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Abstract
Daily use of plastic feeding and water bottles occur widely in China, and they could be sources for release of microplastics (MPs),
which threaten the health of Chinese infants and children during daily usage. In this work, we investigated the use of polycar-
bonate (PC) and polypropylene (PP) for making water bottles (WBs) and polyphenylene sulfone resins (PPSU) for making
feeding bottles (FBs), and we found that feeding bottles and water bottles released microparticles in amounts ranging from 53 to
393 particles/mL during 100 opening/closing cycles. The good linear regressions for plots of microparticles released vs. abrasion
distance (r2 = 0.811) indicated that thick-necked bottles release more microparticles than thin-necked bottles. The brands and
types of bottles (plastic vs. glass) influence microparticle release, and this indicates that high-quality plastic and glass bottles
release fewer microparticles and are good for the health of infants and children. In addition to calcium stearate and silicone
additives, the identified MPs account for 7.5 to 42.1% of released microparticles with different polymer types, sizes (from 20 to
500 μm) and shapes (cubic, spherical and irregular shapes). Additionally, an average of 1.74MPs were released from an injection
with a single-use plastic injector. Nevertheless, a number of microparticles and nanosized plastics were observed with all
samples, suggesting that the health risks of micro- and nanosized particles to humans, especially babies and children, and the
environment should be considered seriously.
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Introduction

Microplastics (MPs) are an important aspect of global plastic
pollution and are frequently detected in aquatic, soil and at-
mospheric environments (Gatidou et al. 2019; Prata et al.
2019; Rillig and Bonkowski 2018; Xiong et al. 2018), which

could pose a serious threat to environmental safety and human
health (Alimba and Faggio 2019; Danopoulos et al. 2020;
Guzzetti et al. 2018; Pagano et al. 2019; Prokić et al. 2021;
Strungaru et al. 2019; Zhang et al. 2020). These existing MPs
can be enriched by lettuce or ingested by zooplankton, fish,
seabirds and humans (Botterell et al. 2019; Horton et al. 2018;
Nelms et al. 2018; Watts et al. 2015). The MPs could result in
a series of hazardous effects by promoting oxidative damage
(lipid peroxidation and DNA strand damage), modifying an-
tioxidative and metabolic systems (inhibiting superoxide dis-
mutase, catalase and glutathione peroxidase) and inducing
neurotoxicity (inhibiting acetylcholinesterase activity)
(Burgos-Aceves et al. 2021; Du et al. 2020; Prokić et al.
2019; Sun et al. 2020). Due to the ecotoxicity of MPs for
biota, the health implications of human exposure to MPs are
drawing public attention. Indeed, MPs are known to be inter-
nalized in the gastrointestinal tract, and the unabsorbed por-
tion is excreted with human faeces (Schwabl et al. 2019;
Senathirajah et al. 2021). Therefore, the identification of the
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pathways by which MPs enter the human body forms a basis
for evaluating their possibly hazardous effects.

The sources for MPs intake by humans are various and
include table salt, drinking water, inhalation, food consump-
tion and plastic products (such as plastic food containers, tea
bags, feeding bottles and baby tools) (Ding et al. 2021; Fadare
et al. 2020; Hernandez et al. 2019; Li et al. 2020; Peixoto et al.
2019; Senathirajah et al. 2021; Shruti et al. 2021; Uhl et al.
2018; Winkler et al. 2019). During the COVID-19 pandemic,
masks are also a source of microplastic release (Aragaw
2020). These MPs include primary and secondary MPs with
various concentrations, sizes and shapes, which are highly
dependent on intake sources. It is likely that 3 to 38 mg of
primary MPs with cubic, spherical, rod-like and irregular
shapes are consumed by humans or released into the environ-
ment during each use of a plastic food container in China
(Fadare et al. 2020). Recently, polypropylene (PP) MPs were
found to be released from feeding bottles in numbers as high
as 16200 particles per millilitre after heat treatment (Li et al.
2020), suggesting that MPs may pose an unknown risk to
infant health. These studies suggested that humans are subject
to a serious and hazardous threat from MPs exposure. In ad-
dition to sources, various usage methods release significantly
different amounts of MPs. Notably, sterilization and exposure
to high-temperature water significantly increased PP MPs re-
lease from feeding bottles (Li et al. 2020). Similarly, tea bags
were identified as a source of MPs release (11.6 billion MPs
and 3.1 billion nanoplastic particles (NPs) for a single cup of
tea) (Hernandez et al. 2019) during 5 min of exposure to hot
water (95 °C). The abrasion of plastic bottle caps against glass
bottle bodies was identified as a source of large amounts of
MPs (6300 items per litre) released from consumption of
glass-bottled water (Uhl et al. 2018). However, different out-
comes are proposed for these studies based on the different
detection methods. For example, teabags are not believed by
some authors to release billions of plastic particles (Busse
et al. 2020; Hernandez et al. 2020), and mechanical stress
(bottle openings/closings) is not considered a major source
of MPs release during use of plastic water bottles (Winkler
et al. 2019). Nevertheless, the release of MPs from the use of
teabags and water bottles has been proven definitively (Busse
et al. 2020; Hernandez et al. 2019), suggesting the risk of MPs
exposure in humans.

Notably, the use of plastic feeding bottles and water bottles
(FBs and WBs) is very popular with feeding infants and
school students in China due to their durability, low cost and
ready availability. To understand the possible risk of MPs
exposure to Chinese children, we evaluated how feeding and
water bottles act as MPs release sources during the bottle
opening/closing process. Feeding bottles and water bottles
with different brands and glass or plastic bodies capped with
plastic caps were employed in this research. In addition, plas-
tic injectors were also evaluated in this study due to their

extensive use by diabetic patients and in antibiotic injections
in livestock farms. A laser direct infrared (LDIR) chemical
imaging system was used to identify polymer type and sizes
for the collected particles.

Materials and methods

Feeding and water bottles

Feeding and water bottles were purchased from Taobao, a
famous Chinese online shopping retail platform (https://
www.taobao.com/). The feeding and water bottles purchased
involved different brands, prices, neck diameters and polymer
types because different polymer types release different
particles that may be hazardous to health. Sterile plastic
injectors (5 mL) were also evaluated in this research.
Detailed sample information is outlined in Table S1, and
representative pictures of injectors are also given in SI
(Figure S1). Ethanol was used to collect particle samples
and was purchased from Tianjin Kemiou Chemical Reagent
Co. Ltd., China (≥ 98% purity).

Contamination prevention measures

Ethanol was passed through a 0.22 μm glass-fibre filter to
exclude the possibility of plastic pollution. During sampling,
plastic products were not used but were replaced by glass or
aluminium containers. The feeding bottles or water bottles and
their plastic caps, as well as the glass or aluminium containers,
were washed twice with filtered ethanol and air dried on a
vertical flow clean bench. The sampling processes were per-
formed in a vertical flow clean bench to avoid plastic fibre
contamination from the air.

Sample collection

One hundred opening/closing cycles were performed for each
(glass or plastic) feeding bottle and water bottle, after which
the ethanol was passed through a 0.22 μm glass-fibre filter,
and the bottleneck and caps were carefully washed three times
with filtered ethanol (10 mL). One hundred plastic sterile in-
jectors (5 mL) were washed by pushing approximately 5 mL
of filtered ethanol through them. The particle samples accu-
mulated in the filtered ethanol were dried in a vacuum drying
oven (30 °C), after which the samples were diluted to 2 mL
with filtered ethanol in a glass measuring flask and mixed for
subsequent analysis.

Sample analysis

One microlitre of each sample collected with the procedure
described above was analysed by the laser direct infrared
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(LDIR) chemical imaging system (Agilent 8700) to identify
the number of particles and the polymer types and sizes of the
collected particles. Notably, the LDIR chemical imaging sys-
tem applied in this research relies on μ-FTIR technology, and
the detection limit is > 20 μm (Pico et al. 2019). This means
that nano- or microplastics with sizes smaller than 20 μm are
not detectable by the LDIR chemical imaging system.
Considering that smaller particles were possibly collected dur-
ing sampling, transmission electron microscopy (TEM, JEM-
100CXII, JEOL, Ltd., Japan) was utilized to detect any
nanosized particles.

Statistical analysis

Experimental data were collected and analysed using
SigmaPlot 12.5 and were presented as the mean ± standard
deviation from three replicates.

Results and discussion

Microparticles release from daily plastic feeding and
water bottles

After 100 opening/closing cycles, large microparticles were
released from the feeding bottle caps and necks, as shown in
Table 1. The highest number of microparticles released was
393 (± 57.5) particles/mL for FB-Brand 1, and the lowest
number of microparticles released was 53 (± 9.4) particles/
mL for FB-Brand 3. The lowest release number could be
explained by the differences in glass and plastic bottle bodies
and brands. FBs bottles with plastic bodies tended to release
approximately 2 times more microparticles than FBs with
glass bodies (Table 1). Additionally, the different brands
showed various levels of microparticle release after 100
opening/closing cycles; for example, FB-Brand 1 (plastic bot-
tle body) released more than 3 times more microparticles than
FB-Brand 2 (plastic bottle). The influence of brand on micro-
particle release was detected previously and attributed to the
different cap abrasions occurring for different brands of plastic
water bottles (Winkler et al. 2019).

After 100 opening/closing cycles, the total numbers of re-
leasedmicroparticles ranged from 100 (± 23.3) to 209 (± 38.4)
particles/mL, as shown in Table 1. Significantly more parti-
cles were released from WBs with plastic bodies than from
WBswith glass bodies (p < 0.01). This trend also prevailed for
FBs during comparison of FB-Brand 2 to FB-Brand 3. These
results clearly indicated that, in addition to plastic caps, plastic
bottle necks are another source of particle release during daily
bottle usage. Interestingly, the brand influence on microparti-
cle release was not significant for WBs, as shown by the
comparable particle release numbers (Table 1).

Inspection of Fig. 1A shows a good fit (r2 = 0.811) and
suggests that the total numbers of microparticles released from
FBs and WBs were highly related to abrasion distance. The
outlier was FB-Brand 1, as shown by its relatively high parti-
cle release number (393 ± 57.5 particles/mL), which could be
attributed to its thick neck and plastic body. Indeed, the long
abrasion distance tended to enhance particle release and FBs
ageing. However, the numbers of MPs identified were inde-
pendent of the abrasion distance, as shown in Fig. 1B (r2 =
0.789, p = 0.160 with the FB-Brand 1 as an outlier; r2 =
0.0003, p = 0.769 without the FB-Brand 1 outlier). This result
was inconsistent with those in previous reports. It was likely
that older or legacy of polypropylene FBs released larger
amounts of particles than new FBs (Sobhani et al. 2020),
and almost 8.5 times more plastic particles were released from
reusable plastic bottles than single-use plastic bottles
(Schymanski et al. 2018); moreover, increasing MPs release
was observed after a series of bottle opening/closing cycles
ranging from 1 to 100 (Winkler et al. 2019), as shown in Fig.
3. This different result could be explained by the different
methods applied. For example, the LDIR chemical imaging
system applied in this research relied on μ-FTIR technology,
and the detection limit was > 20 μm (Pico et al. 2019), which
means that nano- or microplastics smaller than 20 μm were
undetectable. Therefore, some nanosized plastic particles were
excluded from the linear regression, as shown in Fig. 2 and
Fig. 3.

Type, size and morphology of MPs

Based on the product information (Table S1) and the results of
determinations from the μ-FTIR and LDIR chemical imaging
systems, the polymer types identified were polycarbonate
(PC) and polypropylene (PP) for WBs and polyphenylene
sulfone resins (PPSU) for FBs. In addition to PC, PP and
PPUS, identified microplastics also included polyamide,
polychloroethylene, polyurethane, polyethylene terephthalate,
polystyrene and polyethylene (Fig. S2), which accounted for
relatively low percentages (from 6.6 to 18.4%) of the observed
MPs. These additional polymer types were likely bound to the
FBs and/or WBs during the production process and were re-
leased during the sampling processes (e.g. opening/closing
abrasion). Various MPs sizes and shapes were observed for
the feeding bottle and water bottle samples. According to data
from the LDIR chemical imaging system, the detected MPs
exhibited sizes ranging from 20 to 500 μm, with a large per-
centage of sizes ranging from 20 to 100 nm, which was con-
sistent with the trend for total detected microparticles (Fig. 2
and Fig. 3B, D, E). In the TEM images of particle shapes,
cubic, spherical and irregular shapes were observed, which
was consistent with the results of Fadare et al. in studies of
plastic food containers (Fadare et al. 2020). Different sizes,
shapes and types of nano- and microplastics impart various
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hazardous effects on infants and children. Since the bodies of
babies and children do not have sufficient defence mecha-
nisms, it is easy for microplastics to enter their bodies through
the oral cavity, skin or other pathways, causing different de-
grees of impact. Therefore, the risk of microplastics to chil-
dren should not be underestimated.

Other MPs

Based on the technical limitations of the LDIR chemical im-
aging system, nano- or microplastics with sizes smaller than
20 μm were undetectable. Therefore, the collected samples
were also examined through TEM, as shown in Fig. 3.
Many micro- or nanosized particles were detected for these
samples, regardless of whether they were plastic or glass bot-
tles or offered by different manufacturers. For example, nu-
merous nanosized particles were found from FB-Brand 2 and
WB-Brand 1 bottles, and they displayed cubic, spherical and
irregular shapes. Moreover, the possible hazardous effects for
infants or children induced by nanosized particles with

multiple particle shapes are derived from recent toxicological
data on aquatic biota. Interestingly, cellulosic particles were
detected in up to 71% of these FBs and WBs samples. Plastic
additives are other sources of particle types in plastics. For
example, calcium stearate and silicone are two commonly
used additives for plastic products and were found in FBs
and WBs. According to proven toxicological data (Cutting
1952), hazardous effects possibly result from nanosized calci-
um stearates and silicones during the daily use of FBs and
WBs. The “others” items listed in Table 1 suggested that par-
ticles from some nonplastic materials were detected, and a
higher proportion was detected in glass bottles than in plastic
bottles. In the process of opening and closing FBs and WBs,
and due to increasing wear and tear and plastic aging, some
plastic additives and glass particles are released, and the main
components of these particles are likely to be silicates and
stearates. Therefore, the “others” items may be primarily com-
posed of silica and some chitin and/or coal, suggesting that
glass fragments could be another source of potential hazards.

Table 1 Basic information on the particles collected for each WB- and FB-Brand and injectors. The data are from triplicate analyses

Outer diameter
(cm)

Total microparticles (particles/mL) Microplastics
(particles/mL)

Cellulosics (%)
(particles/mL)

Additives (%)
(particles/mL)

Others
(particles/mL)

FB-Brand 1 5.45 (± 0.06) 393 (± 57.5) 112 (28.6%) 13 (3.4%) n.a. 268 (68.0%)

FB-Brand 2 4.60 (± 0.06) 127 (± 33.4) 53 (42.1%) n.a. 30 (23.7%) 44 (34.2%)

FB-Brand 3 5.30 (± 0.08) 53 (± 9.4) 10 (18.8%) 3 (6.3%) n.a. 40 (74.9%)

WB-Brand 1 4.65 (± 0.03) 197 (± 46.5) 15 (7.5%) 19 (9.8%) 142 (72.2%) 21 (10.5%)

WB-Brand 2 3.50 (± 0.01) 209 (± 38.4) 37 (17.8%) 29 (14.0%) 121 (58.0%) 22 (10.2%)

WB-Brand 3 6.50 (± 0.04) 127 (± 27.6) 33 (26.2%) 13 (10.5%) 23 (18.4%) 58 (44.9%)

WB-Brand 4 6.60 (± 0.04) 100 (± 23.3) 13 (13.3%) n.a. 30 (30.0%) 57 (56.7%)

Injector 1.40 (± 0.01)a 174 (± 20.3)b 34 (19.3%) 6 (3.8%) n.a. 134 (76.9%)

n.a. means the items were not observed with the LDIR chemical imaging system
a denotes the inner diameters of injectors
b denotes that microparticles were collected from 100 injectors and with three replicates, and thus the unit is particles/100 injectors

Fig. 1 A Linear regressions for total detected particles (particles/mL) vs.
abrasion distance (m), and the outlier (FB-Brand 1) is not shown in the
figure; B Linear regressions for detected MPs (particles/mL) vs. abrasion

distance (m) (y = 2.11 (± 0.49) x – 27.82 (± 16.87), r2 = 0.789, p = 0.160),
and the point in the top right corner represents the outlier (FB-Brand 1)
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Risk of MPs release from injectors

Plastic injectors are also used extensively in daily life. For
example, insulin and antibiotics are injected intramuscularly
and intravenously into diabetic patients and livestock farms by
utilizing large numbers of single-use plastic injectors.
Intravenous injection increases the chance of direct contact
between microplastics and the body. Statistically, 1.74 MPs
particles were released from every use of a single-use plastic
injector. In addition, the released microplastics have larger
specific surface areas and a smaller particle sizes than other
sources, which makes it easy to absorb the injected drugs and

enter human blood vessels. Additive particles seen in FBs and
WBs, such as calcium stearate and silicone, were not observed
with injectors. Indeed, polypropylene bodies and polystyrene
plugs are rarely introduced as additive particles. The polymer
type identified for single-use plastic injectors was polypropyl-
ene, which matches the product information. Nevertheless,
there are some nano- and/or microsized (< 20 μm) particles
released from injectors, as shown in Fig. 3I. These small par-
ticles showed cubic, spherical and irregular shapes, which is
consistent with those found from FBs and WBs. The results
suggested that these plastic injectors could be a direct source
ofMPs introduction and thereby impart risks to human health.

Fig. 2 Particle size distribution
for all particles collected from
FBs, WBs and injectors. A FB-
Brand 1; B FB-Brand 2; C FB-
Brand 3;D Injector; EWB-Brand
1; F WB-Brand 2; G WB-Brand
3; H WB-Brand 4
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Risk of infant and child exposure to MPs from FBs and
WBs

To date, these selected FBs and WBs exhibit good sales, as
shown for FB-Brand 1 (2981 per month) and WB-Brand 3
(1049 per month), which indicates that large numbers of these
FBs and WBs were used by Chinese infants and children.
Indeed, the 6.13 billion Renminbi (RMB) retail sales of milk
bottles (2019) suggested that FBs andWBs are widely used by
most Chinese families (Network 2020). In particular, there is a
greater demand for bottles and glasses in families with two
children, which also promotes the use of feeding bottles and
water bottles. Under certain circumstances, the test with 100
opening/closing cycles simulated approximately three months
of usage and indicated that approximately 117.3MPs and 16.3
MPs (> 20 μm) per month would be ingested by infants and
children from use of FBs and WBs, respectively. Moreover,
MPs and other particles, such as calcium stearate and silicone,
with sizes < 20 μm could also be extensively ingested by
infants and children. On the one hand, microplastics and other
microparticles are released from FBs and WBs through open-
ing and closing cycles. Microplastics easily combine with the
soluble components in milk powder when infants and children
consume milk powder and water, so infants and children

inevitably ingest microplastics and microparticles. On the oth-
er hand, the microparticles produced by abrasion eventually
enter environmental water systems, inevitably causing sec-
ondary pollution and increasing the risks for infants and chil-
dren when they drink these powdered products. Therefore,
based on the certain numbers of MPs and the uncertain num-
bers of nanoplastics released from these FBs and WBs,
Chinese infants and children are suffering possible threats
from these released plastic particles and other particles.
Moreover, even when adequate washing is performed, these
micro- and nanosized plastics arrive at wastewater treatment
plants. Although MPs may be effectively removed by waste-
water treatment plants, a significant number of MPs enter the
receiving water system with the effluent or/and are released
into the soil environment by application of sludge to land
parcels (Sun et al. 2019), wherein their fate and transport
modes are still unknown.

Conclusion

This study indicated that FBs, WBs and injectors are potential
sources for release of micro- and nanosized plastics during
daily usage. Various amounts, sizes and shapes of plastics

Fig. 3 TEM images of particles from FBs, WBs and injectors. A FB-Brand 1; B FB-Brand 2; C FB-Brand 3; DWB-Brand 1; EWB-Brand 2; FWB-
Brand 2; G WB-Brand 3; H WB-Brand 4; I Injector
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were observed by TEM and LDIR chemical imaging systems,
suggesting that the plastics released from FBs and WBs could
present uncertain hazardous effects on the health of Chinese
infants and children. Based on the good linear regressions for
plots of total particles vs. abrasion distance (r2 = 0.811), thin-
necked glass bottles release fewer microparticles than thick-
necked plastic bottles, and bottles could be safer for daily use
by infants or children. After considering the impacts of brands
and plastic bodies on levels of microparticle release, high-
quality bottles (high prices) and glass bodies for FBs and
WBs are suggested for daily use by infants and children.
Our data provide additional evidence indicating that babies
and children could be exposed to MPs through daily FBs
and WBs usage. Additionally, injection of medicines with
plastic injectors directly increases the exposure of patients to
MPs. Therefore, the health risks of micro- and nanosized plas-
tics for humans, especially babies and children, and for the
environment should be seriously considered.
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