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Plastic degradation rates in the marine environment are essential to understand. This study
demonstrates that in plastic-microbial interaction experiments, residual monomeric and oligomeric
content of PAG6 significantly influences the development of dissolved organic carbon. While it is well
recognized that additives in plastics should be considered during the inception of plastic-exposure
experiments, residual monomers have yet to be prominently considered in the same light. As such,
in degradation studies where residual contents of monomers and/or oligomers are not considered,
degradation of synthetic polymers could be significantly overestimated. The substantial conversion of
these monomeric and oligomeric leachates also has implications for plastic-biofilm development studies
and microplastic-biota-based ingestion experiments.

There are well-established and worldwide concerns about plastic pollution. As such, it is essential to understand
the potential for degradation of plastics in the environment, especially the marine environment. Plastic degra-
dation is defined as any physical or chemical change in the polymer resulting from light, heat, moisture, chem-
ical action or biological activity that results in a decrease in the average molecular weight'. Typically, plastic
degradation results in fragmentation of larger plastic pieces into smaller plastic particles by a combination of
abiotic (such as UV irradiation) and biotic factors (extracellular enzymatic action resulting in biodeterioration/
biofragmentation). When this process results in particles small enough to be assimilated by microorganisms,
the final process of plastic degradation involves intracellular conversion into simple molecules such as CO,*>.
Degradation tests for polymers in the marine environment are very specific and standardization procedures are
not yet fully developed®*. Another factor complicating research into plastic degradation is the complexity of plastic
materials with regard to possible structures and compositions, making the testing of plastic degradability a highly
interdisciplinary process®. Abiotic degradation and biodeterioration are usually investigated using physical tests.
Biofragmentation is determined by the identification of fragments with lower molecular weight using chroma-
tographic methods. Assimilation is often measured by the metabolite production or the increase of biomass.
Mineralization is typically measured by ascertaining changes in either dissolved organic carbon, biological oxy-
gen demand or CO, evolution (see Lucas ef al.?).

Specifically designed biodegradable plastics notwithstanding, standard and engineering polymers (typically
long-chain molecules from polymerisation, polycondensation or polyaddition) are generally considered to be
resistant to biodegradation. The polyamides (PA) are one such important synthetic polymer belonging to the
group of engineering plastics. PAs are considered to be biodegradable-resistant polymers®’, although some stud-
ies have demonstrated the biodegradation potential of some polyamides, particularly by fungi®®. However, it may
be that increases in carbon evolution, oxygen demand or biomass may be the result of microbial metabolism of
residual monomers or oligomers, rather than the polymer chain. For example, PA6 (commonly referred to as
nylon-6) is produced by ring-cleavage polymerization. During this process, some molecules fail to polymerize
and remain as oligomers and monomers within the structure of the polymer. Although these components are
by-products rejected by the producing factory'’, a small amount typically stays within the polymer. Depending
on the further use of the plastic, manufactured polymers contain different amounts of residual monomers and oli-
gomers (rM). The raw material of the PA6 tested within this study is the monomer e-caprolactam, which is known
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Figure 1. Carbon isotope ratio breakdown detected by AMS in incubation media inoculated with PA6 (~1%
rM). At least 42% of the carbon detected in the incubation media originated from the PA6 spiked-particles. In
comparison, a natural setup typically exhibits 102% biogenic carbon.

to be biodegradable by microorganisms found in the wastewater produced by PA6-production facilities! "% It
is possible that rM in the tested PA6 could have been much more easily metabolised than polymeric content
by microorganisms and therefore could lead to false-positive interpretations of polymer biodegradation. This
study firstly investigated whether an indication of PA6 degradation could be achieved following incubation in a
seawater analogue. In order to understand the effect that rM content could have on the interpretation of plastic
degradation, exposure tests investigating differing monomer contents were designed where dissolved inorganic
carbon (DIC = [CO,] + [HCO,;_] + [CO;27]) was selected as the indicator by which biological degradation is
chemically measured.

Results

Investigating plastic degradation in seawater. PA6 (poly(e-caprolactam) was incubated in microbi-
al-rich artificial brackish water (ABW; see Methods section for details). Any increase in DIC after a certain incu-
bation time could be, in theory, assigned to mineralization of carbon from the plastic by microorganisms.

To ensure that the measured carbon came from the plastic, the *C content was determined in the DIC of the
ABW following incubation. Synthetic polymers originate from petrochemicals in which, due to the radioactive
decay, C is absent. There are three principal isotopes of carbon which occur naturally in the following amounts:
12C at 98.89%, 1*C at 1.11% and C at 107'°%. A lower ratio of *C compared to '?C and "*C in the PA6 incubation
media can be seen as proof for mineralization of the plastic substrate.

A clear difference was observed in the carbon isotope ratio of PA6-incubated ABW compared to today’s bio-
genic carbon standard reference of ~102 percent Modern Carbon (pMC) (Fig. 1). PA6-incubated ABW exhibited
only 58% (59.0 +/— 0.2 SE pMC) of carbon which originated from biogenic sources. 42% of the carbon can
therefore be considered of fossil (i.e. plastic) origin. Thus, results suggest carbon originating from PA6 plastic had
transferred into the ABW medium.

Residual monomer content on DIC development. PAG particles of 3 different rM concentrations were
investigated (~1%, ~0.1%, ~0.05%). In addition to monomer content, particle size and exposure time (in ABW)
were also examined (see Methods section for details). The development of DIC was compared to both starting
values and control values (ABW incubation without PA6).

Particle size was found not to be significant (K-W test; n=3, g=5, df=4; p=0.06). However, given to prox-
imity to the significance threshold (p =0.05), post hoc analyses were undertaken (Dunn’s test). These results
showed that, between all size groups, one significant difference was apparent between size classes A and B (see
methods section). On close examination, 2 DIC measurements appeared to be unusually high in the size group
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Figure 2. Increases in dissolved inorganic carbon (DIC) can be seen following microbial exposure to PA6

of varying residual monomer (rM) content. Results can be seen compared to the starting DIC of the initial
exposure setup as well as the control which represents the exposure setup without PA6. Top-Left Inset: DIC
development of PA pellets with 0.1% rM content during the peak leaching period (first 19 days; similar to that
described by Romera-Castillo et al.)'” compared to DIC development following this period.

B. Since DIC measurements for all other groups, including both smaller and larger particle-groups, were much
lower (and statistically similar), these values were considered erroneous. When group B was discounted, particle
size clearly had no significant effect on DIC measurement (K-W test, n=3, g=4, df=3; p=10.3254). Different
incubation time also proved to have no significant impact on the DIC development (1-way ANOVA; n=6,g=3,
df =2; F=1.397, p=0.278). As such, both size and exposure time were considered statistically unimportant
variables for downstream analyses.

PA6 rM content had a highly significant effect on DIC development (Fig. 2; 1-way ANOVA; n=9,g=3,df=2;
F=33.59, p=1.13 x 1077). Post hoc analyses (Tukey HSD) showed that all rM content groups were significantly
different. Moreover, the strength of the statistical difference followed the pattern of monomer content, with the
weakest significance (p=0.03) between the two most similar monomer content groups (~0.1% rM and ~0.05%
rM), while the difference between groups ~0.1% rM and ~1% rM being highly significant (p=4.96 x 107°) and
the difference between ~1% rM and ~0.05% rM (the largest difference in rM content tested) giving the strongest
significant interval (p =0.01 x 10~°). An increase of DIC was observed in all PA6 samples compared to starting
and control values (see Fig. 2). As such, this result is consistent with the findings of the prior C analysis. Given
the identical experimental setup, this further strengthens the finding that carbon originating from the PA6 parti-
cles was biologically mineralized, and that, given the results of the second experiment, a prominent component of
this appears to be attributed to the mineralization of monomeric and oligomeric content.

Discussion

Using isotopic ratios as an indicator to test for degradation is known in combination with radiolabelling the test
substance. Radiolabelling is often used when slowly degradable materials are to be investigated'*!*. The radi-
olabelling of the polymer is used in several standardized analytical methods, such as by the Organization for
Economic Co-operation and Development (OECD) in the test No. 304!6. However, labelling the polymer sub-
strate is expensive and working with radioactive substances is experimentally challenging. By investigating the
14C in the incubation media, as demonstrated in the preliminary experiment, the expensive and challenging
labelling can be avoided whilst degradation of polymers can still be experimentally demonstrated. However, when
using this procedure, it is essential to know the rM content of tested virgin plastics. This is because rM content was
shown to have a strong effect on the amount of DIC development.

Unfortunately, it was not possible to distinguish whether the observed DIC increase originated from abiotic or
biotic effects. However, it is unlikely to be considerably abiotic, as no abiotic factors, such as high temperatures or
UV radiation', were applied during the incubation period. Moreover, if abiotic factors were somehow significant,
results would have nevertheless been the same for all treatments and therefore does not affect the interpretation
of the results. Furthermore, this research is intended to be an example of typical experimental setups which are
designed to imitate natural environmental processes. Therefore, since abiotic and biotic effects are both important
factors when considering the natural degradation of plastics in the environment, the main finding of this exper-
iment, that higher rM content favours higher environmental degradation interpretation, is a highly relevant one.

Interestingly, within this experiment, neither exposure time nor particle size significantly influenced the
development of DIC in the exposure mediums. A recent study by Romera-castillo et al.l” may explain why these
variables had no significant bearing on results. The authors investigated the effect of leached dissolved organic
carbon (DOC) from plastics on the surrounding microbial community and found that the maximum rate of DOC
leaching occurs immediately, with 60% of this available for microbial utilization after 5 d. They also observed
that DOC leaching rates had plateaued after around 10-16 d. Since in our study, the first DIC measurement was
made after 19 d exposure, the greatest leaching and consequent microbial response likely already occurred, with
consequent time points (34 and 84 d) well past the probable DIC-leaching plateau-point. Based on the findings
of Romera-Castillo et al.'’, exposure time is likely to have an important effect on DIC leaching when shorter
time-frames are considered. This effect also likely explains why size is equally shown to be insignificant within
the present study.
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While shorter time-framed investigations into the effect of rM content on DIC development would be inter-
esting to reveal the leaching patterns of monomeric and oligomeric content, the results of this study concerning
the strong effect that rM content has on DIC development cannot be understated. Any study that investigated
plastic degradation patterns of polymers without considering rM content may well have overestimated early pol-
ymer degradation rates. The measurement of development in DIC or DOC, biological oxygen demand, metab-
olite production or biomass increase could all be a result of early monomer leaching and subsequent microbial
utilization. For example, an early (1988) and highly cited paper investigated the degradation stages of polyethyl-
ene (PE) by measuring the development of *CO, in soil originating from *C-labelled plastic matrix following
incubation’®. While this was based on a much longer time frame (10 years), the authors nevertheless described
an early, rapid degradation stage before rates settled to a consistent, low, 1C conversion rate. It is possible that a
reasonable amount of early *C conversion was the result of monomeric and oligomeric conversion, the level of
which could be affected by essential factors like polymer type (PE-HD, PE-LD or PE-LLD, etc.) or the additive
stabilisation of the polymer. Therefore, this early degradation stage may not actually represent environmental
polymer degradation.

PA was used as an exemplary polymer within this study. However, as mentioned, other attributes of the plastic
may influence the described rM affect. Certain polymers may be expected to demonstrate similar results to PA.
The monomers styrene, vinylchloride (VC) and bisphenol-A (BPA) have all been shown to leach from the plastics
polystyrene (PS), polyvinylchloride (PVC) and polycarbonate (PC) respectively'®-22. Indeed, recent research has
shown that initial leaching and microbial conversion of the monomer bisphenol-A (BPA) from virgin polycar-
bonate also occurs at highest rates within the first 20 days®, a similar leaching period observed in this study and
also described by Romera-Castillo ef al."’. In addition to polymer type, other features, such as the average molec-
ular weight, toughness or amorphous/crystalline ratio could have an influence on the rate of rM leaching (and
thus the development of DIC or some other degradation measure).

It is essential that any environmental degradation study considers the implications of early rM leaching to
prevent false-positive interpretation of polymer degradation. In addition, care should be taken on specifics of the
investigated polymer type, such as the exact material type (including physical constituency, stabilisation, etc.)
where the use of gel permeation chromatography (GPC) may be of particular value for future research into such
properties®. Additionally, care should be taken when preparing any respective environmental media, where a
thorough and careful preparation, such as the ABW used within this study, is preferred.

The impact of rM content in virgin-polymer (recently manufactured from either newly synthesised stock or
from secondary raw materials, i.e. plastic recyclates) exposure studies not only has implications for interpret-
ing plastic degradation rates. Microbial-associated exposure studies could be greatly affected by the monomeric
and oligomeric content of polymers used, particularly those interested in the early microbial colonization of
recently-manufactured plastics and microplastics*>*. Given that plastic leachates have already been shown to
have a considerable influence on surrounding microbiota!” and that leaching occurs immediately, the effect of
rM content on microbial colonisation and early biofilm development must be considered in future experimen-
tal designs. Additionally, while the toxicity of polymer ingredients are well defined according to EU substance
legislation, especially REACH and CLP Regulation, there are still some concerns over certain monomers”~>!.
Therefore, the effects of available rM during plastic-ingestion experiments must also be considered.

As such, the results of this study show that, based on PA as an exemplary polymer, rM content is a highly
important factor, and prior interpretations of plastic degradation where this parameter is not correctly controlled
for, may therefore, overestimate polymer degradation. Additionally, both microbial biofilm development and
microplastic effects on biota may also be affected by the rM content of the tested polymer. For this reason, rM
must be considered in the experimental setup of future research in these areas.

Methods

Investigating plastic degradation in seawater. Additive-free PA6 (poly(e-caprolactam) powder
(LANXESS, Dormagen, Germany) was selected for testing. A size of <125um was achieved by cryo-grinding
with liquid nitrogen in a pin mill and sieving through a vibrating sieve. Prior to the experimental start, the PA6
was exposed to UV light for 16.5hours to better align virgin PA6 samples with environmental microplastics. PA6
was then incubated in ABW; modified after Bruns et al.** (see supplementary information) for 47 days. The ABW
was produced, where possible, avoiding carbon sources. Prior to incubation, Baltic Sea microorganisms were
filtered onto a 0.2 um filter with two pre-filtration steps through an 100 um stainless steel sieve and a 10 um filter
from 2x the volume of Baltic Sea water compared to the final volume of ABW produced. All solutions used for the
ABW were autoclaved or sterile filtered and stored at 15°C to the point of use. The ABW was aerated over night
with a membrane pump (WISA 2001/h with 0.1 bar). Per reagent bottle, 7 g of prepared PA6 as described above,
was added to 130 ml of ABW. A control sample of microbial-rich ABW without PA6 was included. Samples were
incubated at 23 °C in darkness and kept mixed to keep the plastics in suspension. PA6-incubated ABW samples
(n=3) were sent for Biogenic Carbon Content Analysis using the American Society for Testing and Materials
(ASTM) D6866-123 standard method (Beta Analytic, Miami Florida, USA, ISO/IEC 17025:2005 accredited). The
3 replicates were combined in an argon-filled glove box to avoid exposure to air before measuring *C content
in the ABW by accelerator mass spectrometry (AMS). With AMS, the 1C fraction was measured in relation to
the 12C and '*C occurrences in the DIC and compared to a modern reference standard. As standard reference a
NIST (National Institute of Standards and Technology) standard was used with a known radiocarbon content
equivalent approximately to the year AD 1950. Today’s samples become corrected with a factor of 0.98 due to
nuclear background radiation since 1950. Thus, today’s value for fresh biomass material is ~102 pMC. To facilitate
analyses, acidification with phosphoric acid (~53% final concentration) was undertaken.
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Residual monomer content on DIC development. Additive-free PA6 (poly(e-caprolactam) (LANXESS,
Dormagen, Germany), with differing rM contents (~1%, ~0.1% and ~0.05%; rM concentrations occur at ~10:1
monomers to oligomers in the original ~1% stock) was selected for testing. The reduced rM content of ~0.1%
and ~0.05% were achieved by methanol extraction followed by water extraction of stock ~1% rM PA6 using the
modified standardized protocol EN ISO 6427** (LANXESS Dormagen, Germany).

The PA6 and control samples were prepared as in the *C experimental setup (see above). In addition to the
standard controls (ABW without PA6), PA6 exposures were performed in triplicate; controls in duplicate (see
supplementary material). A comparison of PA6 ~1% rM content with ultrapure water showed only a very minor
increase. As such, any immediate increase in DIC introduced at the point of PA6 spiking was considered negli-
gible (see supplementary material). Oxygen content (Hach Lange HQ40d system equipped with a luminescence
dissolved oxygen sensor LOD) was measured in parallel reagent bottles to confirm that aerobic conditions pre-
vailed in all samples (see supplementary material). Since only one DIC measurement per bottle is possible, the
starting value was measured in 3 separate reagent bottles containing only ABW.

The DIC was measured through coulometric titration with the Single Operator Multiparameter Metabolic
Analyser (SOMMA)*. In addition to monomer content, both particle size and exposure time were also investi-
gated. To examine the impact of particle size, 5 different size classes (A: >125 um; B: 125-250 pm; 250-500 um;
D: 500-1500 pum; E: ~4000 um) of ~1% rM-content PA6 were exposed to inoculated ABW for 34 d. To examine
the effect of incubation time, both ~0.1% rM and ~0.05% rM were exposed for 3 time periods (19 d, 34 d and 84
d). The datasets generated and analysed during the current study are available in the supplementary information.
Both exposure period data and monomer content were compared using one-way Analysis of Variance analyses
(ANOVA) with post hoc testing using Tukey’s Honestly Significant Difference (HSD) test. Size data did not con-
form to the assumptions of an ANOVA, therefore the non-parametric Kruskal-Wallis (K-W) test was performed
with post hoc testing using Dunn’s test. All analyses were completed using R v. 3.4.23 with the Tukey HSD test

performed using the package “agricolae” and Dunn’s test performed using the package “dunn.test”.
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