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restoration of heavy metal-polluted habitats, both ecologi-
cally and economically (Shah et al. 2021). The use of micro-
organisms and their exploitation in waste treatment is today 
widely accepted as a sustainable alternative to conventional 
processes such as chemical precipitation, ion exchange, 
chemical oxidation, adsorption, etc. (Sedlakova-Kadukova 
2022). Microbes are used in the bioremediation of environ-
ments polluted by various xenobiotics and harmful heavy 
metals, converting them into non-toxic compounds. Fungi, 
like bacteria, have a significant potential in the processes 
of environmental purification and organic pollution removal 
due to their excellent biosorption capability and ability to 
create a large number of hydrolytic enzymes (Jakovljević, 
2016, Jakovljević and Vrvić 2016). The role of different 
microorganisms in the remediation of heavy metal pollu-
tion is of great importance because some microorganisms 
show great tolerance and survival in the presence of high 
metal concentrations (Mishra et al. 2022). Excessive usage 
of heavy metals selectively promotes antibiotic resistance, 
which persists and spreads even in the absence of antibiot-
ics. There are at least four potential mechanisms for heavy 
metal-driven co-selection of AMR in biofilms: co-resis-
tance, cross-resistance, coregulation, and biofilm induction. 

Introduction

The release of heavy metals into the environment has a nega-
tive impact not only on human health but also on natural eco-
systems. Heavy metals accumulate in food chains, so they 
pose a serious threat when they are present in higher con-
centrations. Heavy metals cannot be broken down, although 
they can be converted into less harmful, non-reactive forms. 
Microorganisms have proven to be irreplaceable in the 
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Metal pollution has an impact on indigenous bacteria, with 
Firmicutes and Bacteroidota being the most abundant phyla 
at high metal pollution areas. These bacteria are ubiqui-
tous in metal-contaminated areas and have been found to 
carry metal resistance gene and antibiotic resistance gene in 
groups called “gene cassettes,“ which explains why metal 
exposure can lead to antibiotic resistance. Wastewater treat-
ment plants (WTPs) are thought to be a source of the release 
of antibiotic-resistant bacteria into the environment (Cesare 
et al. 2016).

Wastewater treatment plants, especially older ones, often 
face the problem of large amounts of some heavy metals that 
create an unbalanced microbial community in the biological 
treatment basins and in the sewage sludge. The primary rea-
son for this is the release of industrial wastewater with high 
levels of metals into municipal wastewater without previous 
treatment. In municipal wastewater, the presence of Cr, Mn, 
Fe, Co, Ni, Cu, Zn, and Cd was confirmed; in water affected 
by industry, Ni, Cu, Sr, Pb, Cd, and Hg were confirmed; in 
water affected by mining, Al, Cr, Pb, Cd, and Hg were con-
firmed, etc. (Kranthi et al. 2018). Heavy metals significantly 
affect the composition and spatial variability of the micro-
bial community (Rajeev et al. 2021). In that case, modifica-
tion of the microflora is achieved by biostimulation, which 
involves the use of indigenous microorganisms that are 
already well adapted to the existing environment with the 
addition of nutrients (Adams et al. 2015). In some indus-
trial and municipal wastewater treatment plants, this is not 
adequate. That is why bioaugmentation, the introduction of 
exogenous microorganisms (indigenous or non-indigenous 
in high concentrations) with the ability to detoxify certain 
pollutants is used more frequently (Ma et al. 2022). After 
the application of commercial preparations in wastewater 
the number of exogenous microorganisms often decreases 
significantly. Therefore, due to efficiency (but also laws, 
regulations and public opinion), the most practical use of 
microorganisms isolated from wastewater that needs to be 
decontaminated is still the most practical (Younas 2022; 
Jakovljević et al. 2022a). Mixed microbial cultures have an 
advantage due to the wider degradation potential of syner-
gism and the possibility of co-metabolism (Jakovljević and 
Vrvić 2018; Jakovljević 2020; Jakovljević et al. 2022b). For 
these reasons, there is an ongoing need to isolate and iden-
tify new microorganisms with the ability to degrade pollut-
ants, as well as to understand the genetics and biochemistry 
of the biodegradation process. Microorganisms isolated 
from wastewater can be opportunistic pathogens or even 
pathogens. They are removed in a variety of ways: exposure 
to sunlight and other physicochemical factors (temperature 
and pH), predation, length of stay in ponds, adsorption on 
particles and sedimentation filtration, and finally, UV radia-
tion and chlorination.

In the presence of pollutants, to improve their survival, 
bacteria often switch to a biofilm lifestyle (Mahto et al. 
2022). A biofilm is an organized community of one or more 
types of microbes connected by extracellular polymeric 
compounds and adhered to an abiotic and/or biotic surface. 
It differs from plankton growth primarily by the vital role 
of transport and transfer processes that control the rate of 
growth in the biofilm community (Flemming et al. 2016). 
The biofilm formation process is a complex phenomenon 
regulated by intracellular and intercellular signaling sys-
tems. Different signaling molecules are involved in com-
plex signaling networks to regulate biofilm development in 
bacteria (Maddela et al. 2018; Mahto et al. 2022).

How do metals affect biofilm formation and resistance, 
and how can biofilms help cells resist toxic metals? The 
organic matrix acts as a barrier that isolates the cells from 
many environmental stresses, the cell metabolism changes, 
and a slow-growing or non-growing subpopulation of cells 
(persisters) appears. In multi-species biofilms, metabolic 
interactions develop that allow cells to have a greater capac-
ity for survival than in single-species biofilms. The biofilm’s 
high cell density can promote horizontal gene transfer pro-
cesses, making new features more easily acquired. These 
key mechanisms enable microorganisms to survive and 
colonize toxic environments and likely accelerate ongoing 
evolutionary processes (Koechler et al. 2015).

Bioremediation involving the use of biofilms is attractive 
because it is adaptable. Due to its high biomass, it is excel-
lent at absorbing, immobilizing, and remediating pollutants 
such as heavy metals.

In the current mini-review, we summarize recent discov-
eries on the bioremediation capability of biofilm-forming 
microbial species isolated from varied wastewaters for 
heavy metal removal, covering some mechanisms of action, 
application possibilities, practical challenges, and future 
prospects.

Biofilm-based wastewater treatment 
systems

Today, biofilm-based wastewater treatment systems pro-
vide numerous advantages: improved pollutant removal 
efficiency, minimal sludge formation, shorter hydraulic 
retention time, the presence of extracellular polymetric sub-
stances (EPS), high concentrations of active biomass, and 
high diversity (Zhao et al. 2019). In fact, these technolo-
gies have been widely used for the removal of both organic 
and inorganic compounds from aqueous media using micro-
organisms. Microorganisms can be employed in different 
forms within wastewater treatment systems, as living or 
dead, suspended or biofilm-immobilized biomass. Saini et 
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al. (2023) listed the types of bioreactors based on biofilms 
that are currently most commonly used in various wastewa-
ter treatment systems (Fig. 1, a). Biofilm reactors primarily 
consist of five basic parts with certain additional compo-
nents that are specific to a particular type of reactor (Fig. 1, 
b), (Asri et al. 2019).

Moving bed biofilm reactors (MBBR) are a biofilm-
based wastewater treatment method that is currently widely 
used. MBBR plants are used for the treatment of municipal 
and industrial wastewater. This technique combines acti-
vated sludge and biofiltration processes. In the reactor, aero-
bic, anoxic and anaerobic processes can take place. Biofilm 
carriers are free and move within the reservoir. The most 
commonly used biofilm carrier in MBBR is in the form of a 
high-density polyethylene cylinder with large effective sur-
faces (Saini et al. 2023). A well-designed carrier allows for a 
stable biofilm, so the gap cannot be easily blocked by waste-
water particles or large accumulation of biofilm. Efficient 
mixing/aeration with good carrier design gives good system 
performance and low maintenance requirements (Wang et 
al. 2019).

There are also some modified systems based on moving 
bed biofilm reactors (MBBR) in use today. Combined Fixed 
Film Activated Sludge (CFAS®/IFAS) utilizes an exist-
ing activated sludge process along with MBBR carriers by 
introducing plastic carriers into the activated sludge process 
(Sander et al. 2017). The continuous flow intermittent reac-
tor (CFIC®) is a compact and energy-efficient process (20% 
smaller footprint, 50% lower energy consumption, 80% less 
waste sludge than MBBR) in normal mode (Ghimire and 
Wang 2018). The Hybrid Vertical Anaerobic Biofilm Reac-
tor (HiVAB®) integrates both anaerobic and aerobic pro-
cesses. It has low sludge production, high COD removal, 
and high methane biogas generation (Wang et al. 2017).

Membrane biofilm reactors (MBR) are a sustainable 
biotechnology for the removal and/or recovery of pollutants 
from water. It is effectively used for the purification of urban 
and industrial wastewater. To support the biofilm, they can 
be used, e.g., activated carbon in granules (GAC), sponge, 
plastic media, etc. Biofilm growth is encouraged by add-
ing media for mobile/fixed arrangements, or aerated mem-
branes can be added to the bioreactor. The disadvantage of 

membranes is frequent clogging, so plant maintenance lim-
its their wide application (Ivanovic and Leiknes 2012).

Fluidized-bed biofilm reactors (FBBRs) use small car-
riers and build a bed within the column that is maintained 
by the movement of wastewater and the bed increases as a 
result. Aeration is done when the wastewater entering the 
water is combined with the effluent collected from the top of 
the bed during recycling. Biofilm carriers are based on silica 
and zeolite (Saini et al. 2023).

Microbial fuel cells (MFCs) reduce energy consump-
tion, excess sludge production, and enable energy recovery. 
By this method, microorganisms develop a biofilm on the 
surface of electrodes and generate electrons and protons 
through the process of oxidation of organic materials (Saini 
et al. 2023). Electron transport takes place through the exter-
nal circuit, while proton diffusion towards the cathode takes 
place through the solution and microorganisms assimilate 
metal ions into their biomass (Lim et al. 2021). MFC-based 
electricity generation together with Cr(VI) removal repre-
sents a potential future source of sustainable energy (Uddin 
et al. 2021).

Different types of biological trickling filters (BTFs) are 
used for wastewater treatment. The removal of suspended 
solids from TF-treated wastewater requires further liquid-
solid separation, since TF treatment produces suspended 
solids (Saba et al. 2017). The most commonly used filter 
materials in this system are gravel and stones. Other mate-
rials, such as plastic rings, zeolite, sponge, and others, 
have been used to get around the limitations. Fine particles 
improve oxygen transport and manage biofilm thickness 
(Zhang et al. 2016).

Carriers in wastewater treatment systems

Biofilm carriers play an important role in wastewater treat-
ment processes. It has been shown that the maximum effi-
ciency of the removal of certain pollutants depends on the 
choice of carrier (Sonwani et al. 2019). A well-designed 
carrier allows for a stable biofilm so that the gap cannot be 
easily blocked by wastewater particles or excessive biofilm 
accumulation. Efficient mixing/aeration with good carrier 

Fig. 1 Basic types of bioreactors 
based on biofilms - a) and Basic 
parts of biofilm reactors - b)
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fraction of Pseudomonas putida CZ1 biofilm at a concen-
tration of 60–67%, with 44.7–42.3% in capsular EPS and 
15.5–20.1% and 17.2–21.2% in the cell walls and mem-
branes, respectively (Lin et al. 2020). Pseudomonas aeru-
ginosa RV9 is resistant to high concentrations of Cr(VI) 
and has a strong bioreduction potential. This strain devel-
ops a sophisticated adaptation mechanism based on surface 
connections, intracellular accumulation, and extracellular 
sequestration (presence of rhamnolipids), allowing it to 
achieve an 85% removal capacity (Mat Arisah et al. 2021). 
Copper is predominantly bound by carboxyl, phosphate, 
and hydrosulfide ligands within the extracellular polymer 
matrix, cell walls, and membranes, i.e., the intracellular 
fraction (Lin et al. 2020). Biosorption of Pb(II) by Arthro-
bacter viscosus is based on a chemical reaction, and that 
sorption takes place at the functional groups on the biomass 
surface (Hlihor et al. 2017).

A number of halotolerant and moderately halophilic bac-
teria possess tolerance to heavy metals. Microorganisms that 
live in salty habitats have developed an antioxidant defense 
mechanism that allows them to survive. The response of 
microorganisms to salinity is focused on the regulation of 
osmotic potential and the transport of cations and anions 
that regulate homeostasis. Increased salt concentration trig-
gers an enhanced defense mechanism against other limiting 
factors, such as heavy metals, through a co-resistance mech-
anism. The main mechanisms include extracellular seques-
tration of metals by biopolymers, efflux of metals mediated 
by specific transporters, and enzymatic detoxification (Voica 
et al. 2016). In bacterial biofilms, enzymatic induction of 
the remediation process takes place through electrostatic 
interaction or metal chelation (Jasu and Ray 2021). Fungi 
biosorb and accumulate metals, either by complexation or 
ion exchange in their fruiting bodies or various polymeric 
substances such as EPS (Geetha et al. 2021). Removal effi-
ciency is determined by fecundity, age of the mycelium, and 
duration of metal exposure (Jasu and Ray 2021).

Whether it is diverse and/or specific biofilm-forming spe-
cies, some properties will always influence the degree of 
their biofilm formation and heavy metal removal capacity, 
e.g., pH, temperature, and heavy metal concentration (Bhat-
tacharya et al. 2019; Maurya et al. 2021). Abiotic factors 
such as low molecular weight organic acids, temperature, 
pH and humic acids can alter the transport, transformation, 
and valence state of heavy metals, thus changing the bio-
availability of heavy metals to microorganisms (Jasu and 
Ray 2021). The intermittent aeration regime has a signifi-
cant effect on the secretion of EPS and the microbial com-
munity of MBBR. In this mode, microbes tend to secrete 
polysaccharides primarily after attachment. The high pro-
tein/polysaccharide ratio and certain genera are the main 
reasons for the highest concentration of biofilm biomass in 

design leads to good system performance and low mainte-
nance requirements (Wang et al. 2019).

Carrier shape, density, protected areas, and carrier void 
volume are important factors affecting the performance of 
the MBBR process. Carriers with protected surfaces of 500–
1000 m2/m3 are usually applied in wastewater treatment 
plants (Wang et al. 2019). Jute fibers immobilized with bac-
teria in fixed film reactors showed maximum immobiliza-
tion potential (Zimba et al. 2021). In fixed biofilm anaerobic 
systems, hydrophobic polymeric materials promote initial 
cell adhesion and biofilm formation. But under longer-term 
and stable operation, hydrophilic materials show larger 
amounts of mature biofilm and better wastewater treatment 
performance (Zhou et al. 2021). Granular anaerobic sludge 
allows the biofilm to form on its own without the presence 
of a bio-carrier. Here, in understanding performance, pro-
cess modeling is very important (Yang 2019).

In addition to the traditional ones, new carriers stand out 
more and more often due to their characteristics, application 
performance and mechanisms. Among them, hydrophilic/
electrophilic modified carriers to encourage biofilm forma-
tion, carriers based on magnetic materials to shorten biore-
actor start-up time, and redox mediator carriers to accelerate 
the biotransformation of some pollutants, such as heavy 
metals, are particularly important (Zhao et al. 2019).

Some mechanisms of the interaction of 
microorganisms and heavy metals in 
biofilms

The interaction of microbes in biofilm-form with heavy 
metals occurs through different mechanisms. Microorgan-
isms, mostly bacteria, but also fungi and microalgae, have 
different adaptation mechanisms and the ability to seques-
ter metals, but the most common are biosorption and bio-
accumulation (Voica et al. 2016). These interactions are 
facilitated by the negative charge of extracellular polymeric 
substances on the biofilm surface, the positive charge of 
metal ions, high cell density, and high concentrations of cell 
signaling molecules within the biofilm matrix. The influ-
ence of anodic and cathodic redox potentials on the reduc-
tion, removal, and recovery of various types of heavy metals 
provides interesting insight into bacterial biofilm-mediated 
bioelectroremediation processes (Syed et al. 2022).

Understanding the interaction mechanisms between bio-
films and heavy metals contributes to the development of 
effective biofilm-based heavy metal pollution remediation 
technologies. By entering the microbial cell, heavy met-
als can cause intoxication, therefore biosorption is a better 
method for removing heavy metals than bioaccumulation. 
(Hansda et al. 2016). Copper was found in the extracellular 
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It has been proven that even without the presence of 
biofilm, EPS in sludge samples plays a major role in the 
removal of heavy metals during wastewater treatment. 
Extracellular polymeric substances produced by bacterial 
isolates with a high level of resistance to heavy metals play 
an important role in metal sorption and represent a passive 
method in which metal cations bind to the negative charge 
of acid groups from exopolysaccharides. The protein/poly-
saccharide ratio in EPS can be used to evaluate EPS capac-
ity and heavy metal adsorption capacity (Wei et al. 2017). 
The excellent biosorption performance of EPS is closely 
related to the large concentrations of carboxyl and hydroxyl 
groups located on protein surfaces. But the extracted EPS, 
both hydrophobic and hydrophilic, contains amphiphilic 
material, which can also capture metal ions via electrostatic 
attraction and ion exchange (Liu et al. 2015). Isolates from 
industrial wastewater, Exiguobacterium profundum PT2 
and Ochrobactrum ciceri SW1, show increased EPS pro-
duction, especially protein and carbohydrate content, in the 
presence of arsenic. Increased production of bacterial EPS 
with a large number of polyanionic functional groups on its 
surface tends to sequester arsenic through electrostatic or 
covalent interactions (Saba et al. 2019).

Examination of polluted aquatic ecosystems showed that 
functional groups on the surface of calcite, together with 
periphyton biofilm, were responsible for the removal and 
binding of As(III) at the contaminated site (Zhu et al. 2018).

Biofilms of indigenous microorganisms in 
recent research on heavy metal removal

The use of biofilms has shown synergistic effects with mul-
tiple increases in heavy metal removal as a sustainable envi-
ronmental technology in the near future (Igiri et al. 2018). 
Many bacterial biofilms have been used for the elimination 
of heavy metals. The largest number of microorganisms 
that were most successful in this were isolates from various 
wastewaters. An overview of recent research on the ability 
to remove heavy metal isolates from contaminated environ-
ments in the form of biofilms on different substrates is given 
in Table 1.

Single-species biofilms

In recent years, a large number of different microorganisms 
isolated from polluted environments have been investigated 
for their ability to form biofilms, tolerate the presence and 
efficiently remove various heavy metals. In the presence 
of various heavy metals, isolates from polluted environ-
ments in the form of biofilms showed high tolerances. In the 
presence of Cu(II) and Zn(II), E. coli and R. mucilaginosa 

the 3 h/3 h regime (Gu et al. 2018). The presence of tita-
nium dioxide nanoparticles (TiO2 NPs) increases the sur-
face binding energy between Cd2+ and functional groups of 
the biofilm (Wang et al. 2022). In monometallic systems, 
the biosorption capacity is two to three times higher than in 
the presence of bimetallic and multimetallic solutions (Díaz 
et al. 2022).

Extracellular polymeric substances (EPS)

Biofilms acquire resistance to heavy metal stress most com-
monly by forming an EPS barrier that can absorb, trap, or 
immobilize metals surrounding their cell population (Teitzel 
and Parsek 2003). Glycoproteins, polysaccharides, humic 
and uronic acids, proteins, nucleic acids, lipids, organic and 
inorganic compounds, and metal ions such as Mn, Mg, Fe, 
and K, are common EPS secreted by bacteria (Sardar et al. 
2018). The composition and configuration of EPS are influ-
enced by environmental factors (Henagamage et al. 2022) 
and extreme temperatures, acidic or alkaline conditions, and 
other physiological challenges simultaneously increase the 
efficiency of metal removal (Khosravi et al. 2020).

The adsorption capacity of EPS depends on the proper-
ties of heavy metals as well as on the components of EPS. 
Different components of EPS contribute differently to the 
adsorption of heavy metals. There are significant electro-
static binding interactions of heavy metals to proteins/humic 
acid (except for Cu2+). Carbonyl C = O and aromatic C = C 
stretching within humic acid contribute to the chemisorption 
of metal ions, and amide I and II groups are necessary for 
chemisorption in proteins (Wei et al. 2019). Metal binding is 
enabled by the ionizable functional groups of EPS, and the 
anionic sites are metal binding sites (Wei et al. 2017).

Exopolysaccharides are well-studied high molecular 
weight by-products of microorganisms and are well known 
for their effectiveness in the bioremediation of water with 
heavy metals. Exopolysaccharides support growth and pro-
vide self-defense in case of negative external influences 
such as pH, temperature, and starvation conditions. Cir-
cumstances that lead to the progress of its production also 
increase the capacity of bioremediation in heavy metal con-
tamination (Kranthi et al. 2018). Exopolysaccharides facili-
tate the biosorption mechanism. Electrostatic attraction at 
specific sites allows the anionic composition of exopolysac-
charides to help sequester positively charged heavy metal 
ions (Gupta and Divan 2017). Fungi, bacteria, and archaea 
play important roles in this process. Polysaccharides have 
the ability to chelate heavy metals from contaminated sites, 
forming organo-metallic complexes (Dey and Paul 2018). 
Bioremediation based on EPS for the removal of heavy met-
als has recently had several successful case studies (Mad-
dela et al. 2021).
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(Bharagava and Mishra 2018), E. coli and Staphylococcus 
epidermidis (Quiton et al. 2018), Ochrobactrum anthropi 
(Tandon et al. 2020) show marked tolerance. In the pres-
ence of mercury and lead, tolerance is shown by Bacillus 
pumilus (Pepi et al. 2016), Pseudomonas sp. (Meliani and 
Bensoltane 2016), R. mucilaginosa and E. coli (Buzejić et 

(Grujić et al. 2017b), Enterobacter asburiae ENSD102, 
Vitreoscilla sp. ENSG301, Acinetobacter lvoffii ENSG302 
(Mosharaf et al. 2018), Acinetobacter sp. IrC1, Acineto-
bacter sp. IrC2, Cupriavidus sp. IrC4 (Irawaiti et al. 2018) 
and Halobacterium salinarum R1 (Völkel et al. 2020). In 
the presence of Cr(VI), Methylobacterium organophylum 

Table 1 The heavy metal removal efficiency of microorganisms from contaminated environments in the form of biofilms on different substrates
Microorganism Carriers Heavy metal Concentration of 

metal ions
Removal efficiency References

Halomonas aquamarina 
TA-04

Stone Chromium 500 g/mL > 90% Focardi et al. 2012.

Cellulosimicrobium sp. Sand
PVC
Rubber
Stone

Chromium 900 µg/mL 96 h/98.6%
96 h/94,5%
96 h/90%
96 h/88,4%

Naeem et al. 2013.

Bacillus pumilus Liquid medium
A solid medium

Lead 0,48 mmol/L 1,20 
mmol/L

31,02%
28,21%

Pepi et al. 2016.

Arthrobacter viscosus Star-shaped poly-
ethylene carriers

Lead 100 mg/L 96% Hlihor et al. 2017.

Pseudomonas beteli Cucumis sativus 
bark

Zinc
Mangan

2000 mg/L 69,9%
78,4%

Pani et al. 2017.

Escherichia coli Glass Cadmium
Zinc
Nikl

100 µg/mL 94.85%
48 h/68.25%
24 h/49.34%

Grujić et al. 2017b.

Rhodotorula mucilaginosa Glass Cadmium
Zinc
Nikl

100 µg/mL 48 h/ 0.71%
48 h/89.62%
48 h/91.24%

Grujić et al. 2018.

Arthrobacter sp. SUK 1205 Glass beads Chromium 0,5 mM 96 h/100% Dey and Paul 2018
Bacillus licheniformis Magnetic polyvi-

nyl alcohol with 
sodium alginate

Lead 113,84 mg/g 98%, Wen et al. 2018.

Soj EM2 Water Lead 10 mg/L 96% Jeong et al. 2019.
Vitreoscilla sp. ENSG301
Bacillus thuringiensis 
ENSV401

Air–liquid
Solid–air–liquid

Copper
Nikl
Lead
Copper
Nikl
Lead

12,5 mg/L
12,5 mg/L
25 mg/L
100 mg /L
100 mg /L
100 mg /L

100%
100%
100%
> 90%
> 84%
> 89%

Haque et al. 2021.

Klebsiella oxytoca
Enterobacte cloacae

ABM carriers Nikl
Zinc

200 µg/mL 98.47%
98.06%

Jakovljević et al. 
2022a.

E. cloacae ABM carriers Mercury 200 µg/mL 10 days/97.81% Radojević et al. 2023.
Microorganisms Carriers Heavy metal Concentration of 

metal ions
Removal efficiency References

Fungal–bacterial biofilm Glass beads Chromium / 10 days/90% Herath et al. 2014.
R. mucilaginosa/E. coli Glass Copper

Zinc
Lead

100 µg/mL 48 h/99,88%
99,26%
99,52%

Grujić et al. 2017b.

Periphyton-based system Biochar Arsen 2 mg/L 95,4% Zhu et al. 2018.
K. oxytoca/S. odorifera/S. 
cerevisia

ABM carriers Copper 200 µg/mL 10 days/99,18% Jakovljević et al. 
2022a.

E. cloacae/K. oxytoca/S. 
odorifera

ABM carriers Lead
Cadmium

200 µg/mL 99,14%
99,03%

Jakovljević et al. 
2022a.

Natural periphytic biofilms / Lead
Cadmium

/ / Wang et al. 2022.

K. oxytoca/S. odorifera/S. 
cerevisiae

ABM carriers Mercury 200 µg/mL 5 days/96.65% Radojević et al. 2023.

E. cloacae/K. oxytoca/S. 
odorifera

ABM carriers Mercury 200 µg/mL 10 days/99.03% Radojević et al. 2023.
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to form surface biofilms (Gupta and Divan 2017). Different 
metals show different effects on biofilm H. salinarum R1 
and induce a metal-specific protective response of cells in 
biofilms (Völkel et al. 2018).

Bacillus pumilus in the presence of Pb(II) forms a brown, 
compact biofilm with lead, suggesting its active uptake (Pepi 
et al. 2016). Strain EM2 forms a pellicle-like biofilm (float-
ing biofilm) that is resistant to Pb(II) up to 800 mg/L. Metal 
uptake is characterized by the occurrence of multilayer 
adsorption of Pb(II) (Jeong et al. 2019). A. viscosus biofilm 
removes 96% of 100 mg/L Pb(II) (Hlihor et al. 2017), while 
individual K. oxytoca biofilms remove Ni2+ (98.47%) and 
E. cloacae Zn2+ (98.06%) (Jakovljević et al. 2022a).

Different isolates of Pseudomonas sp. (P. aeruginosa 
and P. fluorescens) produce a greasy-looking biofilm that 
varies in thickness depending on the presence of zinc and 
lead (Meliani and Bensoltane 2016). E. cloacae MC9 
forms a biofilm in the concentration range of 25–200 mg/
mL chromium, cadmium, nickel, and lead. Cadmium has 
the greatest harmful effect on the bacteria’s physiology and 
ability to form biofilms. With an increase in the concentra-
tion of heavy metals, the activities of bacteria decrease, e.g., 
200 mg/mL chromium significantly reduced EPS synthesis 
by E. cloacae MC9 (Syed et al. 2021).

Indigenous microorganisms that form a biofilm can sig-
nificantly improve the process of color removal (Radojevic 
et al. 2019). Some of them, for example, the biofilm of the 
fungus Cunninghamella elegans together with the degra-
dation of different colors, can effectively and repeatedly 
remove Cr(VI) from liquid cultures even in the presence of 
high concentrations (40 g/L) of NaCl and other metal ions 
(Hussain et al. 2017).

Multi-species biofilms

There is a significant difference in tolerance and heavy 
metal removal potential between single-species biofilms 
and consortia (Herath et al. 2014; Jakovljević et al. 2022a; 
Radojević et al. 2023).

The great success of the use of indigenous wastewater 
microorganisms in the form of a consortium of biofilms, 
which have a great ability to remove zinc, lead, cadmium, 
copper, nickel, and mercury, has been demonstrated. A sig-
nificant difference in tolerance and heavy metal removal 
potential was observed between single-species biofilms 
and consortia (Jakovljević et al. 2022a; Radojević et al. 
2023). The minimum inhibitory concentration for lead for 
the biofilm consortium of E. coli LM1 and R. mucilaginosa 
was 4 times higher than individual biofilms (Buzejić et al. 
2016). Biofilm consortia composed of three species showed 
the best ability to remove mercury (Radojević et al. 2023). 
Compared to its monocultures, the bacterial-fungal biofilm 

al. 2016; Grujić et al. 2017a), Mucor hiemalis (Hoque and 
Fritscher 2016), Pseudochrobactrum saccharoliticum LY10 
(Long et al. 2015), Rhizobium-MAP7 (Alfadaly et al. 2021), 
in the presence of Cd(II) and Ni(II) E. asburiae (Bhagat et 
al. 2016) R. mucilaginosa (Grujić et al. 2018) E. faecium 
(Maurya et al. 2021) E. cloacae MC9 (Syed et al. 2021). 
Pseudomonas aeruginosa (AK2) (Tariq et al. 2019), and 
Leptospirillum ferrooxidans (Liu et al. 2019) tolerate the 
presence of arsenic and thallium.

The biofilm always proves to be more tolerant to the 
presence of heavy metals than planktonic cells (Grujić et al. 
2017a, 2018; Völkel et al. 2018). The biofilm of E. cloacae, 
K. oxytoca, S. odorifera and S. cerevisiae was more than 
10 times resistant to various heavy metals compared to its 
planktonic form (Jakovljević et al. 2022a; Radojević et al. 
2023). The R. mucilaginosa biofilm is tolerant to all tested 
concentrations of Cd2+, Zn2+, and Ni2+ metals and removes 
over 90% of them after 48 h, which the planktonic form 
is not able to do (Grujić et al. 2018). R. mucilaginosa also 
shows a marked tolerance to the presence of Hg2+, Cu2+, 
and Pb2+, whereby the metal removal efficiency is 4.79–
10.25% for planktonic cells and 91.71–95.39% for biofilm 
(Grujić et al. 2017a). The biofilm of R. mucilaginosa is the 
most resistant, even in the presence of solvents (Radojevic 
et al. 2019).

Bacteria isolated from a mercury-contaminated envi-
ronment were resistant to mercury and able to form a bio-
film at a dose of 25/50 ppm mercury. Biofilms of Bacillus 
toionensis (JGT-F1), Burkholderia cepacia (PJT-K), and 
Microbacterium chocolatum (PJT-D) had the highest mer-
cury adsorption values (Nurfitriani et al. 2022). Biofilms of 
E. cloacae, K. oxytoca, S. odorifera and S. cerevisiae had 
MBEC values > 100,000 mg/mL. E. cloacae showed the 
highest mercury removal efficiency (97.81% in 10 days) 
(Radojević et al. 2023).

Some concentrations of heavy metals activate the for-
mation of biofilms. Isolates from wastewater E. asburiae 
ENSD102, Vitreoscilla sp. ENSG301, and Acinetobacter 
lvoffii ENSG302 form biofilms when exposed to different 
concentrations of heavy metals (0-2000 mg/L copper, zinc, 
lead, nickel and dichromate). Biofilm formation is depen-
dent on a particular metal, the concentration of the metal, 
and bacterial strain (Mosharaf et al. 2018). Mean value 
of biofilm biomass of E. asburiae ENSD102, E. ludvigii 
ENSH201, Vitreoscilla sp. ENSG301, A. lvoffii ENSG302, 
and Bacillus thuringiensis ENSV401 was higher in different 
concentrations of copper and nikl compared to different con-
centrations of lead (Haque et al. 2021). E. faecium, isolated 
from wastewater, requires a certain content of heavy metals 
such as cadmium, chrome (VI), and nikl (0.25–0.5 mM) in 
order to form a strong biofilm (Maurya et al. 2021). Thi-
omonas sp. in the presence of arsenic, secretes biomolecules 
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practical application. Furthermore, for the practical applica-
tion of biofilms safety requirements for human health and 
the environment must be met. Complicated procedures are 
often required, so the costs are of consideration. Regardless 
of the limitations, the potential of single-species and biofilm 
consortia is increasingly highlighted, so it is necessary to 
work further to overcome the problems mentioned.
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