries have no risk assessment schemes to regulate NPs in
food and beverages. Addressing these gaps requires greater collaboration, including food

technologists, toxicologists, environmental chemists, and medical researchers. Research

elhrrts sllould ftxus on develt.rping standardized detectiol prokrct-rls, tluesl.rolds lor expo-

sure, and longitudinal epide.mioiogical studies. There is a need to crc.ate altemative plastics

and implement guidelines to limit plastics in food packaging and processing. 1b conclude,

the research field of NPs in food and their impact on human health is growing, reflecting

presslues of rEgent global significance. This shldy shol d sen'e as a stePPing stone toward

fu.tue scientific research, the development of priblic health, and the design of sustainable

solutions to m.i6gate the impact of NPs on human health.
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