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• A developing marine microplastic bio
film is significantly impacted by time, 
polymer and plasticiser composition.

• Putative plastic degrading bacteria were 
identified in the incoming seawater and 
on all examined microplastics 
substrates.

• Biodegradation initiated during 
biofouling prompted plastic biodegra
dation, especially of the PS-BPA 
substrates.

• The microbiome of Australian tropical 
reef waters possesses plastic bio
degradative capabilities.
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A B S T R A C T

Biodegradation of microplastics facilitated by natural marine biofouling is a promising approach for ocean 
bioremediation. However, implementation requires a comprehensive understanding of how interactions between 
the marine microbiome and dominant microplastic debris types (e.g., polymer and additive combinations) can 
influence biofilm development and drive biodegradation. To investigate this, polystyrene (PS) and polyvinyl 
chloride (PVC) microplastics (< 200 µm in diameter) were prepared either without any additives (i.e., virgin) or 
containing 15 wt% of the plasticisers diethylhexyl phthalate (DEHP) or bisphenol A (BPA). Each polymer- 
plasticiser microplastic combination was exposed to environmentally relevant conditions in a simulated 
seawater mesocosm representative of tropical reef waters over a 21-day period to allow for natural biofilm 
development. Following this, microplastic degradation and the colonising bacterial biofilm was assessed as a 
function of time, polymer and plasticiser type using infrared, thermal, gel permeation and surface characteri
sation techniques, as well as 16S ribosomal RNA bacterial gene sequencing, respectively. Together, these ana
lyses revealed time-, polymer- and plasticiser-dependent degradation, particularly of the PS-BPA microplastics. 
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Degradation of the PS-BPA microplastics also coincided with changes in bacterial community composition and an 
increased total relative abundance of putative biodegradative bacteria. These findings indicate that the metabolic 
potential and biodegradative capability of the colonising marine biofilm can be significantly impacted by the 
chemical properties of the microplastic substrate, even within short timeframes.

1. Introduction

Microplastics (< 5 mm in diameter) and their associated chemical 
additives (e.g., phthalate and diphenol plasticisers) are hazardous 
environmental contaminants [1]. Due to the recalcitrant nature of these 
polymer-additive mixtures [2], marine ecosystems including coral reefs 
are susceptible to the long-term consequences of microplastic accumu
lation [3–7]. To mitigate these impacts, current research aims to develop 
methods that isolate and remove plastics from oceans worldwide [8,9]. 
Microbial biodegradation of synthetic plastics exploits microorganisms 
that can break down long-chain polymers into more easily metabolised 
compounds and offers a natural and cost-effective way to completely 
remove plastics from marine matrices [10–16]. However, there are still 
many knowledge gaps limiting the implementation of these strategies 
[15]. Firstly, the availability of putative biodegradative microorganisms 
as well as their propensity to colonise a substrate are significant factors 
that influence the effectiveness of natural plastic biodegradation [13, 
15–17], especially in marine environments where microbial diversity 
and density can fluctuate temporally [18], spatially [19] and with water 
biogeochemistry [18,20]. Moreover, substrate physicochemistry and 
morphology can also impact microorganism colonisation and biofilm 
formation (i.e., biofouling) [21–26]. Given that microplastics can have 
vastly different properties (i.e., polymer-additive composition [27]), 
effective biodegradation strategies for these materials relies on a 
comprehensive understanding of how these chemical factors influence 
biofouling [28].

Marine plastic-associated biofilms (i.e., the plastisphere [15,29]) are 
diverse assemblages of microorganisms, mainly bacteria, that colonise 
the surface of plastics immersed in seawater [28]. The bacterial com
munity composition of the plastisphere and its metabolic potential can 
be impacted by the physicochemical properties of the plastic (e.g., 
polymer-additive composition [22,26,30–33] and morphology 
[34–37]). These physicochemical variables influence theplastic’s sur
face properties, most importantly, topography, hydrophobicity and 
functionalisation [26,38,39]. Consequently, taxonomically distinct 
biofilms have been reported on polypropylene (PP), polyethylene (PE), 
polystyrene (PS) and polyvinyl chloride (PVC) plastics collected from a 
range of marine environments worldwide [22,26,30,31,33]. However, 
the combined impact of incorporated functional additives such as plas
ticisers on microplastic biofouling under environmentally relevant 
conditions has been understudied to date [40,41]. Plasticisers such as 
diethylhexyl phthalate (DEHP) and bisphenol A (BPA) are common toxic 
additives incorporated at high concentrations into plastic polymers (1 – 
70 wt% [42,43]) [27]. They have been detected in marine environments 
at concentrations between 7.4 and 71,700 ng/L [44,45] with reported 
widespread and detrimental impacts on environmental microbiomes (e. 
g., inducing gut dysbiosis in some fishes) [46–48]. Controlled prepara
tion and comprehensive characterisation of the polymer-additive prop
erties of microplastics employed for biofouling studies will ensure that 
differences in the developing biofilm can be reliably identified with time 
and correlated to the property of the plastic (e.g., polymer or additive 
type) [49,50]. These insights will help to promote better quality assur
ance and control protocols (QA/QC) for future research, specifically by 
elucidating differences in biofilm community composition over time. 
Consequently, more effective restoration initiatives that promote natu
ral and timely biodegradation will be informed [32,51–53].

The phylogenetic database of microorganisms with metabolic capa
bility to biodegrade synthetic polymers is expanding [13]. In laboratory 
studies, bacteria with these capabilities have been cultured and grown 

on plastics, and evidence of their biodegradation potential within 
reasonable timeframes (i.e., less than 1 year) is promising [13,15]. Using 
a variety of chemical (e.g., thermal stability, spectral and molecular 
weight information) and physical (e.g., microscopy and hardness) 
techniques, polymer degradation initiated during biofouling can be 
understood and linked to the property of the plastic as well as the 
presence and abundance of specific microorganism(s). However, direct 
evidence of microplastic degradation by biofouling microbes under 
natural marine conditions is limited [15], especially for plasticised-PS 
and -PVC [10,54,55]. PS and PVC microplastics are ranked among the 
highest concern polymers in marine environments according to pa
rameters such as organism ingestion rate (exceeding 0.01 – 100 parti
cles/day for some biota), global waste generation (15 – 17 million 
tonnes/year), toxic chemical association (i.e., leaching/adsorption of 
additives and monomers) and degradation rate (2 – 5 years) [56,57]. 
More specifically, these microplastic polymers in tropical marine and 
coral reef ecosystems can negatively impact coral physiology and alter 
the behaviour of associated coral species leading to the destruction of 
these habitats [58,59]. Thus, there is a need for multidisciplinary studies 
that target these marine recalcitrant polymer-additive mixtures and aim 
to understand biofouling as a factor driving their biodegradation [60].

In this study, smaller-sized PS and PVC microplastics (< 200 µm in 
diameter) prepared as a virgin material (i.e., without additives) or with 
15 wt% of the plasticisers DEHP or BPA, were deployed for 21 days into 
a simulated seawater mesocosm representative of tropical reef waters. 
During early marine biofouling, rapid changes in bacterial colonisation 
and successive patterns are heavily influenced by the physicochemical 
and surface properties of the substrate, therefore, this experimental 
timeframe is predicted to highlight specifically the influence of polymer- 
plasticiser composition on marine plastic biofouling and biodegradation 
[26,61]. As such, a combined chemical and genetic approach using 
spectroscopic analyses (e.g., infrared, thermal, gel permeation and sur
face characterisation [9]) and high-throughput sequencing of the 16S 
ribosomal RNA (rRNA) bacterial genes, respectively, was applied to 
explore polymer degradation and biofilm community structure as a 
function of microplastic chemical composition (polymer-plasticiser 
composition) and time (0, 7 and 21 days). Given the differences in 
chemical properties of the prepared microplastics, it is hypothesised that 
plastic substrates with different polymer-plasticiser compositions would 
develop unique and taxonomically distinct biofilms that influence 
biodegradation. Therefore, revealing the relationship between plasti
cised microplastics and the marine microbiome. Overall, this work will 
better inform on the impacts of plasticisers on microbial communities, 
contribute to the advancement of plastic bioremediation strategies and 
refinement of QA/QC protocols [62].

2. Methods

2.1. Materials

PS (weight-average molecular weight (Mw) = 192 K Daltons; 
430102–1 Kg), PVC (Mw = 55 K Daltons; 389239–500 g), tetrahydro
furan (THF; HPLC Grade), DEHP, BPA, sodium lauryl sulfate (SDS), 
Trizma® base (CAS 77–86–1), phenol:chloroform:isoamyl alcohol (IAA) 
(25:24:1, v/v) and chloroform:IAA (24:1, v/v) were sourced from Sigma 
Aldrich. Sodium hydroxide (NaOH), acetone, ethanol (EtOH), hydro
chloric acid (HCl) and hydrogen peroxide (H2O2; 30 % grade) were 
sourced from Univar. Proteinase K (20 mg/mL; recombinant; PCR 
Grade), lysozyme and UltraPure™ distilled water (DNase/RNase-Free) 
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were sourced from ThermoFisher. Ethylenediaminetetraacetic acid 
(EDTA) and sucrose were sourced from Astral Scientific. Isopropanol 
(80 % v/v; HPLC grade) was sourced from BDH Chemicals. PCR reagents 
including AmpliTaq Gold 360 Master Mix (2X concentrate) and GC 
enhancer were sourced from Applied Biosystems. Forward and reverse 
PCR primers were supplied by Sigma Aldrich and reconstituted to 100 
µM on arrival.

2.2. Preparation and characterisation of plastics

Virgin (i.e., containing no additives) and additive loaded (15 wt% 
DEHP or 15 wt% BPA) PS and PVC microplastics were prepared as per 
Gulizia et al. [49,50]. All three preparations of PS (PS-virgin, PS-DEHP 
and PS-BPA) and PVC (PVC-virgin, PVC-DEHP and PVC-BPA) were then 
sorted separately over a 200 µm aperture stainless-steel test sieve (Gle
nammer Sieves), with all microplastics smaller than 200 µm in diameter 
collected and used for experiments. Gel permeation chromatography 
(GPC) was used to determine the concentration (wt%) of DEHP and BPA 
incorporated into the PS and PVC polymer blends, and was calculated 
using prepared calibration curves of PS, PVC, DEHP and BPA in THF 
from 0 – 1.05 mg/mL (R2 > 0.99). For these analyses, PS (3 – 5 mg) and 
PVC (1.5 – 3 mg) microplastics were dissolved in THF (1.5 mL), filtered 
through a 0.22 µm MS® polytetrafluoroethylene (PTFE) filter (Mem
brane Solutions), and 50 μL aliquots were injected into a 1260 Infinity II 
Multi-Detector GPC (Agilent Technologies) equipped with an ultraviolet 
(UV) absorbance and refractive index detector. Two PLgel 5 μL MIXED-C 
columns (300 x 7.5 mm; Agilent Technologies) were calibrated using PS 
narrow standards (Agilent EasiVial PS-M). Thermal gravimetric analysis 
(TGA; Fig. S1) and Fourier Transform-Infrared Spectroscopy (FT-IR; 
Fig. S2) were used to characterise signature chemical properties, while 
optical microscopy (Leica MZ26A; Fig. S3) was used to conduct size 
analysis of the microplastics, as described in Gulizia et al. [49,50]. 
Physical observation and morphological characterisation of the micro
plastics was performed using a Canon 5D Mk 111 with a Canon 100 mm 
f2.7 Macro Lens and a Joel Superprobe JXA-8200 Standard Electron 
Microscope (SEM).

These analyses revealed that all microplastics were white-opaque in 
colour, irregular shaped and sized between 88 – 157 µm, with the un
treated PS and PVC microplastics (i.e., 0 days of exposure), having a Mw 
of 171 and 58 kg/mol and a polydispersity index (PDI) of 2.54 and 1.97, 
respectively. These polymer-plasticiser blends (including polymer and 
plasticiser type and concentration [42,43]), as well as the morphology of 
the prepared microplastics were chosen as they are representative of 
dominant plastic contamination detected in aquatic and biological 
matrices worldwide [2,63–66]. Furthermore, the chemical behaviours 
(i.e., leaching and degradation) of these polymer-plasticiser combina
tions at this timescale were characterised in previous work [49,50], thus 
ensuring that the impact of biofilm formation on microplastic degra
dation could be studied in isolation.

2.3. Experimental setup

Biofilm formation and microplastic degradation were investigated as 

functions of polymer and plasticiser composition over 21 days in a 
seawater mesocosm at the National Sea Simulator (SeaSim) at the 
Australian Institute of Marine Science (AIMS), Townsville (Table 1). 
Prepared PS and PVC microplastics (PS-virgin, PS-DEHP, PS-BPA, PVC- 
virgin, PVC-DEHP and PVC-BPA; ≈ 0.30 g each) were placed inside 
empty Biotage® Sfär DVL 10 g cartridges fitted with a 26 µm mesh filter 
and a poly(methyl methacrylate) frit (to prevent microplastic loss). The 
cartridges containing microplastics (n = 5 cartridges per polymer- 
plasticiser combination, with n = 5 removed after 7 and 21 days) 
were fitted to a manifold system inside a water bath to reduce climate 
fluctuations and exposed to a constant flow of seawater sourced from the 
outlet of eight mesocosm tanks (Fig. S4). Incoming seawater was pre
filtered to 1 µm and the whole experiment was covered with a nylon 
mesh to simulate natural cloud cover and normalise sunlight exposure. 
The mesocosms were maintained at seasonal average conditions of the 
coastal, central Great Barrier Reef (GBR) World Heritage Area, Australia 
(Table S1) and contained representative organisms of these ecosystems 
(e.g., hard and soft corals, snails, sea cucumbers, urchins, seagrass, coral 
reef fishes and clams [67–69]). The flow (mL/min) through each car
tridge was monitored weekly by measuring the volume of water leaving 
the cartridge within 10 s (Fig. S5). After 7 and 21 days of exposure to the 
seawater, the cartridges containing microplastics were collected, 
drained and microplastic samples stored at − 20◦C for subsequent DNA 
extractions and plastic degradation analyses.

2.4. Assessment of microplastic degradation

Chemical and physical analyses of the biofouled microplastics were 
performed using TGA, FT-IR, GPC and SEM, as described above. These 
techniques provide information regarding polymer thermal stability (e. 
g., decline in glass transition temperature and/or changes in plasticiser 
composition), new bond formation (e.g., carbonyl and hydroxyl bonds 
formed during polymer oxidation), molecular weight information (e.g., 
changes to the polymers hydrodynamic radii initiated during bond 
cleavage) and surface morphology (e.g., pitting), respectively, which 
can be used to evaluate polymer degradation [9,54,60,70]. For all 
techniques, the starting profiles of all prepared microplastic particles 
were characterised prior to experimentation, ensuring their homoge
neity and allowing for comparison of microplastic degradation 
throughout the experiment. For TGA and FT-IR, representative samples 
(n = 1 replicate sample per polymer-plasticiser combination) were 
selected at random and tested neat, i.e., no pre-treatment was required. 
For GPC (n = 3 replicate samples per polymer-plasticiser combination) 
and SEM (n = 1 replicate sample per polymer-plasticiser combination) 
analyses, biofouled microplastics were first rinsed thoroughly with 
water, acetone and H2O2 to remove remaining biological material [9], 
and the solvent evaporated by air drying under ambient conditions (≈
20 min) then under reduced pressure overnight.

2.5. DNA extraction, sample selection and quality control

Solutions prepared for DNA extraction and quality control assays 
were prepared as follows: 0.5 M EDTA was prepared by dissolving EDTA 

Table 1 
Experimental exposure conditions for the polystyrene (PS) and polyvinyl chloride (PVC) microplastics; virgin (i.e., containing no additives) or containing 15 wt% 
diethylhexyl phthalate (DEHP) or 15 wt% bisphenol A (BPA).

Polymer type Additive composition Nomenclature Sampling time (days) Replicates per polymer-plasticiser type Total replicates per polymer type

PS Virgin PS-virgin 0a, 7 and 21 5 45
DEHP PS-DEHP 0a, 7 and 21 5 45
BPA PS-BPA 0a, 7 and 21 5 45

PVC Virgin PVC-virgin 0a, 7 and 21 5 45
DEHP PVC-DEHP 0a, 7 and 21 5 45
BPA PVC-BPA 0a, 7 and 21 5 45

a These plastics were not exposed to biofouling conditions and therefore served as a negative control to compare marine microplastic biofouling and subsequent 
polymer degradation in tropical waters.
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(18.6 g) in Milli-Q water (100 mL) at pH 8.0. 1 M Tris-HCl was prepared 
by dissolving Trizma® base (12.113 g) in Milli-Q water (100 mL) at pH 
8.0. Sucrose lysis buffer was prepared by dissolving 1 M Tris-HCl (5 mL), 
0.5 M EDTA (8 mL) and sucrose (25.6 g) in MilliQ water (100 mL) before 
filter sterilisation (0.22 µm; Millipore). All solutions were autoclaved 
prior to use.

Total genomic DNA (gDNA) from the plastic-associated biofilms after 
0 (i.e., no immersion in seawater), 7 and 21 days was extracted from 
0.05 to 0.105 g of microplastics using the DNeasy® PowerBiofilm® Kit 
(Qiagen) following manufacturer protocol, except that samples were 
incubated at 65◦C for 5 min before homogenisation by bead beating 
(FastPrep-24™ 5 G; MP Biomedicals) for 40 s at 4 m/s. Three kit blanks 
containing no plastic material were also extracted concurrently to 
establish environmental and laboratory contamination levels. All DNA 
was eluted into 50 µL elution buffer and immediately frozen at − 20◦C.

To profile the microbial community inherent in the seawater intro
duced into the mesocosm, 2 L of incoming seawater was collected twice 
throughout the experiment corresponding to sampling days on day 7 and 
day 21, respectively (n = 3 per sampling time). Microbes were collected 
from seawater using 0.22 µm Millipore Sterivex™ GP filter units con
nected to a peristaltic pump with a Masterflex easy load pump head 
(MilliPore XX8020ELO; 50 rpm) with sterilised tubing. Sterivex filters 
were immediately sealed with parafilm at both ends to prevent 
contamination and stored at − 20◦C until DNA extraction. DNA was 
extracted according to methods described in Botte et al. [20] with the 
following alterations: sucrose lysis buffer (1.8 mL) and lysozyme 
(100 mg/mL; 18 µL) was added directly into the filter units and then 
mixed by gentle inversion for 1 min. Filter units were incubated at 37◦C 
with rotation for 1 h after which proteinase K (20 mg/mL; 20 µL) and 
SDS (10 %; 18.38 µL) were added, mixed by inversion, and incubated at 
55◦C with rotation for 1 h. The liquid (≈ 2 mL) was collected into two 
2 mL microtubes and extracted using equal volumes of phenol:chloro
form:IAA, mixed by inversion and centrifuged (16,000 x g; ambient) for 
10 min to phase-separate. The aqueous layer was recovered from each 
sample and equal volumes of chloroform:IAA was added, mixed and 
centrifuged, as before. The aqueous layer was recovered from each 
sample again and DNA precipitated by adding isopropanol (≈ 0.7 mL), 
mixing by gentle inversion, incubation at ambient conditions for 15 min 
before centrifugation (20,000 x g, 4◦C) for 30 min to pelletise DNA. The 
supernatant was then discarded, and the pellet washed by adding EtOH 
(80 %; 0.5 mL), followed by gentle inversion and centrifugation (20,000 
x g; ambient) for 10 min. The supernatant was discarded, and the DNA 
pellets air dried under ambient conditions until no EtOH remained (≈
20 min). Finally, pellets were resuspended in 25 µL PCR-grade water and 
stored at − 20◦C.

DNA quality was determined for all samples using a NanoDrop 2000 
spectrophotometer (ThermoFisher Scientific). Representative samples 
(n = 20) were selected across all treatment groups spanning a range of 
concentrations for quantification using the Qubit High Sensitivity DNA 
kit (Invitrogen) on the Qubit 3.0 Fluorometer (Invitrogen) and to 
perform PCR amplification checks. PCR amplification was undertaken 
using the following reaction mix in 25 µL: AmpliTaq 360 PCR Master 
Mix (X1 concentrate; 12.5 µL), forward primer (1 µL 27 F; 0.4 µM), 
reverse primer (1 µL 1492R; 0.4 µM), template DNA (< 15 ng), GC 
enhancer (1 µL) and PCR-grade water (8.5 µL) [71]. Cycling conditions 
were as follows: 7 min at 95◦C followed by 30 cycles of 30 s at 95◦C, 30 s 
at 55◦C and 90 s at 72◦C followed by a final extension of 7 min at 72◦C. 
To check for amplification, each sample was run on a 1.5 % agarose gel 
in 1x TAE buffer. Qubit concentrations were used to normalise DNA 
samples to ≈ 5 ng/µL before dispatch for sequencing.

2.6. 16S rRNA gene sequencing and bioinformatics

16S amplicon samples underwent 2 x 250 bp high-throughput DNA 
sequencing on the Illumina MiSeq® platform at the Ramaciotti Centre 
for Genomics (University of New South Wales, Australia) using the 

primer pair 515F/806R to amplify the V4 region of the 16S gene [72]. 
After quality control using FastQC (v0.11.9) and MultiQC (v1.14) [73], 
five raw samples that contained less than 2500 sequence counts were 
excluded from downstream analysis (< 5 % of dataset). The remaining 
high-quality sequence files were tested for compliance with tabular 
bioinformatics file formats using the Keemei add-in [74], imported into 
QIIME2 v2022.11 [75] and trimmed to 147 bp [76]. The filtered reads 
were then classified using the Silva 138 99 % full-length 16S sequences 
database to assign taxonomic information to the recovered amplicon 
sequence variants (ASVs). Sequence counts were rarefied and a total of 
5,456,975 valid sequences (i.e., reads) were obtained, representing an 
average of 30,317 ± 1137 reads per sample (Fig. S6). The obtained reads 
were clustered into 11,570 ASVs, representing an average of 471 ± 17 
ASVs per sample. Alpha diversity metrics including Chao1 richness and 
Simpson’s evenness indices were calculated to assess global community 
structure and diversity of the plastisphere. Beta diversity and micro
biome divergence were explored using multidimensional scaling (MDS) 
based on Bray-Curtis dissimilarity and compared using principal coor
dinate analysis (PCoA) [77,78]. Additionally, bacterial clades with 
metabolic capability to biodegrade PS and PVC were identified in the 
literature [79–83], grouped at the genus level and then cross-referenced 
with the ASVs identified in the incoming seawater and on each marine 
biofouled microplastic sample.

2.7. Statistical analyses

Data collation, visualisation and statistical analyses were undertaken 
in Microsoft Excel and R v4.2.2 through RStudio v2022.12.0–353 using 
the BiocManager, eulerr, phyloseq and vegan packages [78,84–86]. 
Further data filtering was performed to restrict statistical analyses to 
bacterial sequences with assignment beyond the kingdom level only 
[87]. Statistical differences between Mw and PDI indices obtained using 
GPC were calculated using pairwise t-tests and compared over time (i.e., 
0 vs 7 and 21 days) within each treatment group, respectively. General 
linear models (GLMs) were used to identify significant changes in global 
diversity metrics (Eq. 1 [88]) and the relative abundance of ASVs (Eqs. 2 
and 3) among treatment groups (PS-virgin, PS-DEHP, PS-BPA, 
PVC-virgin, PVC-DEHP and PVC-BPA) with time (0, 7 and 21 days) using 
the DESeq2 package in R [89]. Due to the impact of time on biofouling 
(Fig. S7), all metrics (Chao1, Simpson’s evenness and ASV relative 
abundance) in Eqs. 1 and 3 were examined independently of time to 
elucidate community differences with polymer and plasticiser compo
sition. Alpha was set to 0.05 for all statistical comparisons. 

Global diversity metric ∼ polymer type+ plasticiser composition (1) 

ASVs relative abundance ∼ exposure time (2) 

ASVs relative abundance ∼ polymer type ∗ plasticiser composition
(3) 

where, Global diversity metric = Chao1 and Simpson’s evenness; 
polymer type = PS or PVC; plasticiser composition = virgin (i.e., no 
additive), 15 wt% DEHP or 15 wt% BPA; and exposure time = 0, 7 and 
21 days. For each GLM, exploratory data analysis (not shown) dictated 
whether factors (i.e., polymer type, plasticiser type or exposure time) 
were considered nested or independent.

3. Results

3.1. Physicochemical properties of microplastics after immersion in 
seawater

Signature chemical peaks, thermal stability, Mw, PDI and surface 
morphology (TGA, FT-IR, GPC and SEM, respectively) as a function of 
time (i.e., 0, 7 and 21 days) and polymer-plasticiser composition (i.e., PS 
or PVC, virgin or containing DEHP or BPA) confirmed polymer 
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degradation was initiated during marine biofouling at this experimental 
timescale.

The TGA curves and FT-IR spectra of the biofouled microplastics 
revealed key changes consistent with polymer biodegradation. Though 
the thermal degradation profiles of all virgin microplastics were within 
error, a slight displacement of the curves was observed for all PS-DEHP 
and PS-BPA plastics after 7 and 21 days (Fig. S1). Supporting this, the 
FT-IR spectra of the biofouled PS microplastics revealed the presence of 
new peaks at 3380 cm− 1 (-OH), increased intensity of peaks at 
1650 cm− 1 (-C––O) and broadened peaks between 900 and 1000 cm− 1 

(-C––C, -C-O, v -C-O-C); changes that are commonly associated with 
carbon bond oxidation during polymer degradation (Fig. S2) [70]. FT-IR 
of the PVC-microplastics also revealed a decline in the intensity of peaks 
centred at 827 cm− 1 (v -C-Cl), which could suggest a breakdown of the 
PVC polymer backbone [90]. Changes to these signature peaks in both 
the TGA and FT-IR spectra were especially evident after biofouling for 
21 days, indicating prolonged exposure to marine biofouling may 
enhance degradation.

GPC-derived molecular weights data of biofouled microplastics 
revealed more notable changes to the chemical properties of the PS 
microplastics than PVC microplastics (Fig. 1). The mean Mw of PS 
microplastics displayed a significant time- and plasticiser-dependent 
decline up to 10 % (p-value = 2.57E− 3). Specifically, the mean Mw of 
the PS-virgin, PS-DEHP and PS-BPA microplastics decreased from a 
common 171 kg/mol (0 days), to 154, 167 and 168 kg/mol after 7 days 
and 155, 163 and 167 (p-value < 0.05) kg/mol after 21 days, respec
tively. Moreover, the mean PDI of PS-virgin, PS-DEHP and PS-BPA 
microplastics decreased from a common 2.54 (0 days) to 2.37, 2.13 
(p-value < 0.05) and 2.36 after 7 days and 2.39, 2.23 (p < 0.05) and 
2.43 after 21 days, respectively (Table S2). These changes in Mw and PDI 
suggest a substantial change in the hydrodynamic radii of PS, which 
could indicate oxidative cleavage and breakdown of the polymeric 
backbone into shorter chain fragments [9,60]. Contrary, no significant 
variation in molecular weights information was observed for any PVC 
microplastics.

SEM images also revealed notable changes in the morphology of all 
biofouled PS microplastics and indicated time- and plasticiser- 
dependent effects consistent with biodegradation (Fig. 2e, f, h and i). 
After 7 and 21 days of biofouling, PS-DEHP and PS-BPA microplastics 
were substantially degraded, evident by the formation of small holes on 
the particles surface. These holes increased in frequency with time and 
were most pronounced on PS-BPA microplastics. No evident changes to 
the surface of PVC microplastics were observed throughout the duration 

of the biofouling experiment (Fig. S8).

3.2. Bacterial community patterns in a developing microplastic biofilm

Macroscopic observation of PS and PVC microplastics revealed sub
stantial biofouling as depicted by biomass formation (Fig. S9 and S10) 
[22]. Representative SEM images also depicted colonisation by marine 
eukaryotes (e.g., diatoms) as well as evidence of some bacterial fila
ments (Fig. S11) [26]. 16S rRNA gene amplicon sequencing revealed a 
distinctness between the biofouled microplastics and the incoming 
seawater, with increased ASV richness (Chao1) observed after 7 and 21 
days (Fig. 3). Assessment of the plastisphere community richness and 
evenness (Simpson’s) also revealed time-, polymer- and 
plasticiser-dependence. Both measured indices changed after immersion 
in seawater for up to 21 days, with Chao1 values increasing from a 
common 100 (0 days) to 1650 (21 days) while Simpson’s values 
decreased from a common 0.3 (0 days) to 0.04 (21 days), respectively. 
This indicated enhanced community complexity over time. Moreover, 
while Chao1 and Simpson’s diversity metrics remained fairly constant 
from 7 to 21 days (1100 – 1800 and 0.025 – 0.05) and with plasticiser 
composition (1000 – 2000 and 0.025 – 0.075), respectively, significant 
differences in community complexity between PS and PVC was observed 
at this timescale. Evenness was significantly lower for biofouled PVC 
microplastics relative to the biofouled PS microplastics after both 7 and 
21 days of seawater immersion (GLM p-value < 0.05), while the richness 
of the PS-DEHP biofilms was significantly lower than all other treat
ments (GLM p-value < 0.0001), irrespective of chemical composition 
(Fig. 3).

The developing plastisphere was dominated by Alphaproteobacteria 
and Gammaproteobacteria, which represented between 20 % and 40 % 
of retrieved 16S sequences, respectively (Fig. 4 and Fig. S12). Bacter
oidota represented the second most dominant group (10 – 40 %), fol
lowed by Verrucomicrobiota (< 5 – 20 %) and Planctomycetota (< 5 – 
10 %). Dominant members of these phyla at the class level included 
Bacteroidia (10 – 40 %), Kiritimatiellae (< 5 – 20 %), Planctomycetes (<
5 – 10 %) and Bdellovibrionia (< 5 – 10 %).

The largest shifts in community composition were observed after 
immersion in seawater from 0 to 7 and 21 days. The 16S sequences 
affiliated with members of Actinobacteria and Bacilli decreased in 
abundance by up to 40 %, whilst Bacteroidia, Bdellovibrionia, Planc
tomycetes, Kiritimatiellae, Alphaproteobacteria and Gammaproteobac
teria all increased in abundance by up to 20 % (Fig. 4 and Fig. S7) [91]. 
Time-dependent shifts in community composition, illustrated using 

Fig. 1. The mean weight-average molecular weight (Mw; kg/mol ± standard deviation) of the polystyrene (blue) and polyvinyl chloride (orange) microplastics; 
virgin (i.e., containing no additives) or containing 15 wt% diethylhexyl phthalate (DEHP) or 15 wt% bisphenol A (BPA) after 0, 7 and 21 days of marine biofouling. 
The significant differences between the untreated, control samples (i.e., 0 days) and biofouled microplastics after 7 and 21 days are indicated by * (p-value ≤ 0.05).
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PCoA (Fig. S7) and tested by GLM (Eq. 2), revealed significant micro
biome divergence from 0, 7–21 days, which corresponded to a 5.4 – 
6.7-fold increase in the mean relative abundance of Gammaproteobac
teria (GLM p-value < 0.0001) and Bacteroidia (GLM p-value < 0.0001) 
(Table S3). Other ASVs detected in relatively high abundance in 
response to seawater exposure time include species of Tropicibacter 
(63-fold decrease), Rhodobacteraceae (9-fold increase) and Neo
chlamydia (8-fold decrease). Additionally, community dissimilarity and 
distinctness in bacterial composition was also associated with polymer 
and plasticiser type (Fig. 5). The GLM (Eq. 3) identified a total of 30 
ASVs that were significantly impacted by polymer-plasticiser composi
tion (Table S4) and mainly corresponded with low abundance members 
of Enterobacterales, Pseudomonadales, Rhodobacterales and Rhizo
biales belonging to the classes Gammaproteobacteria, Cyanobacteriia 
and Bacteroidia.

Finally, following bacterial community assessment of the alpha di
versity and compositional patterns, 16S amplicon sequences affiliated 
with bacterial clades possessing metabolic capability to degrade PS and/ 
or PVC polymers were identified on the biofouled microplastics after 7 
and 21 days [13,54,55,60,92]. Out of 34 genera previously reported 
with the capability [13], a total of 11 genera were identified in the 
incoming seawater and on the biofouled microplastics, and included 
members of Alcanivorax, Vibrio, Thalassospira, Cohaesibacter, Bacillus, 
Desulfovibrio, Bravundimonas, Novosphingobium, Alteromonas, Pseudo
monas and Corynebacterium (Fig. 6). Unique compositional changes 
among these bacteria over time were particularly evident when 

comparing the microbiome of the incoming seawater and that of the 
developing microplastic-biofilms, with the PS-virgin, PS-DEHP and 
PS-BPA substrates showing the greatest dissimilarity. For the PS-virgin 
substrates, a decrease in the total relative abundance of members of 
Brevundimonas, Pseudomonas and Corynebacterium was observed be
tween 7 and 21 days of biofouling. For the PS-DEHP substrates, a 
decrease in Alcanivorax, Vibrio, Thalassospira, Cohaesibacter and Desul
fovibrio was observed between 7 and 21 days, whereas for PS-BPA sub
strates, an increase in these genera was observed, respectively. Notably, 
all PVC substrates retrieved the lowest number of affiliated sequences, 
irrespective of plasticiser composition.

4. Discussion

Comparisons between the chemical (i.e., TGA, FT-IR and GPC) and 
physical (i.e., SEM) data of the untreated (i.e., prior to seawater expo
sure; 0 days) and marine biofouled microplastics (i.e., 7 and 21 days) 
exposed to environmentally relevant tropical marine conditions 
revealed considerable physicochemical changes indicative of plastic 
degradation [9]. Likewise, the 16S rRNA gene amplicon sequencing data 
proved effective in characterising the community patterns of the 
developing microplastic-biofilms and identified key bacteria, previously 
reported, that were potentially involved in biodegradation [13,54,55, 
60,92].

The predominant plastisphere community was comprised of highly 
abundant and opportunistic marine colonisers, notably including 

Fig. 2. Representative images of the polystyrene (PS) microplastics after (a – c) 0, (d – f) 7 and (g – i) 21 days of marine biofouling. Microplastics are virgin (i.e., 
containing no additive; a, d, g), containing 15 wt% diethylhexyl phthalate (DEHP; b, e, h) or 15 wt% bisphenol A (BPA; c, f, i). Scale bars are indicated on each image.
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members of Proteobacteria, Bacteroidota and Planctomycetota [91,93, 
94]. The identified community structure aligns with findings from pre
vious studies on marine plastic biofouling [18,22,24,35,61,95,96], and 
together highlights some similarities in bacterial composition across 
different geographic regions and irrespective plastic composition [95]. 
Bacterial groups that persisted across the 21-day timescale irrespective 
of polymer and plasticiser type included members of Bacteroidia, 
Alphaproteobacteria and Gammaproteobacteria such as Flavobacter
iales, Rhodobacteriales and Pseudomonadales, respectively (Fig. S12). 
Members of Flavobacteriales and Rhodobacteriales are recognised as 
dominant and primary colonisers of marine plastics worldwide and play 
defining roles in long-term biofilm maturation [29]. Within Gammap
roteobacteria, the order Pseudomonadales have also been identified as 
important marine colonisers of microplastics, with members of this 
group particularly highlighted for their biodegradative metabolic ca
pabilities [13,29]. Moreover, while similarities in community compo
sition consistent with previous studies were observed here, unique 
temporal trends were also evident. Most notable was the diversification 
of bacterial communities upon immersion in seawater and the shifts in 
community complexity (i.e., richness) and ASV relative abundance be
tween 7 and 21 days (Fig. S7). These community changes suggest a 
transition from predominately opportunistic primary colonisers at 7 
days to more specialised bacteria after 21 days [90,93,94]. These early 
changes influenced by the polymer-plasticiser composition of the 
microplastic substrate are likely to affect long-term succession patterns 
and biofilm maturation, which could ultimately shape the metabolic 
potential of the plastisphere (e.g., for biodegradation). Based on this 
information, early intervention strategies that target specific temporal 
patterns in the plastisphere (i.e., primary colonisers), could be employed 
to encourage and promote the long-term succession of plastic degrading 
bacteria for particular polymer-additive microplastic mixtures [92]. 

Thereby optimising natural plastic removal pathways in-natura.
Biofouling at this narrow timescale was also heavily influenced by 

the physicochemical properties of the plastic [26,61]. The PCoA (Fig. 5) 
highlighted differences in community structure with respect to the 
chemical composition of the microplastic at each experimental time
point. These analyses revealed a polymer- and/or 
plasticiser-dependency during early-stage marine plastisphere develop
ment. Specifically, higher bacterial diversity exhibited selectivity to
wards PS-DEHP and PS-BPA when compared to PS-virgin, PVC-virgin, 
PVC-DEHP and PVC-BPA compositions (Fig. 3). While similar 
polymer-dependent marine biofouling has been previously reported [22, 
26,30,31,33], this study was the first to also consider the combined 
impact of incorporated plasticisers under controlled environmentally 
relevant conditions. Given differences in community composition on the 
virgin, DEHP and BPA plasticised microplastics, it is likely the con
trasting PS (i.e., strongly hydrophobic due to repeating phenyl groups) 
and PVC (i.e., moderately hydrophobic due to repeating C-Cl bonds) 
chemical properties in combination with the different leaching behav
iours of DEHP (i.e., high polymer retention [49,50,97]) and BPA (i.e., 
fast and concentrated release [49,50,98]) in seawater uniquely 
impacted the attachment and succession of primary colonising bacteria 
[18,38], resulting in differences in biofilm composition. Furthermore, it 
is likely the presence and concentration of these additives [21,32,99] – 
both within the polymer and as leachates in the surrounding water – also 
influenced the biofouling potential of some marine bacteria [100]. With 
this novel information, QA/QC protocols can be updated to ensure re
searchers consider how discrete differences in plastic physicochemistry 
impact colonising bacteria [53]. This is particularly relevant for 
microplastic exposure studies that employ biofouled microplastics, as 
differences in biofilm formation can impact the long-term fate of 
microplastics in different environments, i.e., by encouraging deep sea 

Fig. 3. Alpha diversity metrics: richness (Chao1; blue) and evenness (Simpson’s; green) of the background seawater and of the biofouled polystyrene (PS) and 
polyvinyl chloride (PVC) microplastics; virgin (i.e., no additives) or containing 15 wt% diethylhexyl phthalate (DEHP) or 15 wt% bisphenol A (BPA) after 0, 7 and 21 
days. P-values are indicated by * (≤ 0.05), ** (≤ 0.01) and *** (≤ 0.001).
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settlement [101] and/or by changing biota feeding preferences53
. This 

underscores the importance of considering both polymer and additive 
composition when characterising the plastisphere in different marine 
environments [18,38], especially in sensitive ecosystems with high 
levels of plastic pollution such as coral reefs6.

Biofouling and the presence of bacterial clades with metabolic po
tential to degrade synthetic polymers was considered a significant factor 
driving microplastic degradation in this study. Degradation of the PS 
microplastics – especially those incorporated with BPA – was substantial 
and highlighted a polymer- and plasticiser-dependent susceptibility to 
marine biodegradation that was enhanced upon extended immersion in 
seawater from 7 day to 21 days. Biodegradation of these PS-BPA sub
strates could be due to the presence of bacterial clades identified in the 
developing biofilm with metabolic capability to degrade the polymer 
(Fig. 6). Genera of particular interest here include, Alcanivorax, Novos
phingobium, Alteromonas and Bacillus, which when cultured on PS 

substrates under laboratory conditions have been shown to biodegrade 
the polymer within similar experimental timeframes [54,102,103]. 
Biofouling of these bacteria on plastic surfaces have been shown to 
change the FT-IR spectra (e.g., increased carbonyl bonds [54,104]), 
comparatively decrease Mw values (e.g., < 10 % [10]) and impact sur
face morphology (e.g., appearance of holes [54,103]), which collec
tively corroborate the results presented here. Additionally, the time- and 
plasticiser-dependent data also indicate that progressive exposure to 
biofouling conditions at this timescale and/or the prolonged settlement 
of putative biodegradative bacteria can promote marine plastic degra
dation, with plasticised polymers displaying enhanced susceptibility52. 
Therefore, by understanding these unique trends on different types of 
dominant microplastic debris (i.e., plasticised-PS and -PVC), bioreme
diation strategies can be aligned with both the temporal dynamics of 
microbial colonisation as well as the manufacturing history of the plastic 
material (i.e., polymer-additive composition) [105]. Finally, these data 

Fig. 4. Mean relative abundance (%) of the most abundant (top 20) bacterial classes present in the background seawater (averaged across both sampling points taken 
on 7 and 21 days) and on the biofouled polystyrene (PS) and polyvinyl chloride (PVC) microplastics; virgin (i.e., no additive) or containing 15 wt% diethylhexyl 
phthalate (DEHP) or 15 wt% bisphenol A (BPA) after 0, 7 and 21 days of marine biofouling. “Other” refers to bacterial taxa with less than 1 % affiliated sequences 
and “unassigned” refers to sequences that could not be taxonomically classified.
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also implicate the biofouling and biodegradative potential of the marine 
microbiome in tropical waters (e.g., along the GBR [19]), which not only 
offers promising perspectives for effective and low-cost restoration ini
tiatives in these areas, but also in other, similar and threatened coral reef 
systems worldwide [106]. However, more comprehensive omics ana
lyses and bacterial load data (i.e., concentration of bacteria present in 
the biofilm) are needed to definitively identify key species and meta
bolic pathways involved in the observed PS degradation, as well as those 
that are activated and/or inhibited in response to different plasticiser 
combinations [39].

5. Conclusion

Microbial colonisation of microplastics holds exciting potential for 
synthetic polymer degradation [14,16,29]; however, the link between 
biofouling and plastic degradation remains unclear [107]. Here, time (0, 
7 and 21 days), polymer (PS or PVC) and plasticiser composition (-vir
gin, -DEHP or -BPA) uniquely impacted bacterial biofouling and pro
moted substantial microplastic degradation, specifically of the PS-BPA 
substrates. Putative biodegrading bacteria were identified in the 
incoming seawater, which highlights the biodegradative potential of 

Fig. 5. Principal coordinate analysis (PCoA) plots of 16S amplicon sequences identified on the biofouled polystyrene (PS; square) and polyvinyl chloride (PVC; circle) 
microplastics; virgin (i.e., no additive; red) or containing 15 wt% diethylhexyl phthalate (DEHP; blue) or 15 wt% bisphenol A (BPA; green) after (a) 0, (b) 7 and (c) 
21 days of marine biofouling.

Fig. 6. Heat map showing the total relative abundance (%) of amplicon sequence variants (ASVs) belonging to the 11 genera with biodegradative metabolic po
tential, which were identified in the background seawater (sum of both sampling points taken day 7 and 21) and on the biofouled polystyrene (PS) and polyvinyl 
chloride (PVC) microplastics after 7 and 21 days of seawater exposure. Microplastics were prepared virgin (i.e., no additive) or containing 15 wt% diethylhexyl 
phthalate (DEHP) or 15 wt% bisphenol A (BPA).
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marine microbiomes in Australian tropical waters along the GBR and 
offers promising perspectives for effective and low-cost restoration ini
tiatives in these ecosystems [19]. Furthermore, these novel findings can 
be used to guide more effective restoration initiatives for tropical waters 
and coral reefs that integrate both biofilm temporal dynamics (e.g., 
encouraging early-intervention [92]) and plastic manufacturing history 
(e.g., incorporating specific polymer-additive mixtures [52]). Further, 
better QA/QC protocols can be employed in future studies to ensure that 
potential differences in the developing plastisphere are understood and 
considered [53,101]. However, given the novelty of the topic and the 
paucity of literature, more refined and comprehensive analyses such as 
omics approaches and load data are needed to elucidate the mechanisms 
underpinning the observed bacterial growth patterns, as this will help to 
clarify the bacterial-driven biodegradation pathways [39]. Such studies 
should also assess the impacts of biofouling on other prominent syn
thetic (e.g., PP or PE) and biopolymer (e.g., polyhydroxyalkanoates 
(PHAs)) substrates [37]. In conclusion, this study provides valuable in
sights into the importance of microplastic polymer-plasticiser compo
sition on short-term marine biofouling and resulting polymer 
biodegradation, which can be driven by coral reef ecosystem bacterial 
communities [10].

Environmental Implication

This study highlights the potential for natural marine microbiomes to 
facilitate timely biodegradation of high risk and recalcitrant micro
plastics. Controlled preparation of the polymer-additive microplastics 
and exposure to environmentally relevant marine biofouling conditions 
ensured that the developing biofilm and subsequent biodegradation was 
representative of natural marine ecosystems. Thus, time-, polymer- and 
plasticiser-dependent trends in microplastic biofilm formation and 
biodegradation were highlighted. These results allow for the optimisa
tion of environmental remediation strategies that are aligned with both 
the temporal dynamics of the microbial community (i.e., effective 
intervention timing) as well as the manufacturing history of the material 
(i.e., polymer-additive composition).
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