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ceptibility to microbial breakdown. Therefore, we investigated how simulated sunlight exposure influences the
subsequent (bio)degradability of radiolabeled *C-polyurea (PUA) microcapsules and '“C-linear low-density
polyethylene (LLDPE) particles. Using standardized OECD test guidelines, we conducted coupled photo- and
biodegradation experiments in both aqueous and soil environments. Our results demonstrate that simulated
sunlight exposure led to fragmentation of PUA microcapsules and the release of low-molecular-weight '4C-
labeled compounds, such as aminocaproic acid. Irradiated PUA microcapsules showed significantly enhanced
biodegradation in aqueous (up to 28 + 4.05 %g, OECD TG 301B) and soil-based tests (up to 63.2 & 13.4 %ag,
OECD TG 307), compared to negligible biodegradation in non-irradiated controls. In contrast, LLDPE MPs
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demonstrated only minor changes. These findings establish that abiotic weathering processes substantially in-
fluence MP biodegradability for certain polymer types, and demonstrate the necessity of incorporating realistic
environmental exposure conditions into standardized testing protocols. This study improves the understanding of
MP degradation pathways and supports more comprehensive regulatory evaluation strategies.

1. Introduction

The extensive production of plastics, including microplastics (MPs),
and their uncontrolled emissions into the environment raise major
concerns for human and environmental health. While most MP research
has focused on aquatic systems, MP pollution in agricultural soils has
been less investigated but its relevance is increasingly recognized. A
major source of MPs in soil is the fragmentation of plastic mulch films by
weathering, including abiotic processes such as sunlight exposure. Pri-
mary MPs, intentionally manufactured, also receive attention, with ex-
amples including polymer seed coatings and controlled-release
fertilizers.

Encapsulated plant protection products (PPPs), represent a lesser-
known source of primary MPs. In such products, the active ingredient
is enclosed within a polymer microcapsule to enable controlled release
and prolonged efficacy. Reports by the Food and Agriculture Organi-
zation [26], the United Nations Environment Programme [68], and the
Center for International Environmental Law (CIEL, [11]) identify
encapsulated pesticides as a potential contributor to MP pollution in
soils and related food security risks. In the past, regulatory risk assess-
ments for PPP have considered only the active ingredient, neglecting the
fate and potential persistence of the polymeric shell [18,38]. Only
recently attention has been given to the full formulation, including
polymer-based carriers, as highlighted by Brunning et al. [10] and
Nederstigt et al. [48]. The EU Annex XV Restriction Report [22] esti-
mated that capsule suspensions of PPPs account for ~ 500 t of MPs
released annually to agricultural soils in Europe.

One example is Prosper 300 CS (Bayer AG), a systemic fungicide
contained in polyurea (PUA) microcapsules. Based on product applica-
tion rates, the estimated worst-case scenario for microplastic (MP)
emissions is 150 g/ha per season, assuming a polymer content of 1-5 %
and up to three applications. These capsule suspensions are directly
applied to agricultural soils, hence their environmental fate, in partic-
ular the assessment of their persistence, demands further investigation.

The European Union has recently restricted intentionally added MPs,
targeting primary MPs 0.1-5mm in size added to products such as
cosmetics, fertilizers, detergents, and paints. Excluded are soluble,
naturally polymerized, non-carbonaceous, and biodegradable primary
MPs. For the latter, biodegradability must be demonstrated according to
Appendix 15 of Annex XVII to Regulation (EC) No 1907/2006 (REACH,
[23]). Current standard methods (OECD, ISO, SI — Table S1) focus on
ultimate biodegradability, usually measured as CO: evolution, without
accounting for abiotic weathering processes such as photooxidation,
mechanical stress, hydrolysis, or thermal degradation, even though
these can strongly influence MP environmental fate [13,28,46,73].

Recent literature has noted limitations of existing test methods for
MPs’ biodegradability [12,31,32,47,61,64]. Biodegradability tests were
designed for soluble or low-molecular-weight (LMW) chemicals, where
defining biodegradation solely by mineralization is reasonable for
degradation screening. For polymers and plastics, which may consist of a
complex mixture of molecules with varying molecular weights, likely
including additives or other plastic-associated compounds, mineraliza-
tion as only endpoint can misrepresent persistence. Polymeric micro-
capsules pose additional challenges. Due to their low polymer content
and multi-component composition they complicate biodegradation
testing, not to mention MP extraction procedures that can bias test re-
sults [37]. From a scientific perspective biodegradation of polymers is
usually divided into four steps: biodeterioration, depolymerization,
bioassimilation, and mineralization [32,43]. Therefore, alterations such

as MP fragmentation and the release of plastic-associated compounds
and transformation products might be relevant endpoints for degrada-
tion testing.

Photooxidation is a primary driver of polymer aging [27,33,41,44],
altering surface chemistry and increasing susceptibility to microbial
attack. Impurities or sorbed pollutants can accelerate photooxidation or
promote indirect photolysis through reactive oxygen species (ROS)
formation [21,73]. Dissolved substances such as cations, anions, dis-
solved organic matter (DOM), and minerals may further modulate these
processes [15,19,74,77]. While DOM can act as a photosensitizer [6,45,
55,69,75], other constituents may quench ROS, resulting in slower
degradation [42,71,72].

Environmental fate comprises multiple processes, yet most studies
address them separately (e.g., photochemical or biodegradation).
Recent reviews and studies highlight that photooxidation can substan-
tially alter polymer chemistry, size distributions, sorption behavior, and
corresponding bio-interactions but understanding its influence on sub-
sequent biodegradation remains largely absent from current testing
strategies. This represents not only a scientific knowledge gap but also a
regulatory gap in assessing the environmental persistence of MPs under
realistic conditions, particularly for microcapsule MPs. The European
Food Safety Authority (EFSA) has explicitly cautioned that excluding
surface processes such as photolysis from persistence assessments can
lead to overestimated degradation half-lives (DegTso) and false-positive
classifications of substances as persistent [24].

Our study addresses these gaps by investigating whether simulated
sunlight exposure impacts the subsequent biodegradability of MPs.
Using PUA microcapsules as a representative primary MP and linear
low-density polyethylene (LLDPE) as a source for persistent secondary
MP, we assessed biodegradation in both aqueous and soil systems sub-
sequent to phototransformation. The study is particularly relevant as it
demonstrates a sequential testing strategy combining established regu-
latory guidelines [52] and an OECD Draft TG [49] for simulated sunlight
exposure, OECD TG 301 [50] for screening biodegradation, and OECD
TG 307 [51] for biodegradation in soil, linking abiotic weathering to
biodegradation outcomes. We used radiolabeled polymers to enable a
precise mass balance analysis, mineralization tracking, and identifica-
tion of transformation products.

2. Material and methods
2.1. Polymers

14C-labeled PUA microcapsules (approx. 3.49 MBg/mg, Bayer AG,
Germany) were synthesized in a similar way as described in the patent
publication W02021136758 [39]. The synthesis was performed by the
interfacial polymerization of diisocyanate and polyamine in an
oil-in-water emulsion. For the radioactive labeling, [1,6—14C] hexame-
thylenediamine (HMDA, 1887 MBq/mmol, Tjaden Biosciences LLC,
USA), together with modified polymeric diphenylmethane diisocyanate
(pMDI) were used. The pMDI comprised > 2 binding sites, creating a
crosslinked polymer structure. Additional components in the suspension
included an organic phase, an oil (8.59 wt% of the undiluted CS, Sol-
vesso 200 ND, ExxonMobil, USA), a dispersant (0.23 wt%, Reax 88,
Ingevity Holdings SPRL, USA), and water (90.9wt%). In a second
approach, PUA was synthesized with a modified pMDI additionally
containing ester functions in the structure with the intention to increase
biodegradability of the final polymer structure (PUApoq). The PUA mi-
crocapsules are used for the encapsulation of pesticides and are present
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in certain pesticide formulations (e.g., in the fungicide Prosper 300 CS
https://www.cropscience.bayer.it/prodotti/fungicidi/prosper-300-cs,
Bayer AG) which are currently available on the European market. For
the radiolabeled material of this study, both PUA and PUAp,,q were
synthesized on a smaller scale (approx. 200:1 to production scale and
approx. 10:1 to normal lab scale), requiring lower concentrations and
smaller high-shear equipment (ULTRA TURRAX Tube Disperser,
IKA-Werke GmbH & CO. KG, Germany). The polymeric shell amounted
to less than 1 wt% of the 14C—suspension (w/w).

The PUA and PUA;,,q were purified by filtration through a 12 ym
pore-sized cellulose nitrate filter (Whatman AE 100, Cytiva, USA) to
remove residual non-polymerized *C-compounds and subsequently
resuspended in ultra-high-quality (UHQ) water (PURELAB Ultra, ELGA
LabWater, Germany) by ultrasonic bath treatment (Sonorex Super
RK514H, Bandelin GmbH & Co. KG, Germany) as described by Teggers
et al. [64]. The size distribution of the PUA and PUA ;4 suspensions was
determined using laser diffraction particle size analysis (PSA, Master-
sizer 2000, Malvern Panalytical Ltd, UK).

4G-labeled LLDPE MPs (70.46 MBq/g) were synthesized based on
methods described by Sinn et al. [62] and Quijada et al. [54], using
14 1-octadecene (2035 MBq/mmol, American Radiolabeled Chemicals
Inc., USA) and cryo-milled in order to imitate MPs originating from
agricultural mulch films, and their particle size distribution was
analyzed using PSA by Analysette 22 NanoTec, Fritsch GmbH, Germany.
For our experiments, the '*C-cellulose was dissolved in 1 N sodium hy-
droxide (NaOH) and for application, 700 uL. NaOH was dissolved in
7.5mL UHQ water for application with a radioactivity of
10.1 £ 0.07 kBq (average of n =4 and standard deviation (SD)).

2.2. Test soils

Reference soils RefeSol 01-A and 03-G (https://www.refesol.de/,
Fraunhofer IME, Schmallenberg, Germany; Supplementary information
(SI - Table S2) were utilized for the photodegradation and biodegrada-
tion tests. RefeSol 01-A soil consists of a sandy loam with light humic
properties and an organic carbon (OC) content of 1.03 %, representative
of typical arable soil properties. RefeSol 03-G represents a grassland soil,
with a silty loam texture, comprising higher contents of silt, clay and
organic carbon (OC: 3.87 %). Both are representative of agricultural
areas in Germany and are accepted by the German Federal Environment
Agency for use in regulatory guideline studies, e.g., addressing the
biodegradation of chemicals. Prior to testing, the soil was sieved to
achieve a particle size of <2 mm, and its water content was adjusted to
50 % of its maximum water holding capacity of 239 g/kg (WHCpax, SI —
Table S2).

2.3. Quantification of radioactivity in different compartments

Generally, the extent of mineralization as an endpoint of (bio)
degradation was calculated based on the evolved 14c0o,, which was
trapped in NaOH in a flow-through system. For the biodegradation test
in soil (OECD TG 307) and for the irradiation on soil surfaces (OECD
Draft TG), additional absorption traps containing sulfuric acid (H,SO4)
and ethylene glycol were used to trap volatile alkaline and organic C-
compounds, respectively. Since we tested '“C-labeled polymers, the
aeration of the flow-through setup could be done using ambient air
instead of COg-free synthetic air. The NaOH traps were sampled every
2-19 days during the incubation period, depending on the current rate
of *CO: development. The first NaOH samples were taken after 2 or 3 d,
and subsequent sampling intervals were adjusted based on the radio-
activity measured in the previous 2 d. If only a small amount of *CO:
had developed, the next sample was taken after a longer incubation
period. Conversely, high levels of detected radioactivity suggested a
rapid formation of 14COz. Therefore, sampling was performed in shorter
sampling intervals. The radioactivity within the traps was quantified
using liquid scintillation counting (LSC). For this purpose and depending
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on the test medium (alkaline, acidic, organic), 0.5 mL or 1 mL NaOH
were combined with 4 mL of the LSC cocktail Picofluor Plus (Perkin
Elmer, Germany), 0.5 mL ethylene glycol was combined with 10 mL of
the LSC cocktail Supersolve X (Zinsser Analytics, Germany), and 0.5 mL
H3SO4 was combined with 4 mL of the LSC cocktail Supersolve X and
measured with a liquid scintillation counter (HIDEX 600 SL LSC, HIDEX
Oy, Finland). The activity in aqueous phases was quantified, e.g., after
the end of the OECD TG 301B biodegradation test by combining 1 mL of
the sample with 4 mL Supersolve X. The remaining radioactivity in soil,
either after irradiation (OECD Draft TG) or upon terminating the
biodegradation test (OECD TG 307), was quantified by first drying the
soil, where necessary, and then combusting subsamples of approx.
300mg in an oxidizer (HIDEX 600 OX, HIDEX Oy, Finland). The
resulting 14C0, from the combustion was collected in specific LSC-
cocktail Oxysolve C-400 (Zinsser Analytic GmbH, Germany) and quan-
tified by LSC-analysis.

2.4. Simulated sunlight irradiation

2.4.1. General irradiation settings

Two different irradiation methods (MI and MII, Fig. 1) were applied
to simulate potential, relevant environmental photooxidation to which
the pristine polymers might be exposed in order to assess the size dis-
tribution after simulated sunlight exposure and the biodegradation. The
irradiation was either performed in an aqueous setting following the
OECD TG 316 [52] “Phototransformation of Chemicals in Water” (MI) or
on soil surfaces (MII) as described in OECD Draft TG [49] “Photo-
transformation of Chemicals on Soil Surfaces™.

All procedures were performed under continuous irradiation in the
chamber of a SUNTEST CPS+ device (295-800 nm, Atlas Material
Testing Technology GmbH, Germany), equipped with a Xenon lamp of a
light intensity of 75 W/m? at 300-400 nm according to the manufac-
turer’s specification. The intensity was verified using the BLACK-Comet
UV-VIS Spectrometer (BLK-CR2, StellarNet, Inc., USA). The irradiation
energy was translated to equivalent days of natural sunlight of summer
days in the Northern hemisphere (30-50°N) according to the calculation
as described in the OECD Draft TG [49]. Table 1 provides an overview of
the exposure durations applied in the respective testing procedures for
each irradiation method.

In addition to the air conditioning system of the SUNTEST CPS+, a
cryostat using ethylene glycol for cooling the base of the soil surface and
the base of the vials was installed (see SI - Fig. S1- E), F)) to maintain a
temperature of less than 35 °C in the aqueous suspensions and to cool
down the soil surface temperature. The temperature during all irradia-
tion experiments was monitored using thermo data loggers (EL-USB-TP
and EL-USB-TP-LCD; accuracy +0.55 °C), with measurements recorded
at hourly intervals. The sensor positions are shown in the SI - Fig. S1, D)
and H). For the OECD Draft TG one sensor was placed in the soil surface
chamber and one outside the chamber. For the aqueous irradiation the
sensor was placed at the bottom of the irradiated Quartz glass vial. After
light exposure, the radioactivity of the suspension and of the soil was
determined for mass balance analysis.

2.4.2. Aqueous irradiation (MD)

For the aqueous irradiation of the PUAoq (MI-Procedure 2, Fig. 1
and Table 2), six replicates of 15 mL PUAp,,q consisting of an applied
radioactivity (AR) of 5.23 + 0.21 kBq/15 mL were prepared in quartz
glass vials (@ 2.6 cm, 10.5 cm height, SI - Fig. S2) and placed in the
irradiation chamber. Three vials were sealed with gas-tight quartz glass
lids and used for the downstream biodegradation test (OECD TG 301B)
and the remaining three were closed with quartz glass lids, which were
equipped with an input and an output that were connected to a flow-
through system to trap potentially evolving *CO, in NaOH (see Sec-
tion 2.3 for details on the quantification of radioactivity). MI-Procedure
1 and MI-Procedure 3 (Fig. 1, Table 2) were performed with a higher
AR than 5.23 £ 0.21 kBq/15 mL. Five replicates each containing 15 mL
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Fig. 1. Procedures (P) to investigate the influence of simulated sunlight exposure of MPs by implementing two different irradiation methods (MI and MII) on the
biodegradation and fragmentation of the MPs using coupled standardized guidelines for irradiation and biodegradation tests. Details of the performed procedures are

provided in Table 2.

Table 1
Overview of irradiation exposure durations and test materials used in the
respective testing procedures.

Days of Irradiation

Procedure Irradiation Method Material [d]/eq. summer
days”

Procedure 1 and PUAmod 13.9/41.5

3 MI - Aqueous Irradiation LLDPE 13.9/41.5
Procedure 2 PUAmod  13.9/41.5

L . PUAmod
Procedure 4 MII - Irradiation on soil PUA 9.9/29.6
surface

LLDPE 10.1/30.1

@ Calculated to the equivalent sunlight energy of natural summer days in the
Northern hemisphere (30-50°N) acc. to OECD draft TG.

Table 2

Procedures to investigate the influence of light exposure of MP on their
biodegradation and fragmentation using coupled standardized OECD guidelines
for irradiation and biodegradation tests. (See Fig. 1 for the illustration of the test
methods.).

Irradiation/
A . . Tested
Procedure description biodegradation .
> Material
following
Procedure 1 Aqueous irradiation and PUA 04
OECD TG 316
(P1) sequential filtration LLDPE
Aqueous irradiation
Procedure 2 followed by OECD TG 316, PUA
(P2) biodegradation in aqueous ~ OECD TG 301B mod
environment
Procedure 3 23;; i:::; gradlauon OECD TG 316, PUA
(P3) ; oo OECD TG 307 mod
biodegradation in soil
Irradiation on soil surface OECD TG 316, PUAmod;
Procedure followed by OECD TG 307 PUA;
4(P4) biodegradation in soil LLDPE

of the PUAp,,q suspension (3.5 + 0.16 kBq/mL) and five replicates of
15 mL of the LLDPE suspension (4.6 + 1.95 kBq/mL) were placed in the
irradiation chamber.

2.4.3. Irradiation on soil surfaces (MII)

For MII-Procedure 4 (Fig. 1, Table 2), the irradiation of the poly-
mers (PUA4, PUA, Cellulose and PE) on the soil surface, the setup was
according to the draft OECD TG “Phototransformation of Chemicals on
Soil Surfaces” [51]. In a first step, 10 gqw (dry weight) soil (RefeSol 01-A,
see Section 2.2) were suspended in water in order to be cast in quartz
glass dishes (18 x 3.5 x 1 c¢m, SI - Fig. S2). Thereafter, the dishes were
placed in a drying cabinet at 35 °C to generate a dry soil layer with a
thickness of approx. 2 mm.

For the application 1.5 mL of PUA or PUApeq (31.7 + 0.06 kBq/
1.5 mL PUA; 26.0 &+ 0.04 kBq/1.5 mL PUA,q) were applied (n = 4 of
the dried soil each). Since in previous tests the SD observed for the
aqueous application of the LLDPE suspension was high, in this test exact
amounts of 1.7, 1.9, 2.1, and 2.8 mg of LLDPE with a determined specific
radioactivity of 56.6 kBq/mg were weighted and mixed into the 10 mL
water aliquots (equals to a total applied radioactivity (AR) of 96.1, 107,
119, 158 kBq respectively). These aliquots were then used for prepara-
tion of the soil suspension used for generating the soil layer. Overall, two
replicates (R1 and R2) were irradiated. According to the draft OECD TG,
the temperature of the irradiated soil layer shall be kept at 20 + 2 °C.
However, the proposed set-up of the draft OECD TG inevitably generates
a temperature gradient, as the lower part of the soil layer is in close
proximity to the cooling system, which is set to > 5 °C and the surface of
the soil is directly exposed and heated up upon irradiation from the
xenon lamp, reaching up to approx. 80 °C (SI — Fig. S3 and S4).

This means that the soil layer is exposed to extreme temperature
conditions and the temperature requirement of the guideline cannot
fully be maintained [25,35]. Hence, the two remaining replicates were
prepared as dark controls in a drying cabinet in which the temperature
was set at the highest observed soil temperature (80°C) during irradia-
tion as worst case for possible temperature-induced degradation. This
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approach aimed to reliably distinguish between degradation induced by
thermal effects from that induced by temperature combined with the
photolytic degradation. The light-exposed soil layers were connected to
the flow-through system to trap evolving volatile acidic compounds such
as 1*C0O2, alkaline and organic compounds during irradiation.

2.5. Biodegradation tests

We applied a two-step testing approach in which simulated sunlight
exposure, performed according to OECD TG 316 (aqueous medium) or
the OECD Draft TG (soil-surface photolysis), was followed by biodeg-
radation testing using OECD TG 301B or TG 307. This sequence reflects a
potential realistic environmental pathway for surface-exposed MPs,
where sunlight-driven phototransformation can accelerate microbial
degradation. The approach aims to align with current regulatory
photolysis guidance, including EFSA recommendations for assessing soil
phototransformation products [24].

2.5.1. Biodegradation of light-exposed PUAmod microcapsules in the
aqueous medium

The biodegradation of aqueous irradiated PUA,,q was investigated
following OECD TG 301B “COy-Evolution Test” (MI-Procedure 2,
Fig. 1, Table 2). As inoculum we applied filtered supernatant of acti-
vated sludge instead of bulk sludge, and the test was modified by
measuring *CO, instead of CO, for sensitive assignment to the '*C-
PUAp0q degradation [64]. To monitor the overall degradation perfor-
mance of the inoculum, the biodegradation of a standard reference
substance for ready biodegradability, labeled sodium benzoate form
(benzoic acid [ring—MC (U)] sodium salt, 130 mCi/mmol, American
Radiolabeled Chemicals Inc., USA), was included in the same test run.
The amount of AR was 2.73 + 0.04 kBq/8.5 mL for PUA,,q (n = 3) and
58.3 = 0.18 kBq/8.5 mL for *C-sodium benzoate (n = 1). Table 3 pro-
vides an overview of the incubation times of all applied biodegradation
tests.

2.5.2. Biodegradation of light-exposed MPs in soil

For MI-Procedure 3 (Fig. 1, Table 2) and MII-Procedure 4 (Fig. 1,
Table 2) biodegradation tests following the OECD TG 307 “Aerobic and
Anaerobic Transformation in Soil” were performed in the dark with
sufficient air supply via the flow-through ventilation system at a tem-
perature of 20 + 2 °C. For MI-Procedure 3 0.5 mL (1.75 KBq) of the
irradiated PUA,oq suspension was applied to 25 gq. of reference soil
(01-A and 03-G). For MII-Procedure 4, the irradiated (n = 2) and non-
irradiated (n = 2) soil replicate layers applied with PUA o4, PUA, LLDPE
was each combined separately for each material, due to their different
positions in the irradiation chamber and related possible differences
regarding the irradiation intensity or shading effects. Therefore, both
replicates were mixed thoroughly to allow homogenous application and
the radioactivity of the soil was determined for balancing the mass in the
downstream biodegradation test. For application to the biodegradation
test (OECD TG 307) after the soil irradiation experiments, 5 g aliquots of

Table 3
Overview of the incubation times of the different biodegradation tests.
s . . Days of
Procedure Irradiation Biodegradation Material  incubation
method test
[d]
Screening
P: MI - A
r(z)cedure irra. dia;lil;ious biodegradation PUAmod 28
(OECD TG 301B)
Biodegradation in
Prgced“re r:a;i’:g‘;ious soil PUAmod 3
(OECD TG 306)
Procedure MII - Biodegradation in PUAmod 20
4 Irradiation on soil PUA 20
soil surface (OECD TG 306) LLDPE 51
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the irradiated soil (SI — Table S4) were applied to 50 g untreated bio-
logically active soil (RefeSol 01-A, 10 days preincubated at 22 + 3 °C) in
triplicates each.

2.6. Sequential filtration of the light-exposed MPs suspensions

For MI-Procedure 1 (Fig. 1, Table 2) the aqueous irradiated and non-
irradiated PUA 04 and LLDPE were subjected to sequential filtration.
For this size distribution analysis, 0.5 mL of the irradiated (1.12
+ 0.01 kBq/0.5 mL PUA,04, 0.63 + 0.15 kBq/0.5 mL LLDPE) or non-
irradiated (1.75 £ 0.08 kBq/0.5 mL, 2.33 + 0.98 kBq/0.5 mL LLDPE)
PUA0q or LLDPE stock solution was diluted in 49.5 mL water and
sequentially filtrated by a 12 um (Cytiva Whatman®, nitrocellulose fil-
ter, Z696919) and a 0.2 um pore-sized filter (Sartorius, cellulose acetate
filter, Type 11107) (n = 3). The filters were then dried and the
remaining radioactivity sorbed and retained to the filter was deter-
mined. Furthermore, the radioactivity of the filtrate (< 0.2 pm) was
measured (see Section 2.3).

The filtrate of PUAp0q (< 0.2 um) was further analyzed using ultra-
high performance liquid chromatography with high resolution mass
spectrometry (UHPLC-HRMS, total range of 100-6000 m/z; using the
Xcalibur Qual Browser (Version 4.0).) coupled to radiodetection (LB509
- YG 75 S6M, Berthold GmbH & Co. KG, Germany) similar to Teggers
et al. [64] to examine whether 1*C-labeled LMW compounds had been
released from the PUAy 04 shells due to photodegradation. Details of this
analysis are given in the SI — Table S5-S7.

2.7. Data analysis

The recovered amounts of radioactivity were calculated as average
values with their respective (4) SD of percentage relative to the applied
radioactivity (%agr). For all calculations Microsoft Office Professional
Plus Excel (2019) was used. Graphpad Prism 6 was employed for the
graphical representation and for testing the significance of the difference
between the amount of mineralization of irradiated vs. non-irradiated
MPs at the end of the biodegradation test (MII-Procedure 4) using an
unpaired, non-parametric (due to the small number of replicates of
n = 3) Mann-Whitney test. However, statistical test results should be
regarded with caution due to the small number of replicates per treat-
ment and a restricted number of sampling dates within the OECD 301B
and 307 tests. This constrained design reduces the statistical power to
detect small or moderate differences and can lead to results that appear
non-significant even when biological differences exist. The illustration
of Fig. 1 and the graphical abstract was created with BioRender.com.

3. Results and discussion
3.1. Analysis of MPs

The PSA of the PUA,,,q and PUA resulted in a median particle size of
16.5 um (10th percentile of 2.1 ym and 90th percentile of 37.1 pm; SI —
Table S8) and 15.4 um (10th percentile of 4.8 um and 90th percentile of
32.7 um; SI - Table S8) prior purification. The size distribution of the
suspension purified by sequential filtration was reevaluated by
including a 12 ym cut-off, resulting in a median particle size of 22.9 pm
(PUA04,10th percentile of 14.2 ym and 90th percentile of 45.7 um) and
20.2 ym (PUA,10th percentile of 13.0 um and 90th percentile of
36.8 um) (SI - Table S8, SI — Figs. S5 and S6). The LLDPE MPs had a
median size of 147 pm (10th percentile of 48.8 pm to 90th percentile of
343 um, SI - Table S8) after cryo-milling. Microscopic analysis (SI -
Fig. S7) provided qualitative data on the PUA microcapsules and LLDPE
MPs.

3.2. Simulated sunlight irradiation (MI and MII)

The average temperatures and the irradiation duration, the degree of
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mineralization to *CO, and the total recovery of the different irradia-
tion procedures (MI and MII) are presented in Table 5. Details, such as
the maximum temperatures and the temperature curves during irradi-
ation are shown in the SI — Figs. S3, 4, $8-510. 14CO, evolving during
irradiation of the aqueous PUA,,q suspension of MI-Procedure 2 did
not exceed 3.81 + 1.53 %aR, in which the recovery was 92.2
+ 1.20 %ag and the average temperature of the aqueous irradiated
samples was 3.99 + 0.77 °C.

The temperatures of the aqueous irradiations in these procedures
remained stable at 32.4 + 1.60 °C, which was notably higher than the
temperatures observed in MI-Procedure 2. This discrepancy is likely
attributable to the positioning of the temperature sensor, which in MI-
Procedures 1 and 3 was positioned centrally and near the upper region
of the vial, rather than in contact with the vial wall or base as it might
have been the case in MI-Procedure 2. A photograph of the sensor setup
is provided in SI - Fig. S1-D). Alternatively, if the temperature difference
was not solely due to sensor placement, the elevated temperature in MI-
Procedures 1 and 3 relative to 2 could have contributed to increased
14CO:z evolution. The total recovery of radioactivity of MI-Procedures 1
and 3 was 73.4 & 1.38 %pg, compared to 92.2 + 1.20 %ug in MI-Pro-
cedure 2. This reduction may indicate a greater loss of radioactivity
through mineralization. However, as ! “CO. was not quantitatively
determined in MI-Procedures 1 and 3, this interpretation remains
speculative.

Due to a failure of the cooling system during irradiation, the aqueous
LLDPE suspension (MI-Procedure 3) was exposed to higher tempera-
tures reaching an average temperature of 53.0 °C + 1.3 °C for 6.8 days
out of 13.9 days of the exposure period with an overall average tem-
perature of 43.8 & 10.3 °C (max. temperature of 62.0 °C; SI — Fig. S10).
However, LLDPE is considered thermally stable up to approx. 220 °C in
the presence of oxygen [3] and therefore the deviation in temperature
was not regarded as relevant.

In contrast to the aqueous irradiation of PUA,g, during the exposure
on soil surfaces (MII-Procedure 4) to simulated sunlight a higher pho-
tomineralization to 14C02 was observed, which amounted to 14.6 %ar
(R1) and 8.02 %ag (R2) for PUA,q and for PUA to 14.11 %agr (R1) and
1.55 %ar (R2), respectively (Table 2). The high deviations between both
replicates is most likely caused by a leakage of the flow-through system.
No other alkaline or organic **C-volatiles were found in the H,SO4 and
ethylene glycol traps, respectively. Since the soil layer was dried before
light exposure, the formation of '*CO2 most likely resulted from abiotic
photooxidation reactions rather than biological processes converting the
polymer into #CO2. Supporting this finding, 107 + 9.51 %ar PUAmod
and 104 + 11.2 %R PUA of total AR were recovered from the samples
that were kept in darkness, indicating that no radiolabeled volatile
compounds evolved without light exposure. Thus, the observed '*CO,
formation is attributable to abiotic oxidation and cleavage of the poly-
mer backbone, indicating the occurrence of photo-initiated minerali-
zation. Such abiotic mineralization, though limited in extent, also
reflects the degree of chemical functionalization and chain scission that
likely influenced the polymers’ subsequent particle size changes and
biodegradability (see Sections 3.4 and 3.5). Studies of Bhargava et al.
[8] and Che et al. [14] investigated the chemical changes of PUA and
polyurethane coating by attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectroscopy after UV-light exposure
(0.7522 W/m?/nm) with irradiance at the peak radiation wavelength of
313 nm, tested every 200 h up to 1000 h) and after 150 days exposure in
the marine atmosphere, respectively. They found that the absorbance
peaks that can be attributed to urea bonds (C-N), carbonyl groups
(C=0) and ester bonds (C-0O-C) had been decreased after the exposure,
which indicated chain scission and cleavage of these bonds. Regarding
our findings, it is conceivable that similar cleavages led to the release of
4c0o,. However, the implementation of more ester bonds as a modifi-
cation within the PUA (PUA vs. PUA 04, see Section 2.1) had no sub-
stantial influence on the fraction that was mineralized to *COs.
Additionally, by implementing the dark controls, which were incubated
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at higher temperatures, heat-related degradation as the main affecting
factor could be excluded, since no radioactivity was lost due to volatil-
ization. The temperature of the dark controls was maintained at 78.0
+ 1.13°C (SI - Fig. S3), i.e., higher than for the irradiated samples 70.5
+ 1.86 °C (SI - Fig. S3, Table 4).

Regarding the irradiation of LLDPE on soil surfaces, no '*CO, or
other 1*C-volatiles were detected (Table 4). The recovery was generally
low in the dark controls and the irradiated samples of LLDPE with 52.4
+ 21.7 %ar and 36.9 %ag, respectively, which could not be explained.

3.3. Alterations of size distribution and release of **C-compounds (MI -
Procedure 1)

The results of the sequential filtration (MI-Procedure 1, Fig. 2)
revealed that the size distribution of the PUA,oq suspension was highly
altered by the simulated sunlight exposure (Fig. 2) which indicated
disintegration of the PUA ;o4 microcapsules. The PUA,,q microcapsules
that were kept in darkness still showed a retention of 85.3 + 5.84 %agr
on the 12 um filter, as expected (Fig. 2). Minor fractions of the dark
controls reached the 0.2 ym filter (0.75 + 0.44 %aR) or the filtrate (<
0.2 um) (0.48 + 0.25 %,g, total recovery of 86.5 + 5.36 %ag). After
light exposure, the majority of the applied radioactivity passed the
12 ym and 0.2 pm filters and was hence found in the filtrate (< 0.2 pm)
(102 + 2.43 %aR) with an overall recovery of 106 + 2.38 %pg (Fig. 2).
Only negligible amounts of labeled particles were retained by the 12 um
(0.89 £ 0.69 %aR) and 0.2 um (0.59 + 0.06 %4pR) filters, respectively,
after irradiation (total recovery of 102 4 2.46 %ar). The above-
mentioned photooxidation reactions (see Section 3.2) that might lead
to chain scission and cleavages within the PUA structure had likely led to
the disintegration of the microcapsules to sizes smaller than 0.2 ym.
Here, the small size (a median particle size of 22.9 um), the comparably
thin PUA,,q microcapsules and the exposure in an aqueous medium
need to be considered. Du et al. [20] determined the shell thickness of
slightly larger PUA microcapsules (approx. 79 ym) to be between 0.4
and 2.5 um using Scanning Electron Microscopy (SEM). However, shell
thickness is not only related to capsule size, but also influenced by the
number of monomers used during microcapsule synthesis. Nonetheless,
transferring these findings to our experiments, a much higher proportion
of the PUA microcapsules was likely to be exposed to the simulated
sunlight than for the bulk polymer LLDPE, and PUA was thus likely more
affected than the thicker and mono-constituent LLDPE polymeric
particles.

Accordingly, reduced effect was observed for the LLDPE particles
that were exposed to simulated sunlight (Fig. 2). Prior to irradiation, the
vast majority of the recovered LLDPE particles (total recovery of 57.6
+ 24.1 %pr) were retained by the 12 um filter 55.1 & 24.07 %ar
opposed to the second filter (0.2 um, 1.52 + 0.31 %aR) or the filtrate (<
0.2 um, 0.94 + 0.97 %aR). After light exposure, only 28.2 + 7.13 %ar
remained on the first filter (12 um) and 4.79 + 2.79 %agr was recovered
from the second filter (0.2 pm). When interpreting these results, it has to
be kept in mind that the overall recovered radioactivity of this analysis
was low and some of the detected amounts differed considerably.
Nevertheless, the sequential filtration indicated that LLDPE had partially
disintegrated to smaller *C-compounds or !“C-particles that were
released upon simulated sunlight exposure, as a higher amount was
recovered in the filtrate (< 0.2 pm, 20.5 &+ 1.97 %apg, total recovery
53.5 + 8.36 %aR) (Fig. 2) upon simulated sunlight irradiation.

A review of Grause et al. [29] summarized the changes of polyolefins
due to weathering, especially regarding the exposure to UV irradiation
in the presence of oxygen. Even though some polymers such as PE are
light-transmitting (transparent), they inevitably include certain frac-
tions of chromophore compounds (e.g., carbonyl functionalities or chain
unsaturation), which are formed during production and thermoox-
idation (e.g., during processing, [1,9,40,56,59]) that can induce pho-
todegradation. Focusing on LLDPE, the initial production of
hydroperoxides plays a major role, inducing reactions that may liberate



E.-M. Teggers et al.

Table 4
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Overview of the different irradiation procedures. Shown are the average irradiation temperature, the mineralization to *CO, during irradiation and the total recovery

for mass balancing both in the percentage of applied radioactivity [%ar]-

S Average irradiation temperature
Irradiation Procedure 8 P

Minerali-zation to'*CO, Total recovery

[°C] [%ar] [%ar]

Dark Irradiation Irradiation Dark Irradiation
Procedures 1 and 3
PUAmod 32.4 +1.60 - 73.4 +1.38
LLDPE 43.8 £10.3 - 54.1 +£12.5
Procedure 2
PUAmod 20.8 + 1.66 3.99 + 0.77 3.81 +1.53 85.1 + 4.36 92.2 +1.20
Procedure 4
PUAmod 11.3 + 4.63 107 +9.51 100
PUA 780+1.13 705 £1.86 7.83 + 8.88 104 +£11.2 94.7
LLDPE 77.3 +£0.77 69.3 £+ 3.39 0.31 £ 0.22 52.4 +21.7 36.9

*The irradiation was performed with 75 W/m? within of a wavelength range of 300-400 nm (see details in SI — Table S3).
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Fig. 2. Proportion of applied radioactivity (AR) recovered in the different
fractions obtained by sequential filtration. Displayed are the %ag of the irra-
diated and non-irradiated PUA,,q and LLDPE suspensions, which was quanti-
fied on the first (12 um pore size) and the second filter (0.2 um) and in the
filtrate (< 0.2 um).

LMW compounds including carboxylic acid, alcohols and to a lower
extent esters [30,67]. Possibly, the liberation of such LMW 14C.com-
pounds resulted in the increased radioactivity in the filtrate (< 0.2 um)
after light exposure.

Andrady et al. [2] found that oxidation reactions were limited to a
thin surface layer of the LLDPE of approx. 600 um. Since the LLDPE in
this study had a median size of 147 pym (SI— Table S8) it is likely that the
LLDPE particles were completely penetrated by the irradiation and
partly fragmented. Supporting this, findings from Pfohl et al. [53]
showed that photooxidation in the presence of water increased the
fragmentation of LDPE particles under UV aging. In addition, consid-
ering that irradiation in an aqueous medium can penetrate from all di-
rections, the distance required to reach the center may be only half the
total diameter for spherical particles.

The UHPLC-HRMS analysis of the filtrate (< 0.2 pm) of PUApcq
revealed the release of 1*C LMW compounds as a result of the light-
induced disintegration, which is detailed in SI — Text S2. The radio
chromatogram showed one peak (SI — Fig. S11-E)), corresponding to
labeled and non-labeled aminocaproic acid (SI - Fig. S11-A), B), C)). By
analyzing pure (> 99 %) aminocaproic acid as a reference compound
(10 ng/mL, Sigma-Aldrich Chemie GmbH, Germany) and a mixture of
the reference compound together with the PUA,q filtrate (SI - Fig. S11-
D), SI — Fig. S12-D)), the presence of aminocaproic acid was proven.
Furthermore, the isotopic pattern analysis (SI — Fig. S13, SI - Text S2)
substantiated these findings. *C-aminocaproic acid is similar to the *C-
labeled monomer 14C-hexamethylenediamine (*4C-HMDA) used for
synthesis, except that it contains a carboxyl instead of an amine group.

Most likely, the PUA bonds were partially broken by formed radicals
and photooxidation processes. Due to formed hydroxyl radicals (eOH)
and superoxide anions (02*") apparently HDMA was oxidized to produce

aminocaproic acid. Oxidative processes were also shown by Si et al.
[60], where deamination of primary amines (-NHj) was induced by
radicals. By means of a column recovery test, the eluted radioactivity
within the retention time of (1*C(z)-) aminocaproic acid was quantified
and represented 48.5 + 1.16 %ar (SI - Fig. S14, recovery of 93.2
=+ 1.93 %) of the injected radioactivity. This observation indicates that a
large portion of *C-labeled molecules or oligomers introduced to this
analysis can likely be attributed to the elution of }*C-aminocaproic acid.

According to ECHA data (https://echa.europa.eu/es/registration-d
ossier/-/registered-dossier/22890/5/3/2), aminocaproic acid is
readily biodegradable, non-toxic to aquatic organisms and not bio-
accumulative suggesting a low environmental concern. Overall, the
identification of specific degradation products remains analytically
challenging, particularly when dealing with complex polymeric
matrices and trace-level compounds. From an environmental perspec-
tive, it is important to investigate whether transformation products may
form due to environmental exposure conditions that could alter the risk
profile of the material. In this case, release of a non-persistent and
biodegradable compound was identified. However, other types of
polymers and their associated additives may generate different trans-
formation products upon exposure to sunlight, which is a growing
concern highlighted in a recent assessment supported by the UNEP but
remains largely underexplored [36]. For example, the degradation of
side-chain fluorinated polymers has been shown to release per-
fluorinated substances, including perfluorooctanoic acid (PFOA), over
decades under environmental conditions such as those found in soil and
water [70]. This observation highlights the importance of investigating
whether polymeric materials might release environmentally persistent
or toxic transformation products following abiotic processes like light
exposure.

In this context, it is important to note that the polymeric shell
included not only the radiolabeled HMDA monomer but also co-
polymerized isocyanates. As the radiolabel was incorporated into one
specific monomer, the assessment of mineralization and degradation
pathways was limited to fragments containing that labeled unit.
Consequently, the behavior and fate of degradation products derived
from non-labeled portions of the polymer were beyond the scope of this
study. For a comprehensive understanding of the degradation processes,
experiments with isotope labels at other positions of the molecules
would be required.

3.4. Biodegradation of light-exposed PUAp,q microcapsules in the
aqueous medium (MI — Procedure 2)

The results of MI-Procedure 2, the aqueous irradiation (Fig. 1) of
PUA,0q With the downstream biodegradation test resulted in a biodeg-
radation of 28.0 & 4.05 %par in the irradiated suspension. The test
outcome is significantly higher than the 1#CO, evolution observed in a
previous OECD TG 301B study with non-irradiated PUA,oq reaching
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0.81 %ag ([64], p = .0303; irradiated vs. non-irradiated PUA o4, test of
significance by an unpaired, non-parametric Mann-Whitney test; sig-
nificant difference indicated by p < 0.05) demonstrates that simulated
sunlight exposure significantly increased biodegradation. It is likely that
the partial biodegradation of the irradiated PUA; o4 suspension observed
in this experiment originated from the mineralization of the released
C-aminocaproic acid. This interpretation is supported by its safety data
sheet’s information stating that aminocaproic acid is classified as readily
degradable, determined in an OECD TG 301D test with 76 % biodeg-
radation within 28 days of incubation.

3.5. Biodegradation of light-exposed MPs in soil (MI — Procedure 3 and
MII — Procedure 4)

With regard to MI-Procedure 3, the PUA,,q4 suspension was irra-
diated in an aqueous environment (see 2.4.2) and subsequently applied
to the biodegradation test in soil. Biodegradation of the irradiated
PUAn 04 applying this procedure 14C02 formation amounted to 63.2
+ 13.4 %ar (RefeSol 01-A) and 62.3 + 9.65 %4gr (RefeSol 03-G) in the
reference soil RefeSol 01-A within 72 h (Fig. 3, right panel). In a parallel
study, significant losses were observed for the extraction recoveries of
irradiated PUAp,,q applied to soil [65]. This observation might be
attributable to the fast biodegradation of the PUA,oq. Therefore, the
results of this study may also be relevant for studies investigating
extraction methods of aged polymers or plastics. Compared to the
biodegradation test results of the irradiated PUApoq in the aqueous
setting the COy-evolution of the microcapsules irradiated on soil sur-
faces (MII-Procedure 4) reached only 13.6 + 1.44 %g (PUA) and 11.8
+ 3.64 %ar (PUARoq) (Fig. 3) during 20 days of incubation in soil. The
microcapsules of the dark controls showed a negligible biodegradation
of 2.52 4+ 0.96 %pr (PUA) and 1.52 + 0.29 %pr (PUApoq) (Fig. 3). In
this case, irradiation on dry soil likely led to reduced photo-
transformation due to microcapsule aggregation and adsorption onto
the soil surface, which may have caused shading effects and limited light
penetration compared with irradiation in water. Consequently, the
extent of biodegradation in soil was presumably lower.

The testing in MI-Procedures 1-3 focused on PUAy,,q microcap-
sules, whereas in MII-Procedure 4 we additionally tested regular, non-
modified PUA and LLDPE. PUA modification did not alter biodegrad-
ability since both materials were mineralized to similar degrees (p= 0.8
irradiated; p = 0.6 non-irradiated, test of significance by an unpaired,
non-parametric Mann-Whitney test; significant difference indicated by
p < 0.05). Table 5 shows the amounts of mineralization.

The biodegradation of LLDPE MPs was slightly enhanced after their
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irradiation on the soil surface compared to the non-irradiated dark
controls (1.99 £ 0.18 %pg vs. 0.75 + 0.14 %ag, respectively, Table 5).
The recovery of the biodegradation test in soil for all tested samples was
above 80 %, but with a higher variability (elevated standard deviation)
for some LLDPE dark controls (see Table 5). Overall, the differences
observed between irradiated and non-irradiated PUA and PUAnod
samples in the degree of mineralization in the soil biodegradation test
indicate a statistical trend (p < 0.10, Table 5) toward increased miner-
alization following simulated light exposure on a soil surface. For LLDPE
particles, however, the increase in biodegradation after irradiation,
although statistically significant, was minimal and practically not
measurable, indicating negligible biological relevance.

3.6. Overadll discussion

Our results demonstrate that phototransformation can be a decisive
unlocking step in the biodegradation of certain MPs. With regard to PUA
microcapsules, simulated sunlight caused near-complete disintegration
(~ 98 % of recovered radioactivity in < 0.2 um size fraction) and the
release of a readily biodegradable LMW compound, **C-aminocaproic
acid. These abiotic processes were closely associated with a 28 %
mineralization in aqueous OECD 301B tests and > 60 % mineralization
in soil OECD 307 tests following aqueous irradiation. Compared with
irradiation in water, irradiation on a dry soil surface likely reduced
phototransformation due to particle aggregation and surface adsorption,
causing shading effects and limiting light penetration, which in turn
constrained biodegradation. In contrast, LLDPE particles fragmented to
~ 20.5 %ag in submicron fractions (< 0.2 pm) after simulated sunlight
exposure in an aqueous medium. The increase after soil surface irradi-
ation in mineralization from approximately ~ 1 %agr to ~ 2 %agr
biodegradation in soil after soil surface irradiation was statistically
significant. However, this change represents a rather negligible increase
that is not practically measurable, consistent with the chemical resis-
tance of LLDPE to oxidative functionalization [13,28]. These quantified
differences confirm that fragmentation alone does not ensure biode-
gradability; the production of bioavailable transformation products is
essential. The results are consistent with the conceptual framework of
stepwise  polymer degradation (biodeterioration/fragmentation
—depolymerization—assimilation—mineralization) = and  provide
regulatory-relevant quantification of each step for two contrasting
polymer types.

By applying sequential testing (OECD TG 316 or OECD draft soil-
surface photolysis — OECD TG 301B/307), we translated the concep-
tual link between abiotic and biotic processes into an easily applicable
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Fig. 3. A) Biodegradation of irradiated PUA,,,q microcapsules in soil (Refesol 01-A and Refesol 03-G) after irradiation in the aqueous setting (MI-Procedure 3). B)
Biodegradation of PUA microcapsules with/without ester-bond modification (PUA vs. PUA,,q) and LLDPE MPs in soil (Refesol 01-A) after simulated sunlight
irradiation or in dark controls incubated at 80 °C on soil surfaces (MII-Procedure 4). The biodegradation is plotted as the cumulative portion of applied radioactivity
(AR) mineralized to 14C02 relative to the incubation time (average and SD of n = 3).
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Table 5
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Mineralization and recovery of the biodegradation test in soil (OECD TG 307). Test of significance using an unpaired, non-parametric Mann-Whitney test to compare

irradiated vs. non-irradiated materials.

MP Mineralization =~ Mineralization Days of Significance of difference: irradiated vs. non- Recovery Dark Recovery
Material Dark controls Irradiated incubation irradiated controls Irradiated
[%ar] [%ar] [dl p [%ar] [%ar]
PUAmod 1.52 +0.29 11.8 + 3.64 20 0.0873 83.0 +8.12 82.0 + 6.46
PUA 2.52 + 0.96 13.6 + 1.44 20 0.0873 122 + 20.8 109 +2.74
LLDPE 0.75 + 0.14 1.99 +0.18 51 *0.0204 107 + 37.5 84.0 +10.8

" Test of significance by an unpaired, non-parametric Mann-Whitney test; significant difference indicated by p < 0.05.

standardized testing approach. While earlier studies have documented
photo-oxidative effects on polymers, they rarely quantify both structural
changes and mineralization within a regulatory testing framework. Our
results show that the influence of phototransformation on subsequent
biodegradation is both polymer- and medium-dependent, which be-
comes apparent only when these processes are examined in sequence.
This sequential approach, grounded in established guidelines, reveals
mechanistic and regulatorily relevant information that single tests
cannot capture.

Previous research has repeatedly suggested that abiotic weathering,
particularly photooxidation, can facilitate microbial degradation of
plastics, yet direct linkage between observed structural changes and
measured ultimate biodegradation (mineralization) within a regulatory
testing framework remains rare. For example, Gewert et al. [28]
reviewed degradation pathways for marine plastics and highlighted UV-
or photooxidation as a prerequisite for microbial colonization. Several
studies have confirmed this facilitation effect and have shown that UV-
or light-weathering pre-treatments can accelerate fragmentation and
promote microbial colonization and breakdown of plastics [7,58,76].
CO: evolution measurements in various studies have demonstrated that
prior phototransformation can enhance the biodegradability of certain
polymers: Rose et al. [57], used the American Society for Testing and
Materials (ASTM) D5208 standard “Practice for Fluorescent Ultraviolet
(UV) Exposure of Photodegradable Plastics” [5] to UV-aged LDPE and
0x0-LDPE prior to aqueous COz-respirometry tests. Tantawi et al. [63]
applied simulated sunlight in combination with marine biodegradation
assays following ASTM D6691-17 [4] “Standard Test Method for
Determining Aerobic Biodegradation of Plastic Materials in the Marine
Environment by a Defined Microbial Consortium or Natural Sea Water
Inoculum” and ISO 23977-1 “Plastics - Determination of the Aerobic
Biodegradation of Plastics Exposed to Seawater - Part 1: Method by Analysis
of Released Carbon Dioxide.”. Chen et al. [16] photoaged MPs before
degradation was studied in soil microcosms. However, CO:-based
biodegradation studies that support the principle that abiotic processes
can facilitate biotic degradation have been rarely conducted. Our work
extends this concept by applying a regulatorily relevant sequential
testing strategy aligned with OECD guidelines, directly addressing
contexts such as the EU MPs restriction and ongoing initiatives to extend
REACH provisions to cover polymers. This sequential design bridges
observed photooxidative changes to quantifiable biodegradation end-
points in a format suitable for regulatory assessment, enabling inter-
pretation within emerging regulatory frameworks. In contrast to earlier
research, we focused on MPs, including PUA microcapsules used for
application of PPPs, a formulation type whose environmental fate re-
mains largely unexplored.

PUA microcapsules, such as those in Prosper 300 CS, are applied at
relatively low amounts, with a maximum of 150 g/ha permitted per
season. In our tests, aqueous irradiation produced high biodegradation
(OECD TG 301B with 28 %ag and ~ 62-63 %ag in OECD TG 307 in soil),
whereas soil-surface irradiation yielded much lower mineralization
(12-13.5 %4ag, in OECD TG 307), underscoring the influence of the
investigated medium and corresponding light penetration. LLDPE mulch
films, applied at ~ 180 kg/ha per season [26], are partially recovered
post-use (75-95 %, Hann et al. [34]) but can release persistent residues.

In our experiments, even after fragmentation, LLDPE mineralization
remained negligible. Such polymer-specific responses indicate that
persistence assessments based solely on inherent chemical structure may
misrepresent the actual environmental fate.

However, extrapolation of these laboratory results to real environ-
mental conditions must be made with caution. In agricultural contexts,
such as the application on plant leaves of PUA-based pesticide formu-
lations like Prosper 300 CS, microcapsules may indeed be exposed to
sunlight initially, before potentially being incorporated in the soil. If
applied directly to the soil, their exposure to sunlight will probably be
minor, compared to the lab experiment, since the MPs might be incor-
porated to deeper soil layers through irrigation, bioturbation or plow-
ing. According to Tester and Morris [66], physiologically and
ecologically relevant amounts of light rarely penetrate more than
4-5 mm into the soil, and Ciani et al. [17] measured that the light
penetration depths for soils are in the range of 17-110 pm at 275 nm and
120-300 um at 700 nm, respectively. Nonetheless, our controlled results
illustrate the mechanistic potential for sunlight to alter environmental
persistence and highlight conditions under which this process is
relevant.

3.7. Regulatory gaps and recommendations

Biodegradability tests according to OECD (e.g. TG 301, TG 307) or
ISO guidelines determine whether a chemical is subject to microbial
metabolism. These tests were designed for soluble substances for which
mineralization is a meaningful endpoint. However, the approach cannot
be directly transferred to insoluble polymers, and thus to microplastic
particles. For these materials, bioavailability can be constrained by
particle size, morphology, and surface chemistry, meaning that miner-
alization endpoints may underestimate the degradation potential,
especially if relevant abiotic transformation processes are not consid-
ered. The linkage between abiotic weathering processes, such as
photooxidation, and subsequent biodegradation is largely disregarded in
current testing strategies, representing a critical scientific and regula-
tory gap. This combined degradation is particularly relevant for agri-
cultural polymer-based microcapsules or carrier materials, which may
undergo structural changes under environmental conditions that may
alter their fate. Relying solely on mineralization as an endpoint risks
overlooking partial degradation steps or transformations that could be
captured by polymer-specific analyses, such as particle size distribution,
molecular weight changes, surface analysis and chemical functional
group analysis.

Our findings show that for the tested crosslinked PUA MPs, which are
classified as persistent, simulated sunlight can be a prerequisite for
measurable biodegradation in standard tests. Where there is evidence of
environmentally relevant light exposure for a given MP application (to
be established by future studies under field conditions), the influence of
simulated sunlight (e.g., TG 316 or draft soil-surface photolysis at a
defined equivalent sunlight dose) on subsequent biodegradation testing
(TG 301/307) should be considered. Ideally, such assessments should
report both primary degradation metrics (fragmentation, low-
molecular-weight product release) and ultimate mineralization, sup-
ported by a mass balance where feasible. This integrated approach
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would align regulatory testing with realistic environmental exposure
scenarios and reduce the risk of false persistence classifications.

4. Conclusions

The results of this study are not only relevant scientifically, but also
from a regulatory perspective. They underscore the need for more
comprehensive and realistic assessments of the fate of MPs, particularly
by the inclusion of sunlight irradiation as a key abiotic degradation
mechanism. By coupling existing standardized guidelines for abiotic and
biological degradation, we demonstrated that photooxidation substan-
tially influenced the environmental fate and biodegradability of MPs.
Furthermore, our findings highlight that changes in particle size distri-
bution and the formation of phototransformation products, in our case
aminocaproic acid, can critically affect the outcome of biodegradation
tests. We therefore recommend including such physicochemical char-
acterization in future assessments of the fate of MPs. The use of radio-
labeling in the applied tests was crucial for distinguishing 1*CO, derived
from polymer (bio)degradation from the CO, originating from other
components in the tested sample. Moreover, the ability to perform
precise mass balances based on total recovered radioactivity served as a
reliable tool for validating the experimental outcomes. Overall, this
study extends the understanding of the environmental fate of MPs, but
should be expanded to include related studies under real field
conditions.

Environmental Implication

This study demonstrates that abiotic processes, particularly simu-
lated sunlight exposure, can be a prerequisite for the biodegradation of
persistent microplastics, such as polyurea (PUA) microcapsules. The
results show that phototransformation substantially alters polymer
structure, and can lead to increased microbial mineralization in stan-
dard laboratory tests. These findings indicate that photodegradation can
critically influence polymer fate. Including realistic environmental
exposure processes may support more comprehensive assessments of
microplastic biodegradation.
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