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Environmental signicance

Microplastics in freshwater systems, oen carried by wastewater effluents,
facilitate unique ecological challenges. Some opportunist microorgan-
isms bypass wastewater treatment processes and survive in freshwater by
forming biolms on microplastics. This adaptation enhances their
persistence and potential to transport pathogens, affecting water quality
and ecosystem health. Our study reveals that smaller microplastics, due to
their increased surface area, are particularly conducive to biolm devel-
opment, offering a robust platform for microbial colonization. However,
higher ow rates, while promoting growth, also induce shear stresses that
can disrupt these biolms, releasing pollutants back into the environ-
ment. Understanding these interactions is crucial for developing effective
measures to mitigate the ecological impacts of microplastic pollution.
Microplastics (MPs), discharged from wastewater treatment plants

(WWTPs), are found abundantly in freshwater systems. Along with

MPs, various microorganisms that evade WWTP disinfection may

colonize these particles, leading to biofouling. This study assessed the

performance of six bacterial strains isolated from wastewater and the

factors influencing biofilm formation using synthetic freshwater and

polyethylene (PE) microplastics as a model. The effect of two PE

microplastic sizes (180–200 mm and 3–4 mm) and three flow veloci-

ties (0.238, 0.11, and 0.077 m s−1) were tested on the isolated strains'

microbial growth and biofilm formation. Smaller MPs notably

enhanced the growth rate. The treatment with small PE microplastics

and a low flow velocity promoted the biofilm formation compared to

a higher flow velocity where rapid microbial growth was observed but

showed a lower biofilm formation after seven days of cultivation.

These findings reveal howMP size and flowvelocities influence biofilm

development, advancing the understanding of MP-microbial interac-

tions in freshwater aquatic environments.
1. Introduction

Microplastics (MPs), dened as plastic particles smaller than 5
mm, have emerged as persistent contaminants across global
aquatic environments. Wastewater treatment plants (WWTPs)
serve as one of the primary sources of MPs and associated
microbiota in freshwater environments. Due to their small size,
MPs offer a substantial surface area for microbial colonization,
promoting the formation of biolms, oen referred to as the
plastisphere.1 These microbial communities show more resil-
ience and protection within biolms and to their planktonic
counterparts. Nevertheless, this biolm-mediated protection
enables the immobilized microorganism to withstand
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disinfection processes in WWTPs, subsequently entering
freshwater bodies with the effluent.2

In this sense, the presence of biofouled MPs in freshwater
serves as reservoirs for various contaminants, including path-
ogens and facilitates horizontal gene transfer, enhancing
microbial resistance.3 Furthermore, these biolm-coated plas-
tics, resembling nutrient-rich foods, can be ingested by aquatic
fauna, leading to pollutant bioaccumulation within the food
chains, and increasing health risks to ecosystems and humans
through seafood consumption.4 It has also been reported that
the presence of biolms alters the MPs' physicochemical
properties, such as density, and adsorption capacity, which
ultimately impacts the MPs' dispersion in freshwater
environments.5

Biolms on microplastics (MPs) in freshwater systems,
particularly those inuenced by wastewater (WW) effluents, are
composed of complex microbial communities. These commu-
nities are embedded in an extracellular polymeric substance
(EPS) matrix, primarily made up of polysaccharides and
proteins.6 The development of biolm on MPs starts with
reversible adhesion through electrostatic, hydrophobic inter-
actions, and van der Waals forces,7 progressing to irreversible
adhesion via covalent, ionic, and hydrogen bonding,8 leading to
mature biolm formation characterized by EPS production and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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microcolony establishment,9 and concluding with dispersal.10

Among all the phases, the mature growth phase is crucial,
promoting the exponential growth of the microbial community
and the concomitant increase of EPS production. Despite its
importance, this phase is underrepresented. Most research on
MP biolm relies on in situ incubation in natural environments.
The extended incubation duration required in these studies
makes continuous monitoring challenging, leading to the
underrepresentation of the growth phase of
microorganisms.11,12

MP properties signicantly inuence biolm formation by
affecting density, buoyancy, and interactions with microorgan-
isms. Smaller MPs oen present higher specic surface area,
potentially enhancing biolm formation by offering more space
for microbial attachment.13 MP type affects biolm composi-
tion, with PP showing higher microbial attachment than HDPE
and LDPE.14 Initial density also inuences biolm development,
with lighter MPs interacting more with plankton and heavier
MPs with periphyton.15 However, it remains uncertain whether
the observed biolm variations across different MP types result
from polymer composition or particle density differences,
which represents a signicant research gap. Besides, MP's
intrinsic properties, surface characteristics like roughness,
surface energy, and hydrophobicity also play roles, with rough,
high-energy and hydrophobic surfaces promoting adhesion and
microbial growth.16,17 However, this remains a research gap as
the impact of these surface characteristics in freshwater envi-
ronments inuenced by wastewater, particularly during the
growth phase of microorganisms, has not been extensively
studied.

Environmental factors that affect MP biolm formation
include nutrient concentration, temperature, pH, dissolved
oxygen, light, and ow velocity, each critically shaping biolm
characteristics.11,13,18 Nutrient-rich freshwater inuenced by
wastewater can enhance biolm formation and microbial
diversity.19 Flow velocity affects both the structure and micro-
bial composition of biolms, with varying rates altering biolm
dynamics and stability.20 These critical factors are underex-
plored, highlighting a crucial research gap that our study aims
to address. Building on the identied research gaps, this work
examines the inuence of MPs' size on microbial growth and
biolm formation. It also investigates how ow velocity impacts
these processes on MPs. This comprehensive study includes
a detailed analysis of how various MP characteristics affect
biolm stability and microbial dynamics, shedding light on the
ecological interactions within aquatic systems. This approach
helps to better understand the mechanisms behind biolm
resilience or susceptibility to environmental conditions,
contributing signicantly to the broader eld of microplastic
pollution management.

2. Materials and methods
2.1. Microbial strain isolation, identication, and inoculum
preparation

Bacterial strains were isolated from the effluent of the Keswick
Water Resource Recovery Facility (WRRF) in Ontario, Canada.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The collected wastewater effluent was serially diluted using
phosphate buffer saline. The diluted samples were streaked
onto Nutrient Broth (NB) agar plates and prepared with the
following composition: 5 g L−1 peptone, 3 g L−1 beef extract, 5 g
L−1 NaCl, and 15 g L−1 agar. The plates were incubated at 30 ±

1 °C for 24 hours. The inoculum was then cultured in liquid NB
media under the same conditions (30 ± 1 °C, 200 rpm) for 24
hours. To identify the isolated strains, microbial DNA was
extracted using a Quick-DNAMiniprep Plus Kit (Zymo Research)
according to the supplier. The extracted DNA was used for
Sanger sequencing using a 3730 DNA Analyzer Sequencing
Standard, BigDye Terminator v1.1 (ThermoFisher Scientic,
USA).

2.2. Bacterial survival studies using synthetic freshwater as
a model

Bacterial survival was studied using synthetic hard freshwater
(mimic Lake Ontario) according to the United States Environ-
mental Protection Agency (2002) protocol and supplemented
with Suwannee River natural organic matter (NOM) from the
International Humic Substances Society (IHSS) to simulate the
organic complexity of natural freshwater systems (see ESI
data†). Briey, fresh hard water was prepared containing
NaHCO3 (192 mg L−1), CaSO4$2H2O (120 mg L−1), MgSO4

(12 mg L−1), KCl (80 mg L−1), and a nutrient solution consisting
of glucose (1000 mg L−1), ammonium chloride (100 mg L−1),
and diammonium phosphate (10 mg L−1). An inoculum, seeded
at 10% v/v with an initial OD600 nm of 0.1, was incubated at 30 °C
and 200 rpm for 24 hours. Bacterial growth and glucose
consumption were monitored every 3 hours. Frequent data
collection was necessitated to capture the rapid initial microbial
responses and metabolic changes in a controlled setting. All
experiments were conducted in duplicate and analyzed using
OriginPro 2024 soware (OriginLab Corporation, Northampton,
United States).

2.3. Biolm formation over MPs

To study the effect of biolm formation on microplastics (MPs),
Pseudomonas uorescens and Comamonas thiooxydans were
inoculated into 250 mL asks containing 100 polyethylene (PE)
microbeads of two distinct sizes—small (180–200 mm) and
larger (3–4 mm)—purchased from Cospheric LLC (Somis, CA,
USA), suspended in 50 mL of synthetic freshwater. The asks
were incubated at 30 °C and agitated at 200 rpm for 96 hours.
Bacterial growth and glucose consumption were monitored
every 12 hours. This interval was designed to accommodate the
slower dynamics of microbial growth and biolm development
on microplastics, allowing gradual changes to be observed. To
study the effect of ow velocity on biolm formation on MPs,
Pseudomonas uorescens with small PE microbeads was chosen
as a model. A pseudo-continuous ow bioreactor system was
established, operating at three ow rates: 65, 50, and 35
mL min−1. These ow rates corresponded to ow velocities of
0.238, 0.11, and 0.077 m s−1 within a cylindrical ow channel
respectively. This setup created distinct shear stress conditions
to examine the inuence of ow velocity on biolm
Environ. Sci.: Adv., 2025, 4, 90–96 | 91
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development (see ESI data†). These ow velocities allow for the
examination of how incremental changes in shear stress inu-
ence biolm formation on MPs. Furthermore, the pseudo
system was operated as a fed-batch, replenishing nutrients
every 96 hours. The system was operated at 30 °C for 10 days
with bacterial growth and EPS productionmonitored every 48 h.
Fig. 1 Growth kinetics and glucose consumption of six bacterial strains, W
freshwater over 24 hours are shown in (a) to (f), respectively.

92 | Environ. Sci.: Adv., 2025, 4, 90–96
Extended data collection periods were used to monitor long-
term trends and the cumulative impact of ow velocities on
biolm stability and EPS production. All experiments were
conducted in duplicate and analyzed using OriginPro 2024
soware (OriginLab Corporation, Northampton, United States).
W1 to WW6, isolated fromwastewater effluent, incubated in synthetic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.4. Quality assurance and quality control (QA/QC)

To ensure the integrity of the experiments and to minimize the
introduction of random MPs, rigorous QA/QC measures were
implemented. Prior to experimentation, all PE microbeads were
pre-washed by soaking in distilled water to remove any surface
residues. The beads were then rinsed with 70% ethanol and air-
dried under sterile conditions. All experiments were conducted
within a laminar ow hood to minimize airborne contamina-
tion. Solutions and media were prepared using ltered, deion-
ized water. Glassware and equipment were meticulously
cleaned and sterilized before use. Laboratory surfaces were
cleaned thoroughly, and researchers wore cotton lab coats and
nitrile gloves to avoid introducing synthetic bers or particles.
Instrument calibration and standardization procedures were
followed according to manufacturer guidelines.
2.5. Analytical methods

Microbial growth was monitored by measuring the optical
density (OD) at 600 nm using a Genesys 50 UV-visible spectro-
photometer (Thermo Scientic, Toronto, Canada). Substrate
consumption was measured using the total DNS-reducing sugar
method.21 Protein content in extracellular polymeric substances
(EPS) was quantied via the Lowry protein assay. About 0.2 mL
of sample was mixed with 1 mL of Lowry reagent, followed by
the addition of 0.1 mL of 1 N phenol reagent. The mixture was
incubated for 30 minutes at room temperature, and the absor-
bance was measured at 750 nm.22 For biolm morphological
analysis, MP surfaces were observed using a Leica LAS EZ4
Microscope equipped with a camera at a magnication of 40×.
Detailed biolm morphology was further analyzed using
a Thermo Fisher Quanta 3D scanning electron microscope
(SEM).
Fig. 2 Comparative analysis of the effect of MPs' size on growth
(OD600 nm) and glucose consumption for (a) P. fluorescens and (b) C.
thiooxydans in the presence of small (355–425 mm) and large (1–2
mm) PE microplastics (MPs) over 96 hours.
3. Results and discussion
3.1. Performance of isolated bacterial strains using synthetic
hard freshwater

The screening for survival and metabolic competence of six
bacterial strains isolated from wastewater effluent and growth
in synthetic freshwater revealed notable differences in growth
and glucose consumption. As shown in Fig. 1, WW1 and WW2
show superior microbial growth and glucose utilization proles
compared to other strains, with WW2 reaching an OD600 nm of
0.343, exhibiting an 88% consumption of the initial glucose
concentration, while WW1 achieved a nal OD600 nm of 0.310
and consumed 75% of the provided glucose. In contrast, other
strains exhibited signicantly lower growth and glucose
consumption. Specically, WW3, WW4, and WW6, which all
started with an initial OD600 nm of 0.1, showed minimal
increases, with nal OD600 nm values slightly above the initial.
These strains consumed less than 25% of the initial glucose,
indicating poor adaptation to the synthetic freshwater envi-
ronment and inefficient glucose metabolism. Consequently,
only strains WW1 and WW2 were selected for subsequent MP
biolm experiments.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.2. Microplastic size as a determinant of microbial growth
and biolm development

Of the six isolated bacteria, two of them (WW1 and WW2)
showed better performance in synthetic hard fresh water, and to
later identied as Pseudomonas uorescens and Comamonas
thiooxydans respectively. Fig. 2 shows the performance of P.
uorescens and C. thiooxydans in the presence of two different
sizes of PE MPs. For P. uorescens, growth was reduced to an
OD600 nm of 0.197 with small MPs and 0.160 with large MPs,
compared to 0.310 in the control, representing 1.57-fold and
1.94-fold decreases, respectively. Glucose consumption also
dropped from 75% in the control to 40% with small MPs and
36% with large MPs. Similarly, C. thiooxydans showed growth
reductions to an OD600 nm of 0.154 with small MPs and 0.124
with large MPs, compared to 0.343 in the control, indicating
2.23-fold and 2.77-fold decreases. Glucose consumption
decreased from 90% in the control to 34%with smaller MPs and
30% with larger MPs.
Environ. Sci.: Adv., 2025, 4, 90–96 | 93
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Fig. 3 Flow velocity effect on P. fluorescens microbial growth and
biofilm development.
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These results were indicative of C. thiooxydans being more
sensitive to the presence of MPs than P. uorescens, with
a signicant inhibitory effect on bacterial performance being
demonstrated. Larger MPs were found to have a more
pronounced impact, whereas smaller MPs, despite some inhi-
bition, might support better microbial colonization and biolm
Fig. 4 MPs incubated with P. fluorescens using fresh hard water in
(0.238 m s−1), (c) medium flow velocity (0.110 m s−1), (d) low flow veloc

94 | Environ. Sci.: Adv., 2025, 4, 90–96
formation due to their higher surface area-to-volume ratio.23

This differential colonization pattern was also aligned with
previous ndings. Specically, selective enrichment of Pseudo-
monas monteilii, Pseudomonas mendocina, and Pseudomonas
syringae in smaller MPs biolms was shown by Wu et al.24,25

Consequently, small PE microbeads paired with P. uorescens
have been chosen for further experiments to explore how ow
velocities affect biolm dynamics in continuous systems.

3.3. Flow velocity effect on biolm development using small
MPs and fresh hard water

Fig. 3 illustrates the impact of varying ow velocities on biolm
development within a pseudo-continuous bioreactor system. In
this system, the highest ow velocity (0.238 m s−1) was associ-
ated with a maximumOD600 nm of 1.127 at 144 hours, compared
to lower ow velocities of 0.110 m s−1 and 0.077 m s−1, which
exhibited maximum OD600 nm of 0.954 and 0.786, respectively.
Additionally, protein content analysis indicates that EPS
production is signicantly inuenced by ow velocity;
a production of 76.61 mg L−1 was recorded at the highest ow
velocity (0.238 m s−1), which is 1.66-fold higher than at
0.110 m s−1 (46.19 mg L−1) and 2.42-fold higher than at
0.077 m s−1 (31.67 mg L−1).

The above results showed that higher ow velocities enhance
both microbial growth and EPS production. Although
enhancement in microbial growth was not found to be
a continuous system. (a) Control treatment (b) high flow velocity
ity (0.077 m s−1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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statistically signicant (p-value = 0.1), whereas the increase in
EPS production was statistically signicant (p-value = 0.01).
Additionally, an interesting result from the study was the
positive correlation between microbial growth and EPS
production, with a highly signicant p-value (<0.0001).

The results demonstrate that microbial growth and EPS
production are enhanced by higher ow velocities, with
a signicant increase in EPS observed at these rates, likely due
to improved nutrient and oxygen availability. Although this
suggests the potential for more robust biolm development, it
is also shown that higher ow velocities impose greater shear
stress, which could challenge the stable adherence of biolms
to microplastic surfaces.26 This phenomenon is supported by
research in similar domains, where high ow velocities have
been associated with increased biolm erosion.27,28 The subse-
quent SEM images will explore how ow-induced stresses affect
biolm architecture onMPs, providing insights into the balance
between growth facilitation and mechanical challenges in bio-
lm formation. In Fig. 4(b), patchy and less uniform biolm
coverage on MPs at the highest ow velocity (0.238 m s−1) is
shown, suggesting that elevated shear forces hinder stable
biolm formation. In contrast, at the lowest ow velocity
(0.077 m s−1), biolms are observed to be more evenly distrib-
uted and coherent (Fig. 4(d)), indicative of more stable biolm
formation.

4. Conclusion

This study sheds light on the complex interactions between
wastewater effluent, microplastics (MPs), and biolm formation
in freshwater environments. The survival strategies of oppor-
tunistic bacteria are highlighted, which pose signicant chal-
lenges to ecosystem health and water quality. It is demonstrated
that smaller MPs provide a more favorable surface for biolm
development due to their larger surface area-to-volume ratio.
Increased ow rates, thus ow velocities are shown to boost
microbial growth and EPS production, but they also generate
shear stresses that disrupt stable microbial attachment, leading
to biolm erosion. These ndings enhance the understanding
of the ecological impacts of MPs, revealing how they serve as
vectors for biolm communities in aquatic systems.

Further research is imperative to address several unresolved
issues identied in this study. While the use of isolated strains
provided valuable mechanistic insights, biolms on MPs in
natural systems are composed of complex microbial commu-
nities. Future studies should examine biolm formation using
mixed microbial consortia and a wider range of ow conditions
incorporating scaling analyses to better relate laboratory nd-
ings to environmental scenarios. The long-term ecological
impacts of biolms on MPs, especially their role in harboring
pathogens and inuencing the transport and fate of pollutants,
are key areas needing detailed examination. Additionally, the
effects of MP weathering on biolm formation are emphasized
as requiring thorough investigation. This comprehensive
approach is expected to deepen the understanding of micro-
plastic pollution's ecological consequences and aid in devel-
oping more effective environmental protection measures.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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