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ABSTRACT

A large amount of disposable plastic face masks (DPFs) is produced and used during the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) pandemic, which results in an inevitable consequence of the dramatic
increase of DPFs waste. However, the impact of DPFs exposure to the environment on their toxicity is rarely
considered. In this study, a range of 76-276 items/L microplastics (MPs) was detected in the DPFs leachates, and
fibrous (> 80.3%) and polypropylene (PP, > 89.2%) MPs were dominant. Co, Cu, Ni, Sr, Ti and Zn, were
commonly detected in all leachates of the tested DPFs. Organics, such as acetophenone, 2,4-Di-tert-butylphenol,
benzothiazole, bisphenol-A and phthalide, were found in the DPFs leachate, which were including organic sol-
vents and plasticizer. Besides, we first found an emerging environmental risk substance, namely environmentally
persistent free radicals (EPFRs), was generated in the DPFs leachates. The characteristic g-factors of the EPFRs
was in a range of 2.003-2.004, identified as mixture of carbon- and oxygen-centered radicals. By means of in
vitro toxicity assay, the DPFs leachate were confirmed to cause cytotoxicity and oxidative stress. Significantly, it
is found that the formed EPFRs could contribute more toxic effects. Furthermore, when compared to N95 res-
pirators, the tested surgical masks tend to release more MPs, leach more metals and organics, and generate more
EPFRs. Surgical masks were thus showed higher risk than N95 respirators after exposure to water. This work
highlights the importance of understanding the chemical complexity and possible toxicity of DPFs for their risk
assessment.

1. Introduction

production. It is seen that this global health crisis causes an extra
problem that an unusual rise of DPFs waste (Adyel, 2020).

As the spread of a pandemic of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in the worldwide, in order to avoid the
human to human nature of transmission of coronavirus, face mask is
recommended to wear for protecting from the viral infection. As the
World Health Organization (WHO) projected, a monthly global demand
of disposable plastic face masks (DPFs) is of nearly 90 million in the
current pandemic (WHO, 2020). A skyrocket global demand of face
masks wearing leads to an unprecedented increase of face masks

* This paper has been recommended for acceptance by Da Chen.
* Corresponding author.
E-mail address: jiahz@nwafu.edu.cn (H. Jia).

To date, DPF has been observed in various receiving waters around
the world. Recent studies have evidenced the occurrence of DPFs on
beaches and coasts of South America and in the lakes and rivers of Africa
and Europe (Akhbarizadeh et al., 2021; Aragaw, 2020; Ardusso et al.,
2021; De-la-Torre et al., 2021; Kutralam-Muniasamy and Shruti, 2022;
Okuku et al., 2021; Prata et al., 2020; Kalina and Tilley, 2020). It is
speculated that more than 1 billion face masks have entered the oceans
and around 3.5 million metric tons of masks have been landfilled
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worldwide in the first year of the Covid-19 pandemic (COVID-19 Face-
masks & Marine Plastic Pollution, 2020). The rise of DPFs exposure to
the aquatic environment may cause severe detrimental effects on the
ecological environment. As such, more exploration of the environmental
impacts and the potential human health risk caused by DPFs entering the
environment is, therefore, necessary given the concern regarding the
increase of DPFs waste in the SARS-CoV-2 pandemic.

DPFs are commonly made from polymeric materials, such as poly-
propylene (PP), polyethylene (PE) or polycarbonate (PC) (Fadare and
Okoffo, 2020; Potluri and Needham, 2005). When the DPFs waste is
subjected to light irradiation, mechanical abrasion, oxidation or
biodegradation after exposing to the environment, it can be a potential
source of microplastics (MPs) (Ma et al., 2021). It is estimated that
around 2.3 x 10%! particles MPs are released to the environment by
leachates of the landfilled DPFs in 2020 (Patricio Silva et al., 2021).
With increasing production and consumption of DPFs in the SARS-CoV-2
pandemic, an increased amount of MPs could be released from the DPFs
waste to both the terrestrial and aquatic environment (Kutralam-Mu-
niasamy et al., 2022). Furthermore, DPFs are complex mixtures which
consist of more than one polymer and various additives, or other pre-
sented chemicals (including nonintentional added substances (NIAS,
impurities and side or breakdown products)) (Zimmermann et al.,
2019). Metals and organic contaminants is possibly leached from DPFs
waste and then have an adverse effect on the organisms (Sullivan et al.,
2021). In general, the current studies on the impacts of the DPFs waste
after exposing to the environment mainly focus on MPs releasing and
chemicals leaching (Wang et al., 2021; Saliu et al., 2021; Sullivan et al.,
2021).

Besides, a recent study has reported that an emerging environmental
risk substance, namely environmentally persistent free radical (EPFR),
can be formed during the plastic aging (Zhu et al., 2019), which has also
been demonstrated to exhibit toxicity to organisms (Pan et al., 2019;
Zhao et al., 2019). For example, the generated EPFRs can induce the
formation of reactive oxygen species (ROS) and overloaded ROS may
induce oxidative stress, further causing cardiopulmonary dysfunction
and chronic respiratory diseases (Balakrishna et al., 2009; Lucas and
Maes, 2013). Therefore, for a comprehensive assessment of the ecolog-
ical impact caused by MPs releasing and chemicals leaching after plastic
products exposing to the environment, the generation of EPFRs and its
toxic effects should be taken into the consideration. However, limited
work has been conducted to assess the generation of EPFRs, and thus
critical information is missing for the evaluation of environmental
impact of the DPFs waste associated with EPFRs.

As mentioned above, it is hypothesized that EPFRs generation
possibly occurs in the process of the DPFs waste exposure to the envi-
ronment and then, besides organics, metals and MPs, the generated
EPFRs also contribute a toxic effect on organisms and human. To testify
the hypothesis, we characterized the chemicals leaching and MPs
releasing, as well as EFPR generation from different kinds of DPFs (e.g.,
surgical masks and N95 respirators) exposing to water. The main ob-
jectives of this study are to verify the generation of EPFRs after the
different kinds of the DPFs exposing to the aquatic environment, and
assess the toxicity of the DPFs leachate by in vitro bioassays, including
cytotoxicity and intracellular ROS levels. The results of this study would
bring to light the contributions of generated EPFRs to the toxicity of
DPFs exposure to the aquatic environment and the health risk induced
by DPFs waste.

2. Materials and methods
2.1. Tests materials and DPFs leachate preparation

According to the recommendations from WHO, surgical masks and
respirators without exhalation valves were suggested to use to suppress

Coronavirus disease transmission (WHO, 2020.). Therefore, DPFs,
including surgical masks and respirators without exhalation valve (e.g.,
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NO5 respirators), were used in this study, rather than other types of
masks, such as cloth masks or respirators with exhalation valve. DPFs
were purchased from different manufacturers and suppliers (SI,
Table S1). DPF leachate was prepared by soaking two pieces of DPFs
(from same brand) into 1 L deionized water which was of MilliPore®
MilliQ quality for different time (i.e., 5 d, 10 d, and 15 d). The mixtures
were slowly agitated in rotating incubators (120 rpm) at room temper-
ature (~25 °C) during preparing DPF leachate to ensure that DPFs could
always be in full contact with water. Rotating incubators were kept
covering with aluminum foil and without external light source (under
natural indoor light) during preparing leachates. DPFs leachates were
prepared for tests in triplicates.

Three sets of DPFs leachates were tested for evaluating their poten-
tial impacts after exposing to the aquatic environment. Each of all sets
contained 8 separate batches with using 8 different DPFs leachates (6
surgical masks and 2 N95 respirators) which were prepared by soaking
for the same days under the same conditions. The prepared leachates
were used for identifying the organic and inorganic components,
counting and characterizing MPs, and detecting and qualifying EPFRs,
respectively. Each test for characterizing DPFs leachates was in tripli-
cates. In addition, the pH of leachate in the incubator was measured and
recorded as well (SI, Table S2).

2.2. DPF leachate characterization and quantification

2.2.1. Counting and characterization of microplastics in DPF leachate

After removing bulk soaked DPFs, the leachates for characterizing
MPs release were stored in rotating incubators with covering aluminum
foil. Before the next step MPs counting and characterization, the
leachates were processed MPs extraction (SI, section S1) (Wang et al.,
2020a). After extractions, MPs were collected from solution to the sur-
face of the filters and then, examined with stereomicroscopes (aug-
mentations between x 14 and x70, SZM and SDZ-PL, Kyowa, Japan) and
scanning electronic microscopy (SEM, Hitachi, Japan) to determined
MPs’ size, color, morphology and types (SI, section S2). In this study,
only MPs with a diameter of less than 5 mm were measured by visible
observation. The identification of polymers was analysis with using
Fourier Transform Infrared Spectroscopy (FTIR) with the Attenuated
Total Reflectance (ATR) accessory (Thermo Nicolet FTIR, Nexus) (Wang
et al., 2020b). Throughout the study, several laboratory quality control
measures were implemented to circumvent the contamination of sam-
ples from plastic material and the environment and more information
has been provided in the Section S3 in the supplement.

2.2.2. Organics and mental analysis in DPFs leachates

Organics in the leachates was analyzed by gas chromatography-mass
spectrometry (GC-MS, an Agilent 6890 GC Series coupled to a Hewlett
Packard 5973 mass selective detector) using non-target and target
screening method (SI, section S4 and Tables S3-S4) after leachates
extraction. More details on leachate extraction for GC-MS analysis has
been shown in the Supporting Information (SI, section S5). NIST library
was used for organics qualitative analysis by extracting best hits.

For the analysis of trace metals in the DPFs leachate, a Thermo Sci-
entific ICAP 7200 Inductive Coupled Plasma-Optical Emission Spec-
trometry (ICP-OES) analyzer was used. External calibration was
performed for the quantification of trace metals. More details on
methods and quality control for ICP-OES analysis can be found in the
appendix (SI, section S6 and Table S5).

The control samples were set without adding DPFs for comparing
with the leachate samples, which were also prepared with deionized
water. The control samples were subjected to a non-target screening by
ICP-OES and GC-MS for identifying the chemical components. All
compounds detected in the control samples were removed from data set
when results discussing.
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2.2.3. EPR analysis of EPFRs on DPFs

The leachates were detected by EPR analysis for quantifying the
possible generated EPFRs. Specifically, the obtained leachate was first
transferred and placed in an I.D. quartz tube. Afterwards, the quartz tube
with the leachate was inserted into the cavity of the EPR instrument for
EPFRs analysis. EPR measurements were conducted with using a Bruker
EMXmicro-6/1/P/L spectrometer (Karlsruhe, Germany) at room tem-
perature (~25 °C). In addition, ROS in the leachates was also measured
by EPR coupling with spin-trapping agent, i.e., DMPO. Briefly, a volume
of 2 mL of each leachate sample was taken and mixed with 500 pL. DMPO
solution (100 mM), 500 pL. DMPO/DMSO solution (100 mM) and 500 pL
TEMP solution (of 100 mM) for detecting *OH, O,*~ and 10,, respec-
tively. Then, the obtained mixture was used for the measurement of EPR.
The parameters of EPR measurement were based on our previous study
(Zhu et al., 2019), and also provided in the supplement (SI, Table S6).

2.3. Toxicity of DPF leachate

2.3.1. Cytotoxicity assessment

Mc3t3elcell were used as the model cell for bioassays in this study.
The cytotoxicity assay was performed by the viability of mc3t3elcell in
a 96-well plate. The viable cell number of mc3t3elcell was quantitated
by the method of Cell Counting Kit-8 (CCK-8, purchased from Sigma-
Aldrich). The number of mc3t3el cell was adjusted to 50000 cells/ml
in each well. For cell culture, 100 pL inoculate and 200 pL complete
medium were added to each well of a 96-well plate and the edge of the
well, respectively. Cells were seeded in a cell incubator (37 °C and 5%
CO»). DPFs leachates (25 pL) which were taken from the samples and not
concentrated was added to each well. For control groups, a volume of 25
pL sterile phosphate buffer saline (PBS, pH = 7.4) was added in the
wells. The culture medium was removed and washed with PBS after 24 h
incubation. A 100 pL of culture medium containing a 10 pL of CCK so-
lution was added into each well, and then measured by a microplate
reader (iMark™ Microplate Absorbance Reader, BIO-RAD) at 450 nm
after 1h-incubation in the incubator. Each test was repeated 6 times.

To identify the cytotoxicity induced by EPFRs, N-acetyl-l-cysteine
(NAC, 5 mM, Sigma-Aldrich, St. Louis, MO) as a free-radical scavenger
was used (Aldini et al., 2018), which has non-impact on the cell viability
(Jia et al., 2020). Cells which were incubated with DPFs leachate with or
without NAC was used to evaluate the cytotoxicity.

2.3.2. Intracellular ROS levels

The intracellular ROS levels was evaluated by cell-permeable non-
fluorescent probe 2',7’-dichlorofluorescin diacetate (DCFH-DA, Sigma)
dying assay. Cell culture was carried on a 12-well plate with adjusting
mc3t3el cell number to 100,000 cells/mL in each well and inoculate
500 pL in each well. After incubation for 24 h in the inoculator (37 °C
and 5% CO»), 125 pL DPFs leachate was added to each well. The controls
were without adding DPFs leachate but rather the same amount of
deionized water. The culture medium was removed and washed with
PBS after 24 h-incubation, and then adding 1 mL of serum-free culture
medium containing 10 pM/mL DCFH-DA to each well. With incubating
in the dark for 15 min, samples were processed by removing the culture
medium, washing with PBS twice, and adding 1 mL PBS. And then
samples were used to observe and analyzing the DCFH-DA dying results
by an inverted fluorescence microscope (Nikon ECLIPSE Ti) with ImageJ
(National Institutes of Health, USA).

2.4. Statistical analysis

t-test analysis (R software) was used to test the data on chemicals
leaching and MPs releasing for evaluating the statistically significant
differences of the organics and metal’ concentrations and the MPs
abundance in the processes of DPFs leaching. Data collected from
toxicity tests were tested for nonlinear regressions (GraphPad Prism 7).
In order to analysis the significant differences between experimental
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groups and control groups, data collected from toxicity tests were tested
for normality and equal various variance (SPSS statistics 22.0 and Sig-
maplot 13) to analysis the significant differences between experimental
groups and control groups. p < 0.05 was regarded as a statistically
significant difference.

3. Results and discussion
3.1. Characterization of DPFs leachates

3.1.1. MPs release from DPFs

All samples taken from the leachates prepared by soaking the DPFs
from 8 different brands were subjected to microscopy (including SEM
and stereomicroscopes) and FTIR analysis. MPs were observed in all
leachates’ samples and the abundance of plastic-like particles for all
DPFs leachates were in a range of 76-276 items/L (Fig. 1 and SI-Fig. S1).
This result is significantly lower than some other studies. Such as, Liang
et al. reported as much as more than 800 items/L was identified by the
face mask leasing (2021), and Morgana et al. found around 2.6 x 10°
items/mask MPs presents in the leachates after soaking (2021). How-
ever, it is difficult to directly compare the results of MPs from different
studies since the different test methods were used. Liang et al. agitated
masks twice as fast as we did (2021). Morgana et al. cut the masks into
pieces with scissors before soaking (2021). Both faster agitating and
cutting mask into pieces could lead to more MPs release to the water.
Noteworthy, the pollution of MPs caused by the exposure of DPFs to the
environment may be even worse since much more MPs could be released
from the DPFs waste due to the weathering by e.g. wind and light
irradiation. For example, Wang et al. reported that a single surgical mask
after 18 h UV weathering can release more than 1.5 million micro-
plastics to the aqueous environment (2021); Saliu et al. found that a
single surgical mask can release up to 173,000 fibers/day with pro-
cessing of 180 h UV weathering and vigorous stirring in artificial
seawater (2021). According to the obtained results, it seemed that sur-
gical masks released more MPs than N95 respirators. The results of FTIR
analysis show all particles are identified as MPs, mainly including PP
(89.2-97.2%) and PA (2.8-10.8%) (SI-Figs. S2 and S3). The results of
microscopy analysis showed that only fibrous MPs (80.3-97.4%) and
particle MPs (<10%) were found in the DPF leachates and their main
colors were blue and transparent (SI-Fig. S2). It appeared that no
obvious differences characteristics of MPs were found in the leachates
for the DPFs which were same type but from different brand.

In addition to investigate the characteristics of the released MPs in
DPFs leachates with time, samples of the DPFs leachates were taken and
analyzed after various soaking time. Taking samples from Mask 1
leachates as an example, an average of 231 items/L particles were
observed in 15 d-leachates using stereomicroscopes, which were mainly
in blue (65.3%) and transparent (34.7%) (Fig. 2 and SI-Fig. S2). The
abundance of MPs in their 5 d-samples and 10 d-samples was with an
average of 28 items/L and 79 items/L, respectively, suggesting that the
number of MPs increased with the increasing the exposure time. It may
be mainly due to that fractures of fibers occurred during soaking and
agitating. It can be seen from SEM images (SI-Figure S4 A-B) that DPFs
had a smooth surface before agitated in deionized water. After 15 days
of soaking and agitating, through the majority of fibers were intact,
deformation and damage were observed on the surface and some small
particles and fiber fragments formed where the damage occurred (SI-
Figure S4 C-D). The results in Fig. 2 showed that the abundance of MPs
of 40-75 pm and 57-225 pm in the DPFs leachates was 37.1-47.6% and
25.1-30.9%, respectively, which were the dominant presented in the
leachates. The abundance of MPs of <40 pm in leachates tended to be
increased with time, but the increase was still not significant (p = 0.14).
According to the microscope observation, only particles and fibrous MPs
were found in the leachates and more than 90% MPs were fibrous in the
leachates, which was also consistent with the SEM analysis. Interest-
ingly, fibrous and particles MPs were all reported to be observed in the
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Fig. 1. Abundance (A) and size distribution (B) of MPs in 15 d-samples of different DPFs leachates. The abundance of MPs in the control group has been deducted

from test group. Error bars represent standard deviation of three replicates.

—_
(=3
(=]
383
-
(=)

X =
% ESS30-40 pm C—340-75 pm ?é
= EE75-225 pm I 25-1000 pm 2
E} 80 1 —aA—aboudance §A
£ 2
3 180 E
RS =
) 2
g 40 £
8 F 90 E
‘B‘ =)
T 20 g
3 €
NN N
2]
0 Lo

5 d-leachates 10 d-leachates 15 d-leachates

Leachate samples

Fig. 2. Abundance and size distribution of MPs in DPFs leachates (Mask 1). The
abundance of MPs in the control group has been deducted from test group.
Error bars represent standard deviation of three replicates.

gastrointestinal tract of the organisms (Mazurais et al., 2015), and were
considered to be frequently ingested by terrestrial and marine organisms
(Avio et al., 2015; Choi et al., 2018).

3.1.2. Metals leaching

Various heavy metals were identified in the DPFs leachates. As
shown in Table 1, Co, Cu, Ni, Sr, Ti and Zn were detected in all samples
of the DPFs leachates and the values of control samples processing
concentrations were below the LOD of ICP-OEC analysis. Besides, it is
observed that other heavy metals, including Cd, Cr, Mn and Pb, pre-
sented in the surgical masks leachates. For examples, Mn and Pb were
detected in all surgical masks leachates and Cd and Cr were detected in
the DPF leachates for Mask 1, 2, 3, 6 and 7 and Mask 1, 2, 3, 4 and 5,
respectively. Comparatively, for N95 respirators, only less than 1 pg/L
Cr was found in the leachates of Mask 7. Meanwhile, the concentrations
of all detected heavy metals in the surgical masks leachates were
commonly higher than those in N95 respirators leachates. It indicates
that the amount of DPFs used and discarded could lead to a potential
environmental risk that more heavy metals possibly enter the environ-
ment via leaching from DPFs waste. It is reasonable to speculate that
surgical masks waste more easily leach heavy metals into the aquatic
environmental than N95 respirators waste. Furthermore, some of these
heavy metals are potentially bio-accumulated by organisms and could
cause acute and chronic adverse effects on human health by ingestion,
dermal contact and inhalation exposure. As such, contact allergy to Cr,
Ni and Co are the most common metal allergy and approximately 1-3%
of the adult general population have encountered this (Thyssen and
Menné, 2010). Ingesting Cd, Co, Cr and Pb was reported to have po-
tential carcinogenic risk to both children and adults (Hu et al., 2012). In
addition, multiple metal-metal interactions of, e.g. Cd, Cu, Ni, and Zn,
may contribute to an higher toxicity in a mixture (Traudt et al., 2017).

Table 1

List of concentrations of main heavy metals detected in the 15d-DPFs leachates (ug/L). Standard deviation analysis is based on triplicate tests. N.D represents “non-

detected”.
Sample Cd Co Cr Cu Mn Ni Pb Sr Ti Zn
Control 0.3 N.D N.D 0.2 0.1 N.D 0.1 N.D N.D 0.1
Mask 1 1.2+0.1 7.3+£0.1 0.8 +0.1 6.6 £0.1 29+0.1 28+0.1 1.3+0.1 131 +£15 7.7 £1.0 139+ 3.6
Mask 2 0.6 +£ 0.1 5.6 +£0.5 0.8 +0.3 4.7 +£ 0.8 0.9+ 0.1 1.1+0.3 0.8 + 0.2 10.2+ 1.6 5.2+1.3 10.3+ 1.6
Mask 3 1.0 £0.3 5.8+0.2 0.7 £ 0.1 83+1.1 2.1+0.9 1.3+£0.6 1.1 +£0.3 144 +1.1 7.8+23 15.6 + 1.5
Mask 4 N.D 7.2+£0.9 0.8+0.3 7.7 £0.5 1.6 + 0.6 1.9+ 05 0.7 £0.2 10.3 £2.7 9.2 +27 12.7 £ 2.6
Mask 5 N.D 7.6 +£0.6 0.4 +0.1 7.3+0.7 1.4 +£ 0.6 0.7 +£ 0.3 0.7 +£ 0.2 11.6 +£ 2.3 6.6 + 2.5 10.8 + 3.4
Mask 6 1.3+0.3 8.0+ 0.7 N.D 6.5+ 0.3 2.0+0.3 0.9 + 0.4 0.9 +0.2 125+ 1.6 6.9+ 1.3 17.7 £ 2.6
Mask 7 0.8 +£0.1 31+£1.0 N.D 1.2+04 N.D 0.8 £0.2 N.D 0.5+0.1 0.9 +£0.2 10.2+1.6
Mask 8 N.D 6.4 +21 N.D 09+04 N.D 0.5+0.1 N.D 0.8 £0.2 0.7 £0.3 9.3+22
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Therefore, the huge amount of DPFs waste generated during the
COVID-19 pandemic may not only cause that more heavy metals are
potentially released into the environment and accumulated by organ-
isms, but also give rise to a risk of exposure of heavy metals to human by
regularly wearing DPFs.

3.1.3. Organic components leaching

By means of GC-MS SCAN analysis with the NIST mass spectral li-
brary, organic additive chemicals, including plasticizers and antioxi-
dants, were tentatively identified which all more than 90% mass spectral
match to reference compounds in the library and that were not found in
the controls. The tentatively identified organic compounds and their
potential toxicity are summarized and listed in SI-Table S7. Acetophe-
none (AP), 2,4-Di-tert-butylphenol (DTBP) and bis(2-ethylhexyl)
phthalate were found in all tested samples, however, some com-
poundes, like tributyl acetylcitrate and benzaldehyde, 2,4-dimethyl- were
identified in only one or two samples of DPFs leachates. This may be due
to the more complex nature of the DPFs leachates, resulting in the
component peaks being unresolvable in the chromatograms from the
samples DPFs leachates. Meanwhile, as reported by G.L.Sullivan et al.
various compounds, like polyamide-66, oligomers of polyamide, poly-
ethylene glycol-like and N-Undecyl-1-undecanamine were identified in
the DPFs 18 h-leachates (2021). Even though a broad range of organic
compounds are potentially leached from DPF, only a few were in
detectable amounts in the full scan analyses for the leachate samples (SI-
Fig. S5). Thus, from the set of organic compounds identified in the
leachates and the reported organic components which are identified in
the leachates of PP products (Capolupo et al., 2020), five organic com-
pounds, including AP, benzothiazole, DTBP, bisphenol-A (BPA) and
phthalide, were selected as target compounds for target analysis and
their standards were purchased as references to do target screening with
GC-MS. The results of these five organic compounds’ concentrations in
DPFs leachates analyzed by GC-MS SIM method have been shown in
Table 2.

All five selected organic compounds were detected with GC-MS SIM
method in the surgical masks leachates while BPA and phthalide were
not found in all N95 respirators leachates. Especially, although BPA was
only identified in surgical masks leachates with a low concentration of
0.8-3.2 pg/L, it was not found with non-target GC-MS screening. It
indicated that the sensitivity of the GC-MS SIM method was higher than
that of the SCAN methods and allowed to quantify organic additives in
DPFs leachates. By means of comparing preliminary investigations of the
organic compounds detection in DPFs leachates by target and non-target
GC-MS analysis, the results vary greatly and presumably, a great deal of
organic additives are possible to be leached into the environment with
the increasing DPFs leaching. These organic additives with complex
natures which toxicity have already been demonstrated (Table 2) may
have an adverse impact on the environment and human health when
leaching from DPFs.

By comparing the released MPs and leached components in both
surgical masks and N95 respirators leachates from different brands, as a

Table 2

Concentrations of selected organic compounds in the DPFs leachates quantified
by GC-MS in SIM model (pg/L). “+” represents standard deviation of three
replicates.

Samples AP benzothiazole DTBP BPA phthalide
Controls 0.6 +£0.1 N.D N.D N.D N.D

Mask 1 6.2+1.2 1.7 £ 0.6 1.6 +£0.3 1.1+0.3 1.7 £ 0.5
Mask 2 1.2 +0.7 2.5+ 0.5 0.9 +0.3 3.2+1.2 1.5+0.3
Mask 3 6.8 +1.7 2.9+ 0.8 3.8+ 0.9 1.1+ 0.6 0.9 +0.1
Mask 4 4.6 +21 6.7 + 2.3 1.5+ 0.8 1.5+ 0.7 2.8 +1.0
Mask 5 1.8 £ 0.9 9.2 +27 0.9+ 04 0.8 £ 0.2 41+1.2
Mask 6 2.4+ 0.9 1.6 + 0.4 31+1.1 0.8 + 0.2 3.3+1.7
Mask 7 09 +04 1.2+0.3 N.D N.D N.D

Mask 8 N.D 1.5+ 0.7 0.8 +£0.1 N.D N.D
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consequence, surgical masks leachates tend to contain more MPs, heavy
metals and organics than N95 respirators leachate. Moreover, for DPFs
of the same type but from different brands, no significant differences on
the characteristics of the released MPs and leached components were
observed in their leachate.

3.2. Generation and evolution of EPFRs in the leachate of DPFs

As hypothesized, EPFRs is suspect to be generated during DPFs
exposing in water. To test this hypothesis, as there were no significant
differences on the characteristics of the leachates for the DPFs which
were the same type but from different brands based on the above results
of the DPFs leachates, one kind of surgical masks (Mask 1) and one kind
of N95 respirators (Mask 7) was used to analyze the possible generation
of EPFRs. The DPF leachates were detected by EPR after 5 d-, 10 d- and
15 d-soaking (at room temperature ~25 °C) and the obtained EPR
spectra are shown in Fig. 3. Distinct EPR signals were detected in the
leachates samples of Mask 1 which confirmed that EPFRs could form
during DPFs exposure to water. The g-values and AH,., of the EPR sig-
nals were in a range of 2.003~2.004 and 4.6~5.4 G, respectively, which
suggested that the generated EPFRs were likely carbon-centered radicals
with a nearby heteroatom or the mixture of carbon- and oxygen-
centered radicals (Valavanidis et al., 2008). Conversely, no obvious
EPR single was found in all leachates samples of Mask 7. It seems that
besides N95 respirator could release less MPs and leachate less chem-
icals to water compared to surgical mask, it is likely more difficult to
form EPFRs in the process of N95 respirator exposure to water.

It has been demonstrated that the formation of EPFRs can be
attributed by electron-transformation between aromatic compounds and
transition metals or chemical bonds cleavage in polymers (Han and
Chen, 2017). As reported above, organic additives with aromatic
structure and various metals were identified in the DPFs leachates. It
was thus considered that the electrons transfer from organic additives (e.
g. AP and BPA) to metal ions (e.g. Cu, Ni and Zn), which promoted that
EPFRs was generated and shielded by the polymeric network of DPFs
(Feld-Cook et al., 2017; Jia et al., 2019; Kuzina et al., 2004). As previous
study reported, EPFRs generated by chemical bond cleavage tends to be
occurred on aromatic polymers (e.g. polystyrene) (Jia et al., 2018; Zhu
et al., 2019). However, even although DPFs may contain a small part of
PS, the main materials of DPFs are PP and PA, which are without ben-
zene rings. Therefore, it could be inferred that chemical bond cleavage is
not the dominant process for EPFRs formation on the DPFs.

It was observed that g-factor and spin density in DPFs were slightly
decreased as a function of soaking time (from 2.00317 to 2.00338,
Fig. 3A). This could be due to a higher contribution of carbon-centered
radicals which was suspected to lead to a decreased g-factor due to the
electrons transfer of organic additives. The slightly decreased spin
density seems to indicate that the generated EPFRs decayed slowly.
However, it was also suspected that EPFRs were not only generated
during soaking, but also consumed rapidly in the solution or in the air.
To further study carefully the stability of EPFRs on the DPFs, bulk masks
were removed from leachates after 15 days of soaking and agitating and
then, the samples were with monitoring the EPR singles in the dark. The
spin density was observed to decay 47.6% in 48 h (Fig. 3B). It indicated
that the generated EPFRs were reactive, which could react with small
molecules, e.g. O, and H20, presented in the air or in the solution and
result in the decay of EPFRs (Liu et al., 2021). Furthermore, according to
the results shown in Fig. 4, superoxide radical (O,*", Fig. 4 A) and
methyl radical (*CHs, Fig. 4 B) were found in the leachates samples of
Mask 1. O2°” has been demonstrated to be generally generated by
carbon-centered radicals reacting with Oy (Zhu et al., 2020a). Therefore,
it can be concluded that EPFRs are constantly produced during the
surgical mask soaking process and retained in the leachates. Meanwhile,
the reaction of EPFRs occurred during surgical mask exposing to water is
able to generate reactive radicals (e.g. O2°"), which may cause more
potential environmental risks. Subsequently, surgical masks were
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Fig. 3. (A) EPR spectra of the DPFs
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samples which were without soaking (0
d-soaking) for both Mask 1 and Mask 7
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shown in the figure. (B) The mean con-
centrations of the EPFRs of 15 days of
Mask 1 samples under dark condition.
Error bars represent standard deviation
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further used to study the toxicity evaluation of EPFRs.
3.3. Preliminary assessment of the toxicity of DPF leachate

Preliminary trials showed that all of the analyzed leachate samples
exhibited varying degrees of toxicity. The viability of mc3t3elcell was
significantly decreased after exposing to leachate (Mask 1) which were
soaked for 0-15 d in comparation with the controls (Fig. 5). Exposing to
the leachate, the cells were damaged and possibly, the cell membrane
integrity was impaired (Zhu et al., 2020b). Around 76.2% of cell

EPBS  OTest samples
120

100 4

®©
(=]
1

Cell viablity, %
=
(=]

w2

AN

15 d-leachates

0 d-leachates 10 d-leachates

Fig. 5. Average viability of mc3t3elcell (hatched bars) in the cell culture su-
pernatants following exposure to the DPFs leachates (Mask 1) and controls
which were added PBS with the same amount as the DPFs leachates (black
bars). The exposure concentration of DPFs leachates was 25 pL/100 pL cell
culture. Asterisk represents the significant difference from controls (*p < 0.05).
Error bars represent standard deviation of six replicates.

3475

T T
3500 3525

article.)

Magnetic, G

viability was observed for the samples with adding 15 d-leachates,
which was lower than those exposing to 5 d-leachates and 10 d-leach-
ates. Preliminary trials suggested that the DPFs leachates showed
toxicity to the cells and inhibited the growth of the cells. The toxic effect
of the leachates on cell was likely more obvious over time. This is also
consistent with the above results of time accumulation of MPs releasing
and metal and organic compounds leaching, and constantly generation
of EFPRs.

An investigation of in vitro detection of mc3t3elcell for evaluating
ROS generation after exposing the DPFs leachates was done by fluo-
rescence microscopic image analysis using the fluorescent probe DCFH-
DA. The microscopic images of DCF fluorescence showed DCHE-DA
exhibited widespread background green fluorescence after exposing to
the DPFs leachates (Fig. 6B-D), while almost no fluorescence was shown
in the controls (Fig. 6A). Compared to controls, a noticeable increase of
fluorescence in the cells was observed over time after the DPFs were
added into the cell culture supernatants (Fig. 7). This indicates that the
exposure of the DPFs leachates exerts excessive oxidative stress to the
test cells, which may result in a decrease of cell viability. Hence, the
exposure of DPFs in water may have a threat to cause diseases by causing
oxidative stress.

To further evaluate the contribution of EPFRs in the samples to the
overall cytotoxicity, cell viability with or without adding a free radical
scavenger (NAC) was determined. According to the results shown in
Fig. S6, cytotoxicity was suppressed by using NAC (85.3% for 15 d-
leachates with adding NAC). As discussed above, the generated EPFRs
induced the generation of reactive radicals (e.g. O2*~ and *CHgz in Fig. 4),
leading to cell death or cellular excessive oxidative stress (Figs. S6-S7).
The results of NAC quenching, which show the effect of radicals,
confirmed this finding. Cytotoxicity for samples without quenching free
radicals is likely induced by other pollutants, including the detected
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Fig. 7. DCF fluorescence intensities of mc3t3elcell in the cell culture super-
natants following exposure to 0 d-, 10 d- and 15 d-DPFs leachates without
adding NAC and 15 d-DPFs leachates with adding NAC (5 mM). Control group
was cell culture supernatants without exposing to the DPFs leachates. Fluo-
rescence intensities was obtained by the analysis of fluorescence images with
ImagelJ. Asterisk represents the significant difference from controls (*p < 0.05).
Error bars represent standard deviation of six replicates.

metals and organics. Currently, the concentration of plastic-associated
EPFRs to in vitro toxicity of DPFs is not well-known. These results
indicate the generated EPFRs induce cytotoxicity and enhance cell
oxidative stress, demonstrating that beside leached metals and organics,
the generated EFPRs were also a non-negligible cause of in vitro toxicity.

4. Limitations and future directions
In view of the ecotoxicity of the DPF waste exposure to the aquatic

environment, our investigation and assessment with taking surgical
masks and N95 respirators exposing in water for 15 days is certainly not
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Fig. 6. Fluorescence images of
mc3t3elcell in the cell culture super-
natants following exposure to (B) O-
d leachates, (C) 10-d leachates and (D)
15-d leachates with a concentration of
100 pL leachates/1000 pL cell culture.
Cell culture supernatants with adding
deionized water (100 pL deionized
water/1000 pL cell culture) were used
as a negative control (A). Mc3t3elcells
show intracellular green 2',7'-dichloro-
fluorescein (DCF) fluorescence as a
result of ROS production. (For inter-
pretation of the references to color in
this figure legend, the reader is referred
to the Web version of this article.)

representative. Nevertheless, as far as we know, it represents the most
comprehensive study of evaluating on the potential risk of DPFs waste
exposing to the environment. In previous studies, DPFs leachate is
mainly restricted to the analysis chemical composition leaching and MP
releasing. In this study, in addition to tentatively identify MPs, metals
and organics, we also focus on the generation of EPFRs, with providing
data on the DPFs leachate triggering an oxidative stress response. The
results of this study indicate that the leachates containing chemicals and
EPFRs inducing unspecific toxicity are prevalent in DPFs waste, espe-
cially during the COVID-19 pandemic in which the widely use of DPFs is
unprecedented. It is worth to highlight that the aim is not to draw a
conclusion regarding that the wide use of DPFs has a potential impact on
health, but to assess the concentrations of the leaching of the DPFs to the
overall pollution and to evaluate the risks of the excessive exposure of
DPFs waste to the aquatic environment during and after the COVID-19
pandemic from a new perspective: the basis of reducing DPFs’ envi-
ronmental impact is to acknowledge their chemical complexity and
possible toxicity. However, more accurate methods of MPs counting and
identification of plastic-associated chemicals may be limited and the
current detection methods may have a high rate of false identifications.
Furthermore, the separately identify origin and assessing toxicity of
EPFRs was challenging and hampered by the lack of related valid
research data. Correspondingly, the first step to address the limitations is
developing a standard of MPs sampling and detecting, as well as scien-
tific and comprehensive approaches for compound identification. More
research on the generation, transformation and occurrence of EPFRs and
more bioassays assessment for various of EPFRs to explore the toxic
effect is helpful to address the limitations. To a large extent, we need to
perform effect-directed analysis to identify the compounds causing the
toxicity which are not only leached but also generated during the DPF
waste exposure to water.

5. Conclusion

This study provides new insight into the potential health risk of the
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disposable face mask waste with the COVID-19 pandemic by not only
leaching metals and organics and releasing MPs but also the formed
EPFRs. More MPs were released to the leachates from the DPFs with the
increasing of the exposure time, for example, the abundance of MPs of
surgical mask was enhanced from 28 items/L in 5 d-leachate to 231
items/L in 15 d-leachates. It is found that MPs were fragmented with
soaking time as the abundance of smaller MPs (e.g. < 40 pm) in leach-
ates was increased. Metals (including Co, Cu, Ni, Sr, Ti and Zn) and
organics (including acetophenone, DTBP and bis(2-ethylhexyl) phtha-
late) were commonly presented in the leachates. Furthermore, more
various metals (like Cd, Cr, Mn and Pb) and organics (like tributyl
acetylcitrate and benzaldehyde) were found in surgical masks leachates
than in N95 respirators leachates. From the perspective of plastic-related
chemicals, the DPFs was confirmed as a source of MPs, metals and or-
ganics, and hence could cause an ecosystem risk after exposing to the
aquatic environment. Significantly, the carbon-centered EPFRs were
detected to be generated on the DPFs, which could be attributed to the
electron-transfer reaction between metals and organics contained in the
DPFs. In order to estimate the potential adverse effects of the DPF waste,
we further conducted in vitro toxicity assessment and demonstrated that
the DPFs leachate could cause cytotoxicity and oxidative stress. Note-
worthy, the generated EPFRs enhanced the toxic effects of DPFs leach-
ates. Overall, this work provides detailed data and systemic estimation
to the generated EPFRs after DPFs exposure to water. These findings
contributed to bridging the knowledge gap in better understanding the
environmental effects and toxic risk of DPFs waste exposure to the
aquatic environment.
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