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is mainly derived from two sources: autochthonous (e.g., algal
and microbial metabolites) and allochthonous (e.g., terrestrial
input and anthropogenic activities).15 A previous study
reported that approximately 5.25 trillion MPs derived from
anthropogenic activities are floating at the sea surface,
contributing to 260−23,600 tons of dissolved organic carbon
(DOC) annually.16 Notably, the release of MPs-derived DOM
(MPs-DOM) is closely linked with various degradation
processes, such as mechanical abrasion, photo/thermal-
oxidation, and microbial degradation. Bio- and thermo-
degradations are slow compared to sunlight-driven photo-
degradation under ocean conditions, making sunlight exposure
the dominant pathway responsible for MP degradation and
MPs-DOM release in surface seawaters.17,18 Although the
photodegradation of plastics into DOM is widely recognized,
some limitations regarding the dynamic turnover of MPs-
DOM still exist. For instance, the exposure time of MP
photodissolving into MPs-DOM was largely confined to 60
days in documented experimental studies, while MPs in natural
marine environments can persist for much longer.19−21 As a
result, the dynamic molecular characteristics of MPs-DOM

during long-term plastic photodegradation are largely un-
known. In addition, prior studies mainly focused on the effects
of plastic types on MPs-DOM leaching, and the particle size of
MPs was barely considered. It is well-known that the surface-
to-volume ratio of the particle increases with decreasing
particle size, which might increase the contact interface
between MPs and light and consequently accelerate MP
photodegradation and MPs-DOM release.16 However, the
effect of MPs size on MPs-DOM leaching has not been well
characterized. Therefore, this study was designed to investigate
the influence of chemical structure and size of MPs on the
molecular fingerprint transformation of MPs-DOM under
long-term UV irradiation and elucidate the role of MPs-DOM
in global marine carbon cycles.

Specifically, we conducted 180 days of artificial weathering
experiments under sunlit seawater to study the dynamic
molecular characteristics of MPs-DOM using polyethylene
(PE) and polypropylene (PP) with different sizes. These two
types of MPs were selected since they are dominated buoyant
MPs (densities lower than seawater) and consequently more
prone to sunlight exposure.22,23 The surface morphology and

Figure 1. Physicochemical properties of MPs before and after aging. Representative SEM images of (a) PE and (b) PP before and after 180 day
aging. Scale bars in SEM images of large (i.e., PE-L and PP-L) and small (i.e., PE-S and PP-S) MPs are 1 mm and 100 μm, respectively. FTIR
spectra of (c) PE and (d) PP before and after 180 day aging. Variation of the carbonyl index of (e) PE and (f) PP under 10, 50, 110, and 180 day
aging. Data were expressed as mean ± standard deviation (n = 5). A significant difference is indicated at the *P < 0.05, **P < 0.01, or ***P < 0.001
level (“ns” represents not significant).
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chemical functional groups of virgin and weathered MPs were
characterized by scanning electron microscopy (SEM) and
Fourier transform infrared spectroscopy (FTIR). Subsequently,
the molecular compositions of MPs-DOM under long-term
MP photodegradation were further determined with three-
dimensional excitation−emission matrix fluorescence analysis
(3D-EEM) and Fourier transform-ion cyclotron resonance
mass spectrometry (FT-ICR MS). Lastly, characteristic
components of MPs-DOM with a significantly upward trend
(relative intensity-increased molecules along with aging
period) were selected to match our established DOM
molecular fingerprint database and projected into global
typical water environments.24 Based on the above character-
izations and analyses, we aimed to (i) reveal the effects of
chemical structure and size on the photoaging of MPs and
photochemical transformation of MPs-DOM; (ii) track
temporally dynamic features of MPs-DOM during persistent
weathering periods in sunlit seawater; and (iii) illuminate the
potential implication of MPs-DOM for marine carbon cycles.
Overall, this study deepens our understanding of MPs-DOM
molecular fingerprints under long-term sunlight, providing
valuable insights for marine organic carbon cycles.

■ MATERIALS AND METHODS
Chemicals. Two types of MPs (i.e., PE and PP) with

diameters of ∼5 mm and ∼250 μm, namely, PE large (PE-L),
PE small (PE-S), PP large (PP-L), and PP small (PP-S), were
purchased from Yangli Electromechanical Technology Co. Ltd.
(Shanghai, China). Infrared spectroscopy and scanning
electron microscopy of these MPs were conducted to confirm
the polymer types and surface morphology (Figure 1). All MPs
were thoroughly washed with alcohol and deionized water
three times to remove residual organic substances before use.
These MPs were chosen based on their prevalence in the
global plastic market, with PE and PP accounting for 26.3%
and 18.9% of total plastic demand, respectively, ranking them
first and second.2 In addition, these two types of MPs were
widely detected in global surface seawater owing to their lower
densities (∼0.9 g/cm3), making them more prone to sunlight
irradiation.23 Other analytical grade chemicals purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China)
were used without further purification. To prepare the artificial
seawater (see detailed chemical composition in Table S1),
electrolytes were weighted and dissolved in ultrapure water
(resistivity >18.2 MΩ·cm) and filtered through a 0.22 μm filter
membrane.

Aging Experiment. The aging experiments were con-
ducted according to our previous study.25 Briefly, pristine MPs
were exposed to continuous UVA irradiation (0.3 mW/cm2,
365 nm) for 180 days under artificial seawater to simulate
long-term coastal photoaging. Such UVA intensity was
comparable to the radiation intensity in the Hong Kong
coastal surface seawater at 1 m depth.25 Suspension withdrawn
on days 7, 14, 21, 28, 35, 50, 90, 110, 130, 150, and 180 were
filtered and stored in the dark at 4 °C before analysis. The
detailed experimental workflow, including the artificial weath-
ering process and subsequent characterization measurements,
is illustrated in Texts S1 and S2, Figure S1.

DOC and Spectrometry Analyses. The DOC concen-
tration of each sample was measured by a total organic carbon
analyzer (TOC-L, Shimadzu, Japan) after being filtered
through a 0.22 μm filter and acidification to pH 2. In addition,
leachates collected during the aging period were subjected to

3D-EEM using a fluorescence spectrometer (Duetta, Horiba,
Japan). A series of emission spectra from 255 to 500 nm with
0.5 nm intervals were collected over excitation wavelengths
ranging from 250 to 500 nm by 5 nm increment. Three
fluorescent indices, including the fluorescent index (FI),
biological index (BIX), and humic index (HI), were calculated
based on the EEM spectra.26,27 Furthermore, the parallel factor
analysis (PARAFAC) was performed using R package staRdom
to determine the variation of fluorescent components among
samples.28 The detailed procedures are described in Text S3.

FT-ICR MS Analysis. The filtered samples were concen-
trated by solid phase extraction (SPE) with Agilent Bond Elute
PPL cartridge (200 mg, 3 mL), while the blank was prepared
with artificial seawater following the same procedures.29

Detailed sample preparations are provided in Text S4. The
obtained SPE-DOM samples were measured using FT-ICR
MS (Solarix, Bruker Daltonik GmbH, Bremen, Germany)
equipped with a 15 T superconducting magnet, which was
operated with an electrospray ionization (ESI) source in
negative mode. The acquired ultrahigh-resolution mass spectra
with the range of 150−1000 m/z were subjected to internal
calibration, peak alignment, and formula assignment using our
in-house code.30 Herein, the potential formulas were
composed of 12C1−100

1H1−200
16O1−40

14N0−3
32S0−2

31P0−1 with a
signal-to-noise ratio >6 and absolute mass detection errors of
<1 ppm. To confirm the MPs-DOM specificity, the molecules
detected in artificial seawater were removed from UV-exposure
MP samples. Based on the identified formulas, the key
parameters for data analysis were determined according to
prior literature: H/C ratio, O/C ratio, double bond
equivalence (DBE), modified aromaticity index (AImod), and
nominal oxidation state of carbon (NOSC).31−33 All of the
indexes in this study were intensity-weighted values.
Furthermore, the calculated H/C ratio and O/C ratio were
applied to divide compounds into seven molecular groups.34

The detailed calculation processes and component classifica-
tion are described in Text S5.

To further understand the change of DOM molecular
characteristics during aging periods, we introduced a series of
indicators, including carboxyl-rich alicyclic molecules
(CRAMs) (higher values represent greater DOM stability), a
molecular stability boundary labile (MLBL) (higher values
indicate greater biodegradability), and island of stability (IOS)
(higher values indicate greater DOM recalcitrancy).35−37 In
addition, the ultrahigh mass resolution of FT-ICR MS data
makes it feasible to infer biochemical transformations of
molecules.38 Hence, we calculated mass differences between
FT-ICR MS peaks to further evaluate the biochemical
transformation potential for each molecule.39 All possible
pairwise mass differences were compared with a transformation
database and then counted for each molecule to classify the
molecular activity. The open algorithm and database for
calculating biochemical transformations can be found at
https://github.com/danczakre/Meta-Metabolome_Ecology.
Subsequently, the DOM assemblages were divided into four
contrasting partitions by considering reactivity and activity.40 It
should be noted that only the relative intensity-increased MPs-
DOM molecules during the aging period were subjected to
biochemical transformation potential analysis. The detailed
definition and classification of each fraction are presented in
Text S6.

Molecular Database. The synthesized molecular finger-
print database comprises 2853 water samples from previous
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studies and unpublished data across various aquatic ecosys-
tems, including rivers (n = 628), estuaries (n = 530), and
oceans (n = 1695) (see detailed data composition in Table
S2).41−50 All data with assigned formulas were combined and
incorporated to establish the DOM molecular database. For
the identification of MPs-DOM, the characteristic molecules of
MPs-DOM with a significantly relative intensity-increased
trend along with aging period were selected and then matched
with our database based on their formula. This comprehensive
data set provides a robust basis for identifying MPs-DOM
molecules and probing the latent contribution (at the
molecular level) of MPs-DOM to carbon cycling across the
river-to-ocean continuum.

Statistical Analysis. R studio (v 4.3.3), IBM SPSS
Statistics (v 25.0.0), and OriginPro 2023 (v 10.05) were
used for data analysis and graphing. One-way analysis of
variance (ANOVA) and Student’s t-test were applied to test
the significant difference of bulk parameters between different
groups. Principal coordinates analysis (PCoA) and analysis of
similarities (ANOSIM) were conducted to evaluate the
similarity of MPs-DOM components between the treatments
based on the Bray−Curtis distance. Linear regression analyses
were used to evaluate relationships between molecular
properties and aging times with a significance threshold of P
< 0.05. A correlation between the relative intensities of MPs-
DOM molecules and aging duration was considered statisti-
cally robust with Spearman’s correlation coefficient (R) > 0.5
and P < 0.05.

■ RESULTS AND DISCUSSION
Physicochemical Properties of Virgin and Weathered

MPs. The surface morphology of MPs before and after aging
was examined by SEM. As shown in Figure 1a,b, virgin MPs
displayed a relatively smooth surface, while an obvious rough

structure with visible cracks appeared on 180 day weathered
MPs. The distinct morphology of MPs depended on their
types and sizes. Specifically, the surface of PE exhibited pores
and protrusions (Figure 1a) but PP displayed significant pits
(Figure 1b), which was in line with previous studies.51,52

Notably, MPs with small sizes (i.e., PE-S and PP-S) exhibited
coarser surfaces compared with that of large MPs (i.e., PE-L
and PP-L) (Figure 1a,b), which was attributed to the enhanced
mechanical abrasion between particles owing to their elevated
specific surface area.53 Furthermore, the variation of chemical
functional groups obtained from the FTIR spectra provided
direct evidence of aging and oxidation in the MPs. Virgin MPs
displayed standard infrared peaks of PE and PP, whereas
abundant oxygen-containing functional groups (e.g., carbonyl
(∼1712 cm−1) and hydroxyl group (∼3400 cm−1)) emerged
on the MP surfaces following the 180 day weathering (Figure
1c,d). In addition, a new peak at 1104 cm−1 (stretching
vibration of aliphatic C−O) appeared for PE after 180 day
photoaging (Figure 1c), which was mainly attributed to the
attack of alkoxy radical.54 However, the diminishing peak at
1167 and 973 cm−1 (rocking vibration of CH3) and emerging
peak at 1103 cm−1 (stretching vibration of aliphatic C−O)
were observed for PP following the 180 day weathering (Figure
1d), indicating the vital role of alkyl and hydroxyl radicals in
polymer chain scission.53 The oxidation degree of MPs under
various weathering conditions was quantitatively evaluated
using the carbonyl index (CI).55 In this study, we observed a
successional increase in CI values for PE-L, PE-S, PP-L, and
PP-S after the 180 day aging, reaching 0.38 ± 0.07, 0.44 ±
0.05, 0.87 ± 0.17, and 1.14 ± 0.20, respectively (Figures 1e,f
and S2). It is noteworthy that PP had significantly higher CI
values than PE (Figure S2) (P < 0.05), with MP size further
affecting their CI values. Specifically, weathered PE with large
and small diameters displayed close CI values (Figure 1e),

Figure 2. Changes of DOC contents and fluorescent components. Variation of weight-normalized DOC concentrations of (a) PE and (b) PP MPs-
DOM under 180 day artificial weathering. Relative abundance of fluorescent components (C1−C5) calculated by the PARAFAC modeling for (c)
PP-L and (d) PP-S MPs-DOM under 180 day artificial weathering. Variation of HIX of (e) PE and (f) PP MPs-DOM under 180 day artificial
weathering. Data were expressed as mean ± standard deviation (n = 3). Significance analysis is conducted between large (PE-L/PP-L) and small
(PE-S/PP-S) MPs at the same time point. A significant difference is indicated at the *P < 0.05, **P < 0.01, or ***P < 0.001 level.
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while the CI value of PP-S was significantly higher than that of
PP-L (Figure 1f) (P < 0.05). Such results indicated that the
photoactivity of MPs followed the order of PP-S > PP-L > PE-
S > PE-L, which could be attributed to differences in their
chemical structures and sizes. Every other carbon atom in the
PP backbone is a tertiary carbon, making it more prone to
abiotic attack (e.g., UV irradiation and thermal oxidation) than
the secondary carbons in PE.17 In addition, the maximum
sensitivity determined by the bond dissociation energies also
follows the order of PE (96 kcal/mol at 300 nm) > PP (77
kcal/mol at 370 nm), indicating that less energy is required to
dissociate chemical bonds (e.g., C−C and C−H) in PP than
PE.52 Furthermore, it has been reported that surface to volume
ratio of the particle increases with the decrease in particle
diameter.16 The elevated specific surface area further increased
the contact interface between PP and light, which might result
in more production of free radicals (Figure S3) and
consequently accelerate MP photodegradation.53 However,
PE has relatively lower photoreactivity, and even the elevated
specific surface area failed to increase the production of more
free radicals (Figure S3), resulting in similar chemical
oxidation and FTIR profiles between PE-L and PE-S.

Changes of MPs-DOM Contents and Fluorescent
Characteristics. Plastic type and size showed a pronounced
influence on altering the MPs-DOM contents and composi-
tions under long-term weathering periods. As shown in Figure
2a and b, weight-normalized DOC concentrations significantly
increased with the extension of irradiation time for both PE
and PP, while distinct trends were observed for various MPs
and sizes. Specifically, PP can generally release more MPs-

DOM than PE, and the leaching ratios of PE-S (0.015) and
PP-S (0.081) were significantly higher than those of PE-L
(0.007) and PP-L (0.016), respectively (Figure S4) (P <
0.001), which was comparable with previous studies.19,51 At
the end of aging (180 d), the final averaged DOC content of
PP-S (14.38 ± 0.42 mg-C/g) was significantly higher than
those of PP-L (2.53 ± 0.31 mg-C/g), PE-S (2.52 ± 0.19 mg-
C/g), and PE-L (1.16 ± 0.16 mg-C/g) (Figure S5a) (P <
0.05). However, DOC concentrations of all MPs remained at
very low levels under dark (<0.02 mg-C/g) (Figure S6a). Such
results demonstrated that the increase of DOC originated from
MP aging. A previous study reported that MPs floating at the
surface of seawater contribute to about 260−23,600 t of DOC
annually; the values were estimated based on the results of
dark or 30 day light exposure.16 The experimental conditions
(e.g., MP types/concentrations, UV-exposure intensity, and
artificial seawater) in our study and the above published
literature were similar, and consequently, their results were
comparable. However, our results showed that the DOC
concentrations at 180 days were 10−150 times higher than
that in dark or 30 day light conditions. By considering the
difference of light exposure duration and intensity, scaling
factors with values of 18.9−284.5 were applied in this study.
Therefore, given the same weight of plastic waste in surface
seawater, the estimated DOC contents released from buoyant
MPs can reach 4,914−6,714,200 tons annually (details of
DOC estimation are provided in Text S7). Such values were
comparable with the DOM content in surface seawater (top 40
μm of the water column) and consequently increased marine
organic carbon storage and diversity.56

Figure 3. Bulk molecular indexes as a function of aging time. Comparison of (a) m/z, (b) DBE, (c) NOSC, (d) O/C, (e) H/C, (f) AImod, (g)
CRAMs, (h) MLBL, and (i) IOS between PP-L and PP-S MPs-DOM during 180 day artificial weathering periods. All FT-ICR MS molecular
parameters are intensity-weighted values. All data were fitted using a linear regression model, with R-square (R2) and P values obtained. The shaded
region represents a 95% confidence interval.
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The fluorescent characteristics of MPs-DOM were further
investigated by using EEM- PARAFAC analysis. As shown in
Figure S7, five fluorescent components were identified as
protein-like substances (C1 and C2) and humic-like
substances (C3, C4, and C5). The fluorescent intensity of
C1−C5 basically increased with the extension of irradiation
time for both PE and PP, which displayed similar trends for
a254 (Figure S8). However, a254 and the fluorescent intensity of
C1−C5 for all MPs remained at very low levels and showed
insignificant changes before and after incubation under dark
(Figure S6b−g). Such results indicated that photodegradation
greatly contributed to the release of chromophoric DOM and
fluorescent DOM from MPs to seawater. Notably, during the
irradiation, the relative abundance of protein-like substances
(C1−C2) increased from 29% to 50%, but the percentage of
humic-like substances (C3−C5) decreased from 71% to 49%
in PP-L (Figure 2c). Differently, in PP-S, the percentage of
C1−C2 initially increased from 64% to 88% but gradually
decreased to 34%, and the percentage of C3−C5 initially
decreased from 36% to 12% but gradually increased to 66%
(Figure 2d). Such temporal trend reversal was mainly
attributed to the different release levels of each component
at various aging periods (Figure S8a−d). However, the relative
abundance of protein-like substances (C1−C2) increased from
∼30% to ∼70%, but the percentage of humic-like substances
(C3−C5) decreased from 65% to 25% in PE-L and PE-S
(Figure S9a,b). Furthermore, to better understand the
variation of the DOM properties, three fluorescent indices
were calculated. As shown in Figure 2e,f, HIX values in PE
MPs-DOM slightly decreased with aging time extension, while
the opposite trend was observed for PP MPs-DOM (especially
for PP-S). At the end of irradiation (180 d), the final HIX
values of PP-S (0.71 ± 0.08) were significantly higher than
those of PP-L (0.64 ± 0.05), PE-L (0.39 ± 0.04), and PE-S
(0.31 ± 0.03) (Figure S5d) (P < 0.05). However, FI and BIX
decreased with extended aging time for PE and PP, and final
values followed the order of PE-S > PE-L > PP-L > PP-S
(Figures S5b,c and S9c−f) (P < 0.05). Notably, three
fluorescent indices for all MPs basically remained unchanged
before and after incubation in the dark (Figure S6h−j). Such
results might be attributed to the difference of MPs’
photochemical activity.19,57 MPs-DOM derived from MPs
with higher photochemical activity (i.e., PP-S) could be rapidly
transformed from a protein-like component to humic/fulvic-
like substances, while protein-like substances might be
persistently produced for MPs with lower photochemical
activity (i.e., PE-L, PE-S, and PP-L).

Temporally Dynamic Features of MPs-DOM Molec-
ular Chemodiversity. The detailed MPs-DOM variations at
the molecular level in different groups were further elucidated
by FT-ICR MS. The molecular compositions of MPs-DOM
basically remained unchanged at the initial and end of dark
treatments (Figures S10−S13), while UV exposure signifi-
cantly altered the dynamic features of MPs-DOM, as reflected
by PCoA analysis (ANOSIM test, R = 0.582, P = 0.001)
(Figures 3, S14 and S15). As the extension of aging duration, a
significant increase of m/z, DBE, and NOSC values was
observed for both PP-L and PP-S (Figure 3a−c) (P < 0.05).
However, O/C and H/C values increased or slightly decreased
for PP-L (P > 0.05) but significantly decreased for PP-S with
the aging times, whereas AImod values remarkably decreased
and increased for PP-L and PP-S, respectively (Figure 3d−f)
(P < 0.05). CRAMs widely exist in the ocean and constitute

the central part of the refractory dissolved organic matter
(RDOM) pool.37 The relative intensity of CRAMs significantly
increased from ∼0.2 to ∼0.5 for PP-S with the aging time,
which was greatly higher than that of PP-L, decreasing from
∼0.2 to ∼0.15 (Figure 3g) (P < 0.05). Furthermore, we
employed MLBL (higher values indicate greater biodegrad-
ability) and IOS (higher values indicate greater DOM stability)
indexes to indicate the evolution of MPs-DOM stability. As
shown in Figure 3h,i, significant increases and decreases were
observed for MLBL and IOS values (P < 0.05), respectively, as
the PP-S weathering, whereas inapparent changes occurred in
PP-L during this period (P > 0.05). Unlike PP, PE-L and PE-S
exhibited the same variation tendency, as shown in Figure S14.
The prolonged UV irradiation resulted in significant increases
of O/C, m/z, NOSC, and MLBL values (P < 0.05), while
remarkably downward values of AImod and CRAMs were
observed for PE (P < 0.05). These results showed that MPs-
DOM was rapidly transformed from protein-like component to
humic-like substances for PP-S,18 which was significantly
different from those for PP-L, PE-L, and PE-S (P < 0.05)
(Figures S16 and S17).

To further reveal the temporally dynamic features of MPs-
DOM, all samples were operationally divided into three stages
according to exposure intervals, such as the early stage (7−35
days), middle stage (50−110 days), and late stage (130−180
days). Overall, most of the molecular indexes (except for H/C,
MLBL, and IOS) showed significant changes from early stage
to middle or late stage but remained stable from middle stage
to late stage both for PE (ANOSIM test, R = 0.359, P = 0.002)
and PP (ANOSIM test, R = 0.21, P = 0.024), as proved by
PCoA analysis (Figures S18−21). Specifically, O/C signifi-
cantly increased from early stage to middle or late stage (P <
0.01), but H/C kept unchanged in these periods for PP-L,
whereas both O/C and H/C distinctively descended from
early stage to middle or late stage for PP-S (Figure S18a,b) (P
< 0.05 or 0.01). AImod significantly decreased from early stage
to middle or late stage for PP-L, but the value notably
increased in these periods for PP-S (Figure S18c) (P < 0.001).
In addition, m/z significantly increased from early stage to
middle or late stage for PP-L (P < 0.001), but the index kept
unchanged in these periods for PP-S (Figure S18d). However,
DBE and NOSC indexes significantly increased from early
stage to middle or late stage for both PP-L and PP-S (Figure
S18e,f) (P < 0.05, 0.01, or 0.001). CRAMs significantly
declined from early stage to middle or late stage for both PP-L
(P < 0.05 or 0.01), but the obvious elevation was observed for
PP-S (P < 0.01 or 0.001) (Figure S18g). Notably, the MLBL
and IOS values basically remained stable for PP-L during three
stages, while these two indexes were subjected to prominent
decline and increase from early stage to middle or late stage,
respectively, for PP-S (Figure S18h,i) (P < 0.05, 0.01, or
0.001). Unlike PP, although the prolonged UV irradiation led
to lower m/z, DBE, and NOSC (P < 0.05 or 0.01) for PE-S
compared with PP-L, most molecular indexes (e.g., O/C, H/C,
AImod, CRAMs, MLBL, and IOS) for PE-L and PE-S at three
stages exhibited the similar variation tendency as represented
in Figures S19 and S21.

Molecular Fingerprints of Accumulated MPs-DOM
Components. As the persistent DOM would play a vital role
in regulating marine carbon cycle,58 the relative intensity-
increased MPs-DOM (RIIM) molecules generated during the
aging period were emphatically investigated in the current
study. As shown in Figures 4a, S23a and Table S3, the number
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of MPs-DOM molecules with significantly upward trends (by
relative intensity) for PP-S, PP-L, PE-S, and PE-L was 728,
308, 279, and 353, respectively. None of them were detected in
blank (artificial seawater) and dark control samples, further
confirming their molecular specificity. In addition, the bulk
indexes of these fingerprint molecules were compared, and the
results showed that the increasing MPs-DOM of PP-S
possessed lower O/C, H/C, and m/z but higher NOSC,
AImod, and DBE values than those of PP-L based on statistical
analysis (Figure S22a−f and Table S3) (P < 0.001). The
potential biochemical transformation analysis was conducted
to further deepen the understanding of MPs-DOM turnover.
According to their reactivity and activity, all RIIM molecules
were parsed into four fractions: labile-active (LA), labile-
inactive (LI), recalcitrant-active (RA), and recalcitrant-inactive
(RI).40 For PP-L, LA molecules had the highest relative
abundance (by total molecule number) with the value of
42.9%, followed by LI (27.4%), RA (23.8%), and RI molecules
(5.9%). However, the relative abundance of different groups
for PP-S followed the order of RA (55.5%) > LI (21.2%) > RI
(19.1%) > LA (4.3%) (Figure 4b). The same analysis was
conducted for PE and the results are presented in Figure S23.

Notably, the RIIM molecules of PE-L had higher O/C and
NOSC values than those of PE-S (Figures S23b,g and Table
S3) (P < 0.001), whereas no significant difference for H/C, m/
z, DBE, and AImod was observed between PE-L and PE-S
(Figure S23c−f). Potential biochemical transformation analysis
of RIIM molecules of PE-L and PE-S exhibited similar results
compared with those of PP-L. LA molecules had the highest
relative abundance, ranging from 46.4% to 77.2%, followed by
LI (17.7%−33.1%), RA (3.9%−11%), and RI molecules
(1.2%−9.5%) (Figure S23h). Such results indicated that
MPs-DOM derived from MPs with higher photochemical
activity (i.e., PP-S) was rapidly transformed from a bioavailable
component to bioinert substances, while MPs-DOM derived
from weakly photochemical MPs (i.e., PE-L, PE-S, and PP-L)
have relatively higher bioavailability.

Molecular Projection of Accumulated MPs-DOM
Molecules onto Global Aquatic DOM Molecular Finger-
print Database. The persistent RIIM molecules were further
matched and projected onto an established aquatic DOM
molecular fingerprint database to probe the latent contribution
of MPs-DOM to carbon cycling across the river-to-ocean
continuum (Figures 4c−f and S24). After matching with the

Figure 4. Characteristics and projection of relative intensity-increased MPs-DOM (RIIM) molecules across three aging periods. (a) Marginal van
Krevelen diagrams showing the distribution of RIIM molecules derived from PP-L and PP-S during 180 day artificial weathering. (b) Relative
abundance of four partitioned fractions (i.e., labile-active (LA), recalcitrant-active (RA), recalcitrant-inactive (RI), and labile-inactive (LI)
molecules) for RIIM molecules derived from PP-L (n = 303) and PP-S (n = 728) based on the molecular reactivity and activity. Distribution of the
sample sites and the matching ratio of RIIM molecules derived from (c) PP-L and (e) PP-S across three aging periods. Relative abundance of RIIM
molecules derived from (d) PP-L and (f) PP-S matching in global rivers, estuaries, and oceans. Note that all match results are based on the
molecular level. A significant difference is indicated at the *P < 0.05, **P < 0.01, or ***P < 0.001 level.
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database, relative abundance (RA), representing the percent-
age of RIIM molecules in the natural water samples was
obtained. As shown in Figure 4c, only a small part of RIIM
molecules derived from PP-L were matched in the DOM
database, with the RA values ranging from 0.002 to 0.028.
Results obtained from statistical analysis showed that the RA
values of RIIM molecules derived from PP-L were significantly
higher in open oceans than those in rivers and estuaries
(Figure 4d) (P < 0.001). However, the remarkably higher
matching ratios (RA values ranging from 0.04 to 0.66) were
observed for RIIM molecules derived from PP-S, and the RA
values across different ecosystems followed the order of oceans
> estuaries > rivers (Figure 4e,f) (P < 0.001). Unlike PP, the
RIIM molecules derived from PE-L and PE-S exhibited similar
matching ratios with RA ranges of 0.004−0.19 and 0.01−0.28,
respectively (Figure S24a,c). In addition, the RA values of
RIIM molecules derived from PE-L were significantly higher in
open oceans and estuaries than in rivers (Figure S24b) (P <
0.001). In contrast, the values for PE-S followed the order of
estuaries > oceans > rivers (Figure S24d) (P < 0.01 or 0.001).
Although MPs-DOM molecules were matched with natural
aquatic DOM, identical formulas do not represent the same
chemical structure. However, such significant overlap still
highlights that plastic pollution might contribute to the marine
carbon pool, which potentially affects organic carbon turnover
and CO2 release, etc.16 In addition, to better understand the
unique role of MPs-DOM in marine environments, more
advanced technologies (e.g., LC-FT-ICR MS and FT-ICR
MS/MS) will be employed to identify their structural
information (e.g., the isomer cluster and functional group) in
future studies.

Environmental Implications. Oceans serve as the final
and largest sinks for global MPs, and the UV-induced
photodissolution of MPs is prevalent in marine environments.
Insight into the effects of MP inherent properties on the
release and transformation of MPs-DOM under long-term
sunlit seawater is important for understanding the marine
carbon-neutrality strategy involving plastics. This study used
ESI-FT-ICR MS to address the dynamic evolution of MPs-
DOM derived from MPs with different chemical structures and
sizes during persistent weathering periods and their potential
influence on marine carbon cycles. Results demonstrated that
MPs-DOM derived from MPs with higher photochemical
activity (i.e., PP-S) might significantly contribute to the
RDOM pool, whereas the accumulated MPs-DOM derived
from weakly photochemical MPs (i.e., PE-L, PE-S, and PP-L)
possesses higher bioavailability. Such labile MPs-DOM may
finally be transformed into refractory components (e.g.,
CRAMs) due to the role of microbial carbon pump.59 Based
on our normalized DOC leaching ratio, the estimated amount
of DOC contents released from buoyant MPs can reach
4,914−6,714,200 tons annually, which was comparable with
the DOM content in surface seawater (top 40 μm of the water
column). Such considerable and distinctive MPs-DOM can
significantly affect marine carbon cycling, e.g., microbial
activity, organic carbon storage, and CO2 emission. In
addition, small MPs exhibited higher levels of DOC release
and RDOM accumulation in comparison to large particles.
Notably, plastic debris in marine environments undergoes
various natural processes and is gradually broken down into
MPs and even NPs. Once degraded into NPs, the surface
properties (e.g., surface energy, chemical activity, and
heterogeneity) of plastics would greatly change, which might

significantly accelerate the leaching of DOC. Therefore, we
hypothesized that NPs might be a critical point from MPs
transforming to MPs-DOM, which should be considered in
future studies to comprehensively evaluate the effects of MP
pollution on marine organic carbon storage. While photo-
degradation dominates MPs-DOM release in surface seawaters,
the potential synergy with biodegradation under long-term
aging across different plastic size classes should also be
considered, given the vital role of microbes in marine carbon
cycling. Although pure polymers were used in this study,
various additives (e.g., antioxidants, plasticizers, and flame
retardants) can be added to plastic products in real
manufacture to improve their performance. Such a difference
might potentially affect MP degradation pathways and MPs-
DOM release kinetics, which merits more attention in future
studies. Furthermore, as MPs photodegrade, various additives
can also be released into water bodies. These chemicals are
reported to have ecotoxicity on marine microorganisms serving
as crucial primary producers (e.g., bacteria, algae, and
zooplankton), finally, in turn, imposing profound effects on
marine carbon cycling, which should be more attended in
future studies.
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