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RESUMO

Steroid hormones released into the environment by human
activities are increasingly found in aquatic environments. Even
at low concentrations, they can disrupt natural systems. One
of the most affected components is river biofilms, thin layers of
microorganisms that grow on submerged surfaces. They play an
important role in nutrient cycling, pollutant degradation, and act
as indicators of water quality. This study evaluated the ability of
natural biofilms from two sites to remove four steroid hormones:
natural estrogenic compounds estrone (E1) and 17B-estradiol
(E2), synthetic estrogenic compound 17o-ethinylestradiol (EE2),
and progesterone (PRO), a natural progestogen. Microcosm assays
demonstrated the efficient removal of E1, E2, and EE2, with
maximum removal rates of 97.4 (4 days), 93.8 (3 days), and 88.2% (6
days), respectively. PRO was also removed, but with lower efficiency
(48.7% in 3 days). The predominant mechanism used by biofilms for
hormone removal was biodegradation. Hormone exposure affected
biofilms differently depending on their origin. Biofilms collected
upstream showed reduced diversity and richness, indicating
sensitivity. In contrast, those collected near a wastewater treatment
plant had higher diversity and evenness, suggesting resilience and
possible adaptation to micropollutants. The predominant phyla were
Proteobacteria and Firmicutes, with a reduction in Alloprevotella
and an increase in Paenibacillus following exposure. These results
highlight the dual role of river biofilms as natural barriers and

Horménios esteroides liberados no ambiente por atividades humanas
sdo cada vez mais encontrados em ambientes aquaticos. Mesmo em
baixas concentragdes eles podem desestabilizar sistemas naturais.
Um dos componentes mais afetados sdao os biofilmes fluviais, finas
camadas de microrganismos que crescem em superficies submersas.
Eles desempenham papel importante na ciclagem de nutrientes,
decomposi¢do de poluentes e atuam como indicadores da qualidade
da agua. Este estudo avaliou a capacidade de biofilmes naturais de dois
locais na remogao de quatro hormonios esteroides: estrogénicos naturais
estrona (E1) e 17B-estradiol (E2), estrogénico sintético 170-etinilestradiol
(EE2) e progesterona (PRO), um progestageno natural. Ensaios em
microcosmos mostraram remogao eficiente de E1, E2 e EE2, com taxas
maximas de 97,4 (quatro dias), 93,8 (trés dias) e 88,2% (seis dias).
A PRO também foi removida, mas com menor eficiéncia (48,7% em
trés dias). O mecanismo predominante utilizado pelos biofilmes para a
remogao dos hormonios foi a biodegradagdo. A exposi¢do aos hormaonios
afetou os biofilmes de maneira diferente, dependendo de sua origem.
Os biofilmes coletados a montante apresentaram redugdo na diversidade
e riqueza, indicando sensibilidade. Em contraste, aqueles coletados
préximos a uma estagdo de tratamento de efluentes apresentaram maior
diversidade e uniformidade, sugerindo resiliéncia e possivel adaptacdo
a micropoluentes. Os filos predominantes foram Proteobacteria e
Firmicutes, com redugdo de Alloprevotella e aumento de Paenibacillus
ap0os a exposicdo. Esses resultados destacam o duplo papel dos biofilmes
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biological indicators of contamination by steroid hormones, as well
as reinforce their relevance in natural attenuation and the potential
for bioremediation in urban rivers.

Keywords: bacterial resistance; bioremediation; emerging contaminants;
endocrine-disrupting; sampler.

de rios como barreiras naturais e indicadores biolégicos de contaminagdo
por hormonios esteroides, além de reforgarem sua relevancia na
atenuagdo natural e o potencial para biorremediagdo em rios urbanos.

Palavras-chave: resisténcia bacteriana; biorremediagao; contaminantes
emergentes; desreguladores enddcrinos; amostrador.

Introduction
One of the most pressing concerns in environmental sciences is
ensuring water quality for human use and ecosystem integrity. Pollut-
ants from diverse sources persist in aquatic environments, raising se-
rious concerns about their impacts on aquatic life (Torres et al., 2021).
The continuous release of microcontaminants into river systems results
in periodic exposure of organisms to these harmful substances.
Among these pollutants, particular attention has been given to ste-
roid hormones such as estrone (E1), 17B-estradiol (E2), 17a-ethinyl-
estradiol (EE2), and progesterone (PRO), which have been detected
in aquatic environments (Machado et al., 2014; Torres et al., 2015; Ide
etal., 2017; Barcellos et al., 2019; Goeury et al., 2022). Their presence is
alarming due to their potential to cause adverse effects on aquatic or-
ganisms and human health (Zhang et al., 2016; Rodrigues et al., 2025).
These substances exhibit persistent physicochemical properties, such
as lipophilicity, bioaccumulation, and low molecular weight, which
favor their environmental dispersion and persistence (Ilyas and Van
Hullebusch, 2020; Mpupa et al., 2022). Even at trace concentrations,
ranging from milligrams per liter (mg L) to nanograms per liter (ng
L), they can act as potent endocrine disruptors (Zhang et al., 2016).
In fact, studies have demonstrated that steroid hormones can affect
multiple cellular systems, particularly reproduction-related ones. They
have been associated with disorders such as reproductive dysfunction,
infertility, and hormone-related cancers, including breast, testicular,
and prostate cancers (Vilela et al., 2018; Ojoghoro et al., 2021).
However, most of the conventional drinking water treatment plants
(WTPs) and wastewater treatment plants (WW'TPs) are not designed
to remove these compounds with a low concentration completely (Du
etal., 2020; Shabbir et al., 2022; Bayode et al., 2024). Additionally, estro-
genic compounds can reach surface and groundwater bodies through
various pathways, including rainfall, surface runoff, slurry irrigation,
land application of manure or biosolids, and discharges from hospitals
and pharmaceutical industries (Du et al., 2020; Bilal et al., 2021).
Given these limitations, it becomes essential to explore alter-
native matrices for monitoring and mitigation. In this context, river
biofilms represent a promising biological matrix for assessing the en-
vironmental impact of steroid hormones. Natural biofilms (microbial
communities attached to surfaces in aquatic environments) consist of
algae, fungi, bacteria, protozoa, and other organisms embedded in a
self-produced matrix of extracellular polymeric substances (EPS) (Bat-

2

tin et al., 2016). These biofilms play a crucial role in aquatic ecosystems
by contributing to photosynthetic oxygen production, organic matter
degradation, primary production, and nutrient cycling; acting as sen-
sitive bioindicators of environmental pollution; and by degrading con-
taminants present in the water (Mishra et al., 2022; Li et al., 2023; Makk
et al.,, 2024; Marques et al., 2024).

Moreover, unlike isolated microbial species, biofilm communities
possess a complex structural organization that increases their resilience
to environmental stressors such as microcontaminants. This resilience
is often achieved through adaptive shifts in metabolic pathways and
community composition (Wang et al., 2023). For instance, exposure to
E1 has been shown to alter microbial co-occurrence networks within
periphytic biofilms, with increases in certain Proteobacteria taxa sug-
gesting possible adaptive mechanisms (Zhang et al., 2021).

Lima et al. (2025) emphasized the need to investigate the synergis-
tic effects of environmental factors on biofilms. Their study highlights
the importance of hydrological variables (especially flow/flux and
biofilm biomass) as key indicators of stressor-response relationships.
Metrics such as species richness and community composition are also
relevant and merit further investigation. Moreover, analyses of meta-
bolic and physiological activity, coupled with advanced molecular tools
such as microbiome, metagenomics, and transcriptomics are recom-
mended to deepen understanding of biofilm responses.

Despite the increasing attention to this topic, significant knowl-
edge gaps remain regarding the effects of steroid hormones on fluvial
biofilm communities. This study aims to evaluate the adverse effects of
four representative steroid hormones (E1, E2, EE2, and PRO) on natu-
ral river biofilm communities. Furthermore, we investigate the poten-
tial of these communities to biodegrade the hormones and assess the
ecological consequences of their presence in fluvial systems. We hy-
pothesize that biofilms primarily remove steroid hormones through
biodegradation, a process potentially accompanied by reduced micro-
bial diversity. Specifically, our objectives were (1) to quantify the re-
moval efficiency of each hormone by the biofilm, (2) to evaluate the
biodegradation and bioaccumulation of steroid hormones within bio-
film communities, (3) to characterize changes in the bacterial commu-
nity structure, including shifts in dominant taxa and overall microbial
diversity, and (4) to determine whether environmentally relevant con-
centrations of steroid hormones reduce the abundance of sensitive taxa

in river biofilm communities. As far as we know, no previous study
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has thoroughly examined structural alterations in river biofilms under
combined exposure conditions to E1, E2, EE2, and PRO.

Materials and methods

Cultivation and collection of biofilms

Before sampling, 44 glass slides measuring 26 x 76 mm each (to-
tal surface area 1738.88 cm?) were placed as artificial surfaces in the
Barigui River, Curitiba, Brazil. The slides were attached to compact
samplers made of wood and PVC developed by this research. The sam-
plers were connected to another larger sampler, produced similarly,
containing four large glass plates (Reichert et al., 2021; Marques et al.,
2024; Lima et al,, 2025). At each site, two compact samplers containing
22 slides each were installed, for a total of 44 slides per site. This setup
provided sufficient surface area to allow significant biomass growth.

The colonization of natural biofilms on these compact sam-
plers occurred in February 2024 at two sites, BA1 (25°18°45.466”S,
49°17°43.959”W) and BA2 (25°21’30.0”S, 49°16°53.8”W) of the river,
for 15 days. The first site (BA1) is located downstream from the Barigui
WTP, which supplies drinking water to the people of Almirante Ta-
mandaré. The second site (BA2) is downstream of the Sdo Jorge WWTP.
The WWTP uses an Upflow Anaerobic Sludge Blanket (UASB) reactor
with a treatment capacity of 70 L s, followed by a physicochemical
process (SANEPAR, 2022).

Water temperature, pH, dissolved oxygen (DO), and conductivity
were measured near the samplers in the coastal zone using a multipa-
rameter water quality sonde (HANNA HI9829) at both sites in the riv-
er. Following this, the samplers with the grown biofilm were removed
from the river and transported for use in experimental tests in micro-
cosms. Additionally, water was collected from both river sites for use

in the microcosms.

Exposure experiments

Two microcosms consisting of 15 L glass aquariums (rectangular
parallelepipeds) were used in the laboratory to determine the bio-
degradation potential of E1, E2, EE2, and PRO. For the acclimation
phase, the artificial substrates with biofilm were transferred into the
microcosms, each filled with 10 L of river water from the respective
site. One aquarium received BA1 biofilms and river water, while the
other received BA2 biofilms and river water (44 colonized slides per
aquarium). Aquarium pumps were placed in each microcosm to sim-
ulate water flow and aerate the system. After two weeks of laboratory
acclimation for the biofilms, the water was renewed, and 25 ug L of
El, E2, EE2, and PRO was introduced into the microcosms. The ex-
perimental conditions of the microcosm experiment were chosen to
assess conditions as similar as possible to a natural environment. After
15 days of testing, the aquarium water was renewed and fortified with
50 ug L of E1, E2, EE2, and PRO. A control microcosm, containing

distilled water and the hormones but no biofilm, was also prepared.
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The hormone concentrations used in this study were selected to
be above the average concentrations typically reported in aquatic en-
vironments. In the specific study region, concentrations in surface wa-
ters reported by other authors ranged from 0.92 to 2.40 pug L for E1,
1.42-210 pg L™ for E2, 1.48-5.80 ug L' for EE2, and around 0.45 ug L
for PRO (Machado et al., 2014; Ide et al., 2017; Barcellos et al., 2019).
Therefore, our choice aimed to represent a worst-case scenario to bet-

ter assess the potential ecological risks.

Water and biofilm sampling

Water samples (3 mL) from each microcosm were collected at 0,
0.04,1, 2, 3,4, 5, 6, 10, and 15 days to quantify E1, E2, EE2, and PRO
content. Samples at time 0.04 days were collected after 1 hour of the
initial spiking to allow homogeneous dispersion of the microcontami-
nant in the water of the microcosm. Water samples were collected and
filtered through syringe filters with 25 mm x 0.45 um PTFE mem-
branes and 25 mm x 0.22 um. At the end of both exposure experiments
(25 and 50 pug L?), the total biofilm was scraped from the glass slides

and stored at —20°C until further analysis.

Analytical methodology

El, E2, EE2, and PRO were detected and quantified in the water
samples using liquid chromatography-tandem mass spectrometry
(LC-MS/MS). Freeze-dried biofilm samples (100 mg) were extracted
using a two-step procedure. In the first step, the samples were mixed
with 5 mL of methanol and vortexed thoroughly. The mixture was then
subjected to ultrasound treatment for 480 seconds, followed by cen-
trifugation at 2000 rpm for 5 minutes. The supernatant was carefully
collected. The extraction process was repeated in the second step, and
the supernatants from both steps were combined for analysis. LC-MS/
MS analyzed the combined supernatants.

For the chromatographic analyses, the Cromatografo liquido com
deteccdo por espectrometria de massas (LCMS-8045) was equipped
with Biphenyl 2.1 x 100 mm, 3pum column.

The mobile phases were water with I mM NH Ac (A) and MeOH
(B) ata constant flow ratio of 0.3 mL min™’. The parameters of the meth-
od were as follows: gradient mode (0 min: 85%B; 5 min: 90%3B; 5.01
min: 90%B; 8 min: 85%B; 12 min: 85%B), injection volume of 5 L,
and temperature of 40°C. Calibration curves for quantification were
prepared in water over a concentration range of 10-70 pg L. Method
performance was evaluated using quality control parameters, resulting
in limits of detection (LOD) and quantification (LOQ) as follows: E1,
2.33and 7.05 ug L', E2,2.91 and 8.82 ug L'; EE2, 1.95and 5.91 ug L'}
and PRO, 2.41 and 7.29 ug L.

Bacterial communityaanalyses

The biofilm samples were used for total DNA extraction using the Soil
Fecal DNA extraction kit (Zymo). The 16S genes (V3V4 region for bac-
terial analysis) were amplified from this DNA. The amplified fragments
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were then sequenced on an Illumina NextSeq platform, and the sequenc-
es were analyzed using Qiime software to identify the microorganisms
present in the samples and their respective percentages. Additionally,
one biofilm sample from each site not exposed to hormones (BA1-A and
BA2-A) was included as a control for comparative purposes. The analyses
were carried out by GoGenetic® Laboratory (Curitiba, Brazil).

Alpha diversity was assessed using operational taxonomic units
(OTUs), Chaol, Shannon, Simpson, Fisher, and Pielou indices to evalu-
ate species richness and evenness within samples. Differential abundance
analysis between sample groups was performed using the standard error
of the log2-fold change (IfcSE) to identify significantly enriched taxa.

Results and discussion

Water characterization

The physicochemical parameters measured on three different days
(Table 1) at two sites of the Barigui River revealed that the BA2 field site
exhibits a higher pollution load compared to BA1. The average DO at
BA1 was 6.69 mg L' O,, while at BA2, it was 4.93 mg L 0, The average
turbidity was 12.48 NTU at BA1 and 21.23 NTU at BA2. Temperature,
electrical conductivity, and pH showed no significant differences between
the two field sites. Lower DO values may indicate organic pollution and
environmental degradation. High turbidity levels can hinder light pen-
etration in the water, impair photosynthesis in autotrophic organisms,
and suggest surface runoff, effluent discharge, or erosive processes, also
serving as indicators of diffuse or point-source pollution. This result was
expected, as BA2 is located downstream of a WWTP, and it is common
for water bodies to exhibit increased concentrations of various chemical
compounds after the discharge of treated effluents (Kramer et al., 2018;
Montagner et al., 2019). Steroid hormone concentrations measured in
water samples were generally low. The highest concentration detected
was 2.01 ug L' of EE2 at BA1, followed by progesterone (PRO), which
showed a 1.10 pg L' concentration at both sampling sites. The low levels
detected in water could be explained by the limited solubility of unme-
tabolized or free hormones, which are prone to adhering to suspended
particles or settling out as sediment, thus diminishing their concentra-

tion in the water column (Torres et al., 2021).

Table 1 - Measurements at the sampling locations.

Removal efficiency by biofilms

The removal efficiency of natural river biofilms for E1, E2, EE2, and
PRO showed a rapid initial increase under all conditions (Figure 1), in-
dicating the active role of biofilms in contaminant biodegradation and/
or biosorption. This rapid uptake may be attributed to high microbial
metabolic activity, microbial communities capable of degrading these
compounds, or the availability of binding sites within the biofilm ma-
trix for contaminant sorption (Saini et al., 2023).

All biofilm conditions (biotic) reached over 95% removal by the
15t day of exposure. E2 exhibited the highest efficiency, achieving
100% removal by the third day of the experiment in both initial con-
centrations for the BA1 biofilm. PRO showed similar removal levels
in both the control (without biofilm addition) and biofilm treatments,
suggesting that its removal may be largely due to spontaneous or abi-
otic processes.

The control samples showed a noticeable increase in removal ef-
ficiency for the other steroid hormones after 10 days. This outcome
may be attributed to the compounds’ half-lives, air oxidation, pho-
todegradation, and other abiotic removal mechanisms. Moreover,
the microcosm controls were not hermetically sealed, allowing air
exchange that likely promoted the growth of suspended bacteria in
the water. This uncontrolled microbial proliferation may have also
contributed to the degradation of the compounds. Figure 2 illustrates
this microbial growth, both suspended in the water and adhering to
the glass surfaces of the aquaria, which is also evidenced by the in-
creased water turbidity. Nonetheless, the presence of biofilms signifi-
cantly accelerated and enhanced the removal of E1, E2, and EE2 from
the water.

To highlight the removal potential of biofilms, the maximum re-
moval values were calculated by subtracting the removal observed in
the control from that in the biofilm treatments on the day of peak re-
moval, as shown in Table 2. Data up to the sixth day of testing were
considered for this comparison. Natural river biofilms were able to re-
move El, E2, and EE2 with maximum removal rates up to 97.4 (after
4 days), 93.8 (after 3 days), and 88.2% (after 6 days), respectively. PRO
was also removed, although at a low level, 48.7% in 3 days, and just in
the BA2 with the highest initial concentration.

Nl e e e
07.03.2024 20.53 7.53 0.25 7.30 12.80 = - = =

BA1 22.03.2024 20.83 5.54 0.27 7.24 15.10 = = = =
05.04.2024 21.21 7.00 0.30 6.87 9.55 0.09 0.00 2.01 1.10
07.03.2024 21.01 6.34 0.26 7.29 19.30 = = = =

BA2 22.03.2024 21.12 3.42 0.29 7.29 33.90 = = = =
05.04.2024 21.73 5.03 0.31 7.49 10.50 0.15 0.00 0.80 1.10

T: temperature; DO: dissolved oxygen.
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Figure 1 - Removal efficiency of hormones E1, E2, EE2, and PRO by natural river biofilms.

E1: estrone; E2: 17B-estradiol; EE2: 170.-ethinylestradiol; PRO: progesterone; BA1-25: experiment with water from river site BA1 and 25 g L' of hormones; BA2-25:
experiment with water from river site BA2 and 25 pg L' of hormones; BA1-50: experiment with water from river site BA1 and 50 pg L' of hormones; BA2-50: expe-
riment with water from river site BA2 and 50 pug L' of hormones; Control: experiment without biofilm addition.

Figure 2 - Microcosms from the control, BA1, and BA2 conditions, highlighting the difference in the control microcosm from the beginning to the end of the
experiment. The increased turbidity and visible surface growth indicate the proliferation of suspended bacteria in the control over time.
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Table 2 - Maximum steroid hormone removal by natural river biofilms.

T e T T g
Exposure Field site
4 5 0 6

BA1 86.5 6 93.8 83.8
25ugL!
BA2 97.4 4 93.8 3 83.8 4 0 6
BA1 78.5 6 71.1 6 88.2 6 0 6
50 ug L
BA2 87.4 6 93.8 3 81.6 0 48.7 3

E1: estrone; E2: 17B-estradiol; EE2: 170.-ethinylestradiol; PRO: progesterone; BA1: experiment with water from river site BA1; BA2: experiment with water from river
site BA2; MR: maximum removal resulting from biofilms (%); Time: the exposure time reaching maximum removal (days).

After exposure to two concentrations of steroid hormones, the
amount of compound bioaccumulated in the final biofilm biomass
was quantified. In the BA1 biofilm, 2.41 ug L of E1 and 0.74 ug L
of PRO were bioaccumulated, corresponding to 3.2 and 1.0% of the
total added amounts, respectively. In contrast, in the BA2 biofilm, only
PRO showed measurable bioaccumulation (0.67 pug L"), correspond-
ing to 0.9%. These results suggest that biodegradation was the main re-
moval mechanism for E1, E2, EE2, and PRO by natural river biofilms.
This conclusion is consistent with previous studies reporting degrada-
tion as the primary pathway for contaminant removal by river biofilms
(Yan et al., 2023; Liang et al., 2024).

Bioaccumulation of steroid hormones in biofilms typically occurs
through absorption by microbial cells, adsorption onto cell walls, or re-
tention within the EPS matrix, driven by hydrophobic and electrostatic
interactions. These processes depend on the physicochemical proper-
ties of the compounds, such as log D and pKa (Santos et al., 2019).
Although estrogens (E1, E2, and EE2), due to their hydrophobicity (log
D>3), have an affinity for the biofilm matrix (He et al., 2021), the re-
sults indicate that biodegradation, rather than bioaccumulation, was
the dominant removal mechanism, highlighting the role of microbial
activity over passive retention.

Regarding differences between biofilms from the two sampling
sites (BA1 and BA2), the exposure tests did not reveal substantial vari-
ation in removal efficiency. This indicates that both biofilm samples
possess a high capacity to remove these contaminants, regardless of the
differing environmental conditions at the two locations.

Although the transformation products of steroid hormones were not
analyzed in this study, our findings on biofilm-mediated removal remain
relevant, as they demonstrate the capacity of microbial communities to
respond to these compounds. It is known that biodegradation may lead
to complete mineralization or partial transformation, generating metab-
olites that can persist in the environment or bind to matrix components
such as humic acids (Kiel and Engesser, 2015). While these pathways
contribute to the reduction of the parent contaminant, further studies
addressing the identity and potential toxicity of transformation products
can be valuable to complement our results and provide a more compre-
hensive understanding of biofilm-mediated hormone degradation.

Finally, the findings of this study on steroid hormone removal ef-

ficiency confirm that natural river biofilms remove steroid hormones
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from aquatic environments primarily through biodegradation. Howev-
er, exposure to these compounds may also influence the structure and
composition of the microbial communities within the biofilms, which
can, in turn, affect their ecological functions and long-term treatment
efficiency. Therefore, the following section explores how the bacterial
community structure was altered following exposure to E1, E2, EE2,
and PRO.

Bacterial community

The microbial community structure was analyzed before (BA1-A
and BA2-A) and after the addition of E1, E2, EE2, and PRO to assess
the impact of these pollutants on the natural biofilm community com-
position. In total, 1,665 species, 1,265 genera, 578 families, 298 orders,
118 classes, and 44 phyla were identified. The dominant phyla across
all treatment groups were Proteobacteria and Firmicutes, encompassing
more than 2,300 taxa in total.

According to the phyla (Figure 3A), exposure to the steroid hor-
mones led to notable shifts in the biofilm community structure at both
tested concentrations (25 and 50 pug L'). At sampling site BA1, there
was a marked increase in the relative abundance of Proteobacteria
(from 48.7 to 62.6% at 25 ug L and 66.2% at 50 ug L), Planctomy-
cetota, and Bdellovibrionota. Conversely, Firmicutes, Bacteroidota, Ac-
idobacteriota, Chlamydiota, and Dependentiae decreased substantially.

At site BA2, a different pattern emerged: while Proteobacteria,
Firmicutes, and Bacteroidota declined, there was an increase in Ac-
tinobacteriota, Planctomycetota, Acidobacteriota, Bdellovibrionota,
Chlamydiota, and Dependentiae. These shifts suggest that microbial
community responses to estrogenic compounds vary depending on
local environmental conditions and the synergistic influence of other
variables acting on the ecosystem. A study conducted by Viancelli et al.
(2023) also reports that bacterial metabolic behavior in response to E2
is species-dependent, and that the growth of some species is further
influenced by the presence of other taxa within the community.

Although a slight reduction in Proteobacteria was observed at BA2
after exposure, it remained the dominant phylum, followed by Firmic-
utes, Actinobacteriota, and Bacteroidota. These findings are consistent
with previous reports indicating that Proteobacteria and Actinobac-
teriota, frequently present in river sediments, are commonly found

in biofilm communities from such environments (Ding et al., 2024;
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Li et al., 2025). Moreover, Proteobacteria and Bacteroidota are widely
recognized as dominant phyla in stream biofilms (Battin et al., 2016),
with Proteobacteria playing key roles in organic and inorganic pollut-
ant degradation in wastewater treatment systems (Yuan et al.,, 2020).
Similarly, a study on E1 exposure has reported increased Proteobacteria
abundance in river biofilms, underscoring their adaptive potential and
relevance for pollutant removal strategies (Zhang et al., 2021).

The observed variation in response between the BA1 and BA2 sites
may be linked to the downstream site”s proximity to a WWTP, which
can affect the bacterial composition of biofilms. Carles et al. (2022) in-
vestigated the influence of wastewater-derived microorganisms on riv-
er biofilm communities and concluded that microbial communities in-
troduced via treated effluent should be regarded as additional stressors
to receiving rivers, alongside nutrients, micropollutants, and elevated
temperatures. Their findings also highlighted the frequent detection of
Firmicutes in WWTP effluents, downstream river biofilms, and biofil-
ters treating urban wastewater, underscoring the role of WWTP-asso-
ciated microorganisms in shaping microbial responses to environmen-
tal stress. Firmicutes are widely recognized as dominant bacterial taxa
in anaerobic bioreactors (Li et al., 2019).

At the genus level, BA1-A samples were primarily dominated by
Acinetobacter (16.4%) and Comamonas (8.3%) (Figure 3B). Following
exposure to steroid hormones, the relative abundance of Acinetobacter

declined, whereas Comamonas, Aeromonas, Pseudomonas, Lysinibacil-

lus, Clostridium, and Ensifer increased. In BA2-A samples, the most
dominant genera before hormone exposure were Comamonas (25.1%)
and Acinetobacter (15.7%). However, a marked shift in the bacterial
community structure was observed after exposure, characterized by in-
creased Streptomyces, Arenimonas, and Aquicella, along with decreased
Comamonas and Acinetobacter.

Comamonas terrigena and Aestuariivirga litoralis were consistently
present from the beginning to the end of the experiments (Figure 3C). In
the BAI samples, after adding 25 pug L' and 50 pug L', there was marked
selectivity, with C. terrigena predominating. In contrast, in the BA2
samples, other species such as Streptomyces griseocarneus and Aquicella
siphonis dominated the biofilm following the introduction of contam-
inants. C. terrigena, A. litoralis, and Aq. siphonis belong to the Proteo-
bacteria phylum, while Strep. griseocarneus belongs to Actinobacteriota.

These results suggest that exposure to E1, E2, EE2, and PRO may
negatively affect the structure of bacterial communities within the bio-
films, primarily through selective pressure, leading to a shift in commu-
nity composition. Bacteria capable of using steroid hormones as a car-
bon source or through alternative metabolic pathways are more likely
to survive and become dominant under such conditions. Although this
metabolic characteristic can increase pollutant removal when associat-
ed with beneficial microorganisms or microorganisms from wastewater
treatment systems, it also presents ecological risks if pathogenic species
are stimulated under these conditions (Viancelli et al., 2023).

Figure 3 - Relative abundance of bacterial reads in biofilm samples before and after contaminant exposure at the (A) phylum, (B) genus, and (C) species levels.
BA1-25: biofilm from river site BA1 after exposure to 25 ug L of hormones; BA1-50: biofilm from river site BA1 after exposure to 50 ug L' of hormones; BA1-A:
biofilm from river site BA1 before hormone exposure; BA2-25: biofilm from river site BA2 after exposure to 25 ug L of hormones; BA2-50: biofilm from river site
BA2 after exposure to 50 g L' of hormones; BA2-A: biofilm from river site BA2 before hormone exposure.
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The bioremediation of steroid hormones by microbial communi-
ties can occur through two distinct pathways: metabolic degradation,
in which microorganisms utilize the compounds as sources of carbon
and/or energy, and cometabolic degradation, in which enzymes pro-
duced by the microorganisms incidentally transform the compounds
without providing a direct energetic advantage. Cometabolism de-
pends on the presence of a primary substrate capable of inducing the
expression of the necessary enzymes (Boopathy, 2000).

Among the enzymes involved, peroxidases and laccases are partic-
ularly promising due to their efficiency in catalyzing the transforma-
tion of organic pollutants into less harmful compounds. These enzymes
function under environmentally favorable conditions, such as neutral
pH and ambient temperature, require only mild oxidants (oxygen for
laccases and hydrogen peroxide for peroxidases) and present practical
advantages such as reduced sludge production and straightforward ap-
plication and control (Méndez et al., 2016; Brugnari et al., 2021).

In recent decades, numerous bacterial species have been identified
as producers of laccases. In particular, members of the genera Pseu-
domonas and Streptomyces, detected in our river biofilms, have been
reported to secrete these enzymes (Kaur et al., 2023; Rahman et al,,
2024). Therefore, one of the potential mechanisms contributing to ste-
roid hormone removal in these biofilms may be the extracellular pro-
duction of laccases and other oxidative enzymes by these microorgan-
isms, leading to the biodegradation of these compounds.

Diversity and richness of biofilms

Biofilms, as clusters of microorganisms, can adapt to external dis-
turbances by changing their community composition. The structural
stability of these microbial communities is closely linked to their func-
tional resilience. Because many disruptions influence alpha diversity,
it is commonly used as a metric to describe and compare microbial
community structures in ecological analyses (Li et al., 2023).

The evenness and richness can evaluate the diversity of microbi-
al biofilms, and in the present study, this has been determined by the
Chaol, Simpson, Fisher, Shannon, and Pielou indices (Table 3). A total
of approximately 1501-4385 OTUs were identified across all samples.
As shown in Table 3, the sample from BA1 before the addition of con-

taminants (BA1-A) had the highest OTUs, followed by the samples
from BA2 after the addition of the contaminants (BA2-50 and BA2-
25). These results suggest that, at the BAL site, the addition of steroid
hormones reduced microbial richness and diversity. In contrast, the
opposite pattern was observed at the BA2 site, where an increase in
species richness was detected following exposure to the hormones.

The Chaol index, which estimates community richness, corrob-
orated the OTUs results, confirming the same biodiversity trend.
The Simpson index, which reflects species dominance (with lower
values indicating higher diversity), revealed greater dominance in the
samples before steroid hormone exposure (BAI-A and BA2-A) and
lower dominance in the BA2 samples following exposure to steroid
hormones (BA2-25 and BA2-50).

Atsite BA1, the BA1-A exhibited relatively high species dominance
(Simpson=0.034) and moderate evenness (Pielou=0.700). Following
the addition of steroid hormones, a marked reduction in richness and
diversity was observed, as reflected by the decreases in Chaol, Fisher,
and Shannon indices. This trend was particularly evident in the BA1-
50 sample (OTUs=1501; Chaol=1501.3; Fisher=247.61), suggesting a
potential inhibitory effect of higher hormone concentrations on the
microbial community. These findings indicate that the exposure to ste-
roidal compounds at BA1 likely suppressed microbial diversity, possi-
bly favoring a few resistant or more competitive taxa.

In contrast, the response at site BA2 was notably different. Al-
though the BA2-A displayed lower diversity (Shannon=5.00), reduced
evenness (Pielou=0.651), and higher dominance (Simpson=0.032), the
addition of steroid hormones led to an increase in both diversity and
community uniformity, especially in BA2-25 (Simpson=0.004; Shan-
non=6.77; Pielou=0.822). These results suggest that the microbial com-
munity at BA2, located downstream of a wastewater treatment plant,
may be more resilient or pre-adapted to the presence of micropollut-
ants such as steroid hormones. One plausible explanation is that BA2
initially harbored a dominant taxon, possibly Comamonas kerstersii,
that limited the proliferation of other species. Hormone exposure may
have selectively reduced the abundance of this dominant species, alle-
viating competitive pressure and allowing for the emergence of a more

diverse and evenly distributed microbial community.

Table 3 - Diversity statistics of river biofilm for the different steroid hormone concentration exposures.

[Condcon | seenn | o0 | Guon | Spon | P | Shon | risea |

BA1-A 396.026 4385 4393
BA1-25 422.663 3473 3479
BA1-50 142.518 1501 1501
BA2-A 282.486 2175 2178
BA2-25 311.652 3753 3757
BA2-50 386.783 4129 4133

0,034 762,92 5,87 0,700
0,019 564,58 5,69 0,698
0,023 247,61 5,18 0,708
0,032 354,23 5,00 0,651
0,004 633,53 6,77 0,822
0,015 686,66 6,14 0,737

Note: BA1-25: biofilm from river site BA1 after exposure to 25 pig L' of hormones; BA1-50: biofilm from river site BA1 after exposure to 50 ig L of hormones; BA1-A:
biofilm from river site BA1 before hormone exposure; BA2-25: biofilm from river site BA2 after exposure to 25 ug L of hormones; BA2-50: biofilm from river site
BA2 after exposure to 50 g L' of hormones; BA2-A: biofilm from river site BA2 before hormone exposure.
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As previously mentioned, site BA2 is located downstream of a
WWTP, a factor that can influence the environmental conditions
at the sampling location. Effluents discharged from WWTPs of-
ten contain a complex mixture of nutrients (such as nitrogen and
phosphorus), organic matter, and micropollutants that are not en-
tirely removed during treatment. These inputs can alter the phys-
ico—chemical characteristics of the receiving water body and lead
to shifts in biofilm structure and function by favoring specific mi-
crobial taxa capable of tolerating or metabolizing these compounds
(Carles et al.,, 2021; Desiante et al., 2021). This, in turn, may in-
fluence community diversity, resilience, and ecological interactions
within the biofilm.

Thus, as a complex and dynamic system, biofilms can undergo
structural and compositional changes upon contaminant exposure
(Fernandes et al., 2020). In this study, these changes may have led to
either an increase or a decrease in microbial richness and diversity, de-
pending on the sampling point (BA1 or BA2).

The analysis of bacterial genera with statistically significant differ-
ences in abundance among treatments identified five taxa (Figure 4):
Alloprevotella (Bacteroidota), JACRTKO1 (Firmicutes), JADJPOOI (Ac-
tinobacteriota), Paenibacillus (Firmicutes), and UBA6182 (Firmicutes).
Steroid hormone exposure may induce selective pressure on microbial
communities, leading to the decline of sensitive taxa and the enrich-

ment of more resistant or metabolically versatile groups.
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Figure 4 - Differential abundance plots of bacterial genera that showed statistically significant differences among the treatments 25 ug L, 50 ug L', and the

control (no addition).
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We observed that Alloprevotella, JACRTKO1, JADJPOO1,and UBA6182
were abundant in the no-addition group but showed a marked decrease
after exposure to 25 and 50 pg L of steroid hormones. Among these gen-
era, however, Alloprevotella and JADJPOO!1 exhibited a slight increase in
abundance at the 50 pug L concentration, suggesting a possible bacterial
regrowth after adaptation to the contaminants. In contrast, JACRTKOI and
UBA6182 appeared sensitive to hormone exposure, showing a consistent
decline in abundance. On the other hand, the genus Paenibacillus showed
increased abundance after exposure to E1, E2, EE2, and PRO, indicating a
potential stimulation of growth in the presence of these compounds.

These results demonstrate that exposure to steroid hormones is associ-
ated with the replacement of susceptible taxa by hormone-tolerant groups,
which may possess metabolic pathways for hormone transformation or re-
sistance mechanisms (Zhang et al., 2021). This shift suggests that microbial
adaptation occurs primarily through community restructuring rather than

through the short-term evolution of novel degradative pathways.

Environmental relevance

This was the first study investigating the removal potential of river bio-
films involving simultaneously E1, E2, EE2, and PRO at environmentally
relevant concentrations (micrograms per liter) and the effects caused on the
biofilm microbiome. The results indicate the multi-compound removal ca-
pability of biofilms, which is critical given the complex mixtures of emerging
contaminants commonly found in real aquatic environments. These find-
ings highlight the role of river biofilms as natural attenuation barriers, con-
tributing to river self-purification and the maintenance of ecosystem health.

The low bioaccumulation rates observed and high removal effi-
ciencies suggest that microbial biodegradation is the primary mech-
anism involved. Biodegradation is environmentally preferable to bio-
accumulation, as it reduces the potential for biomagnification across
trophic levels and often results in the formation of less toxic or more
biodegradable transformation products.

The results demonstrate that biofilms are not passive structures but
ecologically active components that influence biogeochemical cycles
and directly affect water quality. This positions natural biofilms as valu-
able forms of ecological infrastructure that could be integrated into en-
vironmental management strategies, such as nature-based solutions for
water quality improvement.

The differential response between biofilms from BA1 and BA2 also

suggests that communities previously exposed to wastewater effluents

may develop greater tolerance or adaptive capacity to micropollutants.
This knowledge is essential for understanding natural attenuation process-
es in impacted environments. Furthermore, the study identified microbial
genera with potential bioremediation capabilities, including Comamonas,
Pseudomonas, Streptomyces, and Aeromonas, which showed increased
abundance following hormone exposure. These taxa may be utilized in
biofilm-driven methods to remediate steroid hormone-polluted waters.
Finally, the observed shifts in bacterial diversity and composition
suggest biofilms may serve as sensitive bioindicators of environmen-
tal contamination. Their use in ecological monitoring could enhance
the detection and evaluation of micropollutant impacts in freshwater
ecosystems. Future research should also consider the influence of cli-
mate change on microbial biofilms, as extreme hydrological events are
expected to become more frequent and intense in urban areas. Floods,
for example, not only mobilize pollutants but also alter microbial com-
munities, increasing the risk of spreading pathogens and waterborne
diseases (Fonseca et al., 2021). In this context, our findings provide an
important foundation for future work, as they reveal how biofilm-as-
sociated microorganisms respond to environmental stressors, such as

steroid hormones.

Conclusions

In this study, we collected biofilms from two sites along a river and em-
ployed a combination of exposure experiments, chemical analyses, and bi-
ological assessments to evaluate the removal potential of E1, E2, EE2, and
PRO by natural river biofilms. The biofilms demonstrated high biodegra-
dation efficiencies for the E1, E2, and EE2 steroid hormones. Addition-
ally, distinct microbial community responses to hormone exposure were
observed. Biofilms from sites near a wastewater treatment plant exhibited
increased diversity and evenness, suggesting possible adaptation to micro-
pollutants. Some microbial taxa, such as Paenibacillus, showed increased
abundance following exposure, indicating potential biotechnological rele-
vance, though further studies are needed to confirm practical applications.

Furthermore, our results highlight the potential use of river bio-
films as a basis for bioreactors in the remediation of micropollutants
and underscore their value in monitoring urban rivers for emerging
contaminants. Overall, our findings support the role of river biofilms
as effective bioremediators of micropollutants, reinforcing their eco-
logical significance in freshwater systems and their relevance to mon-

itoring and treatment strategies addressing emerging contaminants.

Authors’ Contributions

Modkovski, T.A.: conceptualization, data curation, formal analysis, investigation, methodology, validation, visualization, writing — original draft. Peixoto,

L.O.M.: formal analysis, validation, writing — review and editing. Chaves, J.R.: investigation, validation, writing — review and editing. Baer, G.H.: investigation,
validation, writing — review and editing. Imoski, R.: formal analysis, methodology, validation, writing — review and editing. Souza, L.C.: investigation,
validation, writing — review and editing. Medeiros, S.T.: investigation, validation, writing — review and editing. Nawate, B.A.L.: investigation, methodology,

validation, writing — review and editing. Haminiuk, C.W.L: conceptualization, supervision, validation, writing — review and editing. Azevedo, ].C.R.:

conceptualization, funding acquisition, methodology, project administration, resources, supervision, validation, writing — review and editing.

10

Revista Brasileira de Ciéncias Ambientais (RBCIAMB) | v.60 | e2651 | 2025



Biodegradation of natural and synthetic steroid hormones by river biofilms: Impacts on bacterial community structure

References

Barcellos, D.S.; Bollmann, H.A.; Azevedo, ].C.R., 2019. Priorizagdo de
farmacos nos rios urbanos: o caso dos contraceptivos orais na bacia do rio
Belém, Curitiba/PR, Brasil. Revista Ambiente e Agua, v. 9 (3), 445-458. https://
doi.org/10.4136/1980-993X.

Battin, T.].; Besemer, K.; Bengtsson, M.M.; Romani, A.M.; Packmann, A.I,
2016. The ecology and biogeochemistry of stream biofilms. Nature Reviews
Microbiology, v. 14 (4), 251-263. https://doi.org/10.1038/nrmicro.2016.15.

Bayode, A.A.; Emmanuel, S.S.; Sanni, S.0.; Olalekan, O.A.; Ore, O.T.; Koko,
D.T; Omorogie, M.O., 2024. Current status and performance evaluation

of emerging advanced remediation techniques for the removal of steroidal
hormones in water. Environmental Chemistry and Ecotoxicology, v. 6, 315-
337. https://doi.org/10.1016/j.enceco.2024.07.006.

Bilal, M; Barceld, D.; Igbal, H.M.N., 2021. Occurrence, environmental

fate, ecological issues, and redefining of endocrine disruptive estrogens in
water resources. Science of the Total Environment, v. 800, 18-26. https://doi.
org/10.1016/j.scitotenv.2021.149635.

Boopathy, R., 2000. Factors limiting bioremediation technologies. Bioresource
Technology, 74 (1), 63-67. https://doi.org/10.1016/s0960-8524(99)00144-3.

Brugnari, T.; Braga, D.M.; Santos, C.S.A.; Torres, B.H.C.; Modkovski, T.A.;
Haminiuk, C.W.L; Maciel, G.M., 2021. Laccases as green and versatile
biocatalysts: from lab to enzyme market-:an overview. Bioresources And
Bioprocessing, v. 8 (1), 131. https://doi.org/10.1186/s40643-021-00484-1.

Carles, L.; Wullschleger, S.; Joss, A.; Eggen, R.LL.; Schirmer, K.; Schuwirth, N.;
Stamm, C,; Tlili, A., 2021. Impact of wastewater on the microbial diversity of
periphyton and its tolerance to micropollutants in an engineered flow-through
channel system. Water Research, v. 203, 117486. https://doi.org/10.1016/j.
watres.2021.117486.

Carles, L.; Wullschleger, S.; Joss, A.; Eggen, R.I.L.; Schirmer, K.; Schuwirth,
N.; Stamm, C.; Tlili, A.,2022. Wastewater microorganisms impact microbial
diversity and important ecological functions of stream periphyton. Water
Research, v. 225, 119119. https://doi.org/10.1016/j.watres.2022.119119.

Companhia de Saneamento do Parana (SANEPAR), 2022. Estudo Técnico e
Operacional002 — Almirante Tamandaré/PR. 1-60 (Accessed January 10, 2025)
at:. https://www.sanepar.com.br/sites/default/files/Fornecedores/Editais/
PPP/00122/Editais/a002_-_almirante_tamandare.pdf

Desiante, W.L.; Minas, N.S.; Fenner, K., 2021. Micropollutant
biotransformation and bioaccumulation in natural stream biofilms. Water
Research, v. 193, 116846. https://doi.org/10.1016/j.watres.2021.116846.

Ding, N.; Yu, W,; Mo, J.; Rehman, F; Kasahara, T.; Guo, J., 2024. Does exposure
timing of macrolide antibiotics affect the development of river periphyton?
Insights into the structure and function. Aquatic Toxicology, v. 275, 107070.
https://doi.org/10.1016/j.aquatox.2024.107070.

Du, B; Fan, G;; Yu, W;; Yang, S.; Zhou, J.; Luo, J., 2020. Occurrence and risk
assessment of steroid estrogens in environmental water samples: A five-year
worldwide perspective. Environmental Pollution, v. 267, 115405. https://doi.
org/10.1016/j.envpol.2020.115405.

Fernandes, G.; Bastos, M.C,; Vargas, ].P.R; Le Guet, T; Clasen, B.; Santos,
D.R., 2020. The use of epilithic biofilms as bioaccumulators of pesticides and
pharmaceuticals in aquatic environments. Ecotoxicology, v. 29 (9), 1293-1305.
https://doi.org/10.1007/s10646-020-02259-4.

Fonseca, T.G.; Motta, E.A.; Mass, A.P; Fongaro, G.; Ramos, EM.; Machado,
M.S.; Bocchese, D.C.E; Viancelli, A.; Michelon, W,, 2021. Toxicity and
Enterobacteriaceae Profile in Water in Different Hydrological Events: a
case from south brazil. Water, Air, & Soil Pollution, v. 232, 278. https://doi.
org/10.1007/s11270-021-05208-x.

Goeury, K.; Munoz, G.; Vo Duy, S.; Prévost, M.; Sauvé, S., 2022. Occurrence
and seasonal distribution of steroid hormones and bisphenol A in surface
waters and suspended sediments of Quebec, Canada. Environmental
Advances, v. 8, 100199. https://doi.org/10.1016/j.envadv.2022.100199.

He, K.; Hain, E.; Timm, A; Blaney, L., 2021. Bioaccumulation of estrogenic
hormones and UV-filters in red swamp crayfish (Procambarus clarkii).
Science of the Total Environment, v. 764, 142871. https://doi.org/10.1016/j.
scitotenv.2020.142871.

Ide, A.H.; Osawa, R.A.; Marcante, L.O.; Costa Pereira, J.; Azevedo, ].C.R., 2017.
Occurrence of Pharmaceutical Products, Female Sex Hormones and Caffeine
in a Subtropical Region in Brazil. Clean - Soil, Air, Water, v. 45 (9), 1700334.
https://doi.org/10.1002/clen.201700334.

Ilyas, H.; Van Hullebusch, E.D. 2020. A review on the occurrence, fate and
removal of steroidal hormones during treatment with different types of
constructed wetlands. Journal of Environmental Chemical Engineering, v. 8
(3), 103793. https://doi.org/10.1016/j.jece.2020.103793.

Kaur, R; Salwan, R; Sharma, R.; Sharma, V., 2023 Characterization and
immobilization of extracellular broad pH active multicopper oxidase
from Streptomyces flavomacrosporus for dye-discoloration. Biocatalysis
And Agricultural Biotechnology, v. 54, 102955. https://doi.org/10.1016/j.
bcab.2023.102955.

Kiel, M.; Engesser, K. 2015. The biodegradation vs. biotransformation of
fluorosubstituted aromatics. Applied Microbiology And Biotechnology, v. 99
(18), 7433-7464. https://doi.org/10.1007/s00253-015-6817-5.

Kramer, R.D;; Filippe, T.C; Prado, M.R.; Azevedo, J.C.R., 2018. The influence
of solid-liquid coefficient in the fate of pharmaceuticals and personal care
products in aerobic wastewater treatment. Environmental Science and
Pollution Research, v. 25 (25), 25515-25525. https://doi.org/10.1007/s11356-
018-2609-7.

Li, S.; Zheng, Y.; Wang, C,; Xu, D.; Liu, H,; Song, Y., 2025. Nitrate nitrogen
concentrations drive microbial community composition and functional
responses in microplastic surface biofilms. Journal of Environmental Chemical
Engineering, v. 13 (2), 115504. https://doi.org/10.1016/j.jece.2025.115504.

Li, W;; Luo, D.; Yan, N.; Miao, L.; Adyel, T.M.; Kong, M.; Hou, J., 2023. Effects
of polyethylene microplastics with different particle sizes and concentrations
on the community structure and function of periphytic biofilms. Journal

of Environmental Chemical Engineering, v. 11 (6), 111287. https://doi.
org/10.1016/j.jece.2023.111287.

Li, Y;; Zhang, P; Wang, L.; Wang, C.; Zhang, W,; Zhang, H.; Niu, L.; Wang,
P; Cai, M.; Li, W,, 2019. Microstructure, bacterial community and metabolic
prediction of multi-species biofilms following exposure to di-(2-ethylhexyl)
phthalate (DEHP). Chemosphere, v. 237, 124382. https://doi.org/10.1016/j.
chemosphere.2019.124382.

Liang, J.; Li, C.; Mo, J.; Iwata, H.; Rehman, E; Song, J.; Guo, J., 2024.
Metatranscriptomic profiles reveal the biotransformation potential of
azithromycin in river periphyton. Water Research, v. 251, 121-140. https://doi.
org/10.1016/j.watres.2024.121140.

Lima, B.A.; Modkovski, T.A.; Otavio, L.; Peixoto, M.; Medeiros, S.T.; Baer,
G.H., 2025. The influence of hydrological variables on river biofilms: a review
of relationships and environmental implications. RBRH, v. 30, e11. https://doi.
0rg/10.1590/2318-0331.302520240083.

Machado, K.S.; Cardoso, ED.; Azevedo, ].C.R ; Braga, C.B., 2014. Ocorréncia
de hormoénios sexuais femininos na bacia do Rio Iguagu, Curitiba, Estado do
Parana, Brasil. Acta Scientiarum - Technology, v. 36 (3), 421-427. https://doi.
org/10.4025/actascitechnol.v36i3.18477.

Revista Brasileira de Ciéncias Ambientais (RBCIAMB) | v.60 | e2651 | 2025


https://doi.org/10.4136/1980-993X
https://doi.org/10.4136/1980-993X
https://doi.org/10.1038/nrmicro.2016.15
https://doi.org/10.1016/j.enceco.2024.07.006
https://doi.org/10.1016/j.scitotenv.2021.149635
https://doi.org/10.1016/j.scitotenv.2021.149635
https://doi.org/10.1016/s0960-8524(99)00144-3
https://doi.org/10.1186/s40643-021-00484-1
https://doi.org/10.1016/j.watres.2021.117486
https://doi.org/10.1016/j.watres.2021.117486
https://doi.org/10.1016/j.watres.2022.119119
https://www.sanepar.com.br/sites/default/files/Fornecedores/Editais/PPP/00122/Editais/a002_-_almirante_tamandare.pdf
https://www.sanepar.com.br/sites/default/files/Fornecedores/Editais/PPP/00122/Editais/a002_-_almirante_tamandare.pdf
https://doi.org/10.1016/j.watres.2021.116846
https://doi.org/10.1016/j.aquatox.2024.107070
https://doi.org/10.1016/j.envpol.2020.115405
https://doi.org/10.1016/j.envpol.2020.115405
https://doi.org/10.1007/s10646-020-02259-4
https://doi.org/10.1007/s11270-021-05208-x
https://doi.org/10.1007/s11270-021-05208-x
https://doi.org/10.1016/j.envadv.2022.100199
https://doi.org/10.1016/j.scitotenv.2020.142871
https://doi.org/10.1016/j.scitotenv.2020.142871
https://doi.org/10.1002/clen.201700334
https://doi.org/10.1016/j.jece.2020.103793
https://doi.org/10.1016/j.bcab.2023.102955
https://doi.org/10.1016/j.bcab.2023.102955
https://doi.org/10.1007/s00253-015-6817-5
https://doi.org/10.1007/s11356-018-2609-7
https://doi.org/10.1007/s11356-018-2609-7
https://doi.org/10.1016/j.jece.2025.115504
https://doi.org/10.1016/j.jece.2023.111287
https://doi.org/10.1016/j.jece.2023.111287
https://doi.org/10.1016/j.chemosphere.2019.124382
https://doi.org/10.1016/j.chemosphere.2019.124382
https://doi.org/10.1016/j.watres.2024.121140
https://doi.org/10.1016/j.watres.2024.121140
https://doi.org/10.1590/2318-0331.302520240083
https://doi.org/10.1590/2318-0331.302520240083
https://doi.org/10.4025/actascitechnol.v36i3.18477
https://doi.org/10.4025/actascitechnol.v36i3.18477

Modkovski, TA. et al.

Makk, J.; Toumi, M.; Krett, G.; Lange-Enyedi, N.T.; Schachner-Groehs, I;
Kirschner, A.K.T.; Toth, E., 2024. Temporal changes in the morphological
and microbial diversity of biofilms on the surface of a submerged stone in the
Danube River. Biologia Futura, v. 75 (3), 261-277. https://doi.org/10.1007/
542977-024-00228-0.

Marques, L.M.T; Reichert, G.; Cesar, R.M.; Cano, T.C.N.; Azevedo,

J.C.R., 2024. Determinagdo por espectrometria de massas do potencial de
bioacumulagdo de contaminantes emergentes em biofilme. Quim. Nova, v. 47
(10), 1-7. https://doi.org/10.21577/0100-4042.20240071.

Méndez, E., Gonzalez-Fuentes, M., Rebollar-Perez, G., Méndez-Albores,

A., Torres, E. 2016. Emerging pollutant treatments in wastewater: cases of
antibiotics and hormones. Journal Of Environmental Science And Health, v.
52 (3), 235-253. https://doi.org/10.1080/10934529.2016.1253391.

Mishra, S.; Huang, Y; Li, J.; Wu, X,; Zhou, Z; Lei, Q; Bhatt, P; Chen,
S.,2022. Biofilm-mediated bioremediation is a powerful tool for the removal
of environmental pollutants. Chemosphere, v. 294, 133609. https://doi.
org/10.1016/j.chemosphere.2022.133609.

Montagner, C.C.; Sodré, EE; Acayaba, R.D.; Vidal, C.; Campestrini, L;
Locatelli, M.A.; Pescara, 1.C.; Albuquerque, A.E; Umbuzeiro, G.A; Jardim,
W.E, 2019. Ten years-snapshot of the occurrence of emerging contaminants
in drinking, surface and ground waters and wastewaters from Sdo Paulo State,

Brazil. Journal of the Brazilian Chemical Society, v. 30 (3), 614-632. https://doi.

org/10.21577/0103-5053.20180232.

Mpupa, A.; Nqombolo, A.; Mizaikoff, B.; Nomngongo, P.N., 2022. Beta-
Cyclodextrin-Decorated Magnetic Activated Carbon as a Sorbent for
Extraction and Enrichment of Steroid Hormones (Estrone, -Estradiol,
Hydrocortisone and Progesterone) for Liquid Chromatographic Analysis.
Molecules, v. 27 (1), 248. https://doi.org/10.3390/molecules27010248.

Ojoghoro, J.O.; Scrimshaw, M.D.; Sumpter, J.P,, 2021. Steroid hormones in
the aquatic environment. Science of the Total Environment, v. 792, 148-306.
https://doi.org/10.1016/j.scitotenv.2021.148306.

Rahman, M.U,; Ullah, M.W.,; Shah, J.A.; Sethupathy, S.; Bilal, H.;
Abdikakharovich, S.A.; Khan, A.U,; Khan, K.A; Elboughdiri, N.; Zhu, D.,
2024. Harnessing the power of bacterial laccases for xenobiotic degradation in
water: a 10-year overview. Science Of The Total Environment, v. 918, 170498.
https://doi.org/10.1016/j.scitotenv.2024.170498.

Reichert, G.; Hilgert, S.; Alexander, J.; Rodrigues de Azevedo, J.C.; Morck, T;
Fuchs, S.; Schwartz, T., 2021. Determination of antibiotic resistance genes in
a WWTP-impacted river in surface water, sediment, and biofilm: Influence of

seasonality and water quality. Science of the Total Environment, v. 768, 144526.

https://doi.org/10.1016/j.scitotenv.2020.144526.

Rodrigues, E; Durdes, L.; Simoes, N.E.C.; Pereira, A.M.P.T; Silva, L.].G,; Feio,
M.J., 2025. Pharmaceuticals in urban streams: A review of their detection and
effects in the ecosystem. Water Research, v. 268 (Part B), 122657. https://doi.
org/10.1016/j.watres.2024.122657.

Saini, S.; Tewari, S.; Dwivedi, J.; Sharma, V., 2023. Biofilm-mediated
wastewater treatment: a comprehensive review. Materials Advances, v. 4 (6),
1415-1443. https://doi.org/10.1039/d2ma00945e.

Santos, L.H.M.L.M,; Freixa, A.; Insa, S.; Acufia, V.; Sanchis, J.; Farré, M.;
Sabater, S.; Barceld, D.; Rodriguez-Mozaz, S., 2019. Impact of fullerenes in the
bioaccumulation and biotransformation of venlafaxine, diuron and triclosan
in river biofilms. Environmental Research, v. 169, 377-386. https://doi.
org/10.1016/j.envres.2018.11.036.

Shabbir, S.; Faheem, M.; Dar, A.A; Ali, N,; Kerr, PG.; Yu, Z.G.; Li, Y;; Frei, S.;
Albasher, G.; Gilfedder, B.S., 2022. Enhanced periphyton biodegradation of
endocrine disrupting hormones and microplastic: Intrinsic reaction mechanism,
influential humic acid and microbial community structure elucidation.
Chemosphere, v. 293, 133515. https://doi.org/10.1016/j.chemosphere.2022.133515.

Torres, N.H.; Aguiar, M.M.; Ferreira, L.ER.; Américo, ].H.P; Machado, AM;
Cavalcanti, E.B.; Tornisielo, V.L., 2015. Detection of hormones in surface and
drinking water in Brazil by LC-ESI-MS/MS and ecotoxicological assessment
with Daphnia magna. Environmental Monitoring and Assessment, v. 187, 379.
https://doi.org/10.1007/s10661-015-4626-z.

Torres, N.H.; Santos, G.0O.S.; Romanholo Ferreira, L.E; Américo-Pinheiro, ].H.P;
Eguiluz, K.I.B,; Salazar-Banda, G.R., 2021. Environmental aspects of hormones
estriol, 17B-estradiol and 17a-ethinylestradiol: Electrochemical processes as
next-generation technologies for their removal in water matrices. Chemosphere,
V. 267, 128888. https://doi.org/10.1016/j.chemosphere.2020.128888.

Viancelli, A.; Avalos, D.M.; Reis, P; Mdlaga, PR.S.; Shah, M.P; Dwivedi, N.;
Michelon, W., 2023. The Impact of 17B-estradiol (E2) on the Growth Profile
of Environmental Enterobacteriaceae. Water, Air, & Soil Pollution, v. 234 (20).
http://doi.org/lOA1007/51 1270-022-06036-3.

Vilela, C.L.S.; Bassin, ].P; Peixoto, R.S., 2018. Water contamination by
endocrine disruptors: Impacts, microbiological aspects and trends for
environmental protection. Environmental Pollution, v. 235, 546-559. https://
doi.org/10.1016/j.envpol.2017.12.098.

Wang, D.; Zhu, X.; Xi, W.; Pan, H.; Yao, H.; Du, Y.,. 2023. Purification capacity
of natural biofilms and their physiochemical and biological properties: a case
study in the Jishan River, a heavily polluted river. Water Supply, v. 23 (4), 1611-
1625. https://doi.org/10.2166/WS.2023.078.

Yan, S.; Ding, N.; Yao, X;; Song, J.; He, W.; Rehman, E; Guo, J., 2023. Effects of
erythromycin and roxithromycin on river periphyton: Structure, functions and
metabolic pathways. Chemosphere, v. 316, 137793. https://doi.org/10.1016/].
chemosphere.2023.137793.

Yuan, K;; Li, S.; Zhong, E, 2020. Treatment of coking wastewater in biofilm-
based bioaugmentation process: Biofilm formation and microbial community
analysis. Journal of Hazardous Materials, v. 400, 123117. https://doi.
org/10.1016/j.jhazmat.2020.123117.

Zhang, C,; Li, Y.; Wang, C.; Niu, L.; Cai, W,, 2016. Occurrence of endocrine
disrupting compounds in aqueous environment and their bacterial
degradation: A review. Critical Reviews in Environmental Science and
Technology, v. 46 (1), 1-59. https://doi.org/10.1080/10643389.2015.1061881.

Zhang, F; Yu, Y,; Pan, C.; Saleem, M.; Wu, Y., 2021. Response of periphytic
biofilm in water to estrone exposure: Phenomenon and mechanism.
Ecotoxicology and Environmental Safety, v. 207, 111513. https://doi.
org/10.1016/j.ecoenv.2020.111513.

Revista Brasileira de Ciéncias Ambientais (RBCIAMB) | v.60 | e2651 | 2025


https://doi.org/10.1007/s42977-024-00228-0
https://doi.org/10.1007/s42977-024-00228-0
https://doi.org/10.21577/0100-4042.20240071
https://doi.org/10.1080/10934529.2016.1253391
https://doi.org/10.1016/j.chemosphere.2022.133609
https://doi.org/10.1016/j.chemosphere.2022.133609
https://doi.org/10.21577/0103-5053.20180232
https://doi.org/10.21577/0103-5053.20180232
https://doi.org/10.3390/molecules27010248
https://doi.org/10.1016/j.scitotenv.2021.148306
https://doi.org/10.1016/j.scitotenv.2024.170498
https://doi.org/10.1016/j.scitotenv.2020.144526
https://doi.org/10.1016/j.watres.2024.122657
https://doi.org/10.1016/j.watres.2024.122657
https://doi.org/10.1039/d2ma00945e
https://doi.org/10.1016/j.envres.2018.11.036
https://doi.org/10.1016/j.envres.2018.11.036
https://doi.org/10.1016/j.chemosphere.2022.133515
https://doi.org/10.1007/s10661-015-4626-z
https://doi.org/10.1016/j.chemosphere.2020.128888
http://doi.org/10.1007/s11270-022-06036-3
https://doi.org/10.1016/j.envpol.2017.12.098
https://doi.org/10.1016/j.envpol.2017.12.098
https://doi.org/10.2166/WS.2023.078
https://doi.org/10.1016/j.chemosphere.2023.137793
https://doi.org/10.1016/j.chemosphere.2023.137793
https://doi.org/10.1016/j.jhazmat.2020.123117
https://doi.org/10.1016/j.jhazmat.2020.123117
https://doi.org/10.1080/10643389.2015.1061881
https://doi.org/10.1016/j.ecoenv.2020.111513
https://doi.org/10.1016/j.ecoenv.2020.111513

