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ABSTRACT

Microbial biofilms play a crucial role in the adsorption and bioaccumulation of heavy metals in polluted aquatic
environments, including toxic and persistent hexavalent chromium [Cr(VI)]. However, the information on the
structural characteristics and accumulation capacity of natural biofilms in industrial river ecosystems, particularly
in Indonesia, remains limited. This study aimed to investigate the structural characteristics, microbial community
composition, and Cr(VI) adsorption capacity of natural biofilms in the Manyar River, Gresik. Biofilm morphol-
ogy and structure were analyzed using scanning electron microscopy (SEM), functional groups were identified
using Fourier transform infrared spectroscopy (FTIR), and microbial communities were characterized through
16S rRNA metagenomic analysis. The results showed that biofilm development follows three main stages: adhe-
sion, maturation, and dispersion. FTIR analysis indicated the presence of functional groups (C—X, C-O, C=C, and
O-H) involved in Cr(VI) binding. The microbial community was dominated by Virgibacillus spp., Romboutsia
spp., and Streptococcus spp., reflecting adaptation to polluted conditions. The distribution coefficient (Kd) ranged
from 0.99-1.05, while the bioaccumulation factor (BAF) reached 99.44-106.81, indicating strong accumulation
capacity. These findings highlight the potential of natural biofilms as effective agents for Cr(VI) bioremediation
and biomonitoring in industrial river ecosystems.
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INTRODUCTION

Environmental pollution is one of the global
issues that continues to be of concern to various
parties. Growing industrial activities, especially
in urban and coastal areas, have a major impact
on aquatic ecosystems. Industrial waste contains
a variety of harmful chemicals, including heavy
metals, which are difficult to decompose natu-
rally. The accumulation of heavy metals in the
waters can cause ecosystem disturbances and en-
danger aquatic life (Aziz et al., 2023).

Heavy metals have high toxicity even at low
concentrations. Among these metals, chromium,
especially in hexavalent form, is known to be very
dangerous, because it is carcinogenic, mutagenic,

and capable of causing organ damage in living
things. The main source of hexavalent chromi-
um generally comes from the waste of the metal
coating, textile, dye, and leather industries. If not
handled properly, chromium can accumulate in
the environment and threaten the sustainability of
aquatic ecosystems (Sharma et al., 2022).

The efforts to tackle heavy metal pollution
have been widely made, ranging from physico-
chemical methods to more environmentally
friendly biological approaches. One of the biolog-
ical approaches that is receiving more and more
attention is the use of biofilm as a biosorption
agent or natural bioremediation. Biofilms have
a natural ability to absorb heavy metals due to
their complex composition and surface structure,
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making them potential agents in pollution mitiga-
tion (Mishra et al., 2022).

Biologically, biofilm is defined as a communi-
ty of microorganisms that are attached to a surface
(substrate) and surrounded by a matrix of extra-
cellular polymeric substances (EPS). This matrix
consists of polysaccharides, proteins, lipids, and
nucleic acids that function to protect cells from ex-
ternal environmental stresses. In aquatic systems,
biofilms can be found attached to the surface of
rocks, wood, plant roots, and sediments. The com-
plex structure and diversity of microorganisms
within them make biofilm a highly dynamic mi-
croecological system (Yu and Lu, 2025).

The process of biofilm formation takes place
through several stages: the initial attachment of
planktonic cells to the surface, the formation of
an organized layer of microorganisms, then the
colony growth and intensive production of EPS.
Over time, the biofilm layer thickens and forms a
hollow structure that allows for the exchange of
gases and nutrients. When the density reaches its
maximum, some colonies will detach and move
to a new substrate, so that the process of form-
ing new biofilms continues in different locations
(Peng et al., 2023).

In the context of river ecosystems, the exis-
tence of biofilms has an important ecological role.
Biofilm serves as a habitat for various microor-
ganisms that play a role in the decomposition of
organic matter and nutrient cycling. In addition,
biofilm also acts as a natural bioindicator that re-
flects water quality conditions. In other words,
changes in the biochemical structure or composi-
tion of biofilms can indicate pollution or changes
in aquatic environmental characteristics (Guer-
rieri et al., 2022). One of the factors that makes
biofilms interesting to study is the ability of their
extracellular matrix to interact with heavy metal
ions. Chemical components in EPS, such as ac-
tive groups, have the ability to bind metal ions
through adsorption, ion exchange, or complex-
ation mechanisms (Pagliaccia et al., 2022).

The Manyar River is located in an area that
is densely populated with industrial activities,
especially around the coastal area of Gresik. The
industrial waste that enters the river carries a vari-
ety of harmful compounds, including heavy met-
als. This condition makes the Manyar River a rep-
resentative location to research the natural ability
of biofilms in dealing with pollution pressures.
The rocks scattered on the riverbed serve as an
ideal substrate for the growth of natural biofilms,
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as well as an important point in environmental
quality monitoring (Guerrieri et al., 2022).

However, the research on the potential of nat-
ural biofilms in Indonesian river ecosystems con-
ducted so far is still relatively limited. Most bio-
film studies focus more on artificial systems in the
laboratory or in a specific industrial environment.
In fact, natural biofilms formed in open waters
have different biological and chemical complexi-
ties than under artificial conditions. Therefore, it
is important to study the characteristics of natural
biofilms in real environments, such as in the Man-
yar River, so that their use can be more optimal
for environmental purposes (Jing et al., 2023).

In addition to its capacity to absorb heavy
metals, biofilm also plays an important role as a
biological indicator of environmental conditions.
The efficiency of biofilms in interacting with
heavy metals reflects the extent to which ecosys-
tems are subjected to pollution stress. Through
biofilm-based biomonitoring, changes in the
concentration and distribution of heavy metals
in aquatic ecosystems can be detected naturally
and sustainably without always having to resort
to expensive or invasive analytical instruments
(Laderriere et al., 2021).

The use of biofilm in pollution monitoring
and mitigation is in line with the principles of
environmentally friendly technology (green tech-
nology). The approaches based on natural biolog-
ical processes are more sustainable and economi-
cal than conventional methods. In addition, bio-
film does not have an additional negative impact
on the environment, so it has the potential to be
developed as a marine biotechnology solution in
the future. The combination of natural adsorption
ability and its abundant presence makes biofilm
an efficient and easy-to=apply ecological agent
(Desiante et al., 2021).

To achieve optimal utilization, a deep under-
standing of the factors that affect biofilm efficien-
cy is needed. Factors such as substrate type, physi-
cochemical conditions of water (pH, temperature,
salinity, DO), and composition of microorganisms
that make up biofilms greatly affect the adsorp-
tion ability of heavy metals. Through a systematic
study of biofilm characteristics and their environ-
ment, basic data can be obtained to develop more
effective and specific aquatic bioremediation strat-
egies for local conditions (Li et al., 2024).

Despite extensive studies on biofilm-medi-
ated heavy metal removal, most investigations
have focused on laboratory-scale or engineered
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systems. There is a lack of field-based evidence
describing the structural characteristics, micro-
bial composition, and accumulation capacity of
natural biofilms under real industrial pollution
gradients, particularly in tropical river systems,
such as those in Indonesia.

Therefore, this study aimed to (i) character-
ize the structural and morphological properties
of natural biofilms, (ii) analyze their microbial
community composition, and (iii) quantify their
capacity to adsorb and accumulate Cr(VI) in the
Manyar River ecosystem. This study hypoth-
esized that the natural biofilms in industrially im-
pacted rivers possess high metal-binding capacity
driven by EPS functional groups and adapted mi-
crobial communities.

MATERIALS AND METHODS

Sampling area

The sampling location is on the Manyar Riv-
er, Gresik Regency, East Java Province, which is
located in the northern coastal area of Java and
is known as an area with dense industrial activi-
ties (7° 6°36.73” S; 112° 36’ 21.8” E). This river
receives various industrial wastes from the sur-
rounding factories so the condition of its waters
represents the anthropogenic pressure that leads
to a polluted state. Three sampling stations were
designated to illustrate the water quality gradient
along the river flow, where the first station was
located in an area that is within the direct reach
of the industrial sewage inlet so that the influence
of the discharge on the physico-chemical param-
eters of the water can be observed more realisti-
cally, the second station was in the middle of the
river as a transition zone representing the natu-
ral process of dispersion and dilution of sewage
compounds, while the third station iwass located
near the estuary, which is the area where the river
meets the sea (Figure 1).

Sampling was conducted during a single cam-
paign in the dry season. At each station, samples
were collected in duplicate (n = 2) to ensure rep-
resentativeness. The study employed a spatial
gradient design without temporal replication.

Aquatic quality measurement

The water quality parameters were measured
in situ at each observation station in conjunction

with sampling, to ensure that the data obtained re-
flected the actual physical-chemical conditions of
the waters. The main parameters observed were
temperature, pH, dissolved oxygen (DO), depth,
turbidity and current velocity to represent envi-
ronmental factors that play an important role in
regulating the solubility, speciation, and distribu-
tion of heavy metals, especially Cr(VI), in the wa-
ter column. DO and temperature measurements
were carried out simultaneously using a PDO-
520 type DO meter equipped with a thermom-
eter sensor. The pH value was measured with a
Krisbow brand pH meter to determine the acidity
condition of the water which also determines the
chemical shape of the metal. Meanwhile, current
velocity measurements using the Flowatch tool
provided precise information about variations in
water movement at observation points, and depth
measurements with iron rulers help determine the
vertical profile of the water column. All instru-
ments were calibrated prior to measurement fol-
lowing manufacturer guidelines. The DO meter
was calibrated using air-saturation method, and
the pH meter was calibrated using standard buffer
solutions (pH 4, 7, and 10).

Sample collection

Water sample

Water sampling was carried out by opening
sterile bottles at the sampling location and then
slowly filling them directly from the water body
to avoid contamination by leaves or riverbed
sediment. This activity was carried out at three
observation stations (1, 2, and 3), each with one
sampling session repeated twice to ensure data
accuracy and representativeness. Once the bottles
were full, the samples were immediately sealed,
labeled according to the station code, and then
stored in a refrigerated container at a temperature
of approximately 4 °C to maintain the stability of
physical and chemical parameters before labora-
tory analysis (Marino et al., 2023).

Sediment sample

Sediment sampling was carried out using a
1-inch diameter paralon pipe with the principle of
pressure difference. The pipe was inserted slowly
into the bottom until the sediment was sucked in,
then the two ends were immediately closed to
prevent material loss. The collected samples were
then transferred to a labeled plastic bag according
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a)

Figure 1. Research location (a) station 1; (b) station 2; and (c) station 3

to the collection location. To maintain the stabil-
ity of the physical and chemical properties of the
sediments, all samples were stored in a cool box
at a temperature of about 4 °C until the analysis
process was carried out (Razeghi et al., 2021).

Biofilm sample

Biofilms were obtained from the surface of
rocks in rivers. Before retrieving, the stones were
inspected to make sure there were no large organ-
isms or sediments attached. Extraction was car-
ried out by brushing the surface of the stone, then
the brush was dipped and shaken in 80 mL of dis-
tilled water so that the biofilm was detached and
mixed into the water. Any remaining dirt or small
organisms that were still attached were cleaned
manually using tweezers. Afterwards, the biofilm
solution was stored in a sealed container at a tem-
perature of about —4 °C and taken to the labora-
tory for further cleaning and analysis (Kurniawan
and Fukuda, 2023).

Cr(VI) measurement using AAS

Water sample

The process of analyzing the content of
Cr(VD) in river water began with a sample of
100 ml, which was then filtered using Whatman
grade 40 fine filter paper to ensure that the filtrate
was free of residual coarse solid particles, result-
ing in a clear solution that was ready for further
testing, where the filtrate that has been placed in
the reaction flask was then directly analyzed us-
ing an AAS. The next step was to light the fire
first by pressing the PURGE and IGNITE (green
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and blue colors) buttons on the tool together then
click Start. Wait for the reading to finish and save
the results (Rusiniak et al., 2024).

Sediment sample

A 1 g sediment sample was analytically
weighed into an Erlenmeyer flask, then 10 mL
of concentrated HNOs and 10 mL of concen-
trated H.SO4 were added. The mixture was then
heated on a hotplate at a controlled temperature
until the solution turns a pale yellow color. Af-
ter the achievement of these conditions, the so-
lution was cooled at room temperature for 24
hours. The solution was then transferred to a 100
mL volumetric measuring flask, diluted to a mark
with distilled water (aquades), and filtered using
Whatman Grade 40 filter paper to remove any in-
soluble solid residues. The obtained filtrate was
then analyzed for Cr(VI) levels using an AAS at
characteristic wavelengths (Perez et al., 2024).

Biofilm sample

A 1l-gram biofilm sample was precisely
weighed into an Erlenmeyer flask, then 10 mL
of nitric acid (HNOs) and 10 mL of sulfuric acid
(H2SO4) were added for the decomposition of the
organic matrix, followed by heating on the stirrer
hotplate until a completely clear solution, which
was then cooled for 24 hours at room tempera-
ture. The solution was transferred to a 100 mL
volumetric measuring flask, diluted to a mark
with aquades, and filtered using Whatman Grade
40 filter paper to remove solid residues, before
the filtrate was finally analyzed with an atomic
AAS at the characteristic wavelength of Cr(VI)
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to accurately and sensitively determine the con-
centration of Cr(VI) accumulated in the biofilm
(Nguyen et al., 2024). The detection limit of
the AAS method for Cr(VI) was approximately
0.01 mg/L, with analytical precision maintained
through triplicate readings.

SEM (scanning electron microscope) test

The SEM sample preparation and testing
procedure began with sample preparation using
carbon tape-coated metal SEM holders, where the
powder sample was sprinkled and affixed with a
flat surface and a maximum thickness of 1 cm,
then fed into the sputter coater by turning on the
START PUMP, minimizing LEAK and VENT
(counterclockwise), vacuumed to 4 x 10 mbar,
then coating was done at a current of 18 mA with
SET PLASMA and rotated the LEAK clockwise
until purple plasma appeared, the time needed
was 15-180 seconds, after finishing turn off the
pump, vent, and store. SEM testing involved turn-
ing the appliance on with Power ON SEM, turn-
ing the computer on, opening the XT Microscope
software, logging in, then Stage Position OK
until complete, filling the logbook in, entering
up to 7 prepared samples, vacuuming with High
Vacuum for mixed samples or Low Vacuum for
non-metallic non-coating/slow solid samples un-
til the yellow indicator turned green, BEAM ON,
and cell morphology, density, as well as the three-
dimensional structure of the biofilm matrix on the
surface of the coupon were ready for observation
(Relucenti et al., 2021).

FT-IR analysis

Preparation equipment such as mortar and
marble pestle, sample holders and presses, and
spatulas with acetone were prepared. The FTIR
tool was turned on, supporting equipment was
installed according to the type of sample, and
background testing was carried out using pow-
dered KBr for solid samples. The solid sample
was mixed with a 1:10 KBr ratio, mashed, in-
serted into the holder, and pressed until solid. Af-
ter preparation, the sample was entered into the
tool, input the sample code and username in the
software, recorded in the log book (sample name,
sample code, date, and description), then tested.
The results were processed by peak table manipu-
lation to extract peak wavelengths (500—4000 cm
1), stored as raw soft data files, txt, and pdf. The

test samples were discarded as they could not be
reused, while the equipment was cleaned with ac-
etone (Diaz-Jimenez et al., 2023).

Biofilm metagenomics

The metagenomic process at Genetika Sci-
ence Indonesia was carried out to identify and
analyze the communities of microorganisms con-
tained in biofilms. The first stage included the ex-
traction of total DNA from biofilm samples. The
obtained DNA was then amplified using a 16S
V3-V4 primer to obtain gene segments that are
informative in bacterial identification. The next
step was the creation of a gene library, which al-
lows DNA to be read by a sequencing platform.
This process was followed by sequencing using
[llumina MiSeq technology to produce high-res-
olution double-sequence data. The raw data from
the sequencing results were then processed using
Cutadapt, then analyzed with DADA?2 software to
perform denoising, so that the original sequence
data was obtained. Taxonomic identification was
performed by matching ASV against the SILVA
v138.1 database, which was a comprehensive
reference for microbial rRNA. Further analy-
sis and data visualization were carried out using
R version 4.2.3 and RStudio (Tan et al., 2025).
Sequencing generated approximately reads per
sample. Quality filtering was performed using a
minimum Phred score of 30. Alpha diversity in-
dices, including Shannon and Simpson indices,
were calculated to evaluate microbial diversity
within biofilms.

Biofilm accumulation factor

According to Gomez-Regalado et al. (2023),
biofilm accumulation factor (BAF) is a measure
of bioaccumulation that describes the ratio be-
tween the concentration of a chemical in an or-
ganism and the concentration of that substance in
its environmental medium (usually water). This
factor covers the entire possible path of exposure.

BAF =22 (1)
cw
where: CB — concentration of substances in bio-
film (mg/kg), CW — concentration of sub-
stance in water medium (mg/L), if the
BAF value is > 1, it means that the con-
centration of substances in the biofilm is
greater than in water.
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Biota-sediment accumulation factor

According to Krivokapi (2021), biota-sedi-
ment accumulation factor (BSAF) is a compari-
son between the levels of contaminants in biota
(e.g. biofilms) and the levels of contaminants in
sediments.

BSAF =22 )
cs
where: CB — concentration of substances in biota
(biofilm) (mg/kg), CS — concentration of
substance in sedimentary media (mg/kg),
if BSAF > 10 high bioaccumulation and
important vector contamination.

Distribution coefficient

According to Bugai et al. (2020), distribution
coefficient (Kd) in the environment is generally the
coefficient of adsorption distribution between the
sediment phase and the water phase in equilibrium.

cs

where: CS — concentration of substance in sedi-
mentary media (mg/kg), CW — concentra-
tion of substance in water medium (mg/L),
If Kd > 1 concentration in sediment is
greater than in water, if Kd = 1 the concen-
tration is balanced between the sediment
and the water.

RESULTS AND DISCUSSION

Results of aquatic water quality measurement

The results of water quality measurements
showed that the three stations had relatively uni-
form physical-chemical conditions of the waters
(Table 1), with temperatures ranging from 27.8—
28.2 °C, depths of 29-32 cm, and low current ve-
locities between 0.057-0.073 m/s which indicated
calm waters. The pH values at all stations were in
the neutral—slightly alkaline range (7.61-7.65) so

they still supported aquatic organisms, while the
relatively similar DO (1.51-1.54 ppm) showed
low dissolved oxygen levels and had the poten-
tial to limit biota diversity. The observed DO lev-
els (1.51-1.54 ppm) indicate hypoxic conditions,
which are typically associated with high organic
loading and microbial respiration. Such condi-
tions are commonly found in industrially impact-
ed rivers where organic waste stimulates oxygen
consumption, thereby limiting aerobic aquatic or-
ganisms. Meanwhile, the turbidity value of 39.82
mg/L indicates that the waters are turbid.

Biofilm growth

The formation of biofilms observed with the
scanning electron microscope (SEM) generally
follows the initial stages of cell attachment, the
formation of mature three-dimensional structures,
and then the release (dispersion) of cells to colo-
nize of new surfaces. At the initial adhesion stage
(Figure 2a), planktonic cells that are free in the me-
dium begin to attach reversibly to the substrate sur-
face through weak physicochemical forces such as
van der Waals force, hydrophobic, and electrostatic
interactions, then proceed to irreversible adhesion
when the cell expresses the adhesion structure and
begins to produce a matrix of extracellular poly-
meric substances (EPS) (Cavitt and Pathak, 2021).
The SEM image in this phase usually shows the at-
tached cells proliferating and forming increasingly
dense microcolonies, accompanied by increased
EPS production, so that the cells appear as if they
are embedded in an amorphous matrix that covers
the surface of the SEM image. The cell clots that
occur are still small in size and cavities are still
rarely formed (Kher et al., 2023).

In the growth and maturation phase (Figure
2b), the biofilm structure develops into a com-
plex three-dimensional architecture with tow-
ers, cell clumps, and water channels that appear
as empty spaces between the biofilm masses in
SEM observations. These cavities and chan-
nels serve to facilitate the diffusion of nutrients,

Table 1. Water quality parameters in Manyar River, Gresik

Station Temperature ('C) Depth (cm) Curr((err:]tlss)p eed pH DO (ppm) T(unr]t;i/cli_i;y
1 28.2 29 0.066 7.61 1.51
2 27.9 32 0.057 7.65 1.54 39.82
27.8 31 0.073 7.62 1.52
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Figure 2. SEM images of biofilm development stages at different magnifications (a) adhesion phase,
(b) maturation phase, and (c) dispersion phase

oxygen, and metabolite removal, thereby sup-
porting heterogeneous growth and the forma-
tion of physiological gradients within biofilms,
where the surface parts are more actively divid-
ing while the deeper layers tend to be in dormant
conditions (Quan et al., 2022).

The final stage of biofilm formation is re-
lease or dispersion (Figure 2¢), when a portion
of the cell population leaves the bound commu-
nity to colonize a new substrate. This dispersion
can be triggered by space and nutrient limita-
tions on biofilm-saturated surfaces, changes in
environmental conditions, or certain molecular
signals that induce local degradation of the EPS
matrix (Wang et al., 2023).

In SEM observations, the release phase can
be indicated by an increasingly large aggregate
clump that will break away from the consortium
as well as a reduction in the thickness of the bio-
film layer in a given area (Peng et al., 2023) The
detached cells will return to the planktonic phase
and seek a new substrate to start the next biofilm
formation cycle, so that the adhesion-matura-
tion—release dynamics seen from the SEM image
series (Figure 2a—c) reflect the repeated life cycle
of the biofilm and is the basis for the ability of
biofilms to survive and spread in various environ-
ments (Fauzia et al., 2024).

FTIR spectra

On the basis of the FTIR spectrum analysis,
the biofilm before treatment showed the pres-
ence of various functional groups such as C-H,
C-C, O-H, and N-H which indicated the pres-
ence of hydrocarbon compounds, alcohols, and
amines. After being treated with Cr(VI), new ab-
sorption bands appeared in several wavenumbers

indicating the presence of C—X, C-O, and C=C
groups, as well as amplification in the O—H group
(Figure 3). The changes and appearance of these
bands suggest that the Cr(VI) ions interact with
biofilm components, such as polysaccharides,
proteins, and lipids, thereby altering the chemi-
cal structure of the surface and forming metal
complexes in the biofilm.

The C-X functional group has a very impor-
tant role in the process of adsorption of heavy
metals in biofilms, because it can strengthen the
interaction between the surface of the biofilm and
metal ions through two main mechanisms, name-
ly physical and chemical adsorption. Physical ad-
sorption occurs due to weak van der Waals forces,
while chemical adsorption involves the formation
of coordination bonds or complexions between
functional groups and metal ions (Qiongjie et
al., 2022). In this case, the C—X group acts as a
substitute or generalization of functional groups
such as —CI, —Br, or —OH which are able to form
coordination bonds with heavy metals, such as
Cr(VI). This complexity mechanism makes it dif-
ficult for heavy metals to come off because the
bonds formed are strong and stable. This process
is important in bioremediation systems, because
it improves absorption efficiency and reduces
heavy metal mobility in aquatic environments
(Xing et al., 2022).

In addition to the C—X group, biofilms also
contain a variety of other functional groups that
contribute to the adsorption ability of heavy met-
als. The C—-O and —OH groups play an active role
in the process of ion exchange and complex for-
mation, where oxygen atoms with free electron
pairs can interact directly with metal ions, form-
ing stable coordinate bonds (Tang et al., 2024).
The C=C group found in the lipid part of the
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Figure 3. FTIR test results (a) before treatment and (b) Cr(VI) treatment

biofilm is responsible for maintaining the hy-
drophobic characteristics of the biofilm surface,
facilitating the adhesion between the biofilm
and metal particles in the aquatic environment.
These hydrophobic properties are important, be-
cause they help biofilms maintain their structure
and stability under a wide range of environmen-
tal conditions. The combination of these various
functional groups creates an effective adsorption
system, in which biofilms not only act as heavy
metal binders, but also as biological filters that
improve water quality through efficient and sus-
tainable natural processes (Krsmanovic et al.,
2021). The adsorption of Cr(VI) is primarily me-
diated by EPS functional groups, such as hydrox-
yl, carboxyl, and amine groups, which facilitate
metal binding through electrostatic attraction, ion
exchange, and complexation mechanisms. These
interactions enhance metal immobilization and
reduce its mobility in aquatic environments.

Composition of bacteria in biofilm

Analysis of the biofilm sequence data isolated
from the Manyar River, Gresik, revealed the pres-
ence of more than 756 microbial species in the
biofilm community. The taxonomic composition
of biofilms is visualized through the Phylogenetic
Tree (Figure 4), which shows the dominance of
members of the Bacillaceae family, including
Virgibacillus spp. and several other species of the
same family. In addition, the genus Alkaliphilus
and members of the Peptostreptococcaceae fam-
ily such as Romboutsia spp. are also found in
significant numbers. Relative Abundance analy-
sis then conducted at the family level (Figure
5a) shows that Bacillaceae is the most dominant
family with a score of 0.3611. Two other fami-
lies with fairly high abundance are Alkaliphilus
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(0.1667) and Peptostreptococcaceae (0.1495). At
the genus level (Figure 5b), the results of the anal-
ysis indicated that Virgibacillus spp. had the high-
est abundance (0.5242), followed by Romboutsia
spp. (0.2379) and Streptococcus spp. (0.0989). In
general, these results show that the biofilm com-
munity formed in the Manyar River, Gresik, is
dominated by three main genera, namely Virgi-
bacillus spp., Romboutsia spp., and Streptococ-
cus spp. The dominance of the three reflects the
characteristics of the river environment that sup-
port the microbial growth of the Bacillaceae and
Peptostreptococcaceae groups.

Virgibacillus is known as a biofilm-forming
bacterium that plays an important role in provid-
ing the main skeleton of the biofilm structure.
This species is able to adapt to the environments
with high salt levels and becomes the founda-
tion on which other microorganisms attach. In
addition, Virgibacillus contributes to the process
of biomineralization, which is the formation of
inorganic mineral deposits that strengthen the
biofilm and increase its stability against environ-
mental stresses (Sharma et al., 2023). The domi-
nance of Virgibacillus spp. is consistent with pre-
vious studies reporting its prevalence in saline
and polluted environments, where it contributes
to biofilm stability and metal tolerance through
EPS production and mineralization processes
(Sharma et al., 2023).

Romboutsia has the ability to produce ex-
tracellular polysaccharides, such as cellulose
or polyglucuronates (PGa), which function to
thicken the biofilm matrix. The production of
these compounds not only strengthens cohesion
between cells, but also creates a more protected
environment from physical and chemical stress.
Thus, Romboutsia acts as a biofilm structure
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reinforcer and a chemical provider that enriches
the matrix composition (Chang et al., 2023).
Streptococcus solid biofilms that rely on ad-
hesion as well as exopolysaccharide (EPS) pro-
duction to adhere to surfaces and colonize. This
process is important in the early stages of coloni-
zation until the formation of mature biofilms. In
addition to structural function, Streptococcus bio-
films are often associated with intercellular com-
munication patterns (quorum sensing) that regu-
late gene expression related to virulence and re-
sistance to environmental stress (Xie et al., 2024).

In terms of adsorption and immobilization of
heavy metals, Virgibacillus exhibits strong bio-
sorption capabilities owing to its Gram-positive
cell wall characteristics and EPS layer, allowing
the deposition of the metal as a mineral (Qu et
al., 2022). Romboutsia plays a role in supporting
this process by increasing the amount and chemi-
cal properties of EPS, which results in polysac-
charides rich in hydroxyl and carboxyl functional
groups, thus providing more metal binding sites
(Chang et al., 2023). Meanwhile, Streptococcus
is able to bioaccumulate through metal homeo-
stasis systems, such as transporters and binding
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proteins, as well as utilize charged groups on the
cell wall and EPS to effectively absorb metal ions
(Goh et al., 2024).

Comparison of Cr(VI) concentrations
in sediment with water

The difference in the Cr(VI) levels between
water and sediment that is not too large indicates
a partition balance between the two phases. This
means that the Cr(VI) ions dissolved in water are
constantly subjected to an adsorption process to
the surface of the sediment particles as well as a
desorption process that releases them back into the
water phase. This dynamic balance keeps the con-
centration of Cr(VI) in both phases relatively sta-
ble, with neither phase dominating. The situation
reflects the chemical stability of the aquatic sys-
tem, where the transfer of heavy metals between
water and sediment takes place continuously (Ao
et al., 2025) (Table 2).

The data showed that the distribution coeffi-
cient (Kd) value ranged from 0.99—-1.05, indicating
that there was no significant difference between
the concentration of Cr(VI) in water and in sedi-
ment. A Kd value close to 1 indicates that Cr(VI)
has a relatively equal distribution between the two
phases, so this heavy metal does not tend to ac-
cumulate in sediments or remain completely dis-
solved in water. This shows that the water condi-
tions are in a dynamic state, where the process of
adsorption and desorption of Cr(VI) takes place in
a balanced manner. In addition, a turbidity value of
39.82 mg/L indicates a fairly high level of turbid-
ity, which has the potential to affect the mobility of
Cr(VI). Suspended particles in the water with high
turbidity can be metal-ion binding media, but if the

Table 2. Distribution value between sediment and water

stability is low, they can release Cr(VI) back into
the water column, increasing the risk of pollution
for aquatic organisms (Miranda et al., 2022; Kur-
niawan et al., 2024a).

Comparison of the Cr(VI) concentrations
in biofilm with water

The concentration of Cr(VI) in the biofilm
which reaches about 66.55-70.03 mg/kg, com-
pared to only 0.62—0.70 mg/L in the water column,
indicates that the biofilm matrix has a very high
absorption and metal storage capacity that serves
as the main accumulation compartment in the wa-
ters. This phenomenon is in line with the general
concept that biofilms in aquatic environments are
able to accumulate heavy metals in much higher
levels than water media due to a combination of
adsorption mechanisms in the extracellular ma-
trix (EPS), adsorption on the cell surface, and
intracellular uptake. Studies of the biofilms ex-
posed to Cr(VI) have also shown that microbial
communities can adapt and continue to grow at
a specific range of Cr(VI) concentrations while
continuing to accumulate and reduce Cr(VI), thus
supporting the biofilm’s role as a sink (absorber)
of metal pollutants in aquatic systems (Danouche
et al., 2021; Kurniawan et al., 2024b) (Table 3).

The BAF value of biofilm to Cr(VI), which
is in the range of 99.44-106.81 times, indicates
a strong bioaccumulation process from the wa-
ter phase to the biofilm compartment along the
study site. This high range of BAF reflects the
efficiency of the transfer of pollutants from the
aquatic medium to the biota or biological ma-
trix, as emphasized in the study of the concept of
BAF and bioconcentration in aquatic organisms

Station Sediment (mg/kg) Water (mg/L) Kd
1 0.70 0.70 1.00
2 0.68 0.69 0.99
3 0.65 0.62 1.05

Table 3. Biofilm accumulation factor

Station Biofilm (mg/kg) Water (mg/L) BAF
1 70.03 0.70 100.00
2 68.54 0.69 99.44
3 66.55 0.62 106.81
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Table 4. Nilai biota-sediment accumulation factor

Station Biofilm (mg/kg) Sediment (mg/L) BSAF
1 70.03 0.70 100.16
2 68.54 0.68 100.48
3 66.55 0.65 101.88

used to assess the potential accumulation and ec-
otoxicological risk of a chemical in the aquatic
environment. In addition, biofilm is recognized
in the literature as one of the important “sinks”
of various contaminants in waters, which not
only modulates the bioavailability of heavy met-
als, but also has the potential to be a pathway for
the transfer of pollutants to higher trophic levels
when the biofilm is consumed by other organ-
isms (Gomez-Regalado et al., 2023). The BAF
values obtained in this study (99-106) are con-
siderably higher than those reported in previous
studies of biofilm-mediated metal accumulation,
which typically ranged between 10-80, depend-
ing on environmental conditions (Desiante et
al., 2021; Laderriere et al., 2021). This suggests
that the biofilms in the Manyar River possess
enhanced accumulation capacity, likely due to
prolonged exposure to industrial pollutants.

Comparison of Cr(VI) concentrations of
biofilms with sediments

The BSAF value in the table is calculated as
the ratio between the concentration of Cr(VI) in
the biofilm (biota) and the concentration of Cr(VI)
in the sediment, thus describing the ability of the
organism to accumulate contaminants derived
from the surrounding sediment. The greater the
BSAF value, the higher the relative bioaccumula-
tion rate; In general, BSAF > 10 shows the accu-
mulation of sediment. Some literature classifies
organisms with BSAF > 10 as high concentrators,
so large BSAF values are seen as an important in-
dicator (Yun et al., 2023; Kurniawan et al., 2025).

The results of Table 4 show that the BSAF
value of 100.16-101.88 times indicates that the con-
centration of Cr(VI) in biofilms is much higher than
in sediments, so that biofilms can be categorized as
strong accumulators of Cr(VI) at all observation sta-
tions. This value is well above the range of BSAF
10 generally predicted by equilibrium partitioning
theory for many nonionic organic compounds, thus
confirming that bioaccumulation processes and bio-
logical interactions in biofilms play a very dominant

role in Cr(VI) enrichment, rather than merely physi-
cochemical equilibrium between sediments and or-
ganism tissues. Thus, the biofilms at the study site
have the potential to be key compartments in the dy-
namics of heavy metal pollution and play an impor-
tant role as a vector for the transfer of contaminants
from sediments to other components of aquatic eco-
systems (Laderriere et al., 2021).

CONCLUSIONS

The natural biofilm isolated from the Manyar
River, Gresik, was shown to have an extraordi-
nary ability to effectively absorb and accumulate
chromium hexavalent heavy metals [Cr(VI)]. This
ability is closely related to its complex microbial
structure and composition, where the dominance
of the genera Virgibacillus spp., Romboutsia spp.,
and Streptococcus spp. shows a high degree of
adaptation of microorganisms to environmental
conditions of waters polluted by industrial waste.
The biofilm serves as a biological matrix rich in
extracellular polysaccharide compounds that play
an important role in binding to metal ions through
the mechanisms of cellular adsorption, reduction,
and accumulation. The high values of distribution
coefficient (Kd), BAF, and BSAF reinforce the
indication that the microbial communities in this
biofilm are able to actively interact with heavy
metals in their environment, both through bio-
absorption processes and biochemical transfor-
mations. With this capability, the natural biofilm
from the Manyar River not only has great poten-
tial as a natural bioremediation agent to reduce
the burden of heavy metal pollution in industrial
aquatic ecosystems, but can also be further devel-
oped as a biological system model in sustainable
and environmentally friendly liquid waste man-
agement. Future studies should integrate kinetic
modeling and resistome analysis to evaluate the
long-term safety and efficiency of biofilm-based
bioremediation systems.
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