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ABSTRACT: In this study, we show that low-density polyethylene films, a prevalent choice for food packaging in everyday life,
generated high numbers of microplastics (MPs) and hundreds to thousands of plastic-derived dissolved organic matter (DOM)
substances under simulated food preparation and storage conditions. Specifically, the plastic film generated 66—2034 MPs/cm? (size
range 10—5000 um) under simulated aging conditions involving microwave irradiation, heating, steaming, UV irradiation,
refrigeration, freezing, and freeze—thaw cycling alongside contact with water, which were 15—453 times that of the control (plastic
film immersed in water without aging). We also noticed a substantial release of plastic-derived DOM. Using ultrahigh-resolution
mass spectrometry, we identified 321—1414 analytes with molecular weights ranging from 200 to 800 Da, representing plastic-
derived DOM containing C, H, and O. The DOM substances included both degradation products of polyethylene (including
oxidized forms of oligomers) and toxic plastic additives. Interestingly, although no apparent oxidation was observed for the plastic
film under aging conditions, plastic-derived DOM was more oxidized (average O/C increased by 27—46%) following aging with a
higher state of carbon saturation and higher polarity. These findings highlight the future need to assess risks associated with MP and
DOM release from plastic wraps.

KEYWORDS: microplastic, FT-ICR-MS, aging, polyethylene, food packaging

1. INTRODUCTION used for food preparation and storage have been raised.”” "'
On one hand, the aging (weathering) of plastic polymers
throughout the life cycle of packaging leads to the generation
of microplastics (MPs, <5 mm) during use.'”"

Plastic polymers have been widely used since the 1950s, with
global production reaching 400.3 million tonnes by 2022."
Among the various applications of plastics, the largest market is
packaging, which accounts for 44% of all plastic production on
a global scale; furthermore, over 50% of the plastic packaging
produced is used for food packaging.' ™ Among synthetic
plastic polymers available, polyolefins, including polyethylene
(PE) and polypropylene (PP), are widely used in various
aspects of food preparation and storage conditions."*> For

»*? It has been
frequently reported that plastic products have the potential to
generate MPs under everyday use conditions, including infant
feeding bottles (14,600—4,550,000 partlcles/caplta/daly),6
breastmilk storage bags (0.61—0.89 mg/ caplta/ day),"* tea
bags (around 11.6 billion particles/bag/ cup), mineral water

example, PP is widely used in the manufacture of containers Received: June 1, 2024
and bottles,”” and low-density polyethylene (LDPE) ranks as Revised:  September 28, 2024
the most commonly used polymer for packaging films.”* Accepted:  October 15, 2024

While it is widely recognized that plastic packaging
effectively safeguards food from environmental contamination,
the direct human health risks associated with these materials
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Figure 1. (a) Schematic diagram of the aging experiments. (b—f) MP generation, changes in Young’s modulus, hardness, and surface oxygen
content of plastic films following different treatments, including (b) microwave irradiation, (c) heating, (d) steaming, (e) UV irradiation, and (f)

refrigeration (RF), freezing (FZ), and freeze—thaw cycling (FT).

bottles (up to 5907 ng/L),'® and food containers (up to 4.22
million particles/cm?)."” Plastic food packaging materials are a
significant source of human intake of MPs. For adults,
estimated MP (with sizes ranging from 1 ym to S mm) intake
has been reported to be up to 322,295 particles per year
through inhalation and food consumption.'® Furthermore,
MPs generated from the everyday use of these plastic products
can also enter aquatic and terrestrial environments, thus raising
ecological concerns.'”*°

On the other hand, submicron-sized organic substances (<1
um) released from plastic products have also attracted much
attention.'”*' 7** Nevertheless, our knowledge of these tiny
substances remains very limited compared to micron-sized
MPs larger than 1 pm, partly due to analytical challenges,”***
and many discrepancies and inconsistencies exist in this field.
For instance, traditional optical and spectroscopic approaches
have significant difficulties in quantifying submicron colloidal
particles and soluble substances in most cases.””*° The
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submicron-sized substances detected are usually described
using the umbrella term nanoplastics (NPs) in many
environmental studies;””>" however, this simplicity may not
accurately describe the complicated nature of these substances,
which are mixtures of NPs (with more than 40 repeating
units), oligomers (with less than 40 repeating units),
monomers, degradation products, and plastic additives in the
context of polymer science,' 77 Despite these inconsisten-
cies, it is generally acknowledged that the bioavailability and
toxicity of these submicron substances are much higher than
those of micron-sized MPs, primarily due to their smaller sizes
and lower molecular weights.”>™>> Among these submicron-
sized substances, the even smaller proportion is referred to as
plastic-derived dissolved organic matter (DOM), sharing the
same size cutoff value as the natural DOM (usually below 0.45
or 0.22 um).**7** It was also estimated that plastic-derived
DOM contributes significantly to the DOM pool in the natural
environment. For instance, approximately 23,600 t of carbon as
plastic-derived DOM is leached to the ocean annually, making
up to 10% of the total DOM pool in the surface microlayer
(namely, the top 40 um) of the ocean water column.*®

It should be acknowledged that the human health risks and
ecological implications associated with specific DOM, as well
as its bioavailability and degradability in the environment, are
related to its molecular composition and associated properties
such as molecular weight, hydrophilicity, polarity, and
aromaticity. For instance, low-molecular-weight (<350 Da)
acids from the plastic-derived DOM pool were reported to
contribute more to the formation of the disinfection byproduct
trihalomethanes compared to high-molecular-weight DOM
substances.” Phenol/protein-like moieties from the plastic-
derived DOM pool were indicative of bisphenol A from the
plastic polymer.”” Another study found that protein-like DOM
derived from plastic had high microbial bioavailability, which
increased marine bacterial activity."' Providing a basic
understanding of the molecular-level composition of plastic-
derived DOM is, therefore, a topic worthy of investigation.
With the development of ultrahigh-resolution Fourier trans-
form ion cyclotron resonance mass spectrometry (FT-ICR-
MS), it is now possible to provide high-throughput, molecular-
level characterization of DOM in natural environmental
samples, including soil and water bodies.*”™** Typically,
hundreds to thousands of DOM analytes are simultaneously
identified with high mass accuracy.”*® Several recent studies
have also proposed that the same method can be extrapolated
to provide a molecular-level, nontargeted analysis of plastic-
derived DOM.>”*~* Using the negative-ion electrospray
ionization (ESI) method, organic substances released from
bulk plastic materials, with diverse analytes containing carbon
(C), hydrogen (H), and oxygen (O), can be accurately
characterized.””*”*® For instance, Stubbins et al.>’ identified
319—705 analytes in DOM released from PE, PP, and
expanded polystyrene (PS) in simulated sunlit seawater,
whose average H/C values decreased by 10—15% compared
to the bulk polymer, showing signs of chain-scission and
photo—oxidation.*?’7 Plastic additives, oxidized oligomers, and
other aging-induced degradation products can be simulta-
neously analyzed from such molecular-level characteriza-
tion,””*”** which can substantially enhance our understanding
of the aging and degradation processes of plastic polymers and
provide a fundamental molecular understanding prior to the
precise risk assessment of plastic-associated substances.

In this study, we explored the characteristics of MP and
plastic-derived DOM generation from commercially available
LDPE food wrap, which is widely used in kitchens around the
world as a primary representative of plastic food packaging
materials. We conducted a series of aging experiments to
simulate everyday food preparation and storage conditions of
food wraps, including microwave irradiation, steaming, heating,
refrigeration, freezing, and freeze—thaw cycling. Additionally,
we exposed the materials to UV irradiation to mimic exposure
to sunlight. We examined the extent of plastic film degradation,
physicochemical changes of the plastic film, MP generation
characteristics, and plastic-derived DOM generation character-
istics. The findings from this study provide a molecular-level
understanding of polymer aging characteristics under everyday
use and storage conditions, which are useful for future human
health risk assessments of plastic food packaging materials.

2. MATERIALS AND METHODS

2.1. Plastic Food Wrap Preparation. Commercially
available food wrap made from LDPE with an average
thickness of 8.4 + 0.2 ym (mean and standard error values,
N = 6) was utilized for this study. The purity of the food wrap
was determined to be 99.5% by GC—MS, following Soxhlet
extraction with chloroform (1 g of plastic with 100 mL of
solvent, extracted at 85 °C for 8 h). To prepare the LDPE
plastic films for experimentation, samples were cut into square
pieces measuring 6 cm X 6 cm. Subsequently, the pieces were
rinsed three times using ultrapure water (resistivity of 18.2
MQ-cm, produced with a final filter of 0.2 ym) and left to air-
dry (~4 h). Each square piece was then placed in a glass Petri
dish (10 cm in diameter and 2 cm in height).

2.2. Aging Experiments Simulating Food Preparation
and Storage Conditions. A series of aging experiments were
conducted to simulate various scenarios representing different
everyday uses and storage conditions of LDPE food wraps in
contact with food that contains water (Figure la). UV
irradiation experiments were also conducted as an acceleration
of sunlight-induced aging of plastic wrap. 40 mL of ultrapure
water was added to a Petri dish containing one piece of plastic
film in each experiment. It is important to note that in these
experiments, the volume of water may change due to
temperature changes. The water content was not kept at a
steady value in these experiments to better simulate everyday
use conditions because evaporation and condensation of water
also occur during daily use of food wraps. The changes in water
volume did not affect MP and DOM quantification because all
remaining water and the rinsing water were combined prior to
analysis and MP and DOM concentrations were reported
relative to the plastic film (namely, items/cm?® and pg/cm?). In
this study, one piece of plastic film covered an area of 36 cm”.

Microwave irradiation was conducted by putting water-
immersed food wrap into a household microwave oven (M1-
L213B, Midea, China) (2450 MHz) with an operating power
of 119 W for specific durations of 2, 4, 6, 8, and 10 min. The
selected times were chosen to mimic the use of a microwave
oven for liquid (e.g.,, milk, infant formula) or food (e.g., meat,
vegetables, precooked meals) preparation. The temperature of
the soaking water was measured directly after irradiation,
yielding values of 48, 69, 85, 91, and 96 °C, respectively.

For the heating experiments, the immersed food wrap was
placed in a thermostatic water bath (HH-4, Kexi Instrument,
China) for 30 min at set temperatures of 48, 69, 85, 91, 96, and
100 °C. This aging treatment simulates the use of warm or hot
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water for liquid (e.g,, milk, infant formula) or food preparation
(e.g., precooked meals).

For steaming experiments, the immersed food wrap was
placed in a cooking steamer (ZN28YC808-130, Supor, China)
containing boiling water. The setup was exposed to water
vapor for durations of 5 min, 10 min, 30 min, 1 h, and 3 h. This
aging process simulates the use of steaming to prepare liquids
(e.g, milk and infant formula) for a relatively short time or
foods (e.g., meat and staple food) for a longer time.

For long-term refrigeration scenarios, the immersed food
wrap was stored in a refrigerator (BCD-470WDPG, Haier,
China) for 7 and 30 days at a temperature of 4 °C. Similarly,
for long-term freezing conditions, the immersed food wrap was
stored for 30 and 60 days at a temperature of —20 °C. Freeze—
thaw cycling was performed by putting the immersed food
wrap in the freezer set at —20 °C for 24 h, followed by thawing
at room temperature of 25 °C for an additional 24 h. This
freeze—thaw cycle was repeated 2 and 4 times for subsequent
testing. These treatments simulate different storage conditions
of food in refrigerators.

UV irradiation experiments involved exposing the immersed
food wrap to an aging chamber equipped with a UVA 340
(type 1A) UV lamp with maximum emission at 340 nm,
following the ISO 4892-3:2016 standard.’® The exposure
durations were 1, 2, 4, 6, 8, 10, and 12 h. This specific UV lamp
type is recommended by ISO for simulating UV irradiation
similar to sunlight.’” The lamp had an irradiance of 100 W/m?,
and the irradiation process was conducted at room temper-
ature (25 °C). The temperature at the surface of the food wrap
remained below 30 °C throughout the experiment. It is widely
acknowledged that UV is an important process leading to
polyolefin polymer degradation.”>” Therefore, this aging
experiment simulates a worst-case scenario of LDPE aging,
which may also occur (albeit in fewer cases) during the use and
storage conditions of LDPE food wraps when exposed to
sunlight. Additionally, we calculated an equivalent UV
irradiation time on Earth’s land surface for specific irradiation
periods using our previously established method,” assuming
an annual UV radiation of 179 MJ/m? at the land surface.”* In
this case, 12 h of chamber irradiation is equivalent to 8.8 days
of exposure.

Following each treatment, plastic films were separated from
water and rinsed three times using ultrapure water. To
establish a control group, untreated food wrap was immersed
in 40 mL of ultrapure water for 1 h at room temperature and
then rinsed three times directly using ultrapure water. The
rinsing water was combined with the original soaking water,
and any MPs present were isolated and collected by using
stainless steel filter with a pore size of 10 ym. Note that any
large particles >5000 ym were removed using a stainless steel
mesh. Subsequently, the collected MPs were transferred to
clean, dry glass Petri dishes for further analyses.

Additionally, we investigated whether the contacting liquid
affected the number of MPs generated. Plastic film pieces were
soaked in 40 mL of 3% acetic acid as a food simulant
representing acidic food matrices,'”>> as well as in 40 mL of
commercially available whole milk, and 40 mL of commercially
available infant formula (Stage 1, from birth to 6 months)
prepared according to the manufacturer’s guidelines (15 g of
powder dissolved in 100 mL of water). The immersed food
wrap was then subjected to microwave irradiation for 2 min or
steaming for S min, representing frequently used parameters
for milk, infant formula, and food preparation, and

subsequently subjected to MP separation using the same
methods mentioned above.

2.3. MP Characterization and Modeling. The collected
MP particles were stained with Nile Red following the
methods described by Maes et al.°® and Wang et al.”” Laser
confocal scanning microscopy (FV 3000RS, Olympus, Japan)
was subsequently used to identify the stained samples.”™>’
MPs with a size range of 10—5000 ym were assessed in this
study. Quantitative measurements were conducted using
Image] software (https://imagej.nih.gov/ij/). The average
particle size was determined using Feret's diameter.’”!
Furthermore, the size distribution of MPs after various aging
treatments was analyzed in accordance with the procedure
described by Wang et al.”” Specifically, the cumulative size
distribution function of MPs was depicted using the condi-
tional fragmentation model (eq 1):

Flx) =1 - ¢ (x> 0) (1)

where 4 and « refer to the range parameter and fragmentation
parameter, respectively.”” Detailed size distribution modeling
information is provided in Text S1 and Table S1. The size
distribution data are plotted in Figure S1.

Besides, we derived an exponential model depicting MP
generation kinetics from aging treatments. The detailed
derivation of the model, along with relevant assumptions,
can be found in Text S2. The model was also further validated
using literature data following the literature search protocol
mentioned in Text S3. A graphical representation of the
literature searching and screening methodology is provided in
Figure S2. The modeling results obtained from the analysis are
presented in Table S2. The fragmentation dimension was
determined to be 2 (Table S3).

2.4. Physical and Chemical Characterizations of the
Remaining Plastic Film. Young’s modulus and the hardness
of the pristine and aged food wraps were measured using a
nanoindenter (G200, Keysight Technologies, USA) with a
diamond Berkovich tip.°*®* The surface oxidation character-
istics of the pristine and aged plastic films were first examined
using Fourier transform infrared (FTIR) spectroscopy (Nicolet
iS50, Thermofisher, USA) with a resolution of 4 cm™),
covering the wavenumber range from 4000 to 400 cm™'. The
obtained FTIR spectra also underwent 2D-COS analysis®* to
obtain comprehensive information regarding the aging process.
Theoretical details can be found in Text S4. Second, X-ray
photoelectron spectroscopy (XPS) (250 Xi, Thermofisher,
USA) was also employed to investigate surface oxidation and
quantitatively calculate the surface oxygen content (in atomic
ratio). The C s spectra were fitted using CasaXPS$ software
using the Gaussian—Lorentzian function following background
subtraction using the Shirley method.”” In addition, we
employed a Raman spectrometer (LabRAM HR Evolution,
HORIBA) equipped with a $32 nm laser operating at an
output power of 100 mW to gather Raman spectra of the
plastic films.°>®” To detect the Raman signals, we utilized a
charge-coupled device detector (Horiba Synapse), which was
coupled to the laser. In addition to these spectroscopic
characterizations, the contact angle of the plastic film in
ultrapure water was measured using a Dataphysics OCA25
system. Furthermore, the surface morphologies of the plastic
films were characterized by field-emission scanning electron
microscopy (GEMINISEM 500, ZEISS, Germany).

2.5. Polymer Degradation Characterization of the
Remaining Plastic Film. To examine the degradation
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Figure 2. (a) Exponential relationship between Young’s modulus of the remaining plastic film and the number of MPs generated. (b) Linear
correlation between hardness and Young’s modulus of the remaining plastic film. (c) Linear correlation between Mn and PDI of the remaining
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refrigeration (RF), freezing (FZ), and freeze—thaw cycling (FT).

characteristics of the plastic films, the samples were dissolved
in 1,2,4-trichlorobenzene and analyzed with gel permeation
chromatography (GPC) using the SECurity GPC system
(Infinity II High Temperature GPC System, Agilent
Technologies, USA). The column setup encompassed a
guard column (PLgel 10 ym Guard, S X 0.75 cm) along
with two separation columns (PLgel 10 ym MIXED-B, 30 X
0.75 cm). The separation of molecules was accomplished by
utilizing an eluent of 1,2,4-trichlorobenzene containing 0.3 g/L
butylated hydroxytoluene, while the calibration was carried out
employing narrowly distributed PS standards.”*®” A sample
volume of 1 yL (1 mg/mL) was measured at a flow rate of 1
mL/min and a temperature of 150 °C.”°~"*> Meanings of key
parameters from GPC analysis are provided in Text SS.

2.6. Plastic-Derived DOM Characterization with FT-
ICR-MS. DOM generated from nine representative treatments
with the plastic film immersed in water, including the control,
microwave irradiation for 2 and 10 min, heating at 48 and 100
°C, steaming for 10 min, UV irradiation for 1 and 12 h, and
freeze—thaw cycling for 2 rounds, underwent further character-
izations. A total of 36 replicates (each containing one piece of

plastic film and 40 mL of water) were set up for each treatment
to generate an adequate mass of DOM for FT-ICR-MS
analysis. Following aging experiments as described in Section
2.2, the remaining liquid and the rinsing solution from these
replicates were combined and filtered through a 0.45 ym glass
fiber membrane.*** The dissolved organic carbon (DOC)
content of the liquids was measured using a TOC analyzer
(TOC-L, Shimadzu Corporation, Japan).

An FT-ICR-MS (Solarix, Bruker, USA) equipped with a 15
T superconducting magnet was employed for molecular-level
characterization of DOM. 1 L of acidified combined liquid
samples (adjusted to pH 2 using HPLC-grade HCI) underwent
an established method for plastic-derived DOM purification,
involving solid-phase extraction with a PPL cartridge at a flow
rate of 10 mL/min, and elution using 6 mL of methanol.*”*’
The samples were then injected into the FT-ICR-MS operating
in the negative-ion ESI mode at the rate of 2 yL/min to
characterize CHO-containing compounds.”” A total of 300
transient scans were coadded to increase the signal-to-noise
(S/N) ratio. The mass spectra were externally calibrated with
10 mmol/L sodium formate and internally recalibrated with
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the Suwannee River Fulvic Acid standard, achieving a mass
error of <0.1 ppm.*’ The isotopic spacing pattern suggested
that all ions were singly charged. Experimental data were
processed using the following criteria set by previous studies
using FT-ICR-MS for DOM characterization:"**”* 200 < m/
z [the ratio of mass (m) to its charge (z)] < 800, S/N > 6, 0 <
O/C < 12, 03 < H/C < 2.2. Several key indicators of
molecular compositions were calculated, including O/C, H/C,
normal oxidation state of carbon (NOSC),”* double-bond
equivalent minus oxygen (DBE-O),”* and modified aromaticity
index (Almod).” Calculation methods and meanings of these
parameters are provided in Text S6.

The most abundant formulas were further compared with
existing databases of plastic additives and chemicals associated
with plastic packaging, including the Database of Chemicals
associated with Plastic Packaging (CPPdb),”” the Plastic
Additives Initiative Mapping Exercise by European Chemical
Agency (ECHA),”® the Food Contact Chemicals database
(FCCdb) (version 5),” and the database for extractables and
leachates from food contact materials developed by Song et
al.*” If a formula was found in any of these databases, then it
was marked as a “plastic additive.” It is worth noting that this
term encompasses both intentionally added additives and
nonintentionally added substances. Formulas not present in
these databases were further searched in online chemical
databases, including the REACH database (https:/ /comptox.
epa.gov/dashboard/chemical-lists/ reach2017), and PubChem
(https://pubchem.ncbi.nlm.nih.gov/).

2.7. Quality Control and Statistical Analyses. Informa-
tion on quality control measures and statistical analyses is
provided in Text S7.

3. RESULTS AND DISCUSSION

3.1. Rapid Generation of MPs during Simulated Food
Preparation and Storage Conditions. The food wrap
generated MPs at a rapid rate under different aging treatments
(Figure 1b—f). Even at the initial stage of each aging treatment,
significantly higher numbers of MPs were generated compared
with the control (Figure 1b—f). After only 2 min of microwave
irradiation, the food wrap produced 147 MPs/cm?, which was
32.7 times that of the control without irradiation, and the
amount gradually increased to 313 MPs/ cm? at 10 min (69.6
times that of the control) (Figure 2b). When plastic food wrap
was subjected to various heating temperatures for 30 min, it
generated between 214 and 410 MPs/cm” (47.6—91.3 times
that of the control) (Figure 2c). Steaming for S min to 3 h
yielded 181—690 MPs/cm® (40.4—154 times that of the
control) (Figure 2d). Accelerated UV irradiation substantially
increased the MP generation, with counts rising from 123
MPs/cm?* at 1 h (equivalent to 0.7 days of sunlight exposure)
to 2034 MPs/cm? at 12 h (equivalent to 8.8 days of sunlight
exposure), reaching 27.5—453 times that of the control,
respectively (Figure 2e). Refrigeration for 7 and 30 days led to
the generation of 103 and 72 MPs/cm?, respectively (23.0 and
16.0 times that of the control) (Figure 2f). Freezing for 30 and
60 days resulted in the generation of 66 and 112 MPs/cm?,
respectively (14.8 and 25.1 times that of the control) (Figure
2f). Furthermore, when subjected to multiple freeze—thaw
cycles at 2 and 4 times, the food wrap produced 132 and 183
MPs/cm?, respectively (29.4 and 40.8 times that of the
control) (Figure 2f). Furthermore, it was observed that food
wrap in contact with 3% acetic acid, representing acidic food
matrices, released a higher number of MPs compared to the

food wrap in water under microwave irradiation (p < 0.0S) and
steaming (p > 0.05). The number of MPs released from food
wrap immersed in whole milk and infant formula showed no
significant difference (p > 0.05) (Figure SS). The food wrap
generated 171, 132, and 134 MPs/ cm? in 3% acetic acid, whole
milk, and infant formula, respectively, after microwave
irradiation for 2 min (Figure SS). The MP generation values
were 208, 160, and 163 MPs/cm” in 3% acetic acid, whole
milk, and infant formula, respectively, following steaming for 5
min (Figure SS5).

The size distribution of MPs can be well described using the
conditional fragmentation model, whose parameters are
provided in Table S1. Over 50% of the identified MP particles
fell below 20 pm under most treatments (Table S1). The
kinetic model we developed fitted well with the experimental
data (Figure S6). To validate the applicability of this
exponential generation model, we utilized previously published
MP generation data with various polymer types, aging
processes, and durations. The model successfully depicted
these data, with the fit being statistically significant (p < 0.05)
in most cases (Figure S6, Table S2). We further compared the
fragmentation rate constants from exponential model fitting
(Figure S6f,g). The MP generation rate from LDPE aging in
this study (including UV irradiation and steaming) exceeded
the rate constants observed in landfill environments,®'
agricultural soils,*> maritime rope abrasion,®® and ozone
oxidation,** and they were comparable to MP generation
rates reported from sea swash zones®” (Figure S6f,g, Table S2).
Notably, a wide range of fragmentation rate constants were
observed in studies employing mechanical abrasion and UV
irradiation for MP generation. UV irradiation and steaming
exhibited a much higher efficacy in MP generation when
combined with water soaking, surpassing the impact of
irradiating soil with buried plastic debris (Figure S6f).
Moreover, the rate constants for specific polymer types
exhibited high variability spanning several orders of magnitude
(Figure S6g). However, on average, the rate constants for
LDPE polymers exceeded those of other polymers, including
high-density polyethylene, PP, PS, polyvinyl chloride, and
polybutylene succinate, suggesting that LDPE has greater
susceptibility to fragmentation (Figure S6g).

3.2. Physical and Chemical Changes of the Remain-
ing Plastic Film. MP generation from various treatments was
accompanied by a significant decline in Young’s modulus and
hardness of the remaining plastic film but without a significant
increase in surface oxygen content in most cases (Figure 1).
Significant changes in mechanical properties were observed
during the aging process for microwave irradiation, steaming,
refrigeration, freezing, and freeze—thaw cycling treatments,
with no observed significant change in the surface oxygen
content (Figure 1). The level of surface oxygen consistently
remained below 1% for these treatments (Figure 1). Only for
certain treatments, including heating temperatures exceeding
91 °C and UV irradiation lasting over 6 h, did chemical
oxidation of the food wrap become statistically significant
(Figure 1).

The decline in mechanical properties occurred since the
initial stages of the aging treatments (Figure 1). Further
decreasing trends in both values were observed with increasing
aging time or temperature for different treatments (Figure 1).
Notably, the relationship between Young’s modulus and the
number of generated MPs followed an exponential trend—the
lower the Young’s modulus, the higher the number of MPs
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Figure 3. (a) Number of identified DOM analytes containing C, H, and O following different treatments. (b—d) Distribution of (b) O/C, (c)
NOSC, and (d) DBE-O values of DOM substances following different treatments. Abbreviations: MW, microwave irradiation; HT, heating; ST,

steaming; UV, UV irradiation; and FT, freeze—thaw cycling.

generated (Figure 2a). A linear correlation was also found
between hardness and Young’s modulus (Figure 2b). Direct
evidence of physical deterioration was observed for all aging
treatments, with the aged food wraps exhibiting crazing (i.e., a
yielding mechanism in polymers characterized by the
formation of a fine network of microvoids and fibril) and
cracking (Figure §7).5¢

Multiple lines of evidence from FTIR spectra, Raman
spectra, XPS spectra, and contact angle measurements
suggested that chemical oxidation was not the dominant
change for the remaining plastic film in most treatments as
compared with the aforementioned changes in mechanical
properties. FTIR raw spectra did not reveal any oxygen-
containing functional groups for any of the treatments (Figure
S8). Nevertheless, 2D-COS maps of FTIR spectra revealed
mild oxidation for UV treatments (Figure S9). Similarly,
identifiable changes were not observed in the Raman spectra
(Figure S10). Nevertheless, XPS C 1s spectra of specific
treatment groups indicated the generation of oxygen-
containing functional groups, notably in cases of heating at
96 and 100 °C, as well as UV irradiation for over 6 h (Figures
S11—S13). The contact angle of the remaining food wraps did
not decrease following most aging processes, with the
exception of UV irradiation, further suggesting that oxygen-

containing functional groups were not introduced due to
surface oxidation in these cases®** (Figure 2).

3.3. Polymer Degradation Characteristics of the
Residual Plastic Film. An insignificant change in the
number-average molecular weight (Mn) and polydispersity
index (PDI) was observed throughout the entire heating,
steaming, microwave irradiation, refrigeration, freezing, and
freeze—thaw cycling processes (p > 0.05), suggesting negligible
polymer degradation of the residual plastic ilm* =" (Figure
2). These findings are consistent with previous theories on
polyolefin degradation, which suggest that everyday use and
storage conditions, in the absence of sunlight irradiation, result
in only mild aging of plastic polymers and are unlikely to cause
significant degradation of the bulk plastic film.”"”* The weight-
average molecular weight (Mw) followed these aging processes
fluctuated, suggesting a higher sensitivity to aging.

For UV irradiation, fluctuations in Mn were observed, and a
significant decrease in Mn occurred for some samples, possibly
due to chain-scission triggered by Norrish reactions®"*”
(Figure 2). A significant increase in Mw during UV irradiation
also suggested the possible presence of cross-links during
polymer degradation”"”* (Figure 2). Lower Mn and Mw
values were correlated with higher PDI, suggesting an
increased polymer composition heterogeneity following UV
irradiation (Figure 2¢,d).”"”* The elevation of Mw and PDI
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Figure 4. (a) Changes in carbon number vs oxygen number of the identified DOM analytes following aging. (b) Van Krevelen diagram showing
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irradiation; HT, heating; ST, steaming; UV, UV irradiation; FT, freeze—thaw cycling.

under UV irradiation are also possible signs of long-chain
branching.*"® It is also important to note that sunlight cannot
initiate the degradation of pure polyolefin because the UV light
reaching the Earth’s land surface falls between 290 and 400
nm, and its transferred energy is too low to react with the
paraffinic bonds.®' Instead, it is the unsaturated sites, either
introduced during the polymerization process or by intention-
ally or nonintentionally added additives, that initiate the
polymer chain-scission processes.SI’89

3.4. Release and Molecular Compositions of Plastic-
Derived DOM. The DOC concentration of the control was
0.026 + 0.001 pg-C/cm? (equivalent to 0.033 + 0.002 mg-C/g
plastic) (Figure S14). Aging significantly enhanced the release
of DOC (p < 0.05), resulting in DOC concentrations ranging
from 0.173 + 0.004 ug-C/cm* (0.224 + 0.00S mg-C/g) to
0.896 + 0.008 1g-C/cm?* (1.159 + 0.010 mg-C/g), which were
6.8—3S times that of the control (Figure S14). These
concentrations were comparable to previously reported data
on DOC release following plastic aging.””*>*

A total of 45 DOM analytes containing CHO were identified
from the control group without aging (Figure 3a), among
which 40 analytes were observed across all nine samples
subjected to FT-ICR-MS characterization (Figure S15). These
most frequently observed analytes were likely to be either
plastic additives or degradation products (accounting for 25
and 75% of the analytes, respectively) (Table SS). Certain

analytes exhibited a long straight chain with oxidation (for
instance, 1,10-decanediol dimethacrylate; 9,10-dihydroxyocta-
decanoic acid; 4-[3-(dodecanoyloxy)-2-hydroxypropoxy]-4-
oxobutanoic acid), which were possibly the oxidized forms of
PE oligomers (Table SS).

A total of 321—1414 analytes were identified following
different aging processes, which were 7.1—31.4 times that of
the control (Figure 4a). It is also notable that a higher number
of analytes were identified compared to the control, even at the
initial stage of aging (Figure 4a). A significant positive
correlation was observed between the number of DOM
analytes identified and the DOC content (p < 0.001, R* =
0.96) (Figure S14). DOM released following different aging
processes, including microwave irradiation for 2 or 10 min,
heating at 48 or 100 °C, steaming for 10 min, UV irradiation
for 1 or 12 h, and freeze—thaw cycling for 2 rounds,
consistently exhibited significantly higher average O/C values,
higher NOSC, and lower DBE-O (p < 0.05) (Figure 3b—d).
These findings suggest that DOM following aging became
more oxidized, had higher polarity, and a higher state of carbon
saturation.”””*”* It is noteworthy that this phenomenon was in
stark contrast to changes in the oxygen content in the bulk
plastic film following aging. It could be that plastic-derived
DOM is more susceptible to aging and more easily oxidized
under simulated everyday use and storage conditions. It could
also be that the aged and more oxidized portions of the plastic
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polymer are more likely to be released into water. Additionally,
the higher specific surface area of smaller DOM particles
compared to MPs may also have contributed to this
phenomenon.

The molecular weights of the DOM had wider ranges
following aging compared with the control (Figure 4ac), and
the average m/z values increased for all groups following aging
(Table S14). The van Krevelen diagram (explained in detail in
Text S6) also showed a wider distribution of H/C and O/C
values of the DOM (Figure 4b). The average H/C values for
DOM for microwave irradiation, steaming, and freeze—thaw
cycling slightly increased compared to the control, suggesting
higher biodegradability, while those for heating and UV
irradiation slightly decreased, rendering lower biodegradabil-
ity.”” The formation of more recalcitrant substances under
heating and UV irradiation could be attributed to enhanced
cross-linking reactions, leading to the generation of cross-
linked molecules with higher molecular weights.”"”* Results
from GPC supported this hypothesis, as the Mw for certain
treatments, including heating at 100 °C and UV irradiation for
12 h, showed a significant increase (Figure 2fh), indicating
enhanced cross-linking reactions.””* The Almod of the aged
DOM expanded toward two opposite directions (Figure 4d),
while the mean Almod for all aging processes excluding UV
irradiation for 12 h consistently decreased, suggesting less
carbon recalcitrance.”® This trend aligned with changes in
DBE-O. It is noteworthy that heating and UV irradiation
generated a proportion of DOM substances with extreme
values of high O/C, low H/C, high NOSC, and high Almod,
representing the most oxidized yet recalcitrant substan-
ces’ 707 (Figure 4). Plausible structures of DOM substances
with the highest relative abundances following various aging
processes were identified, consisting of both plastic additives
and degradation products containing oxidized PE oligomers
(Tables S6—S13).

3.5. Implications and Limitations. Our findings offer
novel insights into polymer aging dynamics, indicating that
significant quantities of MPs and DOM substances can be
released during the everyday use and storage of LDPE food
wraps. We observed an exponential correlation between
Young’s modulus and the quantity of generated MPs,
suggesting that a substantial number of MPs were generated
in tandem with a decline in mechanical properties. Notably, a
sharp reduction in mechanical properties occurred along with a
substantial generation of MPs, even during the initial stages of
aging. For example, only 2 min of microwave irradiation, 30
min of heating at 48 °C, 5 min of steaming, or 7 days of
refrigeration resulted in the generation of 103—232 MPs/cm?
of food wrap. Furthermore, we observed that subjecting plastic
food wrap to 12 h of UV irradiation, which equates to 8.8 days
of sunlight exposure, resulted in the highest generation of MPs,
reaching 2034 items/ cm?. It is important to note that although
no apparent surface oxidation occurred for the remaining
plastic film under most aging processes, the DOM fraction
released under these treatments exhibited significant oxidation
characteristics. This resulted in the generation of molecules
with higher oxidation, polarity, and carbon saturation even at
the initial stage of aging. Such findings suggest that DOM
substances showed a decoupled change in chemical properties
compared with the bulk plastic film.

The significant increase in MP generation from the food
wrap during everyday use and storage activities, such as
heating, steaming, microwave irradiation, refrigeration, freez-

ing, and freeze—thaw cycling, highlights a potential pathway of
exposure of MPs to human beings. The substantial release of
DOM also points out that such conditions are possible and
non-negligible sources of submicron-sized organic substances,
raising further concerns about their toxicity to organisms.
Consisting of a mixture of plastic additives, oxidized PE
oligomers, and other degradation products, plastic-derived
DOM substances found in this study are highly oxidized and
much smaller compared to bulk plastic film and MPs. Prior
evidence has shown that MPs and NPs with sizes smaller than
10 pm are able to accumulate in human tissues following
intestinal absorption."®”® The size of DOM substances
investigated in this study (<0.4S pm) was much lower than
this cutoff value, suggesting higher bioavailability and a greater
likelihood of accumulation in cells compared to MPs. The
molecular weights of DOM (200—800 Da) fell within the
“oligomer” range when normalized by the PE structure, which
were more bioavailable compared with MPs or NPs.'>*'
Previous studies using PS particles within the DOM size range
have indeed shown that particles of this size can penetrate
human and aquatic organism cells and induce toxicity,
shedding light on plastic-derived DOM toxicity to organisms.
For example, PS within the DOM size range is known to
induce cytotoxicity, the production of reactive oxygen species,
and (pro-)inflammation in human cells.””'”" Such particles
have also been reported to accumulate in the gut of zebrafish,
triggering developmental toxicity, reproductive toxicity, neuro-
toxicity, immunotoxicity, and genotoxicity.lm’102

Additionally, aged plastic films released oxidized DOM with
a higher polarity (Section 3.4), which may account for their
higher bioavailability to organisms once they enter aquatic
environments, compared to those derived from pristine plastic
films."%'%* The DBE values for certain treatments, such as
heating at 100 °C and UV irradiation for 12 h, were higher
than those of pristine plastic film (Table S14), potentially
leading to higher acute toxicity to microorganisms, as shown in
previous studies.'”>'*® It is also important to note that while
most DOM exhibited less recalcitrance (indicating higher
biodegradability), those released after heating at 100 °C and
UV irradiation for 12 h had higher recalcitrance (Table S14),
suggesting “heat-stabilization” and “photostabilization” pro-
cesses. This aging-induced stabilization of DOM is also
observed in deep ocean environments and subsoils, contribu-
ting to long-term carbon storage.lm’m8 However, considering
that the plastic-derived DOM from heating and UV irradiation
contained toxic additives like diethyl phthalate, sucrose, dibutyl
tartrate, tetraethylene glycol dimethacrylate, and triisopentyl
citrate (Tables S9 and S12), the increased carbon stability of
the DOM pool may also lead to prolonged exposure and
toxicity to aquatic organisms. In summary, our understanding
of human health and ecological risks associated with plastic-
derived DOM substances is still very limited. This study
provides molecular-level insights into the complex nature of
plastic-derived DOM, which represents a “first step” in
understanding their risks. Future studies should continue to
explore the toxicity of plastic-derived DOM substances to
aquatic organisms and human cells.

Given the widespread use of LDPE food wraps, establishing
new guidelines for public health and safety concerns is
imperative. The creation of such guidelines should include
reconsidering the “microwave-safe” label for products, avoiding
the preparation of food covered in plastic wrap in hot water
and steamers, and rinsing the surface of food to eliminate MPs
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and associated submicrometer-sized DOM substances after it
has been stored in refrigerators. The rapid MP generation
kinetics and the highest number of DOM substances observed
during UV irradiation also indicate that food wraps should
ideally be stored in areas away from direct sunlight.

Finally, it should be acknowledged that some methodo-
logical challenges and limitations associated with plastic-
derived DOM characterization still exist. First, the method
can only accurately detect molecules containing O; therefore,
unoxidized PE oligomers are not captured in this study.
Additionally, the molecular weight that can be precisely
characterized usually falls within 200—800 Da for FT-ICR-MS;
thus, any molecules <200 or >800 Da were not included.
Besides, analytes containing nitrogen (N) or sulfur (S) were
not considered during FT-ICR-MS data processing, aiming to
minimize the error in analyte identification, because the bulk
analysis of the LDPE film did not detectthese elements; and as
a result, some N- and S-containing additives in trace quantities
may not be considered. It is also important to note that
structural isomers cannot be distinguished using FT-ICR-MS;
as a result, the proposed structures of the DOM represent a
“more likely” scenario in the context of PE degradation and
chemicals associated with plastic packaging.
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