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ABSTRACT: The release of micro/nanoplastics (MNPs) from biodegradable plastics
in gastrointestinal environments due to photoaging, along with their associated
mechanisms and potential cytotoxicity, is largely unknown. Here, we show that
poly(lactic acid)/poly(butylene adipate-co-terephthalate) (PLA/PBAT) films undergo
ultraviolet photoaging, resulting in increased surface roughness and a higher quantity of
MNPs on the surface. This aging process involves the generation of carbon- and
oxygen-centered free radicals, chain scission, and the formation of oxidation products
with hydroxyl and carbonyl groups. These MNPs can be released under water shear
force, significantly increasing the normalized mass loss of aged films to approximately
0.128 mg/cm2 (18 times higher than that of unaged films in water). In the
gastrointestinal environment, the normalized mass loss further increases to about 0.196
mg/cm2 (28 times higher), likely due to potential enzymatic digestion and ion-swelling
effects. These MNPs, primarily composed of PLA, are smaller and carry more negative
charges under gastrointestinal conditions. In the THP-1 cell model, these MNPs affect cell viability in a dose-dependent manner.
MNPs obtained through ultrafiltration, compared to those collected via centrifugation, display a broader size distribution and induce
more pronounced toxicity in THP-1 cells, with an EC50 of 243 mg/L. Preliminary comparative analysis indicates that PLA/PBAT-
derived MNPs present toxicity risks comparable to, or greater than, those of conventional plastic MNPs. These findings underscore
the potential hazards associated with biodegradable plastics.
KEYWORDS: PLA/PBAT biodegradable plastic, UV aging, gastrointestinal digestion, MNPs, cell viability

■ INTRODUCTION
Plastic products, renowned for their exceptional material
properties and cost-effectiveness, are pervasive across various
sectors. However, due to inadequate recycling, disposal
practices, and poor management of plastic waste, the
accumulation of plastic in the environment has been relentless.
In 2019, global plastic production reached 370 million tons, of
which only 9% was recycled, 12% was incinerated, and the
remainder ended up in landfills or entered the environment.1

There, it gradually fragmented into microplastics (<5 mm) and
nanoplastics (<100 nm or <1 μm) under various environ-
mental influences, while also degrading into dissolved organic
carbon, eventually converting to CO2 through microbial
activity.2−4 The global plastic cycle has led to plastic pollution
everywhere.5 The presence of these plastics in water systems,6

terrestrial systems,7 and even the indoor and outdoor air
breathed by humans8 has been documented. It is important to
note that multiple studies have shown these MNPs pose
potential threats to cells and organisms.9−11 Plastic has
emerged as one of the greatest contemporary threats and
most significant challenges of the 21st century for the
environment and human wellbeing.

As a consequence, biodegradable plastics have been
identified as a promising solution to mitigate plastic waste,

with their use becoming increasingly prevalent in various
industrial and environmental initiatives.12,13 According to
market analyses recently conducted by the European Bio-
plastics Association, it is projected that the global production
capacity for bioplastics will experience a substantial increase,
rising from 2.11 million tons in 2020 to 2.87 million tons by
2025 with 36% potential growth.14 Biodegradable plastics,
which are manufactured from biobased raw materials such as
crops and wood pulp, are intended to be fully decomposed
into carbon dioxide, water, and biomass through biological
activity in specific mediums (water, soil, and compost),
eventually integrating into the natural carbon cycle.15,16

These plastics, used in products such as packaging, single-use
items, and textiles, can come into direct contact with
humans.17

During use, plastic products inevitably undergo photoaging,
which leads to the decomposition and fragmentation of surface

Received: October 8, 2024
Revised: December 16, 2024
Accepted: December 17, 2024
Published: January 14, 2025

Articlepubs.acs.org/EnvHealth

© 2025 The Authors. Co-published by
Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences,

and American Chemical Society
446

https://doi.org/10.1021/envhealth.4c00209
Environ. Health 2025, 3, 446−457

ACS Partner Journal

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuri+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Han+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingwen+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/envhealth.4c00209&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00209?ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00209?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00209?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00209?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00209?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ehnea2/3/5?ref=pdf
https://pubs.acs.org/toc/ehnea2/3/5?ref=pdf
https://pubs.acs.org/toc/ehnea2/3/5?ref=pdf
https://pubs.acs.org/toc/ehnea2/3/5?ref=pdf
pubs.acs.org/EnvHealth?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/envhealth.4c00209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/EnvHealth?ref=pdf
https://pubs.acs.org/EnvHealth?ref=pdf
https://pubs.acs.org/ACS_partner_journals?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


molecules. This process creates conditions conducive to the
generation and release of MNPs.18−20 These particles are
predominantly introduced into the human body via gastro-
intestinal ingestion,9 as evidenced by their detection in food,
and even human feces,21 which suggests an interaction with the
digestive system. An intake of approximately 39−52 thousand
microplastics (MPs) per person annually has been estimated,
highlighting significant exposure.22 Recently, there has been
growing interest in understanding MNPs release from plastics,
particularly biodegradable plastics, within gastrointestinal
environments and examining the associated biological
effects.23,24 Furthermore, compared with traditional plastics,
biodegradable plastics are usually more susceptible to environ-
mental factors and release more MNPs, resulting in
comparable or even more significant toxic effects.25,26

However, a notable gap remains in the literature regarding
the release of MNPs from photoaged biodegradable plastics
under gastrointestinal conditions and the related toxicological
implications.

In this study, the UV aging behavior and potential
photoaging mechanisms of biodegradable PLA/PBAT films,
a multifunctional biodegradable plastic,27 were investigated.
The effects of UV aging and simulated gastrointestinal
conditions on the mass loss of the films and the underlying
factors were subsequently examined. In addition, the impact of
MNPs released from UV-aged films under simulated gastro-
intestinal conditions on the viability of the THP-1 cell model
was elucidated and compared with that of conventional MNPs.
This research enhances our understanding of the photoaging of
biodegradable plastics and their potential biological risks when
exposed to gastrointestinal environments.

■ MATERIALS AND METHODS

Photoaging Experiments
Before starting the aging experiment, the PLA/PBAT films were
thoroughly cleaned with ultrapure water to remove surface impurities
and then dried at 50 °C. Subsequently, the film underwent artificial
aging using a 15 W UV lamp with a 254 nm wavelength at four
different simulated UV exposure durations: 0, 5, 10, and 15 d. The
aged samples were stored in dark conditions until further
experimentation. Although UVA and UVB dominate natural UV
aging, UVC (100−280 nm) has been used in artificial accelerated UV
aging experiments.28−30 Additionally, in industrial and public settings,
UVC is commonly used for air disinfection and material sterilization,
including plastics,31,32 which may inadvertently contribute to UV-
induced aging of plastic products.
Simulated Gastrointestinal Digestion of Films and
Collection of MNPs
The plastic films were prepared by cutting them into squares of 5 × 5
mm for the purpose of in vitro gastrointestinal simulation digestion,
following the method described by Marcos et al.,33 with minor
modifications, including the addition of shaking to simulate
gastrointestinal peristalsis and adjustments to the digestion time.34

Initially, 50 mg of plastic film was suspended in 10 mL of a sterile salt
solution (140 mmol/L NaCl, 5 mmol/L KCl), with the pH adjusted
to 2.0 using 0.1 mol/L HCl. Following this, 0.5 mL of sterile pepsin
solution (25 mg/mL in 0.01 mol/L HCl) was added to the mixture.
The resulting suspension was then incubated at 300 rpm in a water
bath maintained at 37 °C for a duration of 2 h. Subsequently, the pH
of the suspension was altered to 5.5 using 0.1 mol/L NaHCO3
solution, before 0.5 mL of sterile pancreatic bile solution (1.40 mg/
mL trypsin and 8 mg/mL bile salts) was added. The pH was further
adjusted to approximately 7.0 with the 0.1 mol/L NaHCO3 solution.
The total volume was then adjusted to 15 mL using a sterile salt
solution (140 mmol/L NaCl, 5 mmol/L KCl, pH 7.0), and the

suspension was incubated again at 300 rpm in a water bath at 37 °C
for 5 h. After completing the simulated gastrointestinal digestion, the
MNPs were collected by centrifugation at 10,000 rpm for 10 min. To
remove any remaining enzymes and salts, the MNPs were sequentially
washed twice with 2% SDS and ultrapure water, then freeze-dried and
stored away from light. Additionally, ultrafiltration was also used for
MNPs collection, with a 300 kDa ultrafiltration tube to capture the
released MNPs. The collected MNPs were similarly washed twice
with 2% SDS and ultrapure water to remove any remaining enzymes
and salts, then resuspended in ultrapure water, freeze-dried, and
stored away from light. The films underwent the same washing steps
for subsequent characterization. The mass loss ratio of the films and
the mass loss was normalized to the film surface area were calculated.
Instrumental Characterization
Macroscopic color change during film aging was captured using a
mobile phone camera. The surface morphology, roughness, and
fluctuation of the films were characterized by laser confocal
microscopy (CLSM, LSM900). The surface microregion morphology
of the films was characterized using atomic force microscopy (AFM,
JPK Nanowizard 4XP). Infrared spectra of the film surface were
acquired using attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR, iS50). The morphology and corresponding
phase maps of the film surface were characterized using atomic force
microscope infrared spectroscopy (AFM-IR, NanoIR3-S), with the
infrared spectrum collected in the wavenumber ranges of 940 cm−1 to
1220 and 1310 cm−1 to 1900 cm−1. Data within the range of 1220
cm−1 to 1310 cm−1 was missing due to hardware limitations. The laser
configuration did not cover this wavelength range, resulting in a lack
of signal in this part of the spectrum. Additionally, AFM-IR was
employed to analyze MNPs released from the film, with the infrared
spectrum gathered in the same wavenumber ranges for both tracer
and composition analysis of these MNPs. To avoid interference from
hybrid peaks, such as Si−O peaks from a silicon substrate, the MNPs
were deposited on a ZnS substrate for the infrared spectrum
collection. The aggregation of MNPs was characterized by an optical
microscope (Axio Scope 5). The solid film was placed in a high-purity
EPR tube and subjected to in situ photo irradiation at room
temperature for electron paramagnetic resonance (EPR, A200)
testing. Additionally, 100 mmol/L DMPO aqueous solution was
used to capture potential radical species originating from the film, and
the entire process was carried out during the photoaging period.
Contact angle measurement was conducted using a contact angle
measuring instrument (Dataphysics/OCA50). The surface energy was
calculated from the contact angle measurements of different liquids on
target surfaces using the Owens−Wendt technique.35 Ultrapure water
and ethylene glycol were used as test liquids. The surface tensions and
their components of these liquids were referenced in Prydatko et al.36

The ζ-potential and hydrodynamic diameter of the MNPs were
measured using a Zetasizer (Nano ZS90) at a stable temperature of 25
°C after sufficient ultrasonic dispersion.
Cell Culture
THP-1 cells were procured from Procell Life Science & Technology
Co., Ltd. and were cultured under controlled conditions at 37 °C with
5% CO2 and maintained at an optimal humidity level. The culture
medium employed was RPMI-1640 (Gibco), supplemented with 10%
heat-inactivated FBS (Gibco), 1% penicillin-streptomycin (Gibco),
and 2 μL β-mercaptoethanol (aladdin). Prior to commencing each
experimental procedure, the cells were meticulously counted and
resuspended in an appropriate volume of culture medium to achieve
the desired cell density.
Cytotoxicity Assays
The mass of the collected MNPs was measured, and they were
resuspended to a specific concentration for subsequent experiments.
Cell Counting Kit-8 (CCK-8, Beyotime) was utilized to detect
changes in cell viability. Initially, THP-1 cells were cultured with 100
ng/mL phorbol 12-myristate 13-acetate (PMA) in 96-well plates at a
density of 5 × 104 cells per well for 48 h and differentiated into M0
macrophages. Subsequently, the cells were washed twice with PBS
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buffer solution. Various concentrations of MNPs (0, 0.1, 1, 10, 100,
200, 500, and 1000 mg/L; final volume: 100 μL) were then
introduced to each well and incubated for 24 h, with three replicates
for each concentration. Following incubation and cleaning of the
culture medium, 10 μL of CCK-8 solution were added to each well,
and they were incubated in a cell incubator for another 1 h.
Absorbance at 450 nm was then measured using a microplate reader
(TECAN, Infinite 200 PRO). Cell viability (%) is expressed as the
percentage of absorbance in the experimental group versus the control
group. The 4-parameter logistic regression (4-PL) method37 was
employed to fit the curves, and the half-effect concentration EC50 of
the impacts of MNPs on cell viability were calculated. The equation
describing the 4-PL model is as follows:

i
k
jjj y

{
zzz

= +
+ ( )

Y D
A D( )

1 x
C

B

In which Y is the response, D is the response at infinite analyte
concentration, A is the response at zero analyte concentration, x is the
analyte concentration, C is the inflection point on the calibration
curve (EC50), and B is a slope factor.

Statistical Analysis
The data were analyzed with Python (version 3.11.8) and are
expressed as the mean ± standard deviation (SD). The data were
analyzed by Welch t test, t test, and one-way analysis of variance
(ANOVA). Tukey’s multiple comparison test was used for further
comparisons between groups. A p-value of less than 0.05 was

considered indicative of statistical significance. The actual p-value for
the nonsignificant and significant results are shown in Table S4.

■ RESULTS AND DISCUSSION

Photoaging and Physicochemical Characterization of
PLA/PBAT Films
The films were exposed to a UV254 lamp for durations of 5, 10,
and 15 d. The results showed that the films progressively
adopted a yellow hue as the aging period increased (Figure
S1). This color change is likely due to alterations in the surface
chemical states, functional groups, and the films’ light
absorbance or scattering properties.38

To accurately evaluate the effect of photoaging on the
surface morphology and roughness of the films, the surface was
analyzed using a laser confocal microscope with a character-
ization range of 250 × 250 μm. By selecting a large area for
examination, the test error caused by the uneven distribution
of plastic microregions was minimized. The analysis revealed
that photoaging resulted in increased debris accumulation on
the surface of the plastic films (Figure 1A−D) and a significant
increase in surface roughness (Ra), which rose from 0.34 μm
before aging to 0.58 μm after 15 d of photoaging, representing
an approximate 71% increase (Figure 1E−L). Furthermore,
photoaging had a notable effect on the surface fluctuation of
the films, which gradually increased with the duration of
photoaging (Figure 1M-P). In the control group, the

Figure 1. Prolonged UV exposure intensifies the photoaging of PLA/PBAT films. Optical images of the film subjected to ultraviolet light aging over
periods of 0, 5, 10, and 15 d (A−D). Two-dimensional (2D, E−H) and corresponding three-dimensional (3D, I−L) CLSM images of the films at
these intervals, respectively; a color bar indicates the height mapping, and surface roughness (Ra, Roughness Average) is detailed on each 3D map.
Histograms of the frequency distribution of surface height fluctuations after 0, 5, 10, and 15 d of ultraviolet aging (M−P); the red dashed line marks
the center of the distribution.
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fluctuation range of the film surface was between 0 and 4.4 μm,
with a center at around 3.4 μm. After 15 d of photoaging,
however, the fluctuation range expanded significantly to 0 to
9.1 μm, with the center shifting to approximately 6.8 μm.
These results suggest that photoaging leads to cracking of the
plastic film surface, which facilitates the formation of MNPs
that adhere to the surface. This phenomenon was further
confirmed by AFM analysis of smaller microregions (Figure
S2). Previous studies have commonly used a UV accelerated
aging period of within 30 d for biodegradable plastics.29,39 In
our research, it was observed that 15 d of photoaging resulted
in the most significant changes on the surface of the plastic
films. Based on these findings and the relevant literature,
plastic films aged for 15 d were selected for further
experiments.

To investigate the effect of photoaging on the chemical
functional groups on the surface of plastic films, infrared
spectroscopy was performed on films before and after 15 d of
photoaging. The characteristic band (Table S1) from 3100 to
3600 cm−1 is attributed to −OH stretching vibrations; the
range from 2800 to 3100 cm−1 is characterized by C−H bond;
the band near 1710 cm−1 corresponds to C�O stretching
vibrations; and the band near 1103 cm−1 to C−O left−right
symmetric stretching vibration absorption. The bands near
1016 cm−1 represent the bending vibration absorption at the
surface of adjacent hydrogen atoms on the benzene rings, and
the band near 725 cm−1 corresponds to the −CH2− groups of
PBAT.29

The changes in the surface microregions of the films before
and after UV aging were characterized using AFM-IR. Two or

three selected points (Figure 2A, D) were analyzed for their
infrared spectra (wavelength range: 940 cm−1 to 1220 cm−1;
1310 cm−1 to 1900 cm−1). Three main peaks were detected at
about 1715 cm−1, 1105 cm−1, and 1020 cm−1, corresponding
to C�O stretching vibrations, C−O left−right symmetric
stretching vibration absorption, and bending vibration
absorption at the surface of adjacent hydrogen atoms on the
benzene rings, respectively (Figure 2B, E). Significant spectral
changes were observed after photoaging, indicating that
photoaging can significantly alter the functional groups on
the surface of plastic films. The changes in the phase
distribution of the film after aging also reflect the chemical
changes on the film surface (Figure 2C, F).

Photoaging enhances the hydrophilicity and surface energy
of the film, increasing it from 20.76 to 23.20 mN/m (Figure
2G), likely due to an increase in oxygen-containing functional
groups on the film surface induced by photoaging. The
carbonyl index (CI) is a widely used metric to quantify the
degree of aging in polymers, with photoaging typically leading
to an increase in the CI.18 This index is calculated by the ratio
of the peak intensity of the carbonyl (C�O) group to that of
the methylene (−CH2) group.18 According to AFM-IR test
results, the CI of the film after 15 d of photoaging showed a
significant increase, rising from 1.63 to 1.98 (Figure 2H, p =
0.004), an approximate increase of 26%, indicating an increase
in the degree of oxidation of the film surface. This trend is
consistent with observations by Chang et al.,40 but contrary to
the trends observed by Wang et al.29 This discrepancy could
possibly be explained by the transformation of C�O to C−O

Figure 2. Effect of photoaging on the physicochemical properties of the PLA/PBAT film surface. AFM-IR topography (A), nano infrared spectra of
the surface microregion (B), and phase map on 3D topography (C) of the unaged film. AFM-IR topography (D), nano infrared spectra of the
surface microregion (E), and phase map on 3D topography (F) of the film after 15 d of ultraviolet aging. Contact angles of the films in water and
ethylene glycol before and after photoaging, with surface energy calculated using the Owens−Wendt model (G). Changes in the carbonyl index
(CI) before and after photoaging calculated based on nano infrared data (H); The corresponding numeric data are provided in Table S2.
Characterization of hydroxyl groups (I) and C−H bonds (J, K) before and after photoaging of the films based on ATR-FTIR. Full ATR-FTIR
spectra can be found in Figure S3. Corresponding peak matches are detailed in Table S1.
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or the direct cleavage of the C�O bond during hydrolysis or
photoaging, leading to a reduction in the CI index.29

Additionally, the changes in peaks of other important
functional groups in different wavelength ranges were
characterized using ATR-FTIR. An increase in hydroxyl
functional groups (3100−3600 cm−1) was detected after
aging (Figure 2I). Furthermore, the intensity of C−H bonds
significantly decreased to nearly complete disappearance after
photoaging (Figure 2J, K), consistent with previous observa-
tions.29 This phenomenon may be explained by the following
factors: UV exposure can lead to significant photoaging to a
depth of about 10 μm on the plastic film’s surface,20 whereas
ATR-FTIR, with a detection depth of within 2 μm,41 is limited
to analyzing only the surface layer affected by photoaging.
Typically, under UV irradiation, the −CH bonds in the
polymer’s long chains are broken by the high energy of UV
light or react with oxygen in the environment to form oxygen-
containing functional groups.29,42

The photoaging of plastics is typically accompanied by the
generation of free radicals.38,42,43 EPR was used to test the
radical species generated during the photoaging process. Under
in situ photoaging, the solid film exhibited an EPR signal with a
g-factor value of 2.00325 (Figure 3A), indicating that
photoaging induces the formation of carbon- and oxygen-
centered radicals on the film’s surface.43 The use of DMPO as

a radical spin trap further confirmed the generation of carbon-
centered radicals (Figure 3B). Additionally, a significant
increase in the peak intensity of hydroxyl radicals was observed
with the introduction of continuous in situ photoaging (Figure
3B). Previous studies have shown that the photoaging of PLA
plastics occurs through Norrish-type photolytic cleavage,
specifically involving Norrish Type II reactions.17

Based on the above data, Figure 4 illustrates the possible
photoaging pathways of PLA/PBAT films, which primarily
include the generation of carbon- and oxygen-centered free
radicals, chain scission, and the formation of oxidation
products of oxygen-containing functional groups, including
hydroxyl and carbonyl groups. In the PLA segment of the
PLA/PBAT composite films, C−H bond cleavage is likely to
occur first at tertiary C−H bonds, as these possess lower bond
energy and are more susceptible to light-induced cleavage.44

The cleavage of tertiary C−H bonds induces the formation of
tertiary alkyl radicals. Carbon-centered radicals are highly
reactive, readily reacting with atmospheric oxygen to form
tertiary peroxy radicals, which subsequently undergo hydrogen
abstraction to produce unstable and highly photolabile
hydroperoxide groups (ROOH).42 Our data indicate the
presence of oxygen-centered and hydroxyl radicals (Figure 3),
speculating the following possible pathway: (ROOH → RO• +
HO•). This result is consistent with previous studies, which

Figure 3. EPR spectra of solid films under in situ light exposure (A). EPR spectra were recorded for the DMPO aqueous solution containing MNPs
cut from the film under three conditions: unaged (control), after 30 min of UV aging, and after 30 min of UV aging followed by continued in situ
light exposure (B).

Figure 4. Possible photoaging steps of PLA/PBAT film.
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suggest that, based on the bond dissociation energies, the
dissociation energy of the CO−OH bond is lower than that of
C−OOH and COO−H. This indicates that hydroperoxide
groups are cleaved to form CO• and •OH, a reaction that
predominates under light irradiation,42 which aligns with the
observed increase in the •OH signal during continuous in situ
photoaging (Figure 3B). In addition, in the PBAT segment of
the PLA/PBAT composite films, C−H bond cleavage occurs
within the −CH2− groups along the chain (Figure 2K). Due to
the similar environment of C−H bonds within −CH2− groups,
the initial cleavage theoretically could occur at various
positions within the chain.
In Vitro Simulated Gastrointestinal Digestion Promotes
Release of MNPs from Photoaged PLA/PBAT Films

Photoaging leads to the formation of MNPs on the film
surface, which are likely to be released into the environment.
Gastrointestinal intake is considered the primary route through
which MNPs enter organisms,9 making the investigation of
plastic behavior in the gastrointestinal environment after
photoaging crucial for assessing exposure risks. The gastro-
intestinal tract presents a unique physiological environment,
characterized by the presence of digestive enzymes such as
pepsin and trypsin, varying pH levels (stomach: pH ∼ 2;
intestines: pH ∼ 7−8), and a variety of ions. These factors can
further alter the physicochemical properties of plastics. To
investigate the release of MNPs, films that had been photoaged
for 15 d were exposed to ultrapure water (Upw) and simulated

gastrointestinal digestive fluids (Dig) in vitro. As a control,
films that had not undergone photoaging were subjected to the
same experimental conditions.

The mass loss ratio of the films, both before and after
photoaging, was investigated when exposed to water and in
vitro simulated gastrointestinal digestive fluids (Figure 5A,
Table S3). The results showed that the mass loss ratio of the
unaged films was approximately 0.3% in water, likely due to the
removal of some unpolymerized plastic fragments from the
film surface by water shear forces. The mass loss ratio of the
unaged film was only slightly affected by the simulated
gastrointestinal digestive fluid, reaching around 0.9%. In
contrast, photoaging significantly increased the mass loss
ratio, with the ratio rising to about 6% in water and further
increasing to approximately 9% in the simulated gastro-
intestinal fluid (Figure 5A, Table S3, Table S4). Since MNPs
are produced and released only from the surface of the film, the
mass loss was normalized to the film’s surface area. Under
water shear forces, the normalized mass loss of aged films
reached approximately 0.128 mg/cm2 (18 times higher than
that of unaged films in water). In the gastrointestinal
environment, the normalized mass loss further increased to
about 0.196 mg/cm2 (28 times higher). These findings
highlight that photoaging is an initiating factor influencing
the mass loss of films, with the gastrointestinal digestive
environment further exacerbating this loss. Previous studies
have shown that lipases in the gut can accelerate the

Figure 5. Gastrointestinal digestion promotes mass loss of photoaged films. Comparative mass loss ratio in water and simulated gastrointestinal
fluid before and after 15 d of UV aging, starting from an initial mass of 50 mg (A), and mass loss of photoaged PLA/PBAT films, normalized to
surface area, in the same conditions (B); the corresponding numeric data are provided in Table S3. Data (mean ± SD) with different superscripts
above (one-way analysis of variance and Tukey’s post hoc tests, Table S4) were significantly different. The AFM 2D topography morphologies (C)
and corresponding 3D topography morphologies (F), along with a height profile line (E, lines 1−2) of the aged film after exposure to water. AFM
2D topography morphologies (D) and corresponding 3D topography morphologies (G), with a height profile line (E, lines 3−4), of the aged film
after exposure to simulated gastrointestinal digestive fluid.
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degradation of PLA microplastics, leading to the formation of
oligomeric nanoparticles.23 In addition, light also has a positive
effect on the swelling-induced fragmentation of the polymer
owing to the infiltration of ions.45 Therefore, the increased
mass loss of the photoaged film in the gastrointestinal
environment may be related to the enhanced accessibility of
digestive enzymes (enzymatic degradation) and ions (swelling
effects) on the surface of the aged film, as aging increases the
film’s hydrophilicity and surface energy (Figure 2G). It is
important to note that the in vitro gastrointestinal simulated
digestion fluid formulation referenced in this study (from
Lourdes et al.) does not include lipase. Consequently, in actual
gastrointestinal fluids, the mass and quantity of MNPs released
from aged PLA/PBAT films may be higher, potentially posing
an even greater health risk.

Subsequently, AFM was used to examine the morphology of
the aged films after exposure to water and gastrointestinal
digestive fluid, respectively. The results revealed that more
pores formed on the surface of the photoaged film following
exposure to gastrointestinal digestive fluid (Figure 5C, D).
These pores were observed to have diameters at the micron or
even submicron scale, with depths generally exceeding 100 nm
(Figure 5E, red lines, Figure 5G). In contrast, the depth of the
pores on the aged film exposed to water typically did not
exceed 30 nm (Figure 5E, blue lines, Figure 5F). It is
noteworthy that the presence of pores indicates that the release

of MNPs from the aged film in gastrointestinal digestive fluid is
uneven. This may be attributed to differences in the phase
distribution across the surface of the aging film (Figure 2C, F).
AFM phase imaging measures energy dissipation during tip−
sample interactions, providing insight into differences in the
material’s mechanical properties, such as elasticity, viscoelas-
ticity, and adhesive properties.46 The digestive enzymes and
ions in the gastrointestinal digestive fluid likely exhibit a
greater affinity for the altered phases of the film’s surface,
which leads to the uneven release of MNPs and the formation
of pores.

The mass loss of the films results in the release of MNPs.
MNPs were collected by centrifugation and subjected to
ultrasonic dispersion for no more than 5 min before measuring
their hydrodynamic size. Prolonged ultrasonic treatment could
cause further fragmentation of the MNPs, while without
ultrasonic dispersion, MNPs aggregation could adversely affect
measurement accuracy, necessitating a compromise between
these two factors. During the 5 min ultrasonic dispersion, no
significant reduction (p < 0.05) in the particle size of model
PSMPs was observed (Figure S4), suggesting that size
reduction due to ultrasonic dispersion within 5 min is
negligible. The hydrodynamic diameters of the dispersed
film-derived MNPs were 853 nm in water and 608 nm in
gastrointestinal conditions, respectively (Figure 6A, Table S3).
Additionally, the ζ-potentials of the film-derived MNPs were

Figure 6. Analysis of MNPs generation and tracing. Hydrodynamic diameter (A) and ζ-potential (B) of MNPs released from photoaged films in
water and gastrointestinal environments; The corresponding numeric data are provided in Table S3. Microscopic images of MNPs released from
the film after 15 d of aging under the treatment of ultrapure water (C) and simulated gastrointestinal digestive fluid (F). AFM-IR topography (D)
and nano infrared spectrum (E) of MNPs released from aged films in water environment. AFM-IR topography (G) and nano infrared spectra (H)
of MNPs released from aged films in the simulated gastrointestinal digestion environment. Corresponding peak matches are detailed in Table S1.
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−21.67 mV in water and −34.4 mV in gastrointestinal
simulated digestive fluid. The smaller hydrodynamic particle
size and increased negativity of the MNPs in the gastro-
intestinal environment are likely due to further particle
fragmentation and the release of more negatively charged
terminal groups, resulting from enzymatic degradation and ion-
swelling effect compared to the water environment.

The released MNPs appeared in flake, spherical, and
ellipsoidal shapes (Figure 6C, D, F, G). MNPs isolated from
the water environment tended to aggregate after drying,
resulting in a significantly larger particle size (Figure 6C). This
aggregation is likely due to the smaller negative charge on the
MNPs released in water (ζ-potential = −21.67 mV), compared
to those released in gastrointestinal digestive fluid (ζ-potential
= −34.40 mV). The reduced electrostatic repulsion led to

Figure 7. Effects of MNPs on THP-1 cytotoxicity. Cell viability after 24 h exposure to different concentrations of MNPs collected by centrifugation
from aged films in the gastrointestinal environment (A) and corresponding 4-PL fitted curves and calculated EC50 (B). Cell viability after 24 h
exposure to different concentrations of commercialized PS MNPs (C) and corresponding 4-PL fitted curves and calculated EC50 (D). Cell viability
after 24 h exposure to different concentrations of commercialized PMMA MNPs (E) and corresponding 4-PL fitted curves and calculated EC50 (F).
Cell viability after 24 h exposure to different concentrations of MNPs collected by ultrafiltration from aged films in the gastrointestinal environment
(G) and corresponding 4-PL fitted curves and calculated EC50 (H). The corresponding numeric data are provided in Table S3. Data (mean ± SD)
with different superscripts above (one-way analysis of variance and Tukey’s post hoc tests, Table S4) significantly different.
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particle agglomeration during the drying process, thereby
increasing particle size and limiting the collection of AFM-IR
data over a larger test range (Figure 6D).

To further investigate the origin and composition of the
released MNPs, nanoscale infrared spectroscopy was con-
ducted on the particles (Figure 6D, G; band range: 940 to
1220 cm−1, and 1310 to 1900 cm−1). The results revealed that
three key peaks, similar to those observed on the aged film,
were detected (Figure 6E, H; Table S1). These peaks were
located at 1690 cm−1, 1110 cm−1, and 1020 cm−1,
corresponding to C = O stretching vibration, C−O symmetric
stretching vibration, and bending vibration absorption due to
adjacent hydrogen atoms on the benzene rings, respectively.
The peak at 1020 cm−1 was notably weaker, which may
indicate that the released MNPs are predominantly composed
of PLA. Furthermore, the slight shifts in peak positions (Table
S1) are likely due to variations in laser settings and hardware
configurations during the measurement process.47 Interest-
ingly, the CI of MNPs released from the photoaged films in the
simulated gastrointestinal environment was significantly
increased (Table S2). This rise in CI is likely attributed to
the formation of smaller MNPs, which expose more carbonyl
groups on their surfaces, resulting in an enhanced CI.
Cytotoxicity of MNPs

Although the mass loss ratio of aged films in the simulated
gastrointestinal environment can reach approximately 9%
(Figure 5A), it is important to note that this mass loss does
not directly correspond to the mass of MNPs collected. This
discrepancy arises because the film’s mass loss may not be
solely attributable to MNPs release but could also include the
release of additives, monomers, and other impurities present in
the plastic,48,49 or the direct conversion of plastic carbon into
dissolved organic carbon (DOC) under light exposure.2

Additionally, a certain amount of loss occurs during the
MNPs collection process. Consequently, calculating the
cytotoxicity of MNPs based solely on film mass loss is likely
to underestimate their actual cytotoxic effects. In this context,
centrifugation and ultrafiltration methods were employed to
collect MNPs. Overall, the ultrafiltration method collected
more than twice the mass of MNPs (Figure S5). Moreover, the
hydrodynamic size distribution of MNPs collected via
ultrafiltration covered a broader range, from tens of nanome-
ters to about 1 μm (Figure S6). Compared to centrifugation,
ultrafiltration captured a greater number (over 90%) of
smaller-sized MNPs, ranging from tens of nanometers to 300
nm (Figures S6, S7). These findings indicate that ultrafiltration
is more effective for collecting smaller MNPs, which are likely
lost during the centrifugation collection process.

MNPs have been increasingly detected in various human
body fluids and organs, indicating their ability to translocate
across biological barriers, enter the circulatory system, and
ultimately accumulate in organs and tissues.50 Therefore,
investigating the cytotoxicity of MNPs is essential for assessing
their toxicological risks and offers valuable insights into
potential health impacts. THP-1 cells were chosen as a
model for cytotoxicity testing due to their extensive use in
studies on cellular uptake and toxicity, including research on
engineered nanoparticles and plastic MNPs.11,51 Furthermore,
as components of the innate immune system, macrophages
serve as sentinels that recognize, engulf, and degrade foreign
pathogens and particles, including MNPs.52−54 Cytotoxicity
was selected as an initial indicator of cellular stress and

damage, as it represents a crucial end point for evaluating the
biological impact of nanoparticles.55

First, MNPs collected by centrifugation from aged films in
simulated gastrointestinal digestive fluid were exposed to THP-
1 cells at various concentrations (0 to 1000 mg/L). The
viability of THP-1 cells gradually declined with increasing
MNPs concentrations, dropping to 43% at 1000 mg/L (Figure
7A, Table S3). The EC50 value was determined to be 495 mg/
L (Figure 7B). Then, ultrafiltration was employed to obtain a
more comprehensive understanding of the cytotoxicity of the
released MNPs. At MNPs concentrations of 500 mg/L and
1000 mg/L collected via ultrafiltration, cell viability further
decreased to approximately 16.7% and 9.2%, respectively
(Figure 7G, Table S3), with an EC50 of around 243 mg/L
(Figure 7H). Microscopic images revealed that MNPs
collected through ultrafiltration caused more severe cell lysis
at high concentrations (Figures S8, S9). These findings
indicate that smaller-sized MNPs contribute more significantly
to toxic effects in THP-1 macrophages. Smaller plastic particles
possess a higher proportion of surface-exposed molecules,
enhancing surface reactivity.4 Additionally, reduced particle
size may alter cellular uptake mechanisms, leading to increased
internalization, potential membrane damage, and elevated ROS
levels.11,56 Collectively, these factors likely contribute to the
observed increase in cell cytotoxic effects.

To further investigate the cytotoxicity of MNPs derived
from PLA/PBAT biodegradable films, cell viability tests were
conducted using two conventional plastics, polystyrene (PS)
and poly(methyl methacrylate) (PMMA), both frequently
employed in cytotoxicity studies as representative traditional
plastics.57 The conventional PS and PMMA MNPs exhibited a
hydrodynamic particle size distribution similar to that of
MNPs collected by centrifugation (Figures S10, S11, S7). Both
PS and PMMA MNPs caused a concentration-dependent
reduction in THP-1 cell viability (Figure 7C, E). The EC50 for
PS MNPs was determined to be 347 mg/L (Figure 7D), while
the EC50 for PMMA was 951 mg/L (Figure 7F). Additionally,
PS induced significant cell lysis at high concentrations
compared to PMMA (Figures S12, S13). The toxicity of
PLA/PBAT-derived MNPs collected by centrifugation on
THP-1 cells was observed to be intermediate between that of
PS and PMMA. In contrast, MNPs collected by ultrafiltration
exhibited the lowest EC50. This preliminary comparative
analysis suggests that PLA/PBAT-derived MNPs pose a
toxicity risk comparable to or even greater than that of
conventional plastic MNPs, underscoring the need for
comprehensive risk assessments and further research on the
health impacts of biodegradable plastics. The EC50 values
observed in this study are representative as they reflect the
potential toxicity of PLA/PBAT-derived MNPs under realistic
environmental conditions (gastrointestinal exposure following
photoaging), which closely simulate natural exposure scenarios.

■ CONCLUSION AND FUTURE PERSPECTIVE
The study demonstrates that UV-induced aging significantly
modifies the physicochemical properties of PLA/PBAT films.
Aging caused the films to yellow, increased their hydrophilicity
and surface energy, and progressively increased surface
roughness and fluctuation in a time-dependent manner.
Spherical and flake-like particles emerged in microregions of
the film, suggesting polymer chain breakage. Additionally, UV
aging led to C−H bond cleavage and an increase in the
carbonyl index. The possible photoaging pathways include the
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generation of carbon- and oxygen-centered free radicals, chain
scission, and the formation of oxidation products of oxygen-
containing functional groups including hydroxyl and carbonyl
groups. Water shear forces resulted in significant mass loss in
aged films in water environments, reaching approximately
0.128 mg/cm2. In gastrointestinal environments, this mass loss
escalated to around 0.196 mg/cm2, likely due to enzymatic
digestion and ion-swelling effects. The increase in mass loss in
gastrointestinal environments was reflected by the formation of
additional and deeper pores (exceeding 100 nm) on the film
surface. This mass loss resulted in the production of MNPs,
which were smaller than 1 μm and negatively charged.
Nanoinfrared analysis confirmed that these MNPs originated
from the aged films and consisted mostly of PLA. Ultra-
filtration more effectively collected MNPs released from aged
films in gastrointestinal environments, displaying a broader size
distribution, particularly of smaller-sized MNPs, and induced a
more pronounced toxic effect on THP-1 cells, with an EC50 of
243 mg/L. This finding indicates that smaller MNPs
contribute more significantly to THP-1 cytotoxicity. Com-
parative preliminary analysis suggests that PLA/PBAT-derived
MNPs may pose toxicity risks comparable to, or greater than,
conventional plastic MNPs, including those from PS and
PMMA. These findings indicate that UV-aged PLA/PBAT
plastics could present exposure risks to organisms in natural
environments, particularly when ingested through the gastro-
intestinal tract.

Previous studies have shown that nanoplastics are capable of
traversing the intestinal barrier, entering the circulatory system,
and dispersing across various organ tissues, thereby posing
potential health risks.10 Notably, upon entry into the
circulatory system, nanoparticles may acquire a protein corona
on their surfaces, which can substantially influence their
biological effects and tissue distribution in vivo.58 In light of
these findings, it is essential to identify and analyze the
composition of the protein corona on the surface of these
released MNPs and to assess how this composition impacts the
physiological responses of cells to MNPs and their distribution
within biological tissues in future research.
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