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This study delved into the impact of aging on the properties of five common microplastic types,
including polymethylmethacrylate (PMMA), polystyrene (PS), polyvinyl chloride (PVC), polyethylene
(PE), and polypropylene (PP). The aging process significantly altered the particle size distribution:

PS, PP, and PMMA underwent a contraction, with average sizes decreasing by 6.8%, 3.2%, and

1.7%, respectively, whereas PE and PVC experienced an expansion, with increases of 3.1% and 1.7%.
Notably, aging generally increased the specific surface area of all microplastics by more than 20%, a
change that could influence their environmental interactions. Scanning electron microscopy revealed
marked surface cracks and depressions in aged PE and PVC, in contrast to minor surface alterations

in PS and PMMA. Fourier transform infrared spectroscopy further indicated modifications in the
characteristic peaks of aged PMMA, PP, and PE microplastics. Exposure experiments demonstrates
that increasing microplastic concentrations from 100 mg/L to 5000 mg/L accelerated mortality rates
in clams, with juveniles exhibiting slower mortality onset compared to adults. Prolonged exposure

led to rising mortality rates across all groups, suggesting a cumulative toxic effect from long-term
microplastic exposure. These findings underscore the environmental ecological risks associated with
the altered physicochemical properties of aged microplastics, particularly for the Philippine clam. This
study provides an essential insight for advancing our understanding of microplastic behavior and their
ecological impacts, highlighting the need for further research to mitigate these environmental threats.

Keywords Microplastics, Philippine curtain clam, Acute toxicity, Natural degradation, Environmental health
risk

With the acceleration of industrialization, plastics have been widely utilized in packaging, manufacturing,
agriculture, healthcare, and daily life due to their light weight, durability, and low cost'. However, the extensive
production and use of plastics have led to the accumulation of plastic waste in the environment. In nature, plastic
waste degrades into tiny particles, known as microplastics, through physical, chemical, and biological processes?.
Currently, microplastic pollution has become a global environmental issue. Microplastics have been detected in
oceans, freshwater, soil, and even the air, not only in remote polar regions but also in urban water bodies and
soils?. The global distribution of microplastic types areas follows: 36% polyethylene (PE), 21% polypropylene
(PP), 12% polyvinyl chloride (PVC), <10% polyethylene terephthalate (PET), <10% polyurethane (PUR), and
<10% polystyrene (PS)>. A report by the U.S. Environmental Protection Agency on global marine microplastic
monitoring revealed that 90% of microplastics are concentrated in the upper 12 m of seawater, while about
40% are found below 20 m*. Among these, PE, PP, PS, and PES are the predominant polymer types in seawater,
beaches, and subtidal sediments°.

Microplastics can be ingested by marine animals, and studies have documented their ingestion by over
200 species®. Microplastics can also transfer across trophic levels. For instance, in freshwater food chains, PS
nanoparticles transfer from algae to zooplankton, and subsequently to species such as Oryzias sinensis and Zacco
temminckii’. The accumulation patterns of microplastics vary among marine organisms. In fish, microplastics
primarily accumulate in the liver, intestines, and gills®-!°, while in shellfish, they tend to accumulate in the
digestive gland, circulatory system, and gills'!. In crustaceans such as shrimp and crabs, microplastics accumulate
in the gills, muscles, and hepatopancreas'>!3. Since microplastics are non-nutritive, their ingestion may divert
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energy from reproduction to survival, potentially affecting subsequent generations'. High concentrations of PS
microplastics can disrupt the normal development of copepods, leading to developmental delays and significant
downregulation of the Usp gene associated with molting and metamorphosis'>. Under the influence of PET
microplastics, oysters exhibit reduced egg production and sperm quality, leading to lower larval development
levels'®. Furthermore, microplastics may adsorb heavy metals, organic compounds, and microorganisms,
thereby increasing their potential harm to ecosystems and organisms!’'°. The transfer and accumulation of
microplastics through the food chain ultimately pose significant threats to human health. Studies have shown
that microplastics entering the human body may affect various organs, the nervous system, and the endocrine
system?0-24,

However, the aging process of microplastics in natural environments also presents new challenges to marine
biological safety. Research indicates that ultraviolet (UV) radiation, heat, oxygen, and microorganisms are the
primary drivers of microplastic degradation. UV radiation initiates polymer chain breakage through photo-
oxidation, while heat accelerates oxidation and decomposition?®. Microorganisms further degrade microplastics
by secreting enzymes?®. Aged microplastics fragment into smaller particles (e.g., nanoplastics), which can more
easily penetrate biological barriers such as cell membranes and intestinal walls, entering marine organisms and
causing more severe ecotoxicological effects?’. Studies have shown that aged microplastics ingested by marine
diatoms lead to cell membrane damage, mitochondrial dysfunction, and oxidative stress, ultimately triggering
apoptosis or necrosis?®. In marine mussels, aged microplastics may activate the immune system, inducing excessive
inflammatory responses that result in tissue damage or chronic inflammation®. In freshwater shrimp, aged
microplastics may interfere with the endocrine system, affecting the development and function of reproductive
organs, leading to reduced reproductive capacity or abnormal embryonic development®. Aging causes the
surface oxidation of microplastics, forming functional groups such as hydroxyl and carboxyl groups, which
may enhance interactions with biomolecules, leading to cell damage or inflammatory responses in organisms
like Spirulina’!. The increased surface area of aged microplastics makes them more prone to adsorb persistent
organic pollutants (e.g., polycyclic aromatic hydrocarbons, pesticides) and heavy metals, forming “pollutant-
microplastic complexes” that amplify their toxicity*’. During aging, additives (e.g., plasticizers, antioxidants) and
monomers (e.g., bisphenol A, styrene) in microplastics may be more readily released into the environment. These
additives and monomers pose potential hazards such as endocrine disruption, carcinogenicity, and reproductive
toxicity®®. Aged microplastics are more likely to transfer through the food chain, leading to bioaccumulation and
biomagnification in organisms>. Therefore, the aging process of microplastics not only threatens the stability of
marine ecosystems but also poses potential risks to the quality and safety of marine products and human health.

Mollusks play a crucial role in marine ecosystems, serving as intermediaries in the food chain that connect
primary producers to top predators while maintaining environmental balance through their biofiltration
processes®. The Philippine curtain clam, a small marine bivalve, is widely distributed along the coastlines of
China, Japan, Korea, and North Korea. Due to its suitability for high-density aquaculture and its economic
value in human diets, this species is widely used as a model organism for monitoring and assessing marine
pollution. The filter-feeding nature of clams makes them ideal carriers of microplastic particles and trace
pollutants. Studies have shown that wild clams contain various types of microplastic particles, including fibers,
fragments, films, and granules“, with the most common types being PE, PET, PP, and PS%. These microplastics
primarily accumulate in key tissues such as the digestive tract and gonads of clams, potentially causing toxic
effects®®. Ingested microplastics can also concentrate chemicals and persistent organic pollutants, posing high
risks of cancer and debilitating diseases to humans through the food chain®*-*!. Although there are extensive
literatures on the aging and toxicity of PS*2, reports on the toxicity of aged microplastics such as PE, PP, PVC,
and polymethyl methacrylate (PMMA) in clams are limited. This is significant because microplastics derived
from synthetic polymers with different chemical and physical properties may induce varying toxic effects.

This study focuses on the Philippine curtain clam, a species that plays a vital role in marine ecosystems and is
also widely farmed for economic purposes. The research investigates the toxic effects and distribution patterns
of five common plastics (PP, PS, PMMA, PVC, and PE) in natural seawater on both adult and juvenile Philippine
curtain clams. The findings not only elucidate the degradation mechanisms of microplastics but also provide
critical scientific insights for assessing their ecological safety in marine organisms. These results contribute to a
deeper understanding of microplastic pollution and offer theoretical support for developing effective mitigation
strategies.

Materials and methods

Preparation of microplastics

The method employed to prepare five sets of microplastic samples was described by Wang et al.**, each composed
of different polymers: polypropylene (PP) (A.R., Yi En Chemical Technology Co., Ltd., Shanghai, China),
poly-methyl methacrylate (PMMA) and poly-vinyl chloride (PVC) (A.R., Aladdin Biochemical Science and
Technology Co. Ltd., Shanghai, China), polystyrene (PS) and polyethylene (PE) (A.R., Sigma Aldrich Trading
Co., Ltd., Shanghai, China).

Two agate milling jars, each containing 6 g of plastic pellets and 30 ml of a 0.05% bovine serum protein
(BSA) solution (A.R., McLean Biochemical Technology Co. Ltd., Shanghai, China) as a stabilizer, were sealed
and subjected to 16 h of planetary ball milling (Xinnuo Instrument Group Co., LTD, Shanghai, China) to create
a plastic suspension. The suspension was then balanced, weighed, and centrifuged at 10,000 rpm and 4 °C for 20
min. The supernatant was analyzed for particle size using a laser diffraction meter (Mastersizer 3000E, Spectrum
Instrument System Co. Ltd, Shanghai, China) and filtered to obtain moist microplastic samples, which were
dried at 50 °C for 20 min, yielding microplastics with a particle size range of 0.8-1.0 um.
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Aging of microplastics

The design of the experimental seawater aging apparatus for microplastics is depicted in Figure S1. The main
component of the device is a transparent PMMA tube with dimensions of 20 cm in length, 5 cm in outer diameter,
and 4.6 cm in inner diameter. Both ends of the tube are sealed using hydrophilic polytetrafluoroethylene (PTFE)
filter membranes, which have a pore size of 0.45 um. The method for sealing the filter membranes and their
dimensions is detailed in reference’®. Waterproofing around the ends and the body of the device is achieved
using PTFE waterproof tape, and the apparatus is finally secured with stainless steel pipe clamps. The finished
device is shown in Figure S1.

500 mg of each kind of plastic was taken into a beaker respectively, and 100 ml of seawater (sourced from
the Aquatic Experimental Farm of Jimei University, Xiamen, China) was added. After thorough mixing and
ultrasonic treatment, the mixture evenly dispersed the plastics into the seawater. The treated suspension was
then added into the seawater aging device, which had been designed in the previous section, sealed, and placed
into a transparent EVA bucket equipped with a 1 mm mesh seal (Figure S2). The bucket was filled with seawater
and submerged into the seawater storage tank at a depth of approximately 1 m for natural aging. To avoid
adverse factors such as waves, reefs, and the passage of fishing boats, which could potentially cause damage to the
experimental setup or pollution, the experimental location was selected to be the seawater storage tank within
the aquatic experimental site of Jimei University in Xiamen, China.

After 30 days of seawater aging, the device was removed from the seawater pool. The plastic was then
separated from the seawater using a filtration device. It was washed with ultrapure water and separated again
by filtration, with the washing process being repeated three times to obtain clean moist plastic powder. The wet
plastic powder was dried in an oven at 50 °C for 1 h to obtain dry plastic powder.

Microplastic staining

Rhodamine B (Rh B) was selected as the dyeing agent. Rh B working solution was made at a concentration
of 200 mg/L using anhydrous ethanol and ultrapure water as solvents, respectively. 500 mg of each of the
microplastics prepared in the Sect. 2.1 was taken and placed on a PTFE membrane. Rh B stained more effectively
with anhydrous ethanol than with ultrapure water as the solvent*>*®. However, PMMA is easily corroded after
contact with anhydrous ethanol?’, so in this experiment PE, PS, PP, and PVC were dyed using working solution
with anhydrous ethanol as solvent, and PMMA was dyed using working solution with ultrapure water as solvent.
Each kind of plastic was dropped into 3 mL of working solution, and after 30 min of dyeing, it was washed into
a clean 500 mL beaker with ultrapure water, and then filtered, dried and continued to repeat the above dyeing
operation until a uniformly dyed microplastic powder was obtained (Figure S3).

Microplastics characterization

The particle sizes of the aging samples were measured using a laser diffraction particle size distribution meter
(Malvern ms3000, Malvern Panalytical, Worcestershire, UK). When a laser beam passes through a dispersed
particle sample, the particle size was measured by measuring the intensity of scattered light, and then the data was
analyzed to calculate the particle size distribution that forms the scattering spectrum. The obscuration was set
to 5-20%, and the test was begun. The sample cell was cleaned once with ethanol and rinsed twice with distilled
water before use. After the cleaning process was completed, the sample cell was vacuum-degassed to remove
bubbles and dissolved gases, preventing interference with laser scattering and ensuring accurate measurements.
After the sample was added, the microplastic sample was stirred evenly dispersed in ultrapure water through the
dispersion head, ensuring that the obscuration remained at 5-20% before the measurement was started.

The sample obtained was directly dropped onto a single crystal wire silicon wafer (1 cmx1 cm) which was
then completely dried in a vacuum drying oven at 60°C. Following this, gold spraying was carried out and, after
the gold spraying, the samples were photographed by scanning electron microscopy. The working distance of the
detector was set at about 5 mm and the acceleration voltage was adjusted to 5 kv.

Each microplastic sample powder was mixed with potassium bromide at a ratio of 1:100 under infrared light
and was then pressed into a uniform transparent film by a manual tablet press. ATR-FTIR measurements were
made by an infrared spectrometer (Tensor 27, Brewer Co., Ltd., Germany). In the FTIR software, the advanced
measurement was selected, with air as the measurement background, and each measurement was performed at
a resolution of 4 cm™! in the 4500-400 cm™! area, with 130 scans per sample. The membrane sample was placed
into the membrane and the test was started after the background was determined. A blank was made for every
two samples that were analyzed.

Surface area and porosimetry analysis using the N,-BET method with a Nova 3200e analyzer (Quantachrome
Instruments, Boynton Beach, USA) was employed to characterize the component polymers, surface micro-
morphology, specific surface area, and pore volume of the particles.

Exposure experiments
Collection of Philippine curtain clams
Three hundred juvenile Philippine curtain clams with intact shells of similar size (shell length 1+ 0.20 cm, shell
height 0.5 £0.20 cm) were collected off the coast of Nandi Park, Longzhou Road, Jimei District, Xiamen City,
Fujian Province (N 24°56’26”, E 118°09°61”). They were brought to the laboratory and cleaned using seawater
filtered by 0.45 um millipore filter membrane (Jinteng Experimental Equipment Co., LTD, Tianjin, China).
Philippine clam seedlings were placed in a plastic incubator (15 cmx10 cmx10 cm), which was renewed daily,
kept aerated and fed with dilute starch solution. They were ready to be used for experiments after 24 h of
incubation.

Adult Philippine curtain clams (shell length 4+ 0.50 cm, shell height 2+ 0.50 cm) were purchased from the
Guankou Farmers Market, Jimei District, Xiamen City, Fujian Province, and were cleaned using ultrafiltered
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seawater. They were cleaned with ultra-filtered seawater and placed in a plastic bucket (36 cm x 35 cm x 27 cm).
The temporary culture method was the same as above.

Toxicological experiments on microplastics in Philippine curtain clams

Each original or aged microplastic was prepared with 0.45 pm-filtered seawater in a clean beaker to form 1 L
mixtures with four different concentrations of 100 mg/L, 500 mg/L, 1000 mg/L, and 5000 mg/L, respectively, and
the microplastic samples were evenly dispersed in the solvent by ultrasonic treatment before use. Six Philippine
curtain clams were cultured in each beaker. And control groups was also set up. Each group was set up with four
replicates. Observations were made continuously for 168 h, during which time the behavioral signs, survival and
mortality of the clams were recorded (Fig. 1). The salinity, pH, and dissolved oxygen were maintained at 2.50 +
0.07%, 8.01 + 0.12, and 7.00 + 0.18 mg/L, respectively. The oxygenation was intermittently supplemented during
the experiment.

The distribution of microplastics in Philippine curtain clams

Five microplastic samples stained with Rh B were added to 0.45 pm-filtered seawater in clean beakers to make
a suspension of 1000 mg/L, and the microplastic samples were dispersed evenly in the solvent by ultrasonic
treatment. Four adult Philippine curtain clams were cultured in each beaker. All experiments were completed
in four parallel groups. After 48 h of continuous exposure, the clams were rinsed three times with ultrapure
water to remove surface-adhered microplastics. The clams were then shelled and dissected to obtain the gills,
digestive glands, and the remaining tissues. Subsequently, tissue homogenization was performed on the gills
and digestive glands, and the biological samples were treated with a 10% KOH digestion method at 60 °C for
24 h*®% and centrifuged at a speed of 4500 r/min for 5 min. The supernatant was collected for the measurement
of fluorescence intensity using a fluorescence spectrophotometer (Shimadzu Corporation, Japan), and a spiked
recovery experiment was performed to ensure accuracy.

Statistical analysis

Statistical tests were conducted using the SPSS Statistical Analysis Software Program version 19. Independent
sample t-Test was used to analysis the particle size characterization, specific surface area, mortality rates
differences between the new and old groups and between adult and juvenile samples. One-way analysis of
variance (ANOVA) confirmed tissue distribution, mortality rates concentration-dependent differences across
all tested levels and mortality rates material-related differences. A probability level of P< 0.05 was considered
statistically significant.

Results and discussions

Particle size characterization

A detailed analysis was conducted on the particle size distribution of five types of microplastics (PS, PP, PMMA,
PE, and PVC), and the impact of aging on their particle size characteristics was investigated (Table 1). The results
indicate that aging exerts varying degrees of influence on the particle size distribution of microplastics. After
aging, the particle sizes of PS, PP, and PMMA significantly decreased (P < 0.05), with PS’s DX(90) reducing from
1.189 pum to 1.109 um, PP’s DX(90) from 0.948 pm to 0.917 um, and PMMA’s DX(90) slightly from 1.191 um to
1.177 pm. In contrast, the particle size distribution of PE and PVC expanded after aging, particularly notable in
PE, where the DX(90) significantly increased from 0.984 ym to 1.116 um (P< 0.05). These findings suggest that
the effect of aging on particle size distribution are material-specific and vary across microplastic types.

Specific surface area analysis
Based on the data provided in Table 2, we can observe the changes in the specific surface area (m?/g) of different
microplastics before and after aging treatment. The aging process generally significantly enhanced the specific
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Fig. 1. Schematic diagram of the experimental process.
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DX(10) um | DX(50) um | DX(90) pm
PS 0.723 £0.042 | 0.851 £0.031 | 1.189 +£0.038
PS (after aging) 0.681 £0.033 | 0.843 £0.012 | 1.109 £0.022
PP 0.516 £0.027 | 0.654 £0.034 | 0.948 £0.019
PP (after aging) 0.505+£0.042 | 0.636 £0.014 | 0.917 £0.045
PMMA 0.519 £0.016 | 0.918 £0.049 | 1.191 £0.037
PMMA (after aging) | 0.536 +0.038 | 0.872 +0.018 | 1.177 £0.044
PE 0.645 £0.035 | 0.782 £0.042 | 0.984 +£0.037
PE (after aging) 0.667 £0.051 | 0.815+0.038 | 1.116 £0.021
PVC 0.649 £0.028 | 0.737 £0.062 | 1.176 £0.017
PVC (after aging) 0.696 £0.037 | 0.749 £0.054 | 1.199 +£0.026

Table 1. The particle size of different microplastics.

PS PP PMMA PE PVC
Unaged treatment | 6.76 £0.13 | 9.46 £+0.24 |8.22+0.18 |9.87+0.29 |8.89£0.26
Aged treatment 8.52+£0.27 | 11.54 £0.15 | 10.19+£0.19 | 12.44 £0.23 | 11.11 £0.35

Table 2. Specific surface area of different microplastics (m?/g).

surface area of all microplastics (P< 0.001). Specifically, the specific surface area of PS increased by 26.0%, PP
by 22.0%, PMMA by 23.9%, PE by 26.0%, and PVC by 24.9%. These changes suggest that the aging process may
have led to alterations in the surface morphology of the microplastics, such as an increase in surface roughness or
a reorganization of the microstructure, thereby increasing their specific surface area. The statistical significance
of particle size characterization and specific surface area analysis indicates that the particle surfaces have been
eroded or the particles have undergone fragmentation, resulting in a decrease in particle size and an increase
in the exposed surface area. An increase in specific surface area could potentially influence the interactions
of microplastics with other substances in the environment, such as enhanced adsorption capacity, which may
increase the ecological risks associated with microplastics.

SEM analysis

The SEM analysis of different microplastics samples is presented in Fig. 2. PS microplastics are uniform
microspheres with a slightly rough surface and shallow cracks and dents before aging (Fig. 2(a)). The molecular
structure of PS contains a benzene ring, which provides stability and results in relatively good aging resistance for
PS. After aging, the surface of PS microplastics showed cracks and dents compared to those without aging, and
some PS microplastics were cracked and deformed into irregularly shaped fragments (Fig. 2(b)). No significant
changes in PP microplastics after aging were observed (Fig. 2(c-d)). PP microplastics are formed through the
polymerization and connection of numerous PP fragments. The surface is uneven and irregularly shaped, and
due to the molecular structure of PP containing stable carbon-carbon single bonds and carbon-hydrogen bonds,
these bonds are not easily broken under conventional conditions. The methyl side group (-CH,) of PP is non-
polar, which makes PP highly tolerant to many chemicals and less susceptible to chemical reactions.

PMMA microplastics and PMMA fragments bond and polymerize with each other. Although the
arrangement of non-aged PMMA microplastics is disorderly, it is evident that the surface is smooth, with fewer
cracks, and the microplastics are relatively full and round(Fig. 2(e)). The molecular structure of PMMA includes
stable carbon-carbon single bonds and carbon-hydrogen bonds, which are not easily broken under conventional
conditions. Additionally, although the carbonyl group (C =0O) of PMMA has a certain polarity, it does not
readily undergo chemical reactions under most environmental conditions. However, after continuous exposure
to seawater, some PMMA microplastics displayed some cracks (Fig. 2(f)).

The surface of PE microplastics before aging is smooth and uniform, with fewer cracks and a more full
appearance(Fig. 2(g)). After aging, the surface of PE microplastics exhibited obvious cracks and depressions
(Fig. 2(h)). This may be due to PE being a non-polar hydrocarbon polymer, where oxidation reactions occur,
leading to the formation of hydroxyl groups on the molecular chain, reducing the toughness of PE and causing
surface cracking.

Unaged PVC microplastics are very round and smooth, with almost no cracks on the surface, appearing very
full, and closely resembling spherical shapes(Fig. 2(i)). In contrast to non-aged PVC microplastics, those that
have undergone aging show cracks on the surface, and some exhibit significant depressions (Fig. 2(j)). Under the
influence of ultraviolet light and high temperatures, PVC may undergo dechlorination reactions, resulting in a
decline in material properties, and the appearance of slight cracks and surface depressions.

In summary, PE and PVC samples showed obvious cracks and depressions after aging. PS and PMMA
samples exhibited slight cracks and depressions post-aging. No significant aging marks were observed on PP
samples, which may be related to the hydrophobicity and insufficient aging time of PP powder. These findings
are consistent with those of previous studies>*->4,
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Fig. 2. SEM images of microplastics (A: before aging; B: after aging): (a) PS-A; (b) PS-B; (c) PP-A; (d) PP-B;
(e) PMMA-A; (f) PMMA-B; (g) PE-A; (h) PE-B; (i) PVC-A; (j) PVC-B.
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Fig. 3. FTIR plots of microplastics (A: before aging, blue line; B: after aging, red line): (a) PS-A; (b) PS-B; (c)
PP-A; (d) PP-B; (¢) PMMA-A; (f) PMMA-B; (g) PE-A; (h) PE-B; (i) PVC-A; (j) PVC-B.

FTIR analysis before and after aging

Ultraviolet radiation and oxygen exposure are the two main factors that induce the aging process of MPs in
aquatic environment. In the FTIR spectra of PS (Figure. 3 (a-b)), the O-H contraction vibration peak appeared
in the 3500 cm™!%°. The absorption peak nearly at 2400 cm™! is usually associated with the stretching vibration of
the carbon-hydrogen (C-H) bond on the benzene ring in PS*®. The adsorption band nearly in the 1700 cm™ was
attributed to the C= C stretching vibration in the aromatic structure in PS*.

After the aging of PP samples (Figure. 3 (c-d)), superficial signals were observed at 1650-1850 cm™! and
3250-3600 cm™!, which were determined to be the expansion vibrations of carbonyl groups (i.e., ketones, esters
and lactones) and hydroxyl groups (i.e., alcohols and hydroperoxides), respectively’®*. These infrared spectral
data showed that the oxidation, hydrolysis, and cracking of PP samples occurred during the aging process,
which led to the formation of some new functional groups. Compared with of PMMA samples (Figure. 3 (e)),
hydrolytic reaction or oxidation reaction may have led to the formation of a hydroxyl group during the aging
process (the characteristic peak at nearly band 3500 cmi* (Figure. 3 (f))%.

After the PE sample aging (Figure. 3(g-h)), a new O-H stretching vibration peak appeared near the band
3500-4000 cm™, indicating that chemical reactions such as oxidation or hydrolysis occurred during the aging
process of the PE sample. The formation of new functional groups on the MPs surface, such as vinyl, carbonyl,
and hydroxyl/hydroxyl peroxides, resulted in a significant increase in the carbonyl index of MPs, which is
consistent with previous studies®!.

In the FTIR spectra of PVC (Figure. 3 (i-j)), similar to the FTIR spectra of PS, the O-H contraction vibration
peak appeared in the 3500 cm™1%. The absorption peak nearly at 2400 cm™! might exist C= O absorption
band in PVC® The adsorption band nearly in the 1700 cm™ was attributed to the C= O stretching vibration
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peak appeared in PVC?!, and the CH, deformation appeared in the 1400 cnr™* band in PVC®. After aging, the
characteristic peaks of the samples did not change, and the shape of the characteristic peaks was basically the
same. This indicated that no new functional groups appeared in the aging process of these microplastics, which
may have been caused by the short duration and low degradation degree of the aging process of microplastics.

Exposure experiment results and analysis

Analysis of microplastic lethality

In the 100 mg/L microplastic exposure experiment depicted in Fig. 4, significant disparities in mortality rates over
time were observed between unaged and aged microplastics, as well as among different types of microplastics
(PS, PMMA, PVC, PE and PP). Adult Philippine clams exposed to non-aged PS, PMMA, and PVC began to
show individual deaths after continuous feeding for 72 to 86 h, while those exposed to PE and PP began to
die after 100 to 132 h. In the PS, PMMA, and PVC exposure groups, the mortality rate of clams reached 50%
between 110 to 120 h, while in the PE group, it was observed at 158 h, and in the PP group, the clam mortality
rate remained at 20% from 145 h onwards. Adult Philippine clams exposed to aged PS, PMMA, and PVC began
to show individual deaths after continuous feeding for 72 to 86 h, while those exposed to PE and PP began to die
after 96 to 120 h. In the PS, PMMA, and PVC exposure groups, the mortality rate of clams reached 50% at 115 to
122 h, while in the PE group, it was observed at 145 h, and in the PP group, the clam mortality rate was 40% at
160 h. In the adult clam group, both non-aged and aged PS, PMMA, and PVC exhibited strong toxicity. Aged PE
and PP exhibited stronger toxicity compared to the non-aged group, while aged PS, PMMA, and PVC showed a
certain degree of toxicity reduction compared to the non-aged group.

Juvenile Philippine clams exposed to non-aged PS, PMMA, and PVC began to show individual deaths after
continuous feeding for 108 to 120 h, while those exposed to PE and PP began to die after 132 to 146 h. In the
PS, PMMA, and PVC exposure groups, the mortality rate of clams reached 50% at 145 to 150 h, while at 160 h,
the clam mortality rate was 40% in the PE group and 20% in the PP group. Juvenile Philippine clams exposed
to aged PS, PMMA, and PVC began to show individual deaths after continuous feeding for 132 to 146 h, while
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Fig. 4. Mortality of Philippine Curtain Clam in exposure experiments with 100 mg/L concentration of
microplastic suspensions: (a) Adult Philippine curtain clams exposed to unaged microplastic; (b) Adult
Philippine curtain clams exposed to aged microplastic; (c) Juvenile Philippine curtain clams exposed to unaged
microplastic; (d) Juvenile Philippine curtain clams exposed to aged microplastic.
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those exposed to PE and PP began to die after 132 h. From the onset of individual deaths until 160 h, in the PS,
PMMA, and PVC exposure groups, the mortality rate of clams reached 50% at 155 to 160 h, while in the PE
and PP groups, the clam mortality rate was 40% at 160 h. In the juvenile clam group, both non-aged and aged
PS, PMMA, and PVC exhibited strong toxicity. Aged PE and PP exhibited stronger toxicity compared to the
non-aged group, while aged PS, PMMA, and PVC showed a certain degree of toxicity reduction compared to
the non-aged group.

From the above analysis, it is evident that PS, PMMA, and PVC have a stronger toxic effect on both adult and
juvenile Philippine clams compared to PE and PP. This might be due to the significantly higher specific surface
area of PE and PP before and after aging (Table 1), which allowed them to more effectively adsorb inorganic
or organic contaminants in seawater®%, providing a certain degree of purification to the seawater. Compared
to the original microplastics, the toxic effect of aged PS, PMMA, and PVC on both adult and juvenile clams
showed a slight reduction, but aged PE and PP exhibited significantly stronger toxicity. This might be due to
the formation of new groups in aged PE and PP, such as highly hydrophilic -OH groups, which can induce lipid
peroxidation reactions, protein and DNA denaturation in clams®, leading to cellular damage and functional
impairment. Although PMMA also formed highly hydrophilic groups during aging, it did not show significant
toxicity enhancement, possibly because most PMMA remained hydrophobic after aging®’. The mortality rate of
juvenile Philippine clams was lower than that of adults under the same conditions, possibly because the daily
food intake of juvenile clams was much lower than that of adults, making it more difficult for microplastics to
accumulate in their bodies. Additionally, due to their smaller size, juvenile clams might have more difficulty
ingesting the gradually floating plastic samples compared to adults. And their overall lower metabolic rate may
have influenced how rapidly they accumulated and reacted to toxins.

Figure 5 illustrates that in the exposure experiment with a microplastic sample concentration of 500 mg/L,
the initiation of mortality in adult Philippine clams exposed to unaged PS, PMMA, and PVC commenced after
60 h of continuous feeding. Conversely, in the exposure experiments involving PE and PP, mortality onset
occurred between 84 and 108 h. Within the PS, PMMA, and PVC exposure groups, 50% clam mortality was

100 | PS 100 | s
—— PMMA —— PMMA
—— PE —PE
80 | [——rpP 80 - |—— PP
s —— PVC 9 —— PVC
60 & eof
2 2
B af & 4ot
(o] (]
= =
20 20 F
0Fr 0}
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
20 0 20 40 60 80 100 120 140 160 180 20 0 20 40 60 80 100 120 140 160 180
TIME(h) TIME(h)
(a) (b)
100 - i wob—Ps
—— PMMA — PMMA
—— PE —PE
80 | [——rpP 80 - |[—— PP
= —— PVC 9 ——PVC
E 60 E 60
< 2
B oal B owf
o o
= =
20 20 -
0F 0F
L 1 1 L 1 1 1 1 L 1 1 L | 1 L 1 L 1 1 L
-20 0 20 40 60 80 100 120 140 160 180 -20 0 20 40 60 80 100 120 140 160 180
TIME(h) TIME(h)

(e (d)

Fig. 5. Mortality of Philippine Curtain Clam in exposure experiments with 500 mg/L concentration of
microplastic suspensions: (a) Adult Philippine curtain clams exposed to unaged microplastic; (b) Adult
Philippine curtain clams exposed to aged microplastic; (c) Juvenile Philippine curtain clams exposed to unaged
microplastic; (d) Juvenile Philippine curtain clams exposed to aged microplastic.
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noted between 110 h and 120 h, whereas in the PE group, it transpired at 142 h, and in the PP group, a 35%
mortality rate was observed after 160 h of culture. In adult Philippine clams subjected to aged PS, PMMA, and
PVC, mortality was detected after 60 h of continuous feeding, and between 84 and 108 h in the PE and PP
exposure experiments. The 50% mortality point for clams in the PS and PMMA exposure groups was reached
between 110 h and 118 h, in the PVC group at 132 h, in the PE group at 140 h, and in the PP group, a 35%
mortality rate was recorded after 160 h of culture.

Juvenile Philippine clams exposed to unaged PS, PMMA, and PVC exhibited mortality after 84 h of
continuous feeding, and between 108 and 120 h in the PE and PP exposure experiments. The 50% mortality
thresholds for clams in the PS, PMMA, and PVC exposure groups were achieved at 130 h, 122 h, and 145 h
respectively, in the PE group at 150 h, and in the PP group, a 35% mortality rate was documented after 160 h of
culture. Similarly, juvenile Philippine clams exposed to aged PS, PMMA, and PVC showed mortality after 84 h of
continuous feeding, and between 108 and 120 h in the PE and PP exposure experiments. In the PS, PMMA, and
PVC exposure groups, 50% clam mortality was attained at 128 h, 135 h, and 148 h respectively, in the PE group
at 150 h, and in the PP group, a 32% mortality rate was recorded after 160 h of culture.

The analysis reveals that, akin to the 100 mg/L exposure group, both juvenile and adult clam populations
exposed to unaged and aged PS, PMMA, and PVC exhibited greater toxicity compared to those exposed to PE
and PP. Elevating the microplastic sample concentration to 500 mg/L resulted in a marked shift in the mortality
timing of Philippine clams, with both the onset of mortality and the time to 50% mortality significantly shortened
for both adult and juvenile populations, suggesting a positive correlation between concentration changes and
microplastic enrichment in Philippine clams. Nonetheless, there was no discernible difference in mortality rates
between the aged and unaged groups across the five materials, possibly due to the high microplastic concentration
overshadowing the nuances in plastic types. Future investigations should delve deeper into the specific effects of
aging processes on plastic toxicity and assess the contributions of microplastic attributes such as shape, size, and
surface roughness to overall toxicity.

As depicted in Fig. 6, within the experimental framework involving a 1000 mg/L microplastic suspension,
adult Philippine clams subjected to non-aged PS, PMMA, and PVC exhibited initial mortality after sustained
ingestion periods ranging from 36 h to 60 h. Conversely, those exposed to PE and PP displayed mortality onset
between 72 h and 96 h. Notably, the 50% mortality threshold was reached in the PS, PMMA, and PVC groups at
120 h, 132 h, and 145 h, respectively, with the PE group at 145 h and the PP group at 160 h, registering a mortality
rate of 35%. In the context of aged PS, PMMA, and PVC exposure, adult Philippine clams mortality commenced
between 48 h and 60 h, with PE and PP exposures initiating mortality between 72 h and 96 h. The 50% mortality
mark was achieved in the PS, PMMA, and PVC groups at 138 h, 142 h, and 150 h, respectively, with the PE group
at 158 h and the PP group at 160 h, indicating a mortality rate of 40%.

Juvenile Philippine clams exposed to non-aged PS, PMMA, and PVC began to perish after 84 h of continuous
feeding, whereas those exposed to PE and PP experienced mortality onset between 108 h and 120 h. The 50%
mortality was observed in the PS, PMMA, and PVC groups at 119 h, 132 h, and 144 h, respectively, with the PE
group at 144 h and the PP group at 160 h, showing a mortality rate of 35%. In the scenario of aged PS, PMMA,
and PVC exposure, juvenile Philippine clams mortality initiation occurred after 84 h of feeding, with PE and PP
exposures resulting in mortality onset between 108 h and 120 h. The 50% mortality threshold was met in the PS,
PMMA, and PVC groups at 158 h, 140 h, and 148 h, respectively, with the PE group at 150 h and the PP group
at 160 h.

The experimental outcomes underscore that non-aged PS, PMMA, and PVC exert a heightened toxicity on
both adult and juvenile Philippine clams, manifesting as an earlier mortality onset and a quicker attainment of
the 50% mortality threshold. In contrast, PE and PP exhibit a diminished toxicity, with a delayed mortality onset
and a protracted timeline for reaching the 50% mortality mark. Aged PS, PMMA, and PVC appear to intensify
their toxicity towards adult Philippine clams, evidenced by an accelerated mortality onset and a hastened
50% mortality occurrence. However, the toxicity dynamics of aged PS, PMMA, and PVC towards juveniles
are incongruent; certain plastic types (e.g., PMMA) demonstrate a reduction in toxicity, while others (e.g., PS)
reveal an escalation in toxicity. This divergence suggests that the aging process may exert varied influences on the
toxicity profiles of different plastic types. Under congruent exposure parameters, adult Philippine clams typically
exhibit greater susceptibility to plastic toxicity, characterized by an earlier mortality onset and a higher 50%
mortality rate. This heightened sensitivity may be attributable to the physiological states, metabolic capacities,
and toxic substance tolerances of adults. As the duration of exposure lengthens, the mortality rates of clams across
all exposure cohorts escalate, albeit at disparate paces contingent upon the plastic type and aging condition. This
variability may be attributable to the bioavailability, bioaccumulation, and specific toxicological mechanisms of
plastics on organisms. At a concentration of 1000 mg/L, non-aged PS, PMMA, and PVC demonstrate a more
pronounced toxicity towards adult Philippine clams, with an earlier mortality onset and a more rapid attainment
of the 50% mortality threshold. This observation implies that the toxicological impacts of plastics may amplify
with escalated exposure concentrations.

As shown in Fig. 7, in the exposure experiment with 5000 mg/L microplastic samples, adult Philippine curtain
clams exposed to unaged PS, PMMA, and PVC began to die after continuous feeding for 48 h, while individual
deaths in the PE and PP exposure experiments started between 72 h and 108 h. The 50% mortality rate in the PS,
PMMA, PVC, PE, and PP exposure groups occurred between 142 h and 158 h. Adult Philippine curtain clams
exposed to aged PS, PMMA, and PVC began to die after continuous feeding for 36 to 48 h. Individual deaths
in the aged PS, PMMA, and PVC exposure groups started between 36 and 48 h, and in the PE and PP exposure
experiments, individual deaths occurred between 72 and 108 h. The 50% mortality rate in the PS, PMMA, PVC,
PE, and PP exposure groups occurred between 132 h and 155 h.

Juvenile Philippine curtain clams exposed to unaged PS, PMMA, and PVC began to show individual deaths
after continuous feeding for 84 h, and in the PE and PP exposure experiments, individual deaths occurred
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Fig. 6. Mortality of Philippine Curtain Clam in exposure experiments with 1000 mg/L concentration of
microplastic suspensions: (a) Adult Philippine curtain clams exposed to unaged microplastic; (b) Adult
Philippine curtain clams exposed to aged microplastic; (c) Juvenile Philippine curtain clams exposed to unaged
microplastic; (d) Juvenile Philippine curtain clams exposed to aged microplastic.

between 108 h and 120 h. Individual deaths were observed at 120 h. The 50% mortality rate in the PS, PMMA,
PVC, PE, and PP exposure groups for adult clams occurred between 140 h and 158 h. Philippine curtain clams
larvae exposed to aged PS, PMMA, and PVC showed individual deaths after continuous feeding for 84 h, and
in the PE and PP exposure experiments, individual deaths occurred between 108 h and 120 h. The mortality
rate of the clams increased stepwise from the onset of individual deaths to 160 h. In the PE and PP exposure
experiments, the mortality rate of the clams began to rise from 108 to 120 h. The 50% mortality rate in the PS,
PMMA, PVC, PE, and PP exposure groups for juvenile clams occurred between 140 h and 158 h.

At a concentration of 5000 mg/L, the onset of mortality in Philippine curtain clams did not advance as it did in
other concentration exposure groups, which may suggest that the enrichment rate of microplastics in Philippine
curtain clams approached its limit when the concentration was 1000 mg/L. The similar sensitivity of adult and
juvenile Philippine curtain clams to microplastics, reaching a 50% mortality rate at similar time points, further
indicates that the enrichment rate of microplastics has approached its limit.

The comprehensive analysis indicates that there are differences in the toxicity of various types and
conditions (aged versus non-aged) of microplastics to Philippine curtain clams, and factors such as microplastic
concentration, clam age, and exposure duration all influence toxicity manifestations.

There were significant differences in the lethality rates of new and aged microplastics at concentrations
ranging from 100 to 1000 mg/L (P< 0.05), while there were no significant differences in the values of new
and aged microplastics at a concentration of 5000 mg/L. This may be caused by the fact that the excessively
high content of microplastics may have masked the original differences between new and aged microplastics.
The filtration feeding system and metabolic mechanism of juvenile clams have not been fully developed.
At a concentration of 100-500 mg/L, they are more vulnerable to the effects of microplastics. The relatively
larger ratio of the surface area to the volume of juveniles makes them have more opportunities to come into
contact with microplastics, resulting in significant differences in the mortality rates (P< 0.05). However, at high
concentrations of 1000-5000 mg/L, a large amount of microplastics cause serious damage to the physiological
functions of both juvenile and adult clams, exceeding the differences in their tolerances, leading to no significant
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Fig. 7. Mortality of Philippine curtain clams in exposure experiments with 5000 mg/L concentration of
microplastic suspensions: (a) Adult Philippine curtain clams exposed to unaged microplastic; (b) Adult
Philippine curtain clams exposed to aged microplastic; (c) Juvenile Philippine curtain clams exposed to unaged
microplastic; (d) Juvenile Philippine curtain clams exposed to aged microplastic.

differences in the mortality rates. For the same material at different concentrations, there were certain differences
in the toxicity to adult and juvenile clams. Regarding aged microplastics and adult clams, the mortality rate of
PP at high concentrations was significantly higher than that at low concentrations. For example, except for the
concentration of 5000 mg/L, there were significant differences in the mortality rates among different groups
of PE; there was a positive correlation between the concentration of PS and the mortality rate. For juvenile
clams, the overall mortality rate caused by aged microplastics was 0%, but there were differences among specific
concentrations of some materials.

The distribution of microplastics within Philippine curtain clams
Upon exposure to stained microplastic suspensions at a concentration of 1000 mg/L for 48 h, the tissue
distribution within the Philippine curtain clams was depicted in Figure S4 and S5. In the PMMA exposure
group, the soft shell, gills, and digestive glands of the Philippine curtain clams were found to have been stained
pink, with the digestive glands exhibiting the deepest coloration, indicating that PMMA had been accumulated
predominantly in these tissues, with the highest concentration in the digestive glands (a). The PP exposure group
revealed a white soft shell, with minimal stained microplastics having been detected in the gills and digestive
glands, suggesting a minor enrichment of PP in these organs (b). Following exposure to PE, the soft shell of the
Philippine curtain clams was observed to have taken on a light pink to orange tint, while the gills and digestive
glands were notably dark pink, signifying that PE enrichment had been primarily localized to these tissues (c).
In the PS exposure group, the soft shell was lightly pink, the gills exhibited a more intense pink, and the digestive
glands were comparatively pale, indicating that PS accumulation had occurred across these tissues, with the gills
demonstrating the highest concentration (d). The PVC exposure group presented a white soft shell, with the gills
and digestive glands having been stained light pink, suggesting a minor presence of PVC in these tissues (e).
Quantitative fluorescence analysis revealed tissue-specific accumulation patterns of microplastics in the
Philippine curtain clams, consistent with previous studies!!. The distribution characteristics exhibited significant
plastic-type dependency and tissue specificity (Figs. 8 and S5). PS showed the highest accumulation in gill tissue

Scientific Reports|  (2025) 15:18078 | https://doi.org/10.1038/s41598-025-02823-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

V) Gil
100 -

Fluorescent intensities (%)

0 . - 1 f
PS PMMA PE PVC PP
Microplastic type

Fig. 8. Fluorescence intensity of microplastics distribution in the Philippine curtain clams. The different letters
inside the cumulative bars represent the significant differences in the proportion of fluorescent intensities
between different organs.The letters following the hyphen (-) represent significant differences in the proportion
of fluorescent intensities among different plastics within the tissue.

(6.25 ugl/g, 28.92%), significantly exceeding other tissues, likely due to the affinity of its benzene ring structure
for gill mucosal surfaces, while maintaining substantial levels in the digestive gland (5.67 ug/g, 26.24%). PMMA
demonstrated predominant enrichment in the digestive gland (6.6 ug/g, 35.00%, P <0.05 versus other tissues),
aligning with its hydrophilic properties that facilitate filter-feeding uptake. PE exhibited a dual accumulation
pattern in both gills (4.68 ug/g, 32.03%) and digestive gland (4.39 pg/g, 30.04%), with significant inter-tissue
differences (P <0.05) reflecting its moderate hydrophobicity-mediated trans-tissue transport. PVC showed
comparable distribution between gills (3.82 pg/g, 35.03%) and digestive gland (3.93 ug/g, 36.03%, P >0.05),
whereas polypropylene (PP) accumulated predominantly in the digestive gland (2.15 pg/g, 38.91%) and gills
(2.03 pg/g, 36.74%), both exhibiting limited tissue penetration due to high hydrophobicity. Notably, distinct
tissue distribution patterns emerged among plastic types ( P <0.05): PMMA and PP showed the highest relative
proportions in the digestive gland (35.00% and 38.91%, respectively), while PS and PVC maintained balanced
gill-digestive gland distributions, attributable to synergistic effects between physicochemical properties (e.g.,
hydrophilicity/hydrophobicity, functional groups) and biological uptake pathways (filter-feeding, respiration).

The results demonstrate that microplastic distribution is jointly regulated by physicochemical properties
and uptake mechanisms®. PMMA’s hydrophilicity promotes digestive gland enrichment via filter-feeding; PE’s
moderate hydrophobicity enables gill capture followed by digestive gland transfer; PS’s benzene ring enhances
gill adhesion; while Pp and PVC’s high hydrophobicity restricts tissue permeation, with PVC’s density further
reducing bioavailability. Crucially, all tested microplastics were detected in gills, confirming respiration as a
major uptake route, while digestive gland dominance underscores filter-feeding’s pivotal role. These findings
systematically elucidate microplastic translocation and accumulation mechanisms in aquatic filter-feeders,
providing critical scientific basis for ecological risk assessment.

Conclusion

This study demonstrated that short-term aging had a significant impact on the particle size of various types
of microplastics, with certain types experiencing changes in surface morphology, such as visible cracks and
depressions on PE and PVC surfaces. The specific surface areas of all types of microplastics were increased
by more than 20% after short-term aging, which may have enhanced their interaction with environmental
pollutants and contributed to water purification, to some extent reducing their toxic effects on Philippine curtain
clams. PE and PP with larger specific surface areas exhibited lower toxicity to both adult and juvenile Philippine
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curtain clams, whether they were aged or not. During the aging process, new functional groups such as hydroxyl
and carbon-carbon triple bonds were formed in some types of microplastics, such as PP and PE, which may have
caused tissue or cellular damage in Philippine curtain clams and enhanced the toxicity of aged PP and PE. Under
the same exposure conditions, the mortality rate of juvenile clams was lower than that of adult clams, possibly
due to differences in food intake, size, and metabolic rate, which impeded the accumulation of microplastics
and the rate of toxic effects. As the concentration of microplastics increased from 100 mg/L to 5000 mg/L, the
onset of mortality and the time to reach 50% mortality were significantly shortened for both adult and juvenile
clams, indicating a positive correlation between microplastic concentration and the speed of toxic effects.
With increasing exposure time, the mortality rate of all exposure groups increased, suggesting that long-term
exposure to microplastics may have led to cumulative toxic effects. All tested microplastics were detected in the
gills, confirming that respiration is the main uptake pathway. The dominant enrichment of microplastics in the
digestive glands highlights the core role of filter-feeding behavior. In summary, this study preliminarily revealed
that the type of microplastics, aging, concentration, and the age and size of the exposed organisms significantly
influenced the toxicity and mortality rate of Philippine curtain clams. The distribution of microplastics in aquatic
organisms is closely associated with their uptake mechanisms. These findings underscored the complexity and
multifaceted nature of microplastic toxicity and the importance of considering multiple factors when assessing
their ecological impacts.

Data availability
The data presented in this study are available on request from the corresponding author. The data are not publicly
available due to requirements of the research institution.
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