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ABSTRACT: The ubiquity of microplastics in aquatic and terrestrial environments and
related ecological impacts have gained global attention. Microplastics have been detected in
table salt, drinking water, and air, posing inevitable human exposure risk. However, rigorous
analytical methods for detection and characterization of microplastics remain scarce.
Knowledge about the potential adverse effects on human health via dietary and respiratory
exposures is also limited. To address these issues, we reviewed 46 publications concerning
abundances, potential sources, and analytical methods of microplastics in table salt,
drinking water, and air. We also summarized probable translocation and accumulation
pathways of microplastics within human body. Human body burdens of microplastics
through table salt, drinking water, and inhalation were estimated to be (0—7.3)x10%, (0—
4.7)x10% and (0—3.0)X107 items per person per year, respectively. The intake of
microplastics via inhalation, especially via indoor air, was much higher than those via other
exposure routes. Moreover, microplastics in the air impose threats to both respiratory and
digestive systems through breathing and ingestion. Given the lifetime inevitable exposure to

microplastics, we urgently call for a better understanding of the potential hazards of microplastics to human health.

B INTRODUCTION

Plastic production and use have been growing rapidly since the
1950s, due to the superb properties of plastics such as low cost,
versatility, and durability. The widespread use of plastic
products has generated large amounts of plastic wastes. Recent
modeling results predicted that global plastic waste will triple
to 270 million tons from 2015 to 2060." Plastic wastes have
undoubtedly aggravated environmental pollution.”® Upon
entering the environment, plastic wastes will continuously
break down to small fragments and particles. Our current
knowledge on environmental behavior and ecological impacts
of small plastic fragments and particles is limited, which further
complicates the issue of plastic pollution. For example,
elimination of micro- and nanosized plastics from the
environment is more challenging than bigger plastic debris.

Since the concept of “microplastic” was introduced in 2004,
microplastics (MPs) have been found in various environmental
compartments and organisms globally.°”'" Until now, more
than 690 marine species have been reported to be
contaminated by MPs.'"'> Numerous experiments have
demonstrated toxic effects of MPs, such as growth inhibition,
oxidative damage, and immune stress.'”'* A recent study
suggested that high concentration of MPs may have caused
direct life history responses in algae and Daphnia popula-
tions."> Microplastic particles can also accumulate in marine
organisms and transfer through the food chain to higher
trophic levels including humans.”

More recently, potential threats of MPs to human health
have attracted intense attention because of the widespread
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detection of MPs in human-related food and environments,
such as honey,16 milk,"” beer,"® seafood,'® table salt***
drinking water,”* and air.”> Consumption of some food
products such as seafood, honey, and beer can be intentionally
minimized or avoided, but exposure to MP-contaminated table
salt, drinking water, and air is inevitable.** Despite the small
daily intake of salt compared with the other exposure routes
presented, salt MP contanimation is significant in some
regions, for example, in Croatia (1.4—2.0)x10* itemskg™
salt and Italy (1.6—8.2)X10° items-kg™ salt.” Besides, the
actual salt intake can be much higher (e.g., 10 g-d™! worldwide
and 18 gd™' in Turkey) than the recommended intake
threshold of 5 g-d™! by the World Health Organization.”*’
Microplastics in table salt and drinking water can enter human
body through the digestive tract, whereas MPs in the air can
cause exposure of both digestive and respiratory systems.
Suspended MPs can be inhaled and deposited MPs can be
ingested through hand-to-mouth contact, especially for
children.”>*® Although based on a relatively small sample
size, the first evidence of MPs found in human stools suggests
that humans are being exposed to MPs.”
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Table 1. Summary of Microplastics in Table Salt

abundances (item-kg™)

country extraction separation pore size (um) sea salt lake salt rock salt size (pm) references
Australia uw“ Nal 149 0-9 b - 160—980 37
17% H,0, ; 2.7 46 ; ; 100—5000 36

Belarus 17% H,0, - 2.7 - - 8 100—-5000 36

Brazil 17% H,0, 2.7 2.0 X 10 - - 100—5000 36

Bulgaria 17% H,0, - 2.7 12 - - 100—4000 36

China 30% H,0, - 3 (5.5-6.8)x10% 43-364 7-204 454300 20

17% H,0, - 2.7 0-1.7 X 10° 28 0-14 100—4000 36
uw - S 9.8 - - 1-1500 34
Croatia uw 0.45 (1.4-2.0)x10* ; ; 154628 25
uw ; 02 (0.7—2)x10? ; ; 10-150 33
17% H,0, ; 2.7 38 ; ; 100—5000 36
France uw Nal 149 0-2 - - 160—980 37
17% H,0, - 2.7 - - - 36

Germany 17% H,0, - 2.7 - - 2 100 36

Hungary 17% H,0, - 2.7 - - 12 100—4000 36

India 30% H,0, ; 045 (0.6—1.0)x10> ; ; 500—2000 30

17% H,0, ; 2.7 (0.3-3.7)x10 ; ; 1000—5000 36

Indonesia 17% H,0, - 2.7 14 x 10* - - - 36

uw - 0.45 6.7—-53.5 - - 390—9360 35
Iran uw Nal 149 - 1 - 160—980 37
Italy uw ; 045 (1.6-8.2)x10° ; ; 4-2100 25
17% H,0, - 2.7 4-30 - 80 100—5000 36
uw - 02 (1.7-3.2)x10> - - 10-150 33

Japan uw Nal 149 0 - - - 37

Korea 17% H,0, - 2.7 (1.0—2.3)x10? - - 100—3000 36

Malaysia uw Nal 149 1 - - 160—980 37

New Zealand uw Nal 149 0—-1 - - 160—980 37

Pakistan 17% H,0, - 2.7 - - 100 100—5000 32

Philippines 17% H,0, - 2.7 - - 120 100—5000 36

Portugal uw Nal 149 0-10 - - 160—980 37

Senegal 17% H,0, - 2.7 48 800 - 100—-3000 36

South Africa uw Nal 149 1-3 - - 160—980 37

uw Nal 0.2 - - - 0-2000 39

Spain uw - S (0.5—2.8)x 10> 115-185 30—3500 32

Thailand 17% H,0, - 2.7 (0.7-4.0)x10> ; ; 100—5000 36

Turkey 30% H,0, Nal 0.2 16—84 8—102 9-16 20-5000 31

USA. uw - 11 (0.5—8.0)x 10 113-367 100—5000 18

17% H,0, - 2.7 32 - S 100—1000 36

UK. 17% H,0, - 2.7 1.4 x 10 - - 100—2000 36

Vietnam 17% H,0, 2.7 76—88 - - 100—5000 36
“Ultrapure Water. “No data.

Assessing human health risk of MPs remains in its infancy drinking water, and air were analyzed. The abundances and
with limited information on exposure routes, biological fates, analytical methods of MPs were summarized and classified in
and health effects. This review aims to survey our current tables and figures. All raw data extracted from the literature
knowledge on direct human exposure to MPs via the three were presented in mean values or range values and expressed in
main exposure pathways: table salt, drinking water, and air. It unified units. Other literatures concerning ecological hazards,
also provides an overview of potential health effects associated health risk, toxicology, and seafood were also selected and
with different potential exposure routes. Data from peer- discussed after the initial screening.
reviewed papers, books, and reports related to MPs in table
salt, drinking water, and air published by the end of January B MICROPLASTICS IN TABLE SALT
2020 were collected and summarized. The keywords used in Occurrence and Abundance. Microplastics have been
iterative literature search were microplastics, table salt, drinking widely detected in table salt of > 100 brands all over the world
water, air, atmospheric, dust, ingestion, intake, toxicology, risk, (Table 1).°7*° The abundances of MPs in table salt varied
and human health. The searched resources included Science widely. The highest abundance was reported in Croatia (1.4 X
Direct, Web of Science, Directory of Open Access Journals 10*-2.0 X 10* items-kg™"),*” followed by Indonesia (1.4 X 10*
(DOAJ), EBSCOhost, Spring Link, Wiley Online Library, itemskg_l),36 Italy (1.6 X 10°—82 x 10° items-kg™!),” the
BioMed Central, and PubMed Central. In total, 46 United States (0.5 X 10°—8.0 X 10> items~kg_l),18 and China
publications focusing on the occurrence of MPs in table salt, (5.5 X 10°~6.8 X 10* items-kg™").”” However, MP pollution in
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Table 2. Number of Different Analytical Methods Applied for Microplastics Analysis in Table Salt, Drinking Water, and Air

table salt drinking water air

analytical method sea/lake/well salt DWTP* water tap water bottled water wet and dry deposition dust air sampler
dissolution 12° 0 0 0 0 0 0
digestion S 3 0 0 3 6 0
flotation
NaCl® 9 0 0 0 0 0
Nal 3 0 0 0 0 0
ZnCl, 0 1 0 3 0
filtration (pore size)
<1 pym 6 2 1 3 2
1-5 um 3 2 4 3 7
>S5 pm 3 0 1 1
identification Methods
4-FTIR 9 3 5 5 8
p#-Raman 2 2 0 0
others” 1 0 3 2

“Indicates drinking water treatment plant. “Indicates the number of studies that have applied the corresponding analytical processes. “Indicates no
additional flotation agent (i.e., filtration of supernatant alone, filtration of all salty solution including deposited sediment, or filtration of supernatant
and deposited sediment separately). “Includes dyeing, SEM-EDX, and fluorescence.

different regions cannot be directly compared with each other
due to different analytical methods used. A recent study
compared the MP abundances in table salts collected from
different regions, using sea salt as a seawater MP pollution
indicator, and found a significantly higher MP abundance in
Asia than in other continents.”® Relatively low abundances of
MPs were reported in table salts from Australia, France, Iran,
Japan, Malaysia, Zealand, Portugal, and Africa®” This was
probably caused by the usage of filters with a large pore size
(149 pm), allowing smaller-sized MPs to escape in the
filtration process and resulting in underestimated MP
abundances.””

Source Diagnostics. Table salts can be sourced from seas,
rocks, or salt lakes. Several studies found that the abundance of
MPs was higher in sea salt than in rock salt or lake salt,”® which
could be explained by higher level of MP pollution in coastal
zones. However, such a source-specific difference was not
found by Iniguez et al.>> The presence of MPs in rock/well
salts suggests that MPs may be introduced during collection,
transportation, drying, or packaging processes.”” Therefore, the
general public should pay particular attention to food
production, because other commercial foods may also be
produced and packed in a similar manner as that for table
salt.”® In contrast, another study found that the origin of MPs
in table salt was irrelevant to the packaging or grinding
process,”” implicating for other potential sources of MP
contamination during concentration, crystallization, or refine-
ment, such as airborne MPs.

Analytical Methods. The various analytical methods used
for MPs in table salt, drinking water, and air are summarized in
Table 2. The common analytical method for determining MPs
in table salt includes sample collection, dilution, extraction,
observation, and identification. However, the differences in
experimental instrument, extraction reagent, and filter pore size
lead to low comparability of the results among different
studies, which urgently call for a standard analytical method.
The first step of establishing a standard analytical method is to
consider sample quantity as well as brand or type of salts.

3742

Three types of salts (sea, lake, and rock salts) and three or
more brands are recommended so as to prevent either
overestimation or underestimation of MP abundances in salt
from a region. Sufficient amount of salt is needed to achieve
reasonable detection sensitivity. Based on the results of our
group”” and other groups,”** 100—250 g of salts per sample
are suggested. It should be noted that the sample amount is
empirical. Reducing the salt quantity would reduce the
detection frequency. Conversely, the filter membrane is likely
to be clogged by excessive impurities such as soil and organic
matter with larger salt sample amount.”””” The recommended
sample amount is expected to be decreased with the
development of identification technologies in future. H,0,
has been used to digest organic matter in 40% of the studies,*
while some investigators believe such digestion is not necessary
due to small amounts of organic matter in table salts.”
Additional flotation agent is commonly excluded, and only
three studies used saturated Nal solution as flotation agent to
isolate MPs (Table 2).>'37% Although Nal saturated solution
(1.8 g«em™) can enhance MP separation, its use is not
recommended for the following reasons: (1) The color of Nal
would interfere with MP identification; (2) Nal solution reacts
with H,0,; and (3) Nal is also an environmental pollutant.
Generally, the number of other particles and impurities in table
salt is relatively low. Thus, the priority option is to filter all
solutions after salt sample dissolution. In the case of large
numbers of impurities in table salt, saturated NaCl solution is
suggested to be used as a flotation agent. NaCl solution has
been proven efficient for separating MPs, including PS, PA, PP,
PVA, and PE with recovery rates of 85—95%."*" Other
flotation agents (e.g, ZnBr,, ZnCl,, and NaBr) were reported
to produce high recovery rates, but all factors including cost,
practicability, and environmental friendliness must be taken
into consideration.””*>** Filtration is a critical step for MP
extraction. The use of different filter membranes with diverse
pore sizes ranging from 0.2 to 149 um impedes the
standardization of analytical methods. A S um pore size is
recommended for filtration, followed by identification using -
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Table 3. Summary of Microplastics in Drinking Water

sampling and
locations

pore size
(um)
Drinking Water Treatment Plants

size
abundances (item-L™!)  (um)  references

Germany 3 0—7 X 1073 (raw 50—150 45
water)
3 7 x 107* (drinking 50—150 45
water)
Czech 0.2 (1.5-3.6)x10° (raw 1-10 46
water)
0.2 (3.4-6.3)x10? 1-10 46
(drinking water)
Norway 12 0 b 47
China 0.22 6.7 X 10° (raw water) 1—100 48
022 9.3 X 10* (drinking 1-100 48
water)
Tap Water
UK. 2.5 7.7 (3.7-13.0) 100— 18
5000
Germany 2.5 0.9 (0-1.8) 100— 18
5000
Ireland 2.5 1.8 100— 18
5000
Italy 2.5 0 100— 18
5000
Slovakia 2.5 3.8 (0-10.9) 100— 18
5000
Switzerland 2.5 2.7 (0-5.5) 100— 18
5000
US.A. 2.5 9.2 (0—60.9) 100— 18
5000
Denmark 0.2 0 - S0
India 2.5 6.2 (0—20) 100— 18
5000
Indonesia 2.5 3.2 (0-10.8) 100— 18
5000
Lebanon 2.5 6.6 (0-23.3) 100— 18
5000
Uganda 2.5 3.9 (0-12.7) 100— 18
5000
Cuba 2.5 7.2 100— 18
5000

sampling and  pore size size
locations (um) abundances (item-L™!)  (um)  references
Tap Water
Ecuador 2.5 4.0 (0-9.0) 100— 18
5000
Ecuador 2.5 - - 49
Bottled Water
Germany 0.4 2.6 X 10° (PET” 0-5 51
bottle)
0.4 4.9 x 10 (reusable 0-5 51
PET bottle)
0.4 6.3 X 10° (glass bottle) 0-—10 s1
Germany 11 (beverage carton) 5—100 52
3 50 (glass bottle) 5-100 52
3 118 (returnable plastic S—100 52
bottle)
3 14 (single-use plastic ~ 5—100 52
bottle%
Italy - 54 % 107 0-10 s3
USA. LS 58—1.4 % 10° 6.5— 22
5000
Mexico L5 (0.2-6.9)x10” 6.5— 22
5000
Brazil L5 (0.1-1.5)x10” 6.5— 22
5000
Lebanon 1.5 49.3 6.5— 22
5000
Thailand LS 47 x 10 6.5— 22
5000
China 1.5 (0.7-1.6)x10* 6.5— 22
5000
Indonesia 1.5 (0.4-7.1)x10* 6.5— 22
5000
India LS 0-39 6.5— 22
5000
Kenya 1.5 74.6 6.5— 22
5000

“PET = Polyethylene terephthalate. *No data.

FTIR, which is a reliable approach for determining the
chemical composition of MPs.™*

B MICROPLASTICS IN DRINKING WATER

Occurrence and Abundance. Only 10 studies have
investigated on MP contamination in drinking water (Table 3),
covering raw and treated water from drinking water treatment
plants (DWTPs),”~** tap water,"®*”°° and bottled
water’>>'™>® from 22 countries. These data suggested that
particles larger than 50 ym can be removed from raw water by
traditional drinking water treatments with removal rates in the
range of 25—90%, depending on local treatment technolo-
gies.* The lowest abundance of MPs in tap water was
observed in Italy and Denmark (0 items-L™"), while the highest
abundance was found in the United States (9.2 items-L™").*
The abundance of MPs in bottled water varied from 0 to 5.4 X
107 items-L™.>*°°7>* Water in returnable-used plastic bottles
contained significantly more MPs compared with that in single-
used bottles.”" Similar to table salt, a direct comparison of MP
abundances in drinking water samples from different studies is
difficult due to the use of filter membranes with different pore
sizes and different identification methods.

3743

Source Diagnostics. Surface water and groundwater are
important drinking water sources.””>* Given that macroplastics
and MPs have been widely identified in freshwater bodies,*®
MPs in drinking water are usually believed to originate from
polluted freshwater resources, such as lakes, rivers, canals, and
groundwater.45 However, some freshwater bodies are less
polluted by MPs compared with tap water and bottled water.>”
As summarized by Koelmans et al,,”” groundwater (1 X 1072
items-L™") has the lowest MP abundance in all types of fresh
water. Therefore, it is possible that MPs found in drinking
water are derived from water supply chain or product packages
such as caps and bottle walls.”’ Schymanski et al.*” showed
that the majority types of MPs in bottled water were
polyethylene terephthalate and polyester which may be derived
from the materials of the bottles. Unexpectedly, large amounts
of MPs were also found in glass bottled water (6.3 X 10° + 1.1
x 10* items-L™") and the potential source is the abrasion of
plastic bottle cap against the glass bottle body."” Thus, we
consider the packaging process as an important source of MPs
for bottled water.

Detection Methods. The analytical methods used for MP
detection in drinking water are simple and they share more
common steps. Sampling and treatment methods, as well as

https://dx.doi.org/10.1021/acs.est.9b04535
Environ. Sci. Technol. 2020, 54, 3740—-3751
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Abundance of microplastics (item-L-1)

Figure 1. Abundance of microplastics in tap water and bottled water. To show the influence of identification methods on the existing data (size and
abundance), the results were classified into two categories according to their identification methods, that is, (1) #-FTIR and (2) y-Raman or other
technologies (dyeing, SEM-EDX). The microplastics >100 gm with <5% in abundance in bottled water were ignored for clearer comparison.

precautions, have been elaborated by Koelmans et al.”” The
present review only focuses on the methods for filtration and
identification of MPs in drinking water. Surprisingly, the
abundance of MPs has an up to 11 orders of magnitude
difference among samples (Table 3). One of the main factors
may be the pore size of filter membrane. For example, MP
abundances obtained with 0.4 um pore size filters’' were much
higher (2.6 X 10°—6.3 X 10 items-L™") than those (0.1 X 10?-
1.2 X 10* items-L™") using 3 um pore size filters,> both in
bottled water from Germany. As approximately 50% of MPs
were smaller than 1.5 ym,”" most small MPs may be lost if the
solution is filtered with 3 ym pore size filters. Therefore,
unified membrane pore sizes are necessary for meaningful
assessment of MP abundances.

In addition to pore size of filter membrane, the difference in
identification methods is another crucial factor affecting the
size ranges and abundances of detected MPs. For instance,
MPs in tap water were often analyzed by u-FTIR with a size of
> 20 pm captured, whereas MPs in bottled water were
normally processed by y-Raman or other technologies (e.g.,
dyeing and SEM-EDX) capable of detecting smaller MPs (<10
um). The results of MPs in drinking water, therefore, can be
classified into two groups based on identification methods, that
is, 1) u-FTIR method and 2) g-Raman or other technologies.
Microplastics in tap water are larger in size and lower in
abundance, whereas they are smaller in size but higher in
abundance in bottled water (Figure 1). It is critical to point out
that the reported higher MP abundance in bottled water than
that in tap water is likely due to the use of identification
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method with lower size detection limit. In other words, the
reported MP abundance in tap water or other type of samples
where only y-FTIR was used can be underestimated due to the
instrumental incapability of detecting MPs smaller than 10 gm.
This notion is corroborated by Pivokonsky et al*® who
obtained high abundances (3.4 X 10 to 3.6 X 10® items-L™")
of small-sized MPs (1—10 ym) in DWTPs using a y#-Raman
approach.

B MICROPLASTICS IN THE AIR

Occurrence and Abundance. Occurrence of MPs in the
air has attracted increasing attention since 2015. Three
different sampling methods have been used to collect
atmospheric MPs, that is, wet and dry deposition,”>**~®*
atmospheric sampling,”*~* and dust collection,””°~"* which
makes a direct comparison of studies employing different
sampling approaches not feasible. The size of fibers (the largest
dimension of a MP fiber is defined as its size”*) in the air is in
the range of 100—5000 ym,*****” but much smaller particles
can be detected using air samplers.””’® The width of MP fibers
is small, about a few micrometers to tens of micrometers.””””®
Some general trends can be found in Table 4. For example, the
MP abundance in the air was higher in an urban area than in a
suburban area in Paris.”” Meteorological factors largely
determine the dispersion and levels of MPs in the air. For
instance, the lowest level of MPs was observed during dry
weather periods, whereas the highest level occurred during
rainy seasons.” In rainy days, rainfalls wash out fibers, inflating
the amounts of MPs collected by wet and dry deposition

https://dx.doi.org/10.1021/acs.est.9b04535
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Table 4. Summary of Microplastics in the Air

sampling and location pore size (yum)

types of samples
Wet and Dry Deposition (item-m™>day™")

China (Dongguan) outdoor 1
France (Paris) outdoor 1.6
urban 1.6
suburban 1.6
indoor 1.6
Germany (Hamburg) outdoor 5-13
China (Yantai) outdoor S
U.K. (London) outdoor 0.2
France (Pyrenees mountains) outdoor 0.45
Air Sampler (item'm™)
France (Paris) indoor 1.6
1.6
1.6
Denmark (Aarhus) indoor 0.8
0.8
0.8
France (Paris) outdoor 1.6
Iran (Asaluyeh) outdoor 2
China (Shanghai) outdoor 1.6
West Pacific Ocean outdoor 1.6
Indonesia (Surabaya) outdoor 1.6
Pearl River Estuary outdoor 1.6
South China Sea outdoor 1.6
East Indian Ocean outdoor 1.6
Turkey (Sakarya) outdoor 50
China (Shanghai) outdoor 1.6
China (Beijing) outdoor 0.8
0.8

Sweeping Operation”

Iran (Tehran) (item-g™") outdoor dust 2
Iran (Asaluyeh) (item-g™") outdoor dust 2
China (39 cities) (mg-g™) indoor dust b
outdoor dust -
12 countries (mg-g™") indoor dust -
Forni Glacier (item-g™") cryoconite 0.45
Japan (item-m™2) outdoor dust 100
Vietnam (item-m~2) outdoor dust 100
Nepal (item'm™2) outdoor dust 100
Turkey (item-g™") outdoor dust S0

Arctic Fram Strait (item-L™") snow -

abundance size (um) references
36 0—5000 58
1.2 X 10 100—5000 23
1.1 x 10* 0—5000 59
53 0-5000 59
(02—1.1)x10* 0-5000 63
2.8 X 107 0—5000 60
4.0 x 10° 50—1000 61
7.7 X 107 0—3000 62
3.7 x 10 0-750 79
0.8—6.0 (location 1) 0-3250 63
1.3—19.6 (location 2) 0-3250 63
0.4—5.4 (location 3) 0-3250 63
14.0 + 2.2 (location 1) 11-10S 65
10.6 + 5.9 (location 2) 11-105 65
3.4 + 2.6 (location 3) 11-10S 65
0.01-0.5 0-1650 63
1 (0.3-1.1) 2—-100 64
0.4 (0-2) 12-2191 66
0.06 (0—1.4) 16.14—2086 67
(1.3-1.8)x10* 0—5000 68
42 X 1072 59-2252 69
(0.8~1.3)x107> 59-2252 69
(4-6)x1073 59-2252 69
0.3—12.9 50—500 74
1.42 (0—4.18) 23-9955 76
5.7 x 10° (location 1) 5-200 78
5.6 x 10° (location 2) 5-200 78
2.7-20 0-5000 43
60 (3.3—67) 1000—5000 64
27 (PET); 4.6 X 1073 (PC) 50—2000 70
2.8 (PET); 2.0 X 1073 (PC) 50—2000 70
2.9 x 107>~1.1 X 10* (PET) - 71
1.1 X 107*~0.8 (PC) - 71
7.1 X 1072 100—5000 72
20+ 16 100—5000 73
19.7 + 13.7 100—5000 73
12.5 + 10.1 100—5000 73
18-29 50—500 74
0—1.4 X 10* (Arctic snow) 11-475 77
1.9 X 10>~1.5 X 10° (European snow) 11-475 77

“The data units of sweeping operation were inconsistent due to the differences in identification methods or sample quantification; the data of Iran
(Tehran and Asaluyeh) and Turkey were selected for intake calculation. “No data.

method.” In addition to larger populations, weaker airflows in
urban areas also greatly contribute to higher atmospheric levels
(and therefore stronger deposition) of MPs compared to rural
areas.”” More suspended MPs have been found in indoor
environments than in outdoor environments.”> Road dusts
have also been recognized as an important source of MPs in
urban areas.*”** Moreover, children may directly ingest large
amounts of deposited dust through mouthing toys and hands.
Abbasi et al.** calculated that more than 900 MP particles may
be ingested by a child per year through dust ingestion (200

mg-day™') in a normal exposure scenario.
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Source Diagnostics. Synthetic textiles (e.g., plastic fibers
or fragments from clothes), rubber tire erosion, and road dust
are considered as the major sources of primary atmospheric
MPs, which can be transferred to other environmental
compartments by winds.” Other sources of MPs in the air
may be household furniture products, building materials,
rubbish incineration, landfills, industrial discharge, and
particulates emitted by vehicles.”>*”®® In addition, the
horticulture field also releases MPs through synthetic particles
used in soils as well as sewage sludge used as fertilizers.*’

Analytical Methods. Different sampling methods can be
selected based on specific objectives (Figure 2). Wet and dry

https://dx.doi.org/10.1021/acs.est.9b04535
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Wet and dry deposition

Air sampler

Figure 2. Sampling methods for microplastics in the air.

deposition, for instance, is simple and suitable for monitoring
total MPs,>****” whereas atmospheric sampling within a
breathing zone is more appropriate for estimating human
inhalation.””’® Dust ingestion usually occurs in children or
construction workers; therefore, sampling deposited dust is of
significance.”

Subsequent treatment procedures depend on the type of
samples (Table 2). Generally, aqueous samples obtained by
wet and dry deposition require filtration.”® For air samplers,
the filters can be detached from inside of the device for direct
observation.”*”® MPs on air sampler filters can also be washed
off and filtered again for further analysis.*’ Subsequent
digestion (e.g., 30% H,0,) and flotation (e.g., saturated NaCl
solution) are necessary for dust samples.”” u-FTIR is
commonly used for identifying MPs in air samples, and
other methods including SEM-EDX," fluorescence micros-
copy,”* and p-Raman,” are also used.

B EXPOSURE PATHWAYS AND HUMAN HEALTH
RISK OF MICROPLASTICS

Human Body Burden. The most common routes for MPs
to penetrate into the human body are ingestion and inhalation.
Contaminated food (e.g, table salt, drinking water, and
seafood, etc.) and dust containing deposited MPs from air
are the sources of gastrointestinal exposure, and suspended
MPs in the air may enter the respiratory system. An estimate
on the body burdens of MPs was made based on the
abundances of MPs detected in table salt, drinking water, and
air and the average exposure rate of each route (Figure 3). The
abundances of MPs were extracted from the “abundance”
column in Tables 1, 3, and 4. Mean value was used if there was
one, and maximum and minimum were used when range
values were available. Although not the focus of the present
review, the ingestion of MPs via seafood consumption was also
compared with the other three media amid the availability of
numerous data on MPs in seafood (Figure 3). For statistical
analysis of the MP intake comparison, normality of the data
was tested with Shapiro-Wilk’s test. The Kruskal—Wallis test
was then used followed by the Mann—Whitney U test using
Bonferroni correction to adjust the probability (SPSS 22.0).

We first estimated the intake of MPs through gastrointestinal
exposure. The abundance of MPs in table salt ranges widely
from 0 to 2.0 X 10* items-kg™" (Table 1). When global mean
value (10 g-day™") is selected as salt exposure rate,”' the intake
of MPs from salt is estimated to range from 0 to 200 items per
day, equivalent to 0—7.3 X 10* items per year (Figure 3). With
consumption of 1.4 L water per day,’>" the annual MP intake

abe
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Indoor OQutdoor Seafood Drinking Dust Table
air air water salt

£

w

—

=

Log ,,[Microplastics intake (item/capita/year)]

Exposure pathway

Figure 3. Human intake of microplastics through different exposure
pathways. Maximum, minimum, and mean values obtained from
literatures were plotted. The upper and lower boundaries of each box
represent the 75th and 25th percentiles, respectively. The horizontal
line inside the box represents the median value. The whisker
represents the maximum or minimum value. The minimum values of
MP intake through outdoor air, drinking water, and table salt were
zero, which were not suitable for logarithmic representation and were
not shown. The general ratio of the soft tissue mass to the total mass
of shellfish (0.4) reported in previous surveys was used for
microplastic intake calculation via seafood consumption.

through tap water and bottled water, is estimated to be 0—2.8
X 10" items. The worst scenario can be calculated based on
the abundance of MPs in bottled water of Italy (5.4 X 10’
items-L™").”" However, no detailed procedures for sample
preparation and detection was provided in this study."
Because MPs detected in bottled water showed very different
size fractions (<10 ym) from those detected in other samples
(i.e., tap water, air, and table salt), we only calculated human
MP intake through drinking water (0—4.7 X 10° items per
year; Figure 3) using the tap water data, without considering
the bottled water data.

Another gastrointestinal exposure pathway of MPs is dust
ingestion, especially through mouthing dirty toys and hands by
children.*” After excluding the data of cryoconite,”” only three
studies have been conducted on MPs in dust with the unit of
item-g™!, and the abundance ranges are too limit for calculating
human MP intake.**”*** Therefore, we used the original
abundance data of each sampling site from these articles. The
range of MP intake through dust ingestion is estimated to be 1
X 10% to 1.9 X 10* items per year for adults, based on the
average dust exposure of 100 mg-day™' (Figure 3).* It needs
to be acknowledged that the actual individual intake may be
influenced by “activity”, for example, the portions of outdoor
and indoor activities. Among various food items, the })resence
of MPs in seafood has been widely recognized.*”~"" We
extracted the MP abundances in seafood from Hantoro et al.**
and Li et al.'” as well as some more recent studies (SI Table
S1). Only shellfish data but not fish data were used for
calculation. It is because MPs in fish are mostly found in the
gastrointestinal tract, which is usually discarded. The global
shellfish consumption rates reported by the Food and
Agriculture Organization (FAO) are 1.79 kg-capita™'-year™'
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for Crustacean and 2.5 kg-capita™'-year™ for Molluscs.*” It
should be noted that the consumption rates were calculated
based on whole tissue including shell and soft tissue, while MP
abundance of shellfish is often expressed as item-g~" wet soft
tissue. Considering the general ratio of the soft tissue mass to
the total mass of shellfish reported in previous surveys
(0.4),”°~"* MP intake via shellfish consumption ranges from
0 to 1.3 X 10* particles per person (Figure 3).

The respiratory tract exposure of MPs was also considered.
Only abundance data of atmospheric MPs with unit of item-
m™ were used for calculation. Extremely high levels (1.3 X
10*-1.7 x 10* items'm ) of MPs in outdoor air samples from
a heavily trafficked roads®® and low levels (0—1.37 items-m ™)
of atmospheric MPs from oceans®”®” were excluded because
neither site is the main place for human activities. The
inhalation rate is 14.3 m>day™".”> The abundance of inhalable
MPs was reported to range from 0 to 5.7 X 10° items-m=.°%"*
As MP abundance in indoor environments is generally higher
than that in outdoor settings, human MP intakes through
indoor and outdoor air inhalation were calculated separately.
An adult is expected to annually inhale 1.9 X 10°~1.0 X 10°
and 0—3.0 X 10" MPs through indoor and outdoor air,
respectively (Figure 3).

Overall, the human MP intakes were calculated based on the
abundance of MPs with similar size range, making data
comparison more reasonable. Among the different exposure
pathways, inhalation of indoor and outdoor air contributes the
most to human exposure to MPs (Figure 3), suggesting a long-
term monitoring of airborne MPs in the future. In our
estimation, the amount of MP inhalation presents the MPs
entering human body through nose. It is still unknown for the
exact quantity of MPs entering the trachea, bronchus, and lung.
Besides, up to date, the abundance of smaller MPs (e.g., <S
um) and nanoplastics has not been documented due to the
limitations of analytical methods. As we know, however, small
particles are more likely to enter the lower respiratory system.
Therefore, more efforts are highly needed to overcome these
difficulties. In the current stage, it is still hard to compare
human intake and health risks of MP inhalation with other
inhalable pollutants such as PM 2.S. First of all, PM 2.5 is often
expressed as pg:m~>, whereas suspended MPs are often
expressed as item-m™>. Besides, due to the special character-
istics of plastic material and the additives it contains, the
toxicological mechanism of MPs may also differ from that of
PM 2.5 or other pollutants.

Table salt, drinking water, and air not only represent direct
MP exposure routes of humans, but also cause indirect MPs
exposure during human food consumption. Salt is used as a
preservation agent in many processed food items. Water is also
commonly used throughout the entire food consumption
process. Air contact is almost inevitable from food acquisition
to human ingestion. The indirect consumption routes
complicate the assessment of human exposure to MPs through
food intake. The quantity of salt or water added into various
foods and ingestion rates of processed food vary largely among
people, making it difficult to incoporate indirect exposure
pathways into estimation of MP intake. In addition, the
discovery of more MP exposure routes suggests MPs are
entering human body in imperceptible ways, such as the MPs
released from tea bags.”

In a recent review, Cox et al.”® estimated the human intake
of MPs, with a focus on the recommended intakes for
Americans (e.g,, salt, honey, sugar, seafood, bottled water, tap
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water, and alcohol) and air inhalation. The authors indicated
that the total intake of MPs ranged from 7.4 X 10* to 1.2 X 10°
items per year, which is within the range reported in the
present review. Different to their study, we emphasized on up-
to-date global data and reviewed different analytical methods,
and more importantly, we provided original and novel insights
on the MP intake. Cox et al.”® suggested that an effective way
to reduce MP intake is to abandon bottled water. However, it
might be inappropriate to draw that conclusion based on the
current knowledge because of the large differences in pore size
of the filters used as well as instrumental limitations, which has
been often ignored. High concentrations of small-sized MPs
(<10 um) have only been reported in bottled water but not in
any other media (tap water, table salt, and air), which may be
because y-Raman used for bottled water has higher particle
size sensitivity. Thus, comparison of MP abundance should be
conducted within a similar particle size range. Additionally,
actual MP intake varies among individuals and is greatly
influenced by regional pollution levels. In the future, unified
protocols and large-scale surveys will allow for more
comparable and accurate estimation of MP intake.
Translocation and Accumulation in Human Body.
Upon ingestion or inhalation, MPs are capable of translocating
and accumulating in different organs and tissues. Microplastics
have been found to be internalized in the gastrointestinal tract,
and the unabsorbed portion is excreted with human feces.””
Some MPs may enter the respiratory tract. The depth of
settlement depends on their aerodynamic equivalent diameter,
which is used to measure the settling velocities of particles with
different densities and shapes.”’ Particles with smaller
aerodynamic equivalent diameters are likely to reach the
lower airway. Plastic fibers have been detected in lung tissue,
confirming that fibers can penetrate into the deep lung.”® An in
vitro study showed that polypropylene and polyethylene fibers
exhibited no dissolution and changes after 180 days in
synthetic lung fluid, suggesting high potential persistence of
MPs in the respiratory tract.”” Other nanosized plastic particles
were shown to penetrate across the blood-brain barrier and
placenta, and even cell membranes.'” However, no direct
evidence shows the distribution and accumulation of MPs in
human organs. The only mouse-model-based experiment has
shown that MPs can accumulate in liver, kidney, and gut.lol
Human Health Risk. Current knowledge on whether MPs
would reach human organs and cause adverse health impacts
remains poor. The available animal testing results may have
some implications for human health effects of MPs. Ingestion
of MPs can cause inflammatory responses in the digestive
system in Mytilus.'”> The immune system of fish is also the
target of MP attack.'”® Exposure of the innate immune system
of fathead minnow to nanoplastics significantly increased
degranulation of primary granules and neutrophil extracellular
trap release.'”” Inflammations including chemokine expression
and pulmonary hypertension were induced by intrajugular
injection of polystyrene microspheres in rats, probably due to
increased blood coagulability or vascular occlusions.'* In vivo
experiments showed that polystyrene could be internalized in
macrophages, erythrocytes, and rat alveolar epithelial cells,
damaging intracellular structures.'” Moreover, persistent
organic pollutants, metals, and pathogenic microorganisms
can sorb on MPs, and the leaching of chemical additives can
also aggravate the toxic effects of MPs.'°*'” Potential harmful
effects of MPs on human health remain debatable. Some
researchers emphasized the dangers posed by food chain
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transfer, while others claimed no adverse effect caused by MPs
or MP additives."”’ The controversies mostly lie in the
uncertainty of MP intake estimates, and therefore more efforts
on MP intake measurements and modeling are desirable.

Even though MP toxicology is in its infancy, occupational
diseases have been associated with inhalation of MP
particles.”” Flock workers exposed to polypropylene may
have an increased risk of 3.6 (odds ratio of 3.6) for respiratory
symptoms compared to nonexposed individuals.”” Gene
mutation may also result from chronic inhalation exposure to
low concentrations of fine particles.'”® A higher cancer
incidence rate was observed in synthetic textile workers after
10—20 years of exposure to polypropylene fibers.”” Polyvinyl
chloride workers suffered increased lung cancer risk, with age,
working years, and exposure duration at the factories.”” More
investigations are needed to quantify the atmospheric and
tissue concentrations of MPs and understand the mechanical
toxicity of MPs.

B PERSPECTIVES

Microplastics were first discovered in oceanic water and
sediment that are considered as the sinks of plastic debris.
Only until recent years have researchers began to recognize the
association of MPs with human health through food
consumption. This may explain the relatively small number
of literature reviewed here when comparing with the marine
MP counterpart. More surveys and studies, therefore, are
required to assess the occurrence of MPs in human exposure
pathways and related health impacts. It is reasonable to
consider table salt, drinking water, and air as the three major
human exposure pathways of MPs. Among the different
pathways leading to human body burdens of MPs, the intake of
atmospheric MPs through inhalation is estimated to be the
most significant (1.9 X 10° to 1.0 X 10° items-year™" indoor
air; 0—3.0 X 107 items-year™' outdoor air).

So far, many important questions on MPs remain
unanswered. The exact routes of MP cellular intake, the tissue
accumulation of MPs, and the potential adverse effects after
long-term MP exposure in human are unknown. The fate and
transport of MPs upon entering an organism through
absorption and excretion is unclear. The changes at cellular
level or even molecular level and specific mechanisms have not
been studied. The potential health risks to human body are
only speculated by referring to animal testing results, and this
knowledge gap needs to be filled. To move forward, high
vertebrate human homologue in vivo models such as mice
complemented with in vitro human cell bioassays can be
employed to reveal the toxicity mechanisms at molecular,
cellular, and individual levels. Researchers can also learn from
epidemiology and occupational studies for other environ-
mental particle pollutants. Also, similar to other hazards,
generalization in human health risk assessment of MPs should
be highly cautious when the research objectives are occupa-
tional or vulnerable populations (e.g., the elderly and children).
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Data on microplastics in shellfish species (Table S1) and
geographical distribution of microplastic pollution in
table salt (Figure S1) (PDF)
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