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Abstract

Microplastic (MP) occurrence in wastewater poses serious threats to aquatic organisms due to their ecological impact.
Additionally, these microplastics may provide a unique habitat for microbial biofilms. This study explored the possible
factors that facilitate biofilm formation on different MPs in a wastewater environment. Biofilm formation was determined
via measurement of optical density (OD) and confirmed using scanning electron microscopy. Furthermore, microbial com-
munity profiling was performed via 16S rRNA amplicon sequencing. The highest biofilm formation occurred after 3 weeks
of exposure, followed by a decline to its lowest after 5 weeks. Biofilms were predominant on MPs that were exposed to
dark conditions, mesophilic temperature (25 °C) and aerobic conditions. Under these conditions, a positive correlation
was observed between the OD value and ammonia (NH;) (r=0.824) and nitrite (NO,) concentrations (r=0.1). However,
a negative correlation (r=—0.673) was found between the OD value and nitrate (NO;) levels in the medium. Furthermore,
the highest biofilm formation was observed on polyethylene particles. The most dominant phyla in both the biofilms and
wastewater medium were Proteobacteria, Bacteroidetes and Planctomycetes, with Methylotenera being the most abundant
genera in the biofilms. In general, the polypropylene particles supported the most diverse bacterial community (H'=2.51138
and Simpson index = 11.096), while high-density polyethylene supported the least diverse bacterial community (H'=0.88779
and Simpson index = 1.5324). The study also demonstrated that both UV and chlorine treatments were effective in inactivat-
ing these biofilms, within 30 and 10 min, respectively.
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Introduction

The aquatic environment is becoming increasingly pol-
luted with plastic debris. The production and widespread
use of plastic materials has led to a significant increase in
pollution rates (Okshevsky et al. 2020). These pollutants
pose numerous hazards to aquatic ecosystems, including
the risks of direct ingestion by aquatic animals, transfer
and bioaccumulation within the food web, as well as the
transmission of harmful heavy metals, organic pollutants
and pathogenic microbes (Chapron et al. 2018). The greatest
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challenge associated with plastic occurrence in the aquatic
environment is posed by microplastics (MPs). These MPs
are susceptible to colonization by microorganisms when they
come into contact with water, resulting in the formation of
biofilms (Kelly et al. 2021). The development of a biofilm
generally involves a complex three-phase process, consisting
of attachment, maturation and detachment stages (Saxena
et al. 2019). Factors such as temperature, light/dark condi-
tions, oxygen levels and nutrient availability can influence
the process of biofilm formation (Akoglu 2020).

The hydrophobicity and texture of attaching surfaces are
also known to contribute to biofilm formation (Shen et al.
2019; Okshevsky et al. 2020). For instance, there may be a
greater tendency for microorganisms to colonize particles
with textured/rough surfaces as compared to particles with
smooth surfaces (Shen et al. 2019). Wastewater treatment
plants (WWTPs) are one of the major routes for MPs to enter
the environment, and they also provide an ideal environment
for the formation of biofilms. MPs are exposed to various
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physical and chemical factors in wastewater that may influ-
ence the development of biofilms (Tallawi et al. 2017; Sajjad
et al. 2020; Li et al. 2022).

Biofilm-forming bacteria have certain physiological fea-
tures, including flagella, fimbriae and pili, that are helpful
in the process of biofilm formation (Flemming et al. 2017).
Both Gram-negative and Gram-positive bacteria can form
biofilms, but the most common forms reported from MP
surfaces are Pseudomonadaceae, Moraxellaceae, Entero-
bacteriaceae and Comamonadaceae (Khatoon et al. 2018;
Kelly et al. 2021). These microorganisms have been reported
to be unique compared to the microbial community in the
water environment and are therefore termed “plastispheres”
(Amaral-Zettler et al. 2020). Recent findings indicate that
microorganisms attached to MPs can be transported and
dispersed over significant distances (Bowley et al. 2021).
Additionally, MP surfaces with biofilm could potentially
promote horizontal gene transfer (HGT) between bacteria,
which could lead to the transfer of antibiotic-resistant and
pathogenic genes between bacterial communities (Karkman
et al. 2017).

Therefore, MPs may play a role in the transport of path-
ogens and antibiotic-resistant genes (ARG) in the aquatic
environment (Hoellein et al. 2017), especially from WWTPs.
This is because microorganisms inside the biofilm are pro-
tected from surface detachment, predation, inhibitory and
degrading mechanisms (Rittmann 2018). In this way, bio-
films may protect microorganisms and MPs from tertiary
treatment methods such as ultraviolet (UV) irradiation and
chlorination during wastewater treatment, reducing the effi-
ciency of these processes (Sun et al. 2019; Liu et al. 2016;
Rittmann 2018).

Despite the potential impact of MP occurrence in
WWTPs, limited knowledge exists regarding the factors that
facilitate biofilm formation on MPs, the microbial commu-
nity associated with these MPs and the effects of tertiary
wastewater treatment. This study focuses on identifying
those factors that facilitate biofilm formation. The bacterial
population was also investigated to determine the microbial
composition of biofilms attached to three different types of
MPs and the wastewater medium during a five-week incuba-
tion under controlled conditions. Additionally, the impacts
of chlorine and UV tertiary wastewater treatment processes
were determined to investigate the effects of common dis-
infection methods on MP-associated biofilms during waste-
water treatment.
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Materials and methods
Microplastic particles

Three types of MPs, namely high-density polyethylene
(HDPE), low-density polyethylene (LDPE) and polypro-
pylene (PP), with a diameter of 5 mm, were acquired from
Merck (PTY) LTD, South Africa, for use in this study.

Biofilm formation experiment

In this experiment, exposure time, temperature, light/dark
conditions and aeration/non-aeration were chosen to deter-
mine their effects on MP biofilm formation. Untreated waste-
water was collected from a domestic wastewater treatment
plant in Durban for the experiment. The wastewater was then
filtered using a mesh sieve (100 pm pore size) to remove
larger suspended particles. MPs (2 g each) of different types
were added to each Erlenmeyer flask filled with 100 mL of
filtered wastewater. Subsequently, the flasks were exposed to
various combinations of conditions as outlined in Table 1.
Each experiment had a maximum exposure time of five weeks
to determine the optimal duration for biofilm formation on the
MPs. To investigate the influence of temperature, separate
experiments (Experiments 1 to 8, Table 1) were conducted
at three different incubation temperatures: 20 °C, 25 °C and
35 °C. The dark conditions were achieved by covering the
flasks with foil and preventing light from entering, keeping all
other parameters similar to those of the light conditions. Aero-
bic conditions were achieved by covering the flasks with per-
forated gauze. Anaerobic conditions were generated in sealed
reactors that were initially purged with nitrogen gas. All types

Table 1 Conditions used for the separate experimental setups at each
temperature (20 °C, 25 °C and 35 °C)

Experiments Combinations of conditions

1 D-A-S  Smooth MPs in dark and aerobic conditions

2 D-A-R  Rough MPs in dark and aerobic conditions

3 D-AN-S Smooth MPs in dark and anaerobic condi-
tions

4 D-AN-R Rough MPs in dark and anaerobic condi-
tions

5 L-A-S  Smooth MPs in light and aerobic conditions

L-A-R  Rough MPs in light and aerobic conditions

7 L-AN-S Smooth MPs in light and anaerobic condi-
tions

8 L-AN-R Rough MPs in light and anaerobic condi-
tions
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of MPs used in this study, including both rough and smooth
MPs, were subjected to the aforementioned conditions.

Analysis of biofilm formation using optical density
measurements

Optical density (OD) measurements were used to assess
biofilm formation on MPs. This was achieved by collecting
MPs (10) from each experimental flask at weekly inter-
vals, washing them with sterile water and inoculating them
on nutrient broth (10 mL). Following 24 h of incubation,
the flasks containing MPs were vigorously shaken using
a vortex for 1 min to detach the biofilms. The OD was
then measured at 660 nm using a Spectroquant pharo300
Spectrophotometer.

Nutrient analysis

Wastewater samples (5 mL) were collected from the flasks
(used above in Sect. "Biofilm formation experiment") during
week 1, week 3 and week 5 for nutrient content analysis. The
samples were filtered through 0.45-pm syringe filters before the
analysis. Nitrate (NO;™), nitrite (NO, ™) and ammonia (NH,)
concentration in the wastewater was measured using the Gal-
lery discrete Autoanalyzer (Thermo Fisher Scientific, USA).

Scanning electron microscopy

A scanning electron microscope (SEM) analysis was con-
ducted to confirm the attachment of bacteria to MP surfaces
after exposure to a wastewater medium. Recovered MPs
were fixed in 2.5% glutaraldehyde for 8 h at 4 °C. After
fixation, samples were rinsed with 0.1 M sodium phosphate
buffer (pH 7.2) and dehydrated with alcohol series consist-
ing of 30%, 50%,70%, 90%, 95% and 100% alcohol (10 min
each). To minimize distortion of the microplastics before
SEM analysis, critical point drying (CPD) was determined.
The particles were then mounted onto a stub, covered in car-
bon glue and coated with gold palladium. The stub was then
placed in the SEM, and images were recorded and stored.

Profiling of microbial community attached
to microplastics and in wastewater medium

Experimental setup

The favorable conditions for biofilm formation determined
and described in Sect. "Biofilm formation experiment" were
used for the following experiment. The conditions followed
included: an incubation temperature of 25 °C, under dark
and aerobic conditions. Sampling for microbial analysis was
done during week 1, week 3 and week 5.

Sample preparation

Two ml wastewater samples were was in Eppendorf tubes
and centrifuged at 2795 X g for 5 min. The supernatant was
discarded, and the pellet was resuspended in 1 mL distilled
water and centrifuged at 2795 X g for another 5 min. Thereaf-
ter the pellet was resuspended in 1 mL PBS and centrifuged
again at 2795 X g for 5 min. DNA was extracted from the
resulting pellet. MPs (10 particles) were removed from the
flasks, rinsed twice with sterile distilled water and collected
in Eppendorf tubes for direct DNA extraction.

DNA extraction, sequencing and analysis

Total DNA was extracted from both wastewater and MPs
using the phenol/chloroform extraction method adapted
from Awolusi et al. (2018). The purity and quantity of the
DNA extracts were analyzed by spectrophotometry using
the IMPLEN NanoPhotometer. The DNA extracts were
then sent for 16S rRNA amplicon sequencing and analysis
at Inqaba Biotec (Pretoria, South Africa).

Data analysis

The fastq files from 16s rRNA sequencing were subjected
to a DADA?2 and a QIIME 2 pipeline. Alpha diversity was
applied in analyzing the complexity of species diversity for a
sample through 20 different indices, including observed spe-
cies, Shannon and Simpson. All these indices in the samples
were calculated with QIIME. Beta diversity and principal
coordinate analysis (PCoA) were calculated based on the
similarity and distance between the samples. This includes
the non-phylogenetic Bray—Curtis distance and phyloge-
netic-based weighted UniFrac distance. The outputs of the
DADAZ2 pipeline were further subjected to an R studio pipe-
line to quantify the phylogenetic relationship and abundance
of species in the sample.

Tertiary treatment

Chlorine treatment

Flasks containing MPs in a wastewater medium after week
5 of incubation were exposed to 12.5% sodium hypochlorite
with a concentration of 5 mg/L for 10, 20, 30 and 60 min
(WWTP conditions) (USEPA 1999). The treated MPs were
collected at each interval for further analysis.

UV treatment

MPs from flasks containing a wastewater medium after week

5 of incubation were transferred into petri dishes. The petri
dishes were illuminated with ultraviolet light emitting 254
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nm at a distance of 10 cm from the UV-C source (Lin et al.
2020). Exposure was carried out for 10, 15, 30 and 60 min.
Samples of MPs were collected at each interval for further
analysis.

Heterotrophic plate count (HPC)

To ascertain the effects of UV radiation and chlorine on
biofilms, HPC was performed as per standard methods for
water and wastewater testing (APHA 2011). Approximately
10 MPs were collected from flasks before treatment (con-
trol) and thereafter from each treatment and placed in an
Eppendorf tube containing 2 mL of phosphate-buffered
saline (PBS). The tubes were then vigorously shaken and
vortexed for one minute to achieve the removal of the bio-
films attached to the MPs. Thereafter, about 0.2 mL of bio-
film suspension was spread over m-HPC agar and incubated
for 48 h at 35 °C. CFU/MP was determined by counting
colonies and by using the following equation:

CFU _ number of colonies X 2 ml (amount of PBS)
MP 10

Statistical analysis

The data were captured in Excel (Microsoft Corp., USA),
and diamond plots were used to represent the distribution
of the data obtained for biofilm concentrations under the
various experimental conditions. Each box plot illustrates
the estimated median (center line), upper and lower quar-
tiles (box limits), interquartile range (whiskers) and outli-
ers (points). The median biofilm concentration values were
compared to determine the concentration of biofilms formed
on HDPE, LDPE and PP. To determine the significance
between light and dark conditions, aerobic and anaerobic
conditions, and rough and smooth microplastics, the t-test
was applied. The analysis of variance (ANOVA) was used
to demonstrate the significance of temperature (20 °C, 25 °C
and 35 °C) and MP types (HDPE, LDPE and PP) on biofilm
formation, and Pearson correlation coefficient (r) was used
to determine the relationship between biofilm concentration
and nutrient concentration in the media.

Results and discussion

Relationship between biofilm formation, exposure
time and nutrient concentrations in the wastewater

The formation of biofilm was evident in all experiments

regardless of the conditions. The biofilm formation was
quantified based on the OD value. The highest amount of
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biofilm formation was observed at week 3 (OD =1.77), fol-
lowed by a subsequent decline in the OD value. By week 5,
the OD value reached its lowest point (OD=1.1), indicating
a decrease or detachment of the biofilm after a certain dura-
tion. Furthermore, the SEM images presented in Figs. Al
and A2 (in Appendix A) provided visual evidence of biofilm
formation on the MPs.

A comparative analysis of the nutrient concentrations
in the wastewater revealed a decrease in ammonia (NH,)
concentrations from 33,45 mg/L to 7,95 mg/L from week
1 to week 5 while nitrate (NO5) concentrations increased
from 0 mg/L to 40,65 mg/L. The concentration of nitrite
(NO,) increased from 0.01 mg/L in week 1 to 0.74 mg/L
in week 3 and then decreased to 0 mg/L in week 5 (Fig. 1).
The correlation analysis revealed a positive linear relation-
ship between biofilm concentration and NO, (r=0.824)
and NH, (r=0.1). In contrast, the correlation analysis for
biofilm concentration and NO; revealed a negative linear
relationship (r=—0.673). However, statistically insignificant
correlations were observed between biofilm concentration
and NO; (P-value=0.265), NH, (P-value=0.532) and NO,
(P-value=0.808).

Impact of selected factors on biofilm formation
Impact of factors on biofilm formation on PP

The combined conditions that led to the highest biofilm
formation on PP differed as the weeks progressed. During
the first week, the D—A-R (dark, aerobic and rough MPs)
setup showed the highest median biofilm concentration of
1.8, while the L-A—S demonstrated the lowest. Likewise,
the highest median concentration, of 1.2, was observed on
the D-AN-S experimental setup at week 4, whereas by week
5, the highest concentration was observed on the L-A-R
experimental setup (Fig. 2A).

The biofilm formation under the three different tempera-
ture conditions varied significantly compared to the con-
centrations over time. At 20 °C, the L-A-R had the highest
median concentration (1.7). At 25 °C and 35 °C, the highest
median concentrations were observed in the D-A-R condi-
tions (Fig. 2B). Despite these differences, the results further
indicated that rough MPs under aerobic conditions at 35 °C
facilitated the formation of higher biofilms.

Impact of factors on biofilm formation on HDPE

With respect to HDPE, in the first week of the study, the
D—A-S had a median biofilm concentration of 1.6, while
the lowest biofilm concentration was observed in the
D-A-R. At weeks 4 and 5, the highest median concen-
trations (1.2 and 1.1) were recorded on the L-A-R. The
biofilm concentration on HDPE also differed under the
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Fig.2 Diamond box plots showing the difference in biofilm formation on PP microplastics for each combination of experimental conditions. A
Impact of duration of exposure on biofilm formation. B Impact of temperature on biofilm formation

three different temperatures. At 20 °C, the highest median
concentration was found on the D-AN-S. On the other
hand, at 25 °C, the highest median concentration (1.8) was
observed for L-A—R while at 35 °C, the highest concen-
tration was observed on the D-AN-R experimental setup
(Fig. 3B). Overall, the highest median biofilm concentra-
tion was observed in L-A-R at 25 °C.

Impact of factors on biofilm formation on LDPE

In this experimental setup, during week 1, the D-A-R pro-
duced the highest median biofilm concentration (1.7), while
the L-AN-R generated the lowest median biofilm concen-
tration (1.3). In general, the combination of conditions that
had the greatest impact on biofilm formation varied over
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Fig.4 Diamond box plots showing the difference in biofilm formation on LDPE microplastics for each combination of experimental conditions.
A Impact of duration of exposure on biofilm formation. B Impact of temperature on biofilm formation

time. Figure 4A shows a similar pattern with PP (Fig. 2A)
and HDPE (Fig. 3A) as well as a decrease in biofilm con-
centration after week 3. By week 4, the highest median con-
centration (1.4) was observed on the D-A—R, and by week
five, the highest median concentration (1.3) was detected on
the L-AN-S experimental setup. The biofilm concentrations
at the three individual temperature conditions varied, but
the combined conditions with the highest impact on biofilm
formation were similar at both temperatures. Specifically,
at 20 °C and 35 °C, the highest median biofilm concentra-
tions of 1.6 and 1.8 were observed for D-AN-R (Fig. 4B).
However, at 25 °C, the highest median biofilm concentration
of 1.8 was found on the L-A-R. Despite the differences,
results indicated that D-AN-R at 35 °C facilitated the most
biofilm formation.
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Bacterial diversity in biofilms and wastewater
medium

The profile of the microbial community from both biofilms
and the surrounding wastewater medium was determined via
16S rRNA-based metagenomic sequencing. A comparison
of OTUs for wastewater medium samples across the weeks
(week 0 to week 5) indicated a variation in species richness
between week 0 (WW initial) and week 5 (WWS5) (Table 2).
The lowest species richness (1 OTU) was observed during
week 0, while the highest species richness (6 OTUs) was
observed during week 1, and by week 5, the species richness
had decreased to 4 OTUs.

A similar trend was observed for biofilms samples. The
species richness of biofilm from LDPE was the highest (17
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Table 2 Indices of a-diversity of biofilms, including observed spe-
cies, Simpson’s index and Shannon index for MPs and wastewater
from week 1 to week 5

Sample No. of obs  Shannon index (H”) Simpson index
(OTUs)
WW initial 1 0 1
WW1 6 1.57084 4.18103
HDPE 1 12 1.46499 2.54267
LDPE 1 17 2.292 6.70329
PP1 14 2.51138 11.096
HDPE 3 10 0.88779 1.5324
LDPE 3 11 2.17562 7.33374
PP 3 18 2.14752 5.29199
WW5 4 1.11527 2.9952
LDPE 5 4 1.24754 3.11544
PP5 5 1.24963 2.74015

*Key: WW initial—influent wastewater sample, WW 1—wastewater
sample at week 1, HDPE 1—biofilm from HDPE at week 1, LDPE
1—biofilm from LDPE at week 1, PP 1—biofilm from PP at week
1, HDPE 3—biofilm from HDPE at week 3, LDPE 3—biofilm from
LDPE at week 3, PP 3—biofilm from PP at week 3, WW5—waste-
water sample at week 5, LDPE 5—biofilm from LDPE at week 5, PP
5—biofilm from PP at week 5

OTUs) at week 1, and the lowest (4 OTUs) was observed
at week 5, whereas for PP the highest (18 OTUs), which
was also the overall highest species richness, was observed
during week 3. During week 5, PP biofilms also had the
lowest species richness (5 OTUs). The Shannon indices of
the wastewater medium ranged from O to 4 from week O to
week 5. For HDPE, LDPE and PP, it ranged from 0.88779
to 1.46499, 1.24754 to 2.292 and 1.24963 to 2.51138,
respectively. The highest species diversity (H=2.51138) in
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biofilms was observed for PP during week 1, while the low-
est species diversity (H’ =0.88779) was observed for HDPE
during week 3. The Simpson indices of the wastewater
medium ranged from 1 to 4.18103 from week O to week 5.
For HDPE, LDPE and PP, it ranged from 1.5324 to 2.54267,
3.1544 to 7.33374 and 2.74015 to 11.096, respectively.
The highest species diversity (Simpson index =11.096)
in biofilms was observed for PP during week 1 while the
lowest species diversity (Simpson index =1.5324) was
observed for HDPE during week 3. It was found that PP
supported the most diverse (H’ =2.51138 and Simpson
index =11.096), while HDPE supported the least diverse
species (H’ =0.88779 and Simpson index =1.5324). The
second and third principle coordinates account for 13.72%
and 12.49% of the variation of the data set. On this principle,
similarities are elucidated based on “dissimilarities.” The
results on PCoA in Fig. 5 suggest that there may be dis-
similarities in OTUs in HDPE, LDPE and control samples.
PP and LDPE samples may share the most features because
the randomly selected representative OTUs were found to be
similar in abundance in LDPE and PP samples.

Bacterial abundance in biofilms and wastewater
medium

The most dominant phyla in the biofilms and wastewater
medium were Proteobacteria, Bacteroidetes and Planc-
tomycetes (Fig. 6). The abundance of Proteobacteria
remained the highest throughout the study period. During
week 5, biofilms had the highest abundance of Proteobac-
teria at 91.28%, and the lowest abundance of Proteobac-
teria (73.55%) was observed during week 1. The abun-
dance of Bacteroidetes in biofilms decreased from week
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Fig.6 Heatmap of the phyla that were observed in the sample set
and the distribution in abundance. The relative values of the bacterial
phyla are depicted by color intensity from red (lowest concentration)
to purple (highest concentration)

1 to week 5. The highest abundance of Bacteroidetes of
15.18% was observed on week 1 and thereafter decreased
to 0.875% by week 5. The abundance of Planctomycetes
increased from week 1 to week 3 and thereafter decreased
by week 5. The highest abundance of Planctomycetes of
8.73% in biofilm samples was observed during week 3.
The lowest abundance of Planctomycetes of 2.73% was
observed during week 5.

* @ Springer

The bacterial abundance associated with the different
types of microplastics

MPs exhibited different bacterial populations in biofilms.
It was observed that Methylotenera was the most abun-
dant genus on HDPE during week 1 (34.16%) and week
3 (42.45%). For LDPE, the most abundant genus during
week 1 was Hydrogenophaga with an abundance of 19.07%;
however, during weeks 3 and 5 the most abundant genus
was Methylotenera (25.39%) and Rhodanobacter (14.76%),
respectively. The most abundant genus observed on PP dur-
ing week 1 was Nevskia (12.05%), and during weeks 3 and
5, the most abundant genus was Methylotenera (36.85%) and
Rhodanobacter (32.61%), respectively. Interestingly, it was
observed that during week 3, the most abundant genus was
Methylotenera for the three different types of MPs.

The difference in bacterial abundance in the biofilm
and wastewater

A variation was observed between the bacterial population
in the biofilms and the wastewater medium (Fig. 7). For
instance, during week 1, the most abundant genus present
on the microplastics were Methylotenera, Hydrogenophaga,
Nevskia and Zooglea, whereas the most abundant genus in
the wastewater during the same period was C39 (45.25%).
Additional genera such as Planctomycetes, Sediminibacte-
rium Polynucleobacter and Prosthecobacter were also found
in wastewater during week 1. Methylibium and Rhodanobac-
ter were the two genera that were present in both biofilms
and wastewater medium during week 5. The most abundant
genus in wastewater was Luteimonas (18.96%) which was
not present in biofilm. Additional genera such as Gemmata,
Nitrospira and Methylibium were found in the wastewater
medium and not in biofilms. In general, LDPE biofilm sam-
ples had the largest abundance at a class level and shared
49 of the 661 read counts with PP biofilm samples (Fig. 7).
The sampling bias against HDPE samples indicates that it
may have had the largest occupation of read counts than the
other sample groups, but is unclear due to sampling at 1
week and 3 weeks.

Impact of chlorine and UV on microplastic-bound
microorganisms and the wastewater

Inactivation of attached biofilms was found to be effective
with both UV and chlorine treatment. According to the
results (Table 3), the initial biofilm on MPs contained 15000
CFU/MP. Following 10 min of UV treatment, a significant
reduction was observed, with only 2.5 CFU/MP remaining.
During the subsequent 30 min of treatment, colony growth
was still observed, but at a significantly reduced level (1
CFU/MP). However, beyond this period, no colony growth
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Fig. 7 Distribution of abundance of classes of bacteria and the shared features

Table 3 Colony-forming units per microplastic particle before and
after UV and chlorine treatment of biofilms formed on MPs

Time (minutes) UV (cfu/MP) Chlorine (cfu/MP)
0 (Control) 1500 1500

10 2.5 No growth

15 1.5 No growth

30 1 No growth

60 No growth No growth

was observed. Similarly, there was no evidence of colony
growth following chlorine treatment (5 mg/L) for 10 to
60 min (Table 3), indicating that chlorine treatment (opti-
mum level of 5 mg/L) for up to 10 min is effective in inac-
tivating microbes attached to the microplastics. The biofilm
inactivation percentage reached 100% after 60 min of UV
treatment, whereas 100% inactivation was achieved with
chlorine treatment after only 10 min of treatment.

Discussion

A comparison of biofilm formation under different
wastewater conditions

Microorganisms have a remarkable ability to colonize MPs
in aquatic environments. When MPs are exposed to water,
such as wastewater, for a prolonged period, they become
covered with biofilms consisting of microorganisms

(Amaral-Zettler 2020; Kirstein et al. 2018). For instance,
in the current investigation, the connection of microbes was
discovered when microplastics were exposed to wastewater
for a week. Microbial interaction is first established by both
non-selective and selective adhesion processes (Huang et al.
2019). Extracellular polymeric substances (EPS), which are
prone to be secreted by microbes once they adhere to a sur-
face, aid in the adhesion of microorganisms (Wang et al.
2021a, b). Sand abrasion, water shear stress and photodeg-
radation are a few examples of the physical and chemical
stresses that EPS can shield microorganisms against. In a
biofilm, EPS can be either soluble or bound. Sheaths, weakly
bound polymers and capsular polymers are all examples of
bound EPS, while colloids, slimes and soluble macromol-
ecules are soluble EPS (Tu et al. 2020).

Soluble and bound EPS has been observed on the sur-
face of microplastics with biofilms in laboratory studies.
For example, Tu et al. (2020) investigated the formation
of biofilms on PE film and discovered that after 135 days,
the biofilm had released a substantial amount of extracel-
lular polysaccharides. The current investigation found that
3 weeks of exposure resulted in the strongest microbial
association based on the OD measure. This is equivalent to
about 21 days of exposure, which indicates a shorter time for
maximum attachment compared to the results obtained by
Tu et al. (2020). This may be due to several factors, includ-
ing the availability of nutrients and the microbial community
in the medium. For instance, Webb et al. (As referenced in
Wang et al. 2021a, b) proposed that the carbon/nitrogen ratio
was connected to the creation of EPS. MPs become sticky
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when exposed to EPS, which encourages the development
of heteroaggregates of MPs, microbes and chemicals (Rum-
mel et al. 2017). Microorganism growth leads to the matura-
tion of biofilm. At this stage, biofilm transitions from a 2-D
to a 3-D structure have a complex architecture and contain
immobilized bacteria (Kataky and Knowles 2018). Then,
bacteria have a propensity to break out from the biofilm and
cling to a fresh surface. The results of the OD measure-
ments indicated a decrease in microbial association during
the fourth and fifth weeks, suggesting that biofilm dispersion
commenced in the current study from week 4. The environ-
mental parameters (such as light intensity, temperature and
nutrients) as well as the characteristics of the microplas-
tics have an impact on the development of biofilm on them
(e.g., type and roughness). Nitrogen and phosphorus, for
example, have an impact on the metabolism of carbon in
the biofilm on microplastics (Miao et al. 2021). The growth
rate of biofilms on microplastics is positively correlated with
total phosphorus and total nitrogen (Li et al. 2018). These
nutrient-rich settings stimulate bacteria to change from a
planktonic state to a biofilm form, whereas nutritional defi-
ciency causes biofilms to separate from surfaces (Sehar and
Naz 2016). In this study, a positive correlation was found
(r=0.677) between the concentration of biofilms and the
concentration of nitrite and ammonia in the media under
aerobic conditions. In contrast, the biofilm concentration
exhibited a negative correlation with nitrate under similar
conditions. It may be that the decline in biofilm formation
in week 5 was due to a decrease in nutrient concentration,
which resulted in the aging of the biofilm and subsequent
detachment from the MPs (Huang et al. 2019; Toyofuku
et al. 2016). Furthermore, it is noteworthy that under aerobic
conditions, the conversion of ammonia to nitrite and nitrate
was observed at various stages of biofilm development, sug-
gesting the presence of nitrifying bacteria in the microbial
community within the biofilm. The accumulation of nitrate
under aerobic conditions may suggest that anaerobic denitri-
fiers are not active in these conditions. This suggests that the
composition of wastewater and operational/environmental
conditions may influence the structure of microbial com-
munities within biofilms (Liu et al. 2016). Biofilm formation
may be influenced by temperature as the enzyme reaction
rate is directly affected by temperature. Additionally, stud-
ies have shown that bacteria have a greater surface area at
low temperatures than at higher temperatures (Govaert et al.
2018). In a study conducted by Townsley and Yildiz (2015),
biofilms formed by Vibrio cholerae at 15 °C and 25 °C dem-
onstrated greater thickness and better structure than biofilms
formed at 37 °C. Studies have also linked the temperature
effect with the number of bacterial appendages. For exam-
ple, when the number of flagella increases, the surface area
of bacteria increases, and the opportunity for bacterial adhe-
sion increases (Townsley and Yildiz 2015). In this study, the
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findings corroborated those in the previous literature since
the highest median biofilm values were observed at 25 °C.

The development of biofilm is greatly influenced by
the characteristics of MPs. The microorganism popula-
tions in biofilms are directly influenced by the types of
MPs. Stronger hydrophilicity in microplastics results in
greater affinity for bacteria (Pinto et al. 2019). While
LDPE and HDPE differ chemically depending on how
many PE chains are compressed into the polymer chains,
the surfaces of PP are more hydrophobic than PE (Hos-
sain et al. 2019). The difference in the quantity of biofilm
on the various types of MPs in the current investigation
was not statistically significant. This suggests that while
the kind of polymer may not have had a major influence
on the amount of biofilm adhered to the MPs, it may
have had a substantial impact on the biofilms' compo-
sition (Yang et al. 2020). Furthermore, it was observed
in the current study that the amount of biofilms on the
rough MPs was higher compared to the smooth MPs. The
findings of the study might be explained by the fact that
microorganisms are more likely to adhere to microplastics
with rough surfaces (Nauendorf et al. 2016; Miao et al.
2021; Feng et al. 2020; Parrish and Fahrenfeld 2019).
Microorganisms can cling to MPs in gaps that are pro-
duced, and rough surfaces promote nutrient absorption,
which facilitates microbe adhesion (Wang et al. 2021a,
b). Availability of oxygen and light was also determined
to impact the formation of biofilms or the association
of microorganisms with MPs. Biofilms are shaped by
the interactions between autotrophic and heterotrophic
microbes (Schmidt et al. 2018). This study observed that
biofilm formation occurred at a greater rate under dark
conditions as compared to light conditions. The preva-
lence of slow-growing autotrophs is high in ambient light
conditions since light is the primary source of energy for
these organisms (Schmidt et al. 2018), while they are low
in dark or dim light conditions (Pinto et al. 2019). It is
likely that, under dark conditions, more rapidly growing
heterotrophic bacteria grow in the biofilms, which could
explain the results obtained in the current study. Earlier
studies suggested that low oxygen levels enhance biofilm
formation while normal oxygen levels may decrease bio-
film formation (Totani et al. 2017). The present study, in
contrast, has shown a significantly higher biofilm forma-
tion rate under aerobic conditions than under anaerobic
conditions.

Microbial profile of biofilms associated with MPs

There has been growing consensus in recent years that bacte-
rial populations in plastispheres are markedly different from
those that are present naturally in aquatic bodies (De Tende