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Abstract
Microplastics (MPs) are an emerging contaminant ubiquitous in the environment. There is growing concern regarding 
potential human health effects, a major human exposure route being dietary uptake. We have undertaken a systematic 
review (SR) and meta-analysis to identify all relevant research on MP contamination of salt intended for human con-
sumption. Three thousand nine hundred and nineteen papers were identified, with ten fitting the inclusion criteria. A 
search of the databases MEDLINE, EMBASE and Web of Science, from launch date to September 2020, was conducted. 
MP contamination of salt varied significantly between four origins, sea salt 0–1674 MPs/kg, lake salt 8–462 MPs/kg, rock 
and well salt 0–204 MPs/kg. The majority of samples were found to be contaminated by MPs. Corresponding potential 
human exposures are estimated to be 0–6110 MPs per year (for all origins), confirming salt as a carrier of MPs. A bespoke 
risk of bias (RoB) assessment tool was used to appraise the quality of the studies, with studies demonstrating moder-
ate to low RoB. These results suggest that a series of recurring issues need to be addressed in future research regarding 
sampling, analysis and reporting to improve confidence in research findings.
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1 Introduction

1.1  Rationale

Microplastics (MPs) have been identified in the environ-
ment in varying concentrations and compositions. MPs are 
found in sea water [1–3], sediments [4, 5], soil [6, 7], the 
atmosphere [8, 9], as well as in food [10, 11] and drinking 
water [12–14]. Therefore, MPs appear to be abundantly 
present in the environment and humans are constantly 
exposed to them. The effects of MPs that are currently 
being investigated arise from the plastics’ primary com-
ponents (polymers) or the additives used to enhance their 
attributes (plasticizers), such as bisphenol A, which has 

already been proven [15] to be toxic to humans. MPs can 
also act as transporting vectors. Plastic has been shown to 
adsorb and absorb persistent, bio-accumulative and toxic 
substances which can later be leeched from it [16–18]. 
Finally, MPs have proven to be a good substrate to be 
colonized by microorganisms, effectively transporting 
them and dispersing them into new environments [19, 20]. 
Nanoplastics present a somewhat different behaviour to 
larger MPs resulting from their ability to cross biological 
membranes possibly delivering substances to different 
locations; they might become cellular vectors due to their 
nanoscale, thus transporting substances into cells [21].

Although it remains to be shown whether the effects of 
MPs on human health are significant or not, there is clearly 

Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s4245 2-020-03749 -0) contains 
supplementary material, which is available to authorized users.

 * Evangelos Danopoulos, hyen7@hyms.ac.uk | 1Hull York Medical School, University of Hull, Allam Medical Building, Hull HU6 7RX, 
UK. 2Department of Biological and Marine Sciences, University of Hull, Hull HU7 6RX, UK.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-03749-0&domain=pdf
https://orcid.org/0000-0002-9186-8811
https://doi.org/10.1007/s42452-020-03749-0


Vol:.(1234567890)

Review Paper SN Applied Sciences (2020) 2:1950 | https://doi.org/10.1007/s42452-020-03749-0

a strong need to urgently evaluate their prevalence in the 
environment [22, 23]. The first step towards understanding 
their significance for humans is in establishing the expo-
sure routes and quantifying exposures. One of the major 
proposed exposure routes is via the food web through 
dietary exposure [24–28].

In recent years, significant evidence has been accumu-
lated for the presence of MPs in food and drinking water, 
with several published reviews [3, 29–32]. However, to our 
knowledge, this is the first SR and meta-analysis focusing 
on salt. None of the existing reviews have used the meth-
odology and methods [33] on which SRs and meta-analy-
ses are based on to synthesize their findings in a standard-
ized qualitative or quantitative way.

The added value of a SR is that the underlying meth-
odology promotes transparency, reliability and reproduc-
ibility in all the steps of the review, guided by the protocol 
which is designed and published before its execution [33, 
34]. The goal of meta-analysis is not only to synthesize 
data from identical or similar studies but to broaden our 
understanding of a subject by expanding the base of the 
included studies and investigating patterns, trends and 
relationships [35]. The basic merit of executing the main 
functions of meta-analysis is that a summary of two or 
more studies provides a better estimate than either indi-
vidual study alone [35].

The aim of this SR was to establish the MP contamina-
tion levels of salt intended for human consumption based 
on current knowledge using meta-analysis and statistical 
summary. Further aim was to model and quantify human 
exposure levels via ingestion of salt in the general popula-
tion. At the same time, the body of literature was assessed 
in a narrative analysis in terms of quality in a standard-
ized way employing a bespoke, robust tool assessing all 
aspects of study design, execution and reporting, in order 
to recognize existing scientific limitations and formulate 
proposals for future research.

2  Methods

2.1  Protocol and registration

The SR follows a protocol published in PROSPERO (PROS-
PERO 2019, Registration number: CRD42019145290), 
available from: https ://www.crd.york.ac.uk/prosp ero/displ 
ay_recor d.php?ID=CRD42 01914 5290 which was created 
before the execution of the review. The protocol outlines in 
detail the rationale for the SR as well as the methodologi-
cal and analytical approach that was used.

2.2  Eligibility criteria

The eligibility criteria were set down in the protocol of the 
review. Only descriptive and analytic observational study 
designs (not experimental) are included since the focus 
of the review is on uncontrolled environmental exposures 
[36]. “Uncontrolled” in this context refers to not conducting 
an experiment under controlled conditions, not to the use 
of control samples [37].

2.2.1  Inclusion

Only primary, peer-reviewed studies are included. Other 
reviews and/or reports that were discovered during the 
search were used to check and validate our searches by 
comparing our results to their reference lists. No time 
limit on publication date was set, and all databases were 
searched from launch date to 10 July 2019. The searches 
were repeated on the 10 September 2020 to include the 
most recently published papers. Although the term MPs 
was introduced by Thompson et al. [38], studies that used 
more descriptive terms were eligible to be included. The 
definition used for MPs was: particles of plastic material 
of a size up to 5 mm; the definition includes nanoplas-
tics which are on the nanometre scale (nm) [21, 39]. More 
robust definitions for MPs have been proposed more 
recently [40, 41], but this broader definition was used to 
ensure the inclusion of all relevant scientific literature.

Only studies that report on food samples as defined 
by Regulation (EC) No 178, 2002 were included: “any sub-
stance or product, whether processed, partially processed or 
unprocessed, intended to be, or reasonably expected to be 
ingested by humans. ‘Food’ includes drink, chewing gum and 
any substance, including water, intentionally incorporated 
into the food during its manufacture, preparation or treat-
ment” ([42], p. 2).

Studies that used one of the following four validated 
processes for the identification of MPs were included: 
Fourier-transform infrared spectroscopy (FT-IR), Raman 
spectroscopy (RM), pyrolysis gas chromatography/mass 
spectrometry (Pyr-GC-MS) and scanning electron micros-
copy plus energy-dispersive X-ray spectroscopy (SEM/
EDS). The use of a validated method to identify the com-
position of the particles and the use of procedural blank 
samples was considered imperative for all the included 
studies, as this confirms studies are measuring the same 
thing [43, 44]. Studies must have used procedural blank 
samples to quantify the contamination or to validate that 
the samples had not been contaminated after their col-
lection. No geographical limits were placed on sampling 
locations, and all sampling procedures are included. For 
the meta-analysis part of the SR only, studies that report 
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specific abundance/concentrations of MPs were included. 
All measuring units are included.

2.2.2  Exclusion

Commentaries, opinion pieces, proceedings of confer-
ences, editorials and non-peer-reviewed reports were 
excluded. In addition, studies were excluded if they report 
on food samples that do not conform to the definition 
for “food” [42] or have not reported the process for the 
identification of MPs, or used a process outside the four 
highlighted. Any study that does not explicitly report the 
use of procedural blanks to validate quality assurance of 
post-collection processes were excluded. Articles that are 
not published in the English language were also excluded.

2.3  Information sources

The following online databases/sources were searched: 
MEDLINE (OVID interface, 1946 onwards), EMBASE (OVID 
interface, 1974 onwards). Medical Subject Headings 
(MeSH) and vocabulary thesaurus tools were used for both 
sources. The Web of Science core collection (Web of Sci-
ence, 1900 onwards) was also searched as a multidiscipli-
nary source. The last search was run on the 10 September 
2020. In addition, the reference lists of the reviews that 
were discovered were searched, as well as the reference 
lists of relevant reports, which have already been pub-
lished. Where appropriate, authors of papers were con-
tacted in order to obtain missing information and data 
from published studies.

2.4  Search

An initial scoping review identified 3541 papers, using a 
search strategy maximized for sensitivity rather than speci-
ficity. The results informed the strategy for the full review 
which was first developed for MEDLINE and EMBASE (OVID 
interface) using free text and MeSH, and then, the syntax 
was adapted for the Web of Science interface. Search terms 
included: microplastic, nanoplastic, plastic/, micro*, fiber*, 
food contamination, salt. Separate search strategies were 
devised for the interfaces OVID and Web of Science. The 
full search strategy for MEDLINE (OVID) and for Web of Sci-
ence can be found in Online Resource (OR) 1, Section 1.

2.5  Study selection

The study selection assessment process was conducted 
in a standardized manner. EndNote (X 9.2) software was 
used to extract and manage citations that were identi-
fied through the search strategy. Screening questions 
were developed with screening at two levels. An initial 

screening of titles and abstracts was conducted inde-
pendently by two reviewers (ED and LJ) according to the 
inclusion/exclusion criteria. Discrepancies between the 
two reviewers were resolved by a third-party arbitrator 
(JR), who is an expert in the field. The level of the inter-
rater agreement was 90%, Cohen’s k: 0.34, indicating a fair 
strength of agreement between the two reviewers [45].

For the studies that met the inclusion criteria, full papers 
were downloaded for the second level (full text) screen-
ing, which was undertaken by ED. Reasons for excluding 
studies were recorded (see OR 1, Section 2). The second 
reviewer screened 20% of the full text studies in order to 
validate the process. The level of the inter-rater agreement 
for the second level screening was 100%, Cohen’s k: 1. The 
second level screening process also identified the stud-
ies to be included in the meta-analysis and those to be 
included in the statistical summary/narrative analysis.

2.6  Data extraction

The data extraction process used a form developed, 
used and validated by a scoping review. For each of the 
included studies, the following information was extracted: 
sampling (geographic location of the sampling site/s, date 
of sampling, sampling method), sample characteristics 
(sample kind and type, number of samples), sample anal-
ysis (sample replicates, MPs extraction procedure, visual 
identification method, composition identification method, 
percentage of sample which underwent composition 
identification method, library used for spectral analysis, 
percentage match index for polymer identification), results 
of procedural blank samples and the results of the analysis 
(identified type of polymer, MPs’ content). When data were 
not reported in a usable form, the corresponding author 
of each paper was contacted in order to obtain the pri-
mary data. A maximum of three emails were sent to the 
corresponding author. Where additional information was 
not provided by the authors, papers were only included 
in the statistical summary/narrative SR and were excluded 
from the meta-analysis. During the data collection process, 
specific attributes of the data were examined (e.g. sample 
n, sample type) in order to avoid duplicate inclusion of 
the same data. Where duplicates were found, only the first 
publication was included.

2.7  Risk of bias in individual studies

Existing risk of bias (RoB) tools was not appropriate due 
to the focus and nature of this SR [46]. In order to achieve 
a standardized way of critically appraising the studies, 
a bespoke tool was developed for assessing risk of bias, 
based on guidelines set by the Centre for Reviews and 
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Dissemination [34] for SRs of adverse effects. The quality of 
reporting section was developed according to the STROBE 
Statement checklist [47] regarding items that should be 
included in reports of observational studies, and the rec-
ommendations of the Agency for Healthcare Research and 
Quality U.S. Department of Health and Human Services 
[48]. In addition, principles laid down by the Environmen-
tal Risk of Bias Tool [49] regarding evidence in environmen-
tal science were taken into consideration, and adapted 
from the Cochrane Collaboration’s tool [50] for assessing 
RoB in randomized trials.

The assessment tool/checklist does not use scales to 
assess the RoB (see OR 2, Table S1). For each entry in the 
checklist, a judgement was made, supported by a specific 
rationale [51]. For each of the entries, a question was for-
mulated to prompt a response to support decision mak-
ing. Assessment was based on predefined guidelines as 
specified in the RoB tool explanation/elaboration section 
(see OR 2) and was conducted independently by two 
reviewers (ED and JL) in order to minimize errors, avoid 
the introduction of personal misconceptions and verify the 
effectiveness of the RoB tool [33]. Agreement between the 
two assessors was 100%. The rating of the studies for each 
entry, domain and overall study was: high risk, low risk 
or unclear RoB. RoB assessment was carried out both on 
the study and on specific outcome level. The results of the 
assessment were used to inform both the qualitative and 
the quantitative synthesis.

2.8  Summary measures

The primary outcome was the presence of MPs in the sam-
ple and a quantitative measure of it (if available). For the 
meta-analysis, the focus was the MP content of the sample, 
specifically, the size of the sample (n), the mean value, the 
standard deviation (SD) and/or the range of MP content in 
each type of sample in each study. Additional information 
of interest was the methodological details surrounding the 
extraction of the particles from the sample as well as the 
composition identification process.

2.9  Synthesis of results

Different units of measurement for MP content were used 
across the studies. All different units were extracted, and 
an attempt was made to standardize the units, where 
appropriate, and the necessary data were available. In 
studies where the mean value was not provided but the 
individual data for the samples were available, values were 
calculated using the standard formulae for mean and 
standard variation. To pool the results of different sam-
ples in the same studies, formulae for combining groups 

proposed by Higgins et al. [51] were used. The units used 
in the outcomes of the meta-analysis were MPs per volume 
or mass or individual of sample.

Although the minimum number of studies required 
for meta-analysis is two [35], a small number of included 
studies can limit the strength of the results. This limitation 
was explored throughout the meta-analysis [52]. For the 
quantitative synthesis of the results from different stud-
ies, a meta-analysis model was used [53, 54]. The effect 
estimate for each study was calculated by weighing their 
results using the inverse of the variance method and fit-
ting random-effects models [55, 56]. The results of the 
meta-analysis are presented as a summary of the mean 
effect (content) with a 95% confidence interval and p 
value. The t2 estimator that was used for all the models is 
the DerSimonian-Laird, which has been extensively used 
in random-effects modelling [57, 58]. The assessment of 
statistical heterogeneity was achieved by comparing the 
outcomes of the studies visually using Forest plots, look-
ing at the overlap of the confidence intervals, and tested 
statistically using the Higgins I2 test and  Chi2 (Q Statistic) 
[59, 60]. To check if the data are normally distributed, a 
method proposed by Altman and Bland [61] was used. 
Subgroup analysis employing either a fixed-effects (plural) 
model (mixed-effects model) or a random effects model 
was adopted [56] in order to compare characteristics of the 
sample or the studies that might influence heterogene-
ity (type, geographical origin, etc.). All the studies are also 
reported in a statistical summary of effect combined with a 
systematic narrative analysis [34]. Regarding the statistical 
summary of effect, when the range was not stated explic-
itly, the minimum and maximum reported MP contents 
were used. When the results were expressed on a different 
mass scale, these were homogenized into the same scale 
for ease of comparison. Methodological heterogeneity was 
assessed in terms of the overall design of the study, focus-
ing on sample type, and the method used for the particle 
extraction from the samples.

The overall assessment of the certainty of the evidence 
for each study is based on the five considerations posed 
by the GRADE framework [53] in combination with the 
Environmental-GRADE tool developed by Bilotta et al. [49].

2.10  Risk of bias (RoB) across studies

Publication bias was assessed using funnel plots. In order 
to investigate the possibility of missing information, preci-
sion of the effect estimate was investigated [62]. To do so, 
a funnel plot and the Egger’s test [63] were used, recogniz-
ing that the latter test only picks up bias in small studies.
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3  Results

3.1  Study selection

The search strategy produced 2467 citations after 
duplicates were removed. The details of the study selec-
tion procedure are illustrated in the flow diagram in 
Fig. 1. During the first-level screening, 2307 citations 
were removed based on their title and abstract as not 
meeting the criteria for this review. In the second level 
screening, the whole text of the paper was evaluated 
against the eligibility criteria and 112 studies were dis-
carded; the reasons for exclusion can be found in OR 1, 
Section 2. Studies on three different food themes were 
identified: salt, seafood and drinking water. A total of 
7 studies were included in this salt review (of 48 stud-
ies identified across all three food themes). When the 
searches were rerun, 3 more studies were included after 
the first and second level screening (Fig. 1), resulting 
in 10 studies [64–73] finally included in this systematic 
review. All 10 studies were included in the SR and 4 in 
the meta-analysis.

3.2  Study characteristics

Study characteristics for the salt studies are presented in 
OR2, Table S2. The design of all the studies was observa-
tional (non-analytic) [36]. Their aim was to examine the 
prevalence of MPs in commercial salt in specific coun-
tries or globally. The outcomes are presented as average 
content of MPs per mass (g or kg of sample) (n = 6) and/
or range of MPs per mass (n = 10). In terms of the salt 
origin, four different sources/procedures were consid-
ered. In total, n = 164 different salt brands were analysed 
across the ten studies: n = 110 sea salt, n = 15 rock salt, 
n = 10 lake salt, n = 12 well salt, and n = 17 table salts of 
unidentified source (S2). The importance of the origin 
lies predominantly in the nature of the raw material 
itself, as well as the different procedure used to acquire 
it, namely evaporation or mining (rock or solution (well)) 
[74]. Three authors were contacted and asked for addi-
tional unpublished information but did not respond.

3.3  Risk of bias within studies

The studies were individually appraised using the assess-
ment of bias tool across four domains and assigned an 
overall rating (Table 1). The judgement for each of the 
studies is recorded in the tool, accompanied by relevant 

Fig. 1  PRISMA flow diagram of screening process
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text from the studies, where appropriate. Study design was 
found to be of low risk across all studies. The domain with 
the most “High RoB” was “reporting,” while the domain 
with the most “Unclear RoB” was “analysis” (OR 2, Fig. S1). 
The studies with overall high RoB were those of Renzi and 
Blaskovic [69], Karami et al. [66] and Sathish et al. [71]. The 
results of the assessment are discussed and addressed in 
the synthesis part of the review.

3.4  Results of individual studies

The results of the individual studies are presented in tabu-
lar form in Table 2 grouped by sample origin where possi-
ble. The results of the Iniguez et al. [65] study were pooled 
for the overall sea and well salts using the Higgins et al. 
[51] formulae for combining groups. The results of the Lee 
et al. [68] were pooled for the sea salt samples using the 
standard mean and SD formulas. The results of the Renzi 
and Blaskovic [69] study were expressed in MPs/g, and 
they were converted to MPs/kg to facilitate comparison 
between studies. All studies provide ranges of MP content. 
Grouping the samples according to country of origin was 
not possible due to the lack of necessary data from some 
of the papers as discussed earlier.

3.5  Synthesis of results: meta‑analysis

Only the four studies that provide sample size, mean MP 
content and the corresponding SD are included in the 
meta-analysis models (Table 3). The results of the study 

by Sathish et al. [71] were excluded from the meta-analysis 
as the study was rated of high RoB (Table 1), as discussed 
in the narrative analysis. Three studies present different 
results depending on the origin of the salt (sea, lake, rock, 
well). For the purposes of the meta-analysis, it is not rea-
sonable to assume that the samples of different origin 
should be considered the same. To test this assumption 
statistically, a subgroup analysis using a fixed-effects (plu-
ral) model (or mixed-effects model) was conducted [56]. 
The results of the model are illustrated in a forest plot 
(Fig. 2) [75]. The forest plot shows the standardized mean 
difference (SMD) results for each salt type by origin (cal-
culated weighted effect estimate) and the corresponding 
confidence interval (CI 95%) which is the range of values 
that we expect the true effect to lie in. The results of the 
random effects for salts of the same origin and the result of 
the fixed effect model for the four pooled different origins 
are also illustrated. The pooled effect for each subgroup 
ranges from 18.49 MPs/kg to 139 MPs/kg for rock salts and 
well salts, respectively. The results of the subgroup analysis 
regarding heterogeneity were  Chi2 = 69.83, p < 0.01 show-
ing a statistical significance between the samples of differ-
ent origin and I2 = 97% (high heterogeneity). Both findings 
support that the samples should be analysed separately 
according to origin. The results of the subgroup analysis 
are interpreted taking into consideration the small num-
ber of studies. Consequently, separate random-effects 
models were fitted for the sea salt samples (n = 59, four 
studies); the lake salt samples (n = 8, two studies); and the 
rock salt samples (n = 14, two studies). Regarding the sea 

Table 1  Risk of bias (RoB) 
assessment of salt studies

The table shows the rating for the four domains and the overall rating for each study. Red (−) indicates 
high RoB, green (+) indicates low RoB and yellow (?) indicates unclear RoB
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salt samples, the summary mean content was 58.7 MPs/
kg (95% CI 14.08–103.32, p = 0.0099). There was a high sta-
tistical heterogeneity of the pooled effect, I2 = 97%, and 
 Chi2 = 100.01, p < 0.0001, as evidenced by the wide (95%) 
CI.

A major difference between the studies, which can be 
seen in Table 3, is that Kim et al. [67] report a very large 
SD, while the other three studies [64, 65, 68] report much 
smaller ones. This could be attributed to the fact that Kim 
et al. [67] had more samples and these came from multiple 

countries, while the other three studies use samples from 
one country. It should be noted that the Kim et al. [67] 
results are heavily influenced by an outlier, but unfortu-
nately, the authors do not report the mean and SD when 
this sample is not taken into consideration. This means 
that results herein are also being influenced by this out-
lier. To statistically detect the origin of the heterogeneity, 
a sensitivity analysis was run by no outliers were detected. 
Consequently, an influence analysis was fitted the results 
of which can be found in Fig. S2 (OR 2). The results of both 

Table 2  Salt studies MP content and polymeric composition

CP cellophane, NY6 nylon 6, PA polyamide, PAN polyacrylonitrile, PB polybutylene, PE polyethylene, PEI polyetherimide, PET polyethylene 
terephthalate, POM polyoxymethylene, PP polypropylene, PS polystyrene, PU polyurethane, PVC polyvinyl chloride
a n refers to number of brands

Author (year) Salt sample 
type

na Mean MPs/kg SD Range MPs/kg MPs size range Composition 
per salt origin

Composition all 
samples

Shape

Gundogdu 
(2018) [64]

Sea 5 46 12.6 16–84 20 μm–5 mm PU (25%) PE (22.9%) Fragment > film

Lake 6 37.5 14.1 8–102 PE (35.3%)

Rock 5 11.8 1.2 9–16 PP (100%)

Iniguez et al. 
(2017) [65]

Sea 16 124.06 56.43 50–280 30 μm–3.5 mm n/r PET (83.3%), PP (6.7%), 
PE (3.3%)

Fibres

Well 5 139 26.24 115–185

Karami et al. 
(2017) [66]

Sea 14 0–10 160–980 μm n/r PP (40.0%), PE (33.3%), 
PET (6.66%), poly-
isoprene/PS (6.66%), 
PAN (10.0%), NY6 
(3.33%)

Fragment > fila-
ment > filmLake 2

Unidentified 2

Kim et al. (2018) 
[67]

Sea 28 675 2560 0–13,629 100 μm–5 mm PE (35%), PP 
(30%), PET 
(30%)

Not specified Frag-
ment > fibre > film

Rock 9 38 55 0–148 PET (41%), PE 
(26%), PP 
(23%)

Lake 2 245 307 28–462 PP (47%), PE 
(28%), Teflon 
(11%)

Lee et al. (2019) 
[68]

Sea 10 9.5 6.1 2.5–20 89.7–1474.9 μm n/r PP (39.5%), PE (34.9%), 
PS (14.0%), polyester 
(4.7%), PEI (2.3%), 
PET (2.3%), POM 
(2.3%)

Fragment > fibre

Rock 1 12.5 n/r

Renzi and 
Blaskovic 
(2018) [69]

Sea, Italian 6 5400 1570–8230 4–2100 μm n/r n/r Frag-
ment > fibre > filmSea, Croatian 5 28,900 27,130–31,680 15–4628 μm

Renzi et al. 
(2019) [70]

Sea, Italian 6 n/r n/r 170–320 10–150 μm PET and PVC n/r Fibres

Sea, Croatian 5 n/r n/r 70–200 PA, PP, and 
nylon

Sathish et al. 
(2020) [71]

Sea 7 54 13.4 35 (±15)–72 
(±40)

55 μm–2 mm n/r PE (51.6%), PP (25%), 
polyester (21.8%), PA 
(1.6%)

Fibre > fragment

Well 7 12 9.5 2 (±1)–29 (±11)

Seth and Shri-
wastav (2018) 
[72]

Sea 8 n/r n/r 56 (±49)–103 
(±39)

n/r Polyesters (~61%, PET 
~7%), PE (~22%), PA 
(~16%)

Fragment > fibre

Yang et al. 
(2015) [73]

Sea 15 n/r n/r 550–681 45 μm–4.3 mm PET (27.3%), PE 
(20.5%), CP 
(18.2%)

CP (39.5%), PET 
(16.3%), PE (8.5%), PB 
(8.5%)

Fragment > fibre

Lake n/r n/r 43–364 CP (43.2%), PET 
(11.4%), PB 
(11.4%)

Rock/well n/r n/r 7–204 CP (58.5%), 
PET (9.8%), 
PB (4.9%), PP 
(4.9%)
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Table 3  Salt studies included 
in the meta-analysis

a Rob risk of bias assessment

Author (year) Sample type n Mean MPs/kg SD RoBa

Gundogdu (2018) [64] Sea 5 46 12.6 Low
Lake 6 37.5 14.1
Rock 5 11.8 1.2

Iniguez et al. (2017) [65] Sea 16 124.06 56.43 Unclear
Well 5 139 26.24

Kim et al. (2018) [66] Sea 28 675 2560 Low
Rock 9 38 55
Lake 2 245 307

Lee et al. (2019) [68] Sea 10 9.5 6.1 Low

Fig. 2  Subgroup analysis for all four origins of salt. The x axis rep-
resents the standardized mean difference (SMD) expressed in MPs/
kg. The vertical line is the line of null effect where MP content is 0. 
The grey boxes represent the pooled effect estimate and the lines 
the confidence interval (CI) 95%. The size of the boxes is propor-

tional to the study weight. The diamonds are the combined point 
estimates and CI for each of the subgroups. The dotted line is the 
overall pooled effect for all subgroups with a corresponding dia-
mond. The red box is the prediction interval PI 95%
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analyses were inconclusive which led us to include all four 
studies. RoB was also examined in a sensitivity analysis but 
was similarly inconclusive.

Regarding the two lake salt studies (n = 8 samples), the 
overall content was computed at 37.65 MPs/kg (95% CI 
26.37–48.92, p < 0.0001). The heterogeneity is extremely 
low I2 = 0% and  Chi2 = 0.91, p = 0.3393. In this case, there is 
no need to explore heterogeneity further. The rock studies 
meta-analysis provided an overall estimate of MP content 
of 18.49 MPs/kg (95% CI −3.9 to 40.88, p = 0.1056). The het-
erogeneity is moderate I2 = 51% and  Chi2 = 2.04, p = 0.1532. 
Regarding RoB, both studies in the lake and rock group 
were rated as “low”.

3.6  Risk of bias across studies

In order to explore RoB across studies (publication bias), 
a series of funnel plots [35] were explored (Fig. S3a–c, OR 
2). As can be seen in Fig. 3, the asymmetry of the distribu-
tion for all the salt studies is caused by two results in the 
left-hand side of the plot; these are the Kim et al. [67] study 
results for lake and sea salt samples. This study has already 
been observed to affect disproportionally the meta-anal-
ysis due to extreme size effects. The studies in the white 
background do not have statistically significant effect 
sizes. The results of the Egger’s test were intercept = 4.441 
(1.501–7.381 CI, p = 0.02264). The p value for the Egger’s 
test is significant which means that there is notable asym-
metry in the funnel plot. The results of the Egger’s test 
should be interpreted with caution since the number of 
the studies is too small (<10) to draw safe conclusions.

This SR has set stringent methodological eligibility 
criteria that have led to a large number of studies being 
excluded. Studies with lower methodological rigor tend to 
report higher results due to overestimation of MP content. 

Therefore, it can be assumed that the symmetry at the bot-
tom of the funnel plot would have been better had these 
studies been included, but they would also be statistically 
non-significant for the effect size. Hence, it is reasonable 
to assume that the asymmetry is not due to non-reporting 
bias.

3.7  Statistical summary of effects/narrative analysis

The effect size for the summary is the range of MP con-
tent (MPs/kg), which has been reported by all the included 
studies (Table 2). Sample heterogeneity, in terms of ori-
gin, is primarily addressed again by grouping the samples 
according to their origin (sea, lake, rock and well). Taking 
into consideration the ranges of MP content reported by 
the studies (without any weighting), the MP content is 
0–31,680 MPs/kg for sea salt, 0–462 MPs/kg for lake salt, 
0–204 MPs/kg for rock and for well salt (Fig. 4).

Regarding the results of MP content in sea salt, the 
study by Renzi and Blaskovic [69] stands out. They report 
mean contents of 5400 and 28,900 MPs/kg and ranges 
of 1570–8230 and 27,130–31,680 MPs/kg for Italian and 
Croatian marine salts, respectively. The range reported 
by Kim et al. [67] is similar (0–13,629 MPs/kg), but the 
mean is much lower at 675 MPs/kg salt. Kim et al. [67] also 
highlight that they identified one outlier sea salt sample 
in their analysis and reported a reduced range of 0–1674 
MPs/kg when excluding it. Renzi and Blaskovic [69] state 
that extremely high values might be due to human error 
during visual particle identification and the increased level 
of pollution in the areas where the salt’s raw material is 
collected. However, the lower mean content for the Italian 
salts is eight times higher than the closest reported mean 
content. This study was one of five [65, 66, 68–70] that did 
not use digestion in the particle-extraction procedure and 
the one of the three [68–70] that did not use a density-
separation technique to separate MPs from non-polymeric 
particles. Their analysis protocol fails to report important 
information: the number of replicates they used, the 
results of their procedural blank samples to account for 
after-sampling contamination and whether the results 
of the procedural blanks were subtracted from the final 
results. In addition, they do not report the specifics around 
the polymer composition identification: how many parti-
cles they identified with the help of m-FTIR as a fraction 
of their sample, the spectral library they used, the accept-
ance rate for a particle to be considered of polymer origin 
(usually set above 60%) and it was the only study that did 
not report results on the polymer composition of the MPs. 
In the light of these reporting omissions, the results and 
conclusions should be interpreted with caution. In their 
later work [70], they identified extremely lower content of 
70–320 MPs/kg of salt (in the size fraction of 10–150 μm) 

Fig. 3  Publication risk of bias funnel plot for all salt origins. Content 
expressed in MPs/kg salt. Dots represent individual studies. The ver-
tical dotted line represents the pooled effect size. Diagonal lines 
represent pseudo 95% confidence limits
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and recognize that systematic composition analysis is nec-
essary to avoid overestimations. Kim et al. [67] also report 
high ranges compared to the other studies. They state that 
differences in the analytical processes and samples might 
be the cause of these variations. However, the highest dif-
ference is caused by a reported outlier sample.

At the other end of the extreme ranges, Karami et al. 
[66] reports a range of 0–10 MPs/kg. They stated that they 
had a high proportion of non-identified particles (29.1%), 
while a quarter of the sample was identified as pigments. 
This study employed a two-step filter extraction proce-
dure, without digestion, which resulted in only a fraction 
of the extracted particles (size particles >149 μm), being 
considered in the results. This could have led to a signifi-
cant underestimation of the MP content, a limitation the 
authors acknowledge. The size of particles included is 
important because the number of MPs increases as their 
size decreases [75–78]. Therefore, including only smaller 
size MPs could affect the estimate of overall MP content 
disproportionally. This study did not analyse the proce-
dural blank samples. Instead, the filters were weighed 
and change in their weight was used to account for post 

sampling contamination. This procedure is not common 
practice and cannot be seen as adequate in verifying the 
protection of their samples. Thus, we do not know if and 
how contamination of the samples has affected the results 
of this study. Similarly, the study by Sathish et al. [71] did 
not report any details surrounding the procedural blank 
samples including their results.

The studies by Renzi and Blaskovic [69], Karami et al. 
[66] and Sathish et  al. [71] were rated as of high RoB 
(Table 1). It should also be noted that the results of the 
study by Renzi et al. [70] cannot be directly compared nor 
collated with the rest of the studies because the design of 
the study targeted the specific size fraction of 10–150 μm. 
Removing the three studies that were rated of high RoB 
studies from the results as well as the outlier of the Kim 
et al. [67] study (as suggested by the authors [67]), the dis-
tribution of the ranges decreases (Fig. S4, OR 2), and the 
MP content range narrows to 0–1674 MPs/kg of sea salt.

Lake salt MP content ranges exhibit the same pattern. 
Karami et al. [66] and Kim et al. [67] report the lowest and 
highest ranges, respectively. Besides the narrowed size 
fraction, there is another factor that might play a part in 

Fig. 4  MP content in salt from 
all origins expressed in  log10 
for ease of comparison. The 
points in the graph represent 
the mean values of MP content 
for the studies that report 
it, whiskers represent the 
reported ranges of MPs/kg. A: 
sea salt, B: lake salt, C: rock salt, 
D: well salt, E: rock/well salt, F: 
unidentified



Vol.:(0123456789)

SN Applied Sciences (2020) 2:1950 | https://doi.org/10.1007/s42452-020-03749-0 Review Paper

the underrepresentation of MPs in the Karami et al. [66] 
study, which is the absence of a digestion step in the 
particle-extraction process which the other three studies 
use. Omitting this study from the results only narrows the 
range to 8–462 MPs/kg of lake salt. Regarding the rock and 
well salt studies, Yang et al. [73] present one combined 
result for both origins that cannot be directly compared 
to the result for well salt from the Iniguez et al. [65] study, 
while the results of the Sathish et al. [71] study are omitted 
due to high RoB rating (Table 1). The rest of the studies 
report fairly similar results.

Across the studies the minimum size of identified MP 
particle by the studies ranged from 4 to 160 μm (Table 2) 
and could have been directly affected by two experimental 
parameters: the pore size of the filters used for the extrac-
tion of the particles and the technical abilities/limitations 
of the technology used for the composition identification. 
Filters of different pore sizes were used ranging from 0.2 to 
8 μm, representing the minimum cut-off size, while two of 
the studies also used a maximum cut-off size of >149 μm 
[66] and <150 μm [70], as previously noted (Table S2, OR 
2). FTIR and RM can analyse particles in the range of 40 μm 
and 10 μm, respectively, but when they are coupled with 
microscopes their technical specifications are enhanced 
to analysing particles in the size of 10 (m-FTIR) μm and 
1 μm (m-RM) [79–84]. The relationship between these 
parameters and the MP content is illustrated in Fig. S5a, 
b (OR2) where we can see that there is only a weak nega-
tive trend between the size of the identified MP and the 
content in the samples which could be attributed to the 
small number of studies and other confounding param-
eters previously discussed. The association between the 
size of the measured MPs particles and their content has 
already been highlighted in our previous work [85]. Frag-
ment was the most commonly discovered shape of MPs 
across all studies, followed by fibre (Table 2).

Across all the studies that analyses salt from different 
origins, the pattern of MP content found is that sea salts 
exhibit the highest content, followed by lake and then 
rock. This pattern can be attributed to the correspond-
ing environmental contamination of the raw material, i.e. 
natural brine from a sea or lake or man-made brine from 
wells which is an open (and exposed) system, compared 
to a closed and largely protected system of underground 
rock salt.

There are only two studies [65, 71] that sampled well 
salt (n = 12) and one study [73] that sampled rock/well 
salt (n = unknown). Although these studies use samples 
that come from underground, there is a key difference 
between them. Well salt is derived from brine that has 
been artificially produced by pumping water in under-
ground salt sources. The brine is then evaporated in 
open lakes or in closed circuits. The samples used in the 

studies by Iniguez et al. [65] and Sathish et al. [71] come 
from artificial brine that has been evaporated in open 
lakes and is therefore exposed to further environmental 
pollution. On the other hand, the Yang et al. [73] study 
does not differentiate between the two types (rock and 
well), and it is not possible to determine whether the salt 
has been exposed to environmental conditions or not. 
The higher MP content in the Iniguez et al. [65] study 
could be attributed to these processes.

In terms of polymeric composition, four studies [64, 
67, 70, 73] differentiate between salts of different ori-
gin, five studies [65, 66, 68, 71, 72] do not and one study 
[69] does not report any results [69]. The most prevalent 
polymers across all studies and origins were polypropyl-
ene (PP) and polyethylene (PE), followed by polyethylene 
terephthalate (PET) (Table 2). The most commonly found 
polymer in sea salt was PE and PET, in lake salt PE and in 
rock/well salt PET. In addition, it is important to highlight 
that Yang et al. [73] included the compounds cellophane 
(CP) and cellulose (CL) in their MPs results, while the rest 
of the studies did not. Kim et al. [67] did considered CP 
but reported that this was not detected in their samples.

Five studies collected samples from one country [64, 
65, 71–73] (four in the continent of Asia [64, 71–73]), and 
two studies [69, 70] described samples for two countries 
(both in Europe). Three studies [65–68] examined MPs 
salt contamination in multiple countries. Karami et al. 
[66] examined samples of salt produced in different 
eight countries but available through the Malaysian 
market (n = 17 brands). They did not attempt a compari-
son between countries and did not report their results 
in a usable form by country. Likewise, Lee et  al. [68] 
sampled brands that were available in the Taiwanese 
market and possibly also coming from third counties 
but did not report further details. In contrast, Kim et al. 
[67] who also analysed salts from different countries 
(n = 21), purchased most of the samples in the countries 
that they were produced in (n = 17), thus allowing them 
to extrapolate to a global pattern. The study reports a 
comparison between Asia (1028 ± 3169 MPs/kg) and all 
other continents (39 ± 9 MPs/kg), but unfortunately, they 
only report their results in figures which does not allow 
for further analysis and reproducibility. A pattern did 
not emerge for the MP content in salt between different 
countries or continents.

3.8  Summary of evidence

The results of the SR are presented in the summary of evi-
dence table (Table 4) which integrates the meta-analysis, 
the statistical summary and the narrative analysis as well 
as the overall rating of the evidence according to the 
GRADE methodology and the E-GRADE tool [49, 53].



Vol:.(1234567890)

Review Paper SN Applied Sciences (2020) 2:1950 | https://doi.org/10.1007/s42452-020-03749-0

4  Discussion

To our knowledge, this is the first SR addressing MP con-
tamination of salt intended for human consumption. We 
have reviewed ten studies which, in total, analysed 164 
different salt samples/brands coming from 28 different 
countries. Four studies were included in the meta-analy-
sis, and all ten studies are included in the statistical sum-
mary of effects and narrative analysis. MPs were present 
in the vast majority of the examined samples from all four 
origins (sea, lake, rock and well), with levels varying sig-
nificantly across studies from 0 to 1674 MPs/kg of salt. 
The studies are of moderate to low quality (Table 4). The 
review provides robust evidence of ubiquitous salt MPs 
contamination.

Narrative analysis detected a number of issues in the 
methodology of the studies in all stages. We explicitly 
appraised the quality of the existing evidence in order to 

move forwards discussions around MPs in food intended 
for human consumption. Major issues concern the use 
of different processes for the extraction of particles from 
the samples and the following identification of their com-
position as well as poor reporting. Well-reported studies 
would allow for more effective comparison across the 
studies and increase confidence in our conclusions. In 
this fast developing field, consensus is needed in order to 
achieve consistency in how MPs are extracted [44, 86–96] 
what is measured [21, 40, 41] and how it is reported [47, 
48, 97–99]. Improving the quality of reporting is key to 
creating a more robust methodology.

According to the World Health Organization [100], the 
daily consumption of sodium should be less than 2000 mg 
of sodium, which is roughly equivalent to 5 g of salt for 
adults (>16 years old) and adjusted downwards for chil-
dren according to their energy needs. The European Food 
Safety Authority [101] recently agreed that an intake of 
2000 mg should be the daily intake limit. Similarly, the U.S. 
Department of Health & Human Services (HHS) adopting 
the 2015–2020 Dietary Guidelines for Americans published 
by the U.S. Department of Health and Human Services and 
U.S. Department of Agriculture [102] recommends that 
adults should consume less than 2300 mg of sodium daily. 
However, according to WHO [103], actual consumption is 
estimated to be twice that level (9–12 g of salt per day). For 
the purposes of illustration, we have calculated yearly MP 
intake from salt of different origins using both the WHO 
daily recommendation of 5 g and an estimate of 10 g for 
the actual daily consumption (see Table 5). These results 
should be seen only as indicative given that adult salt 
consumption likely varies widely from country to coun-
try. Based on the 10 g estimate for daily consumption, the 
largest potential MPs uptake for human adults comes from 
salt of well origin (507.35 MPs/year), followed by sea, lake 
and rock (214.26, 137.42 and 67.49 MPs/year, respectively), 
according to the reported MP contamination. According 
to the statistical summary based on a 10 g daily salt con-
sumption, human exposures from the consumption of salt 
intended for human consumption are estimated to be in 
the range 0–6110 MPs per year. Note that in the statis-
tical summary the well samples have been consolidated 
with the rock samples. Modelling is based on analysis of 
salt samples that were commercially available for human 
consumption and assumes no losses of MP contamination 
during cooking. It is expected that some portion of MP 
might be extracted during food preparation and cooking, 
thus reducing the exposure levels, but there are no avail-
able data at this point to account for it. It is recognized that 
this is a limitation of the calculated exposure levels and in 
the future they could be adjusted downwards.

A recent review by Peixoto et al. [104] on MPs pollu-
tion in commercial salts has reviewed the same studies 

Table 4  Summary of evidence of MP content in salt intended for 
human consumption

a The three studies that were rated as of high RoB: Karami et al. [66], 
Renzi and Blaskovic [69] and Sathish et al. [71] are not included in 
the summary of evidence. The outlier sample of the Kim et al. [67] 
study is not included
b All studies are upgraded due to the absence of confounders
c Meta-analysis
d Due to high heterogeneity
e Statistical summary

Certainty rating symbols are according to Higgins et al. [33]:

 High: ⊕⊕⊕⊕
 Moderate: ⊕⊕⊕⊖
 Low: ⊕⊕⊖⊖
 Very low: ⊕⊖⊖⊖

Origin Number 
of studies

Out-
comesa

95% CI Certainty 
of the 
 evidenceb

Average MPs/kg contentc

Sea salt 4 58.70 14.08 to 103.32 ⊕⊕⊖⊖
Lowd

Lake salt 2 37.65 26.37 to 48.92 ⊕⊕⊕⊖
Moderate

Rock salt 2 18.49 −3.9 to 40.88 ⊕⊕⊕⊖
Moderate

Well salt 1 139.00 26.24 (SD)
Range of MPs/kg contente

Sea salt 5 0 to 1674 ⊕⊕⊕⊖
Moderate

Lake salt 4 8 to 462 ⊕⊕⊕⊖
Moderate

Rock/well salt 4 0 to 204 ⊕⊕⊕⊖
Moderate
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plus one study that did not meet the eligibility criteria for 
this SR. However, the Peixoto et al. [104] review is not sys-
tematic, nor claims to be, and does not attempt to collate 
the results of the studies. They report a maximum poten-
tial yearly ingestion of 36,135 particles coming from salt, 
which is driven by the results of the study by Renzi and 
Blaskovic [69] that have not been included in our anal-
ysis. Similarly, the review by Zhang et al. [32] estimates 
MPs human exposures reporting a maximum of 7.3 × 104 
MPs per year which is also derived by the results of the 
Renzi and Blaskovic [69] study. The review by Cox et al. [3] 
included salt in their analysis and reported 0.11 MPs/g con-
tent, using data from four studies. One of the studies [66] 
Cox et al. [3] used has been omitted from our results due 
to methodological issues. The Cox et al. [3] review does 
not differentiate between salt origin in their results and 
do not report projected MPs consumption coming only 
from salt but from a range of foodstuffs. Nevertheless, 
the magnitude of MP content they report is similar to our 
review. Lee et al. [68] also included a review in their study 
reporting an annual intake of 537.4 MPs (10.5 g salt per 
daily consumption) which is in the same range of the sta-
tistical summary results but more than two times higher 
from the meta-analysis results. This could be attributed to 
the use of descriptive statistics as opposed to the use of 
statistical modelling that weighs results according to the 
sample size and SD. The quality of the results of this SR has 
been improved by excluding evidence coming from stud-
ies that did not meet the a priori eligibility criteria set in 
our protocol, as well as, studies that were rated as of high 
RoB according to the RoB assessment tool (OR 2, Table S1).

Polymeric composition of MPs varied across the studies 
including: PET, PP, PE, polyamide (PA), polyurethane (PU), 
etc., among others (Table 2). The most prevalent polymers 
were PP and PE which were also the most produced and 
used in the past decades [105–108] further supporting the 

connection between the mismanagement of plastic waste 
and environmental pollution.

Regarding sea salt, we would expect that the MP con-
tent would follow the level of MPs contamination in the 
sea or ocean of origin. However, this was not found. The 
limited number of studies included and methodological 
heterogeneity between studies may have distorted this 
association. Additionally, this review did not focus on 
detecting how the salt was contaminated but instead on 
the level of contamination in salt “on the shelf” ready to be 
consumed. In terms of country of origin, a pattern of MP 
content did not emerge.

4.1  Strengths and limitations

This is the first SR and meta-analysis that collates evidence 
from multiple studies to estimate the MP content in salt for 
human consumption to extrapolate to human MPs uptake 
from this specific foodstuff. It provides a robust and real-
istic assessment of MPs in salt by bringing together evi-
dence from multiple studies that have been thoroughly 
assessed in a systematic and standardized manner. Quan-
tification of human exposure to MPs is the first step of 
an informed, evidence-based risk assessment of the risk 
posed by this emerging risk factor. The bespoke quality 
assessment tool constructed for this review can be used 
in future reviews to assess robustness of research (OR 2, 
Table S1). It can also be used as a guide to inform future 
researchers on common issues identified in this field. A 
limitation of this review is that the conclusions that can 
be drawn are limited by the small number of studies as 
well as heterogeneity in the samples and the methods 
used by different studies. Three studies were considered 
as of high RoB, and they were excluded from the summary 
of evidence. The incomplete reporting of the results by a 

Table 5  Yearly MPs uptake through the consumption of salt for adults

a Meta-analysis
b 5 g of salt per day
c Standard deviation
d 10 g of salt per day
e Statistical summary

Sea salt Lake salt Rock salt Well salt

Average MPs
(95% CI) uptakea

Recommendation for salt  consumptionb [100] 107.13 ± 81.43 68.71 ± 20.57 33.74 ± 40.86 253.68 ± 47.89c

Actual salt  consumptiond [103] 214.26 ± 162.86 137.42 ± 41.14 67.49 ± 81.72 507.35 ± 95.78c

Range of MPs uptakee

Recommendation for salt  consumptionb [100] 0–3055.05 14.60–843.15 0–372.3
Actual salt  consumptiond [103] 0–6110.1 29.20–1686.3 0–744.6
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number of studies invalidated their use in the meta-anal-
ysis and in a validation process.

5  Conclusions

The presence of MPs in food intended for human con-
sumption and in human stool has been documented 
[109]. Although the possible effects to humans are still to 
be explored [110–113], given the international concerns 
about the potential effects of MPs on human health, more 
research is urgently needed on the impact of MPs in salt 
and other foodstuffs.

From a food safety perspective, when and if MPs are 
proven to be agents that have the potential to cause 
adverse human health effects, they will be classified as 
food hazards. Therefore, they will be included in any food 
safety risk assessment, such as HACCP [114] as a possible 
chemical or physical risk factor, conforming to current food 
safety legislation [42]. Salt is included in a vast array of 
foodstuffs, raising the issue of MPs being transferred to 
different foods and acting as vehicles for the distribution 
of MPs, thus possibly making it a major food safety issue. 
Given the global nature of food consumption and the 
export of salt around the world, this needs investigation.

It is essential to quantify and assess the exposures from 
all available routes (ingestion, inhalation) and sources 
and then use it as a risk-assessment framework to bring 
together current scientific knowledge from animal studies 
[115–119] and human studies [111, 112, 120] to investigate 
the potential causal link. This hazard characterization can 
then be used in conjunction with the exposure assess-
ment to produce the risk characterization of MPs which 
will ultimately inform us of the likelihood that this haz-
ard will adversely affect human health [121–124]. Further 
research is needed in order to establish exposure routes 
as well as exposure doses for a complete risk assessment 
of MPs [123, 125]. The outcomes of this study can be used 
by policy makers to address exposures to this emerging 
contaminant.
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