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Abstract 

 

Background and Objective: Heavy metals such as arsenic (As), 

cadmium (Cd), chromium (Cr), mercury (Hg), Copper (Cu), Nickel (Ni), 

and lead (Pb) pose serious risks to ecosystems and human health, 

particularly affecting vulnerable groups such as children. These toxic 

heavy metals can accumulate in food matrices, leading to long-term health 

effects. People can be exposed to these pollutants through contaminated 

food, polluted water, inhalation, and direct skin contact. This review 

focused on the environmental pollution caused by industrialization, 

specifically heavy metal contamination. Moreover, it assessed 

bioremediation as a potential solution, which involved using 

microorganisms and plants to break down and detoxify these hazardous 

pollutants. 

Results and Conclusion: This study investigated various bioremediation 

techniques, including the use of probiotics for decontamination. These 

methods aimed to restore contaminated sites and develop sustainable 

approaches to remove heavy metals from food products. The study 

highlighted the effectiveness of microbial interventions in addressing the 

harmful effects of heavy metals and toxins in the environment and food 

systems. These bioremediation strategies could lessen the risks associated 

with heavy metal contamination. 
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1. Introduction 

The environment encompasses all natural components, 

including soil, water, and essential air for sustaining life on 

the planet. However, rapid industrialization over the past 

century has led to increased pollution levels and significant 

environmental challenges. Pollutants occur in various 

forms such as organic materials, plastics, and inorganic 

substances, including heavy metals (HM) and radioactive 

wastes [1]. People can be exposed to HMs in four major 

ways eating contaminated foods, breathing polluted air, 

drinking dirty water, and touching contaminated surfaces 

in farms, factories, homes, and industrial areas [2]. Metals 

can be stored in food matrices and at low concentrations 
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can lead to long-term health problems, especially in 

children. The spread HMs are arsenic (As), cadmium (Cd), 

chromium (Cr-VI), mercury (Hg), copper, (Cu), nickel 

(Ni), and lead (Pb), where they are broadly known as 

“most problematic HMs” and “toxic heavy metals” (THM) 

[3]. The HMs such as Pb and Hg can accumulate in the 

food chain, posing threats to wildlife, plants, and humans. 

Long-term consequences of pollution extend beyond 

environmental damages; they destroy habitats, decrease 

biodiversity, and disrupt ecosystems. Furthermore, 

pollution includes health risks, contributing to respiratory 

ailments and cardiovascular diseases. It is critical to tackle 

these pollution challenges to protect the environment and 

public health [4]. The HMs are dangerous to food chains 

and can cause long-term health problems in people. These 

metals and other pollutants do not break down easily; 

hence, they persist in the environment consistently. To 

tackle these harmful substances, the use of biological 

methods is needed. Researchers study how microbes 

interact with HMs to create safe and sustainable cleanup 

methods such as bioremediation [5]. 

Bioremediation is a process that uses living organisms, 

mainly microorganisms and plants, to clean up environ-

mental pollutants. The goal is to break down harmful 

substances in waste and make them less toxic or harmless 

[6]. This helps restore contaminated sites to their original 

condition. Bioremediation can decrease the effects of 

various pollutants, including pesticides, industrial solvents, 

HMs, and other chemical compounds [7]. The field covers 

basic research such as studying how organisms break down 

substances and practical uses such as assessing pollution 

and predicting how it behaves in the environment. Methods 

such as probiotics effectively clean toxins and HMs from 

foods [8,9]. These methods can remove harmful elements 

such as As, Hg, Pb, and Cd and pesticides. Bioremediation 

techniques can be used to clean water, soil, lagoons, waste 

streams, and sludge. Using natural and specially designed 

microorganisms with appropriate engineering, correct 

conditions for effective bioremediation can be created 

[10,11]. Transferring research findings from the laboratory 

to industrial uses is usually slow and the outcomes can 

vary significantly from those seen under controlled 

laboratory conditions. Hence, only a few industrial 

methods for HM bioremediation have successfully been 

adopted. This challenge has shifted future studies on 

technology transfer toward assessing potentials for scaling 

these processes and verifying the effectiveness of the 

linked systems. To successfully implement bioremediation 

at a larger scale, it is critical to investigate biochemical and 

physical factors such as compositions of the media and 

growth conditions [12]. As the global population grows 

and living standards improve, demands for agricultural 

production are expected to double by 2050. However, 

industrial growth in developing nations has resulted in 

significant contamination of farmland with HMs. Key 

HMs, including Cd, As, Cu, Hg, Pb, and Cr, are identified 

as major contributors to soil pollution in China, increasing 

international awareness of soil degradation through 

initiatives such as "World Soil Day" and the "International 

Year of Soils" in 2015. In 2017, the UN Environment 

Assembly called World Health Organization (WHO) and 

Food and Agriculture Organization (FAO) to report on 

global soil pollution and assess risks by 2021. China's 

strategic plan established in 2016 has aimed to rehabilitate 

700,000 hectares of polluted agricultural lands by 2020, 

targeting to restore and certify 95% of the nation’s 

contaminated lands as safe for agricultural use by 2030 

[13]. This report aims to highlight the urgent need to 

address increasing levels of pollution caused by 

industrialization and assess their significant effects on 

environmental health, the food industry, and public safety. 

Additionally, this study aimed to investigate the potential 

of bioremediation as an innovative solution for using 

microorganisms to effectively clean up hazardous 

pollutants; thereby, helping in restoring the contaminated 

eco-systems. 

2. Results and Discussion 

2.1. Toxic heavy metals  

The presence of HMs such as Cd, Cr, Pb, Hg, As, Cu, 

and Ni in wastewater poses significant risks to human 

health and aquatic life. Developing countries are parti-

cularly affected by HM contamination, which increases 

environmental, health, and economic concerns. Exposure 

to these metals can damage the central nervous system, 

decrease energy levels, and hurt vital organs. Long-term 

exposure can cause degenerative processes similar to 

neurological disorders such as Alzheimer's and Parkinson's 

diseases [14]. 

Cd, a rare metal extensively used in various industries, 

includes significant health hazards, including damage to 

vital organs and the development of conditions such as 

Itai-Itai disease. Mining and refining activities, air 

pollution, and the use of sewage sludge are the primary 

contributors to water and soil contaminations with Cd. 

Exposure to Cd primarily occurs through the consumption 

of contaminated foods and water, inhalation, and tobacco 

smoke. The metal can bioaccumulate in plants and animals 

and has been associated with various forms of cancers and 

osteoporosis. Even at low exposure levels, typical in the 

general non-smoking populations, Cd can result in renal 

tubular dysfunction and bone toxicity. Recent studies have 

suggested correlations between increased Cd exposure and 

hormone-linked cancers such as breast cancer, as well as 

effects on neurodevelopment. Plants absorb Cd through 
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their root systems, while grain and vegetable products 

serve as the primary diet sources. Special attention should 

be paid to vulnerable groups, including infants, vegetar-

ians, smokers, and fertile women with low-iron status faci-

litating gastrointestinal absorption of Cd and individuals 

with preexisting renal dysfunction. Moreover, Cd is highly 

toxic to humans can cause reproductive system failure and 

brain and kidney damage, and is linked to cancers. It can 

enter the food chain and accumulate in organisms. The 

study aimed to use natural microorganisms to completely 

remove Cd from the environment [14, 15]. 

Cr, showing various oxidation states from -2 to +6, is 

used in industrial processes such as metal refining, 

chrome-plating, and stainless-steel production. This results 

in the release of Cr(VI) into the atmosphere, leading to 

potential exposure through polluted air or contaminated 

drinking water. The International Agency for Research on 

Cancer categorizes Cr(III) & (VI) as Group 1 carcinogens, 

highlighting their significant health hazards. Cr(III) occurs 

naturally in rocks and soil and can enter human diets 

through plant intakes. Toxic effects of Cr are due to dermal 

and respiratory exposures. Furthermore, Cr(VI) is an extre-

mely sensitized agent that causes skin allergies [16,17]. 

Pb, a toxic metal, is commonly detected in soil due to 

human activities and natural sources. Its presence in soil 

poses a significant risk to human health, especially through 

food consumption, with cereals and vegetables are the 

primary sources of exposure. Despite regulatory efforts in 

developed nations to control and prohibit the use of Pb in 

gasoline and certain materials since the 1970s, concerns 

about Pb exposure from foods are still reported. Exten-

sively, Pb is used in various industries, including batteries, 

paints, automobile fuels, semiconductors, and electro-

plating. Prolonged exposure to Pb can lead to serious 

health problems such as nephropathy, abdominal pain, 

weakness, and male infertility. It is present in dust, soil, 

old paints, and leaded gasoline, affecting behaviors, 

cognitive perfor-mance, growth, and overall health. 

Historical and continued uses of Pb have resulted in its 

presence in the food chain. Urban agriculture in developing 

nations, critical for food security, may contribute to higher 

Pb levels in leafy vegetables due to land shortage and 

previous waste disposal. While adults primarily encounter 

Pb exposure through foods, infants are majorly exposed 

through drinking water, soil ingestion, and dust. Pb in 

drinking water often originates from water pipes or Pb 

solders in taps. Additionally, certain shellfish, chocolate 

products, sweet potatoes, canned fruits, and hot sauces 

imported from Mexico may contain increased Pb 

concentrations. Exposure to Pb has been associated with a 

variety of adverse effects on the cardiovascular system in 

adults. The effect associated with the lowest Pb exposure 

includes increases in systolic blood pressure. Polymor-

phisms in aminolevulinic dehyd-ratase gene may play a 

role in mediating these effects. Relatively low exposure to 

lead has been associated with functional renal deficits such 

as decreases in glomerular filtration rate, increased serum 

creatinine levels, and decreased creatinine clearance 

[15,18]. 

Technically, Zn belongs to Group II–B in the periodic 

table. It is relatively abundant in the earth crust. 

Furthermore, Zn is a bluish-white lustrous metal, very 

malleable and moderately reactive that combines with 

oxygen and other non–metals. It only includes one 

common oxidation state (+2) and is widely used in corro-

sion-resistant steel coatings, brass alloys, painting 

pigments, wood preservatives, dry-cell batteries, cosmet-

ics, and pharmaceuticals. The industry uses a large 

quantity of Zn to produce die-casting, which contributes to 

emissions to the atmosphere water, and soil. The principal 

source of Zn contamination in the environment involves 

industrial wastes, metal plating, and acid drainage. Sewage 

and animal wastes constitute a source of Zn in the soil. 

Additionally, Zn is in contrast to the other two HMs 

discussed previously; it is an essential trace element for 

animals, plants, and bacteria necessary for life. It plays an 

important role in the catalytic activity of proteins. Shortage 

can cause hair loss, skin lesions, and diarrhea in humans, 

while in plants it can cause chlorosis, impaired growth, and 

malformation of leaves and stems. Excess exposures to Zn 

can lead to loss of weight, impaired immune system, and 

blockage of essential reactions in the cell [14].  

Hg, the only liquid metal, is one of the most THMs in 

three distinct forms elemental, inorganic, and organic, each 

with various toxicity levels. Moreover, Hg includes signifi-

cant industrial uses due to its ability to form amalgams 

with other metals (e.g. in gold extraction or dental amal-

gams). The inorganic forms can present health risks to 

individuals through occupational exposure, while methyl 

Hg, the most prevalent organic form, can be harmful when 

ingested through the diet. Furthermore, Hg is released into 

the environment through natural human activities such as 

coal combustion and industrial processes. The acceptable 

levels of Hg in drinking water and soil are 0.002 mg.l
-1

 and 

0.010-0.3 mg.kg
-1

, respectively. Hg is extensively used in 

various industries such as electronics, dentistry, wood 

processing, and pharmaceuticals, emphasizing the 

importance of responsible use and disposal to minimize its 

environmental effects and safeguard human health. These 

compounds include diverse effects on the lungs, kidneys, 

nerves, skin, eyes, and digestive and immune systems. Hg 

can cause the immune system to attack the body. Severe 

hopelessness, extreme fatigue, insomnia, hair loss, vision 

impairment, memory loss, restlessness, tremors, sudden 

anger outbursts, brain injuries, and lung and kidney 
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damage are possible consequences of certain contamin-

ations [19, 20].  

As is a dangerous toxin detected in groundwater and an 

industrial pollutant. The permissible limit of As in primary 

drinking water and soils is 0.05 mg.l
-1

 and 150 mg.kg
-1

, 

respectively. This toxic metal can affect humans through 

drinking water, inhalation of polluted air, and intake of 

contaminated foods. Long-term exposure to As can cause 

cardiovascular and blood diseases, neurotoxicity and 

nephrotoxicity, dermatitis, and various types of cancers. 

More than 200 million people worldwide are exposed to its 

chronic effects. Treatment methods for arsenicosis include 

chelation therapy, phytopreparations, antioxidants, and 

appropriately selected diets. Exogenous antioxidants such 

as Zn and Sn are convenient for As detoxification. In 

addition, it is noteworthy that the toxic effects of As 

adversely affect vital cellular functions such as oxidative 

phosphorylation and ATP synthesis [19–21]. 

Cu is essential for enzymes and electron transport but 

can be harmful at higher concentrations. The acceptable 

limits for Cu in primary and secondary drinking waters and 

soils are 1.3 mg.l
-1

, 1.0 mg.l
-1

, and 2100 mg.kg
-1

, 

respectively. Exceeding these limits can lead to adverse 

health effects. Cu is released into the environment from 

various sources and can exist in various forms in water. 

Microorganisms have developed mechanisms to maintain 

Cu balance, including sequestration, absorption, and 

efflux. Genes linked to resistance to Cu may be detected on 

plasmids and chromosomes [19, 22].  

Ni, a strong, shiny white metal in the form of Ni2+ 

cations, is commonly detected in a state and used in 

various uses such as stainless-steel production, catalysis, 

and coin production. Ni is naturally present in small 

quantities in soils and essential for the metabolic activities 

of plants and many bacteria. However, some Ni and Pb 

compounds can be poisonous to health problems, including 

cancers, respiratory problems, and heart diseases. 

Continuous exposure to allergens through inhalation can 

result in various severe health problems such as allergic 

skin conditions, respiratory cancers, and negative effects 

on fertility and hair. These allergens have been identified 

as immunotoxic, neurotoxic, and genotoxic agents, 

presenting a significant threat to overall health. The 

allowed quantity of Ni in soil ranges from 5-500 mg.kg
-1

. 

Additionally, Ni can enter surface water through waste-

water drains. While animals need Ni in small quantities, 

exceeded quantities can be toxic. Ni is essential for certain 

bacterial enzymes, but excessive Ni can be poisonous by 

binding to proteins and nucleic acids, often inhibiting 

enzyme activity as well as DNA replication, transcription 

and translation [19,20,22]. Table 1 summarizes THM 

characteristics. 

Table 1. Toxic heavy metals, their sources of contamination and 

potential risks 

Toxic 

Heavy 

metals 

Source of contamination and risk 

Cd Sources include mining, air pollution and sewage 

sludge. Exposure can lead to kidney damage, cancer 

and hormonal issues, predominantly via food and 

water. 

Cr In industrial processes, Cr (VI) is a known 

carcinogen. Risks include exposure through the air 

and contaminated water, skin allergies and 

respiratory effects. 

Pb Common in soil and food due to human activity. 

Associated with nephropathy, cognitive issues and 

cardiovascular effects, especially impacting 

vulnerable populations 

Zn An abundant metal used in various applications like 

steel coatings and pigments, with a singular 

common oxidation state of (+2). 

Hg Hg, found in elemental, inorganic and organic 

forms, includes health risks from environmental 

release, especially from coal combustion, requiring 

strict regulations due to its toxicity. 

As Arsenic is a toxic substance found in water and soil 

that can lead to serious health risks, (i.e. 

cardiovascular diseases and neurotoxicity). 

Treatments (i.e. chelation therapy and antioxidants) 

like Zn and Se may help decrease its harmful effects 

on cellular functions. 

Cu Cu is vital for enzymatic functions and electron 

transport but can become toxic in water and soil 

above specified limits, with microbial resistance 

strategies involving genes located on plasmids and 

chromosomes. 

Ni Ni is a crucial metal for plants and bacteria, 

beneficial in small amounts but potentially toxic at 

higher levels, leading to health risks and 

environmental contamination. 
 

2.2. Roles of biotechnology in bioremediation  

Bioremediation refers to the removal of environmental 

pollutants from air, water, soil and flue gasses in natural or 

artificial settings [3]. Thus, bioremediation, a state-of-the-

art and environmentally sustainable technology, uses 

organic microorganisms to remove pollutions. Hence, 

biotechnology is a method of using scientific engineering 

of microorganisms to improve the efficiency of organisms 

to serve humans and remediate environmental toxic 

substances [23]. A significantly developed environmen-

tally biotech-nological technology is necessary to remove 

the contam-inated materials and reestablish the natural 

resources. Nowadays, recent advancements in the 

emerging novel methods of biotechnology support the 

bioremediation process for the protection of the natural 

environment through recycling waste materials. Later, use 

of the most advanced technology to boost the 

bioremediation process is discussed. One of the 

biotechnology approaches includes use of genetic 

engineering. For example, it is possible to create an 
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Bioremediation of heavy metals _____________________________________________________________Appl Food Biotechnol, Vol. 11, No. 2.e 8 (2024) 
 

This open-access article distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0). To view a copy of 
this license, visit http://creativecommons.org/licenses/by/4.0/.    

                                                                                                                                                                                                                                                        5 

organism or genetically engineered microbes (GEM) that 

produce all the necessary enzymes or use all the 

degradation pathways for the bioremediation processes 

[24]. Thus, use of engineered microorganisms is more 

cost-effective than that use of alternative methods is. 

Usually, GEMs are created by introducing stronger 

proteins into bacteria through biotechnology or genetic 

engineering to enhance a desired trait. Biodegradation of 

oil spills, halobenzoates naphthalenes, toluenes, 

trichloroethylene, octanes and xylenes has been carried out 

via GEMs such as bacteria, fungi and algae [25]. 

Deterioration of polychlorinated biphenyls (PCB) is 

controlled by groups of genes that were observed in the 

genetic materials of two various organisms. Use of genetic 

engineering for achieving recombination between 

Pseudomonas pseudoalcaligenes KF707 and Burkholderia 

cepacia LB400 bph genes may increase the degradation 

rate of PCBs and stimulate remediation of toluene and 

benzene [25]. Another use of biotechnology is the blending 

between metallothionein (MT) isolated from rats, IgA 

protease protein isolated from Neisseria gonorrhoeae and 

lpp-ompA fusion vehicle to create bacterial cell walls with 

metal ion-binding polypeptides [26]. Another branch of 

biotechnology concerns the use of transgenic plants in 

bioremediation processes by introducing genes of interest 

from various sources (other plants, microorganisms, or 

animals) to improve the plant ability to remove toxic 

pollutants [27]. Thus, this translocation process enhances 

the phyto-remediation capacity of plants. 

Biotechnologically induced microorganisms are stronger 

than naturally occurring ones and may degrade 

contaminants faster because they can rapidly accommodate 

new pollutants they encounter or co-metabolize. 

2.3. Cleaning up of the heavy metal contamination  

HMs are naturally occurring elements that can enter the 

human food supply through industrial and agricultural 

activities, posing health risks due to their accumulation in 

living organisms. These metals are persistent pollutants 

that need regulation in water and food sources. The 

industrial wastewater release, containing HMs, is 

dangerous and traditional remediation methods are often 

ineffective and costly. While developed countries have 

regulations, several developing nations lack adequate 

frameworks to address the issue. Innovative solutions such 

as bioremediation with microorganisms are urgently 

needed to combat HM pollutions in water and soil [28, 29]. 

Specific microbial species help in environmentally 

sustainable cleanup and enhance human health. Probiotics 

such as lactic acid bacteria (LAB), Bifidobacteria and 

Saccharomyces boulardii detoxify HMs through 

attachment, precipitation and complex formation. Gram-

positive bacteria, parti-cularly Bacillus, are effective in this 

process, while Gram-negative bacteria are less effective. In 

addition, LAB can bioadsorb HMs and convert toxic 

elements into safer forms such as transforming methylated 

Hg. Studies show that Lactobacilli can convert Cr into less 

harmful forms, binding to HMs at the cell wall, regardless 

of their viability [28]. Probiotics, particularly strains such 

as Lactobacillus and Bifidobacterium, are effective in 

protecting foods from HMs and offer health benefits such 

as treating diseases, improving metabolism, and enhancing 

immune function. They can decrease HM toxicity by 

binding and adsorbing metals affected by pH levels with 

strains such as L. rhamnosus showing protective effects 

against HM poiso-ning, especially in vulnerable popul-

ations. Additionally, probiotics may improve cognitive 

function and lessen oxidative stress in animal models. 

These bacteria present a promising cost-effective strategy 

for detoxifying HMs in foods and individuals [29, 30]. 

In a review, Goyal et al. (2019) investigated microbial-

assisted remediation of HMs as a cost-effective approach, 

highlighting Bacillus genus for its significant biochemical 

capabilities in the bioremediation of Cd2+ and Ni2+. 

Bacillus achieves this through processes such as biosor-

ption and bioaccumulation. Additionally, it has demons-

trated potential to decrease toxicity of these metals in 

eukaryotic cells and mice, similar to the effects observed 

with probiotic genera such as Lactobacillus and 

Bifidobacterium [31]. Hadiani et al. (2018) showed that S. 

cerevisiae removed 88.9% of Hg²⁺  ions from water at pH 

5.45 and an initial concentration of 79.8 µg/l, demonst-

rating its potential for low Hg treatments. A 2019 study 

detected optimal conditions for As bioremediation at pH 

5.0, achieving peak bioabsorption efficiencies of 66.2% for 

As(III) and 15.8% for As(V) with a concentration of 95.0 

µg/l and inoculum size of 32.5 × 10⁷ CFU. Massoud et al. 

(2019) reported 70% Pb removal from milk and similar 

results were detected for Cd in 2020, indicating S. 

cerevisiae effectiveness against various HMs [29, 32]. A 

study by Ameen et al. (2020) showed that L. plantarum, a 

metal-resistant LAB from Alexandria's Mediterranean 

Seacoast, Egypt, effectively removed Ni
2+

 and Cr
2+

. 

Optimal Cr removal occurred at 100 ppm Cr
2+

 with a 3% 

inoculum, while Cd and Pb uptake were highest at pH 2.0 

and 22 °C within 1 h. Its biosorption behavior followed the 

Langmuir isotherm model, making L. plantarum a 

promising solution for treating HM-contaminated waste-

water [33]. In 2022, Afsharian et al. studied L. acidophilus 

ATCC 4356 ability to remove water contaminants in 

microgravity. They detected that heat pretreatment 

improved As absorption, while sodium hydroxide 

treatment was more effective for Cd and Pb without 

affecting Hg removal. The study highlighted that metal 

complexes with L. acidophilus were released under normal 

gravity and overall simulated microgravity enhanced the 
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strain's HM bioreduction [34]. Traditional methods can be 

costly and ineffective, increasing the interest in eco-

friendly options. Recent studies by Wahid et al. (2023) 

highlighted the effectiveness of probiotic bacteria, 

particularly Pediococcus pentosaceus, in metal removals 

and pathogen decreases. Two yogurt strains, L. 

acidophilus, and L. plantarum, were assessed for survival 

in acidic environments. The two survived simulated gastric 

conditions, with L. acidophilus showing antibiotic resist-

ance except to gentamicin and co-amoxiclav. L. plantarum 

included a higher Pb removal rate of 42.70% for HMs than 

L. acidophilus of 35.50%. Cd removal rates were 11.50% 

for L. plantarum and 3.50% for L. acidophilus, indicating 

the strains' bioremediation potentials [35]. Mushtaq et al. 

(2023) investigated the probiotic charac-teristics of LAB 

capable of biosorbent Pb, a toxic pollutant. Eight strains 

from carnivores’ feces and human breast milk achieved a 

70% Pb biosorption rate and were still viable under 

simulated gastrointestinal conditions. Significantly, Levila-

ctobacillus brevis was analyzed, revealing optimal 

biosorption conditions at pH 6 after 60 m with a cell 

density of 1 g/l [36]. Salavatifar and Khosravi (2024) 

studied how microgravity affected HM biosorption by S. 

cerevisiae. They detected that microgravity increased 

biosorption rates for Hg (97%) and Pb (72.5%) but not for 

Cd or As. Metal-yeast complexes were still stable in 

gastrointestinal conditions with Pb binding decreasing 

initially in gastric conditions but recovering in the 

intestinal environment. The kinetics followed a pseudo-

second-order model and all metals fitted the Langmuir 

isotherm. These results suggest that microgravity could 

enhance biosorption efficiency, benefiting detoxification in 

the food industry and astronaut health [37].  

2.4. Microbial-based removal techniques (biorem-

ediation)  

 Currently, the quantity of toxins in the environment (air, 

water, and soil) is increasing, and traditional methods of 

controlling these pollutants are ineffective. Thus, 

improvements in modern remediation techniques can be an 

opportunity to reform bioremediation and waste removal 

from the environment [25]. Relatively, microbial techni-

ques and methods evolved for achieving successful 

biorem-ediation with engineered microorganisms. For 

example, recombination in E. coli is introduced by 

insertion or deletion to improve the bioremediation 

characteristics of the microorganism [38]. Bioremediation 

of wastes using recom-binant microbes is expensive but 

effectively removes all the wastes from the environment. 

Compared to other physical and chemical approaches, the 

use of microbial metabolism capabilities to deteriorate or 

eliminate environmental toxins is an economically secure 

option. These manipulated microorganisms are more 

effective than natural strains due to their higher 

degradation capacity and ability to promptly adapt to 

various pollutants such as substrates or comet-abolites 

[39]. As previously stated, numerous techniques are 

available to treat this microbial contamination from water, 

soil, and other environments. For example, microbes 

decreasing HMs and improving soil fertility and plant 

development have made them a preferred source for 

bioremediation. However, climate statuses can be effective 

in the degradation of HMs by the microbes. Higher 

humidity maintains anaerobic conditions and slows the rate 

of decomposition. In cold statuses, microbial 

decomposition of HMs is slow, as metabolic activities are 

inhibited as the microbial transport pathways are frozen by 

sub-zero water [40]. While, in hot climates, the rate of HM 

solubility increases, which increases their availability and 

the rate of microbial biodegradation [41]. However, the 

power of microbial biodegradation is calculated by the 

metal or pollutant chemical structure, concentration, 

bioavailability, toxicity, and stability [42]. Later, 

microbial-based pollutant removal techniques are 

discussed. Recombinant micro-organisms and genetically 

modified microbes have been used as an effective 

technique for the breakdown of pollution. Recombinant E. 

coli is one of the model organisms used in bioremediation. 

E. coli is known as a “working horse” of molecular biology 

for its rapid growth rate in defined chemical environments 

and the diverse tools available for its genetic modifications 

[43]. Technically, E. coli includes favorite cloning genes 

and can introduce DNA molecules into cells. Due to the 

functions of E. coli for rapid growth and high-level protein 

expression, the micro-organism leads to protein production 

[38]. Several studies have shown that enteric E. coli 

develops phenol and p-cresol when grown on natural 

media (peptone and casein media) [44]. Further studies 

emphasized the ability of E. coli to break down and use a 

diverse range of aromatic acids such as phenylacetic acid 

(PA), hydroxyphenylacetic acid (HPA), and phenyl 

propionic acid (PP) [39]. Genetically modified E. coli is 

used as a highly effective agent in bioremediation 

processes. The introduction of a gene into bacteria results 

in the conversion of the bacteria into a distinct strain that 

can effectively remove hydrocarbon pollutants from the 

surrounding environment. This system is capable of 

removing Ni from the aqueous system, reducing Cr(IV) to 

Cr(III) as an important reaction in the bioremediation of 

hazardous Cr species in aerobic environmental statuses 

[45]. These highlights showed that E. coli is useful for the 

degradation of HMs. The persistent presence of HM 

contamination in the ecosystem has become a significant 

global concern, posing risks to environmental integrity and 

human health due to their tendency to bioaccumulate and 

resistance to biodegradation. Numerous microbes 
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belonging to various taxonomic categories, including 

bacteria, fungi, and algae, have been documented to 

enzymatically transform metal ions into less harmful forms 

or to remove them from the environment in an environ-

mentally sustainable way. Therefore, microbial species 

include important roles in the detoxication of HMs and 

toxins in food through bioremediation. Microbial species 

are used for bioremediation of water, soil, and air from 

HMs [46].  

Water is essential for the sustenance of life on the planet 

and it is vital to eliminate any form of contaminations from 

this precious resource. Demands for water have surged 

significantly because of industrialization, primarily due to 

its essential role in industrial production processes [25]. 

Thus, microbial techniques are needed to remove HMs 

from polluted water and contaminated soil. Biofilm-

mediated bioremediation presents a compelling strategy for 

the removal of environmental pollutants due to its 

significant adaptability, substantial biomass and superior 

ability to absorb, immobilize and degrade contaminants. 

Biofilms are aggregates of single or mixed microbial cells 

that adhere to a living cell or are inert to a surface in an 

aqueous environment [47]. Microorganisms that form 

biofilms demonstrate significant resilience when subjected 

to severe environmental stressors. They are capable of 

competing effectively for nutrients, show enhanced 

tolerance to pollutants in comparison to free-floating 

planktonic cells, and create a protective habitat for other 

cells. Biofilm communities possess the ability to adsorb 

and metabolize organic pollutants and HMs, facilitated by 

a precisely regulated gene expression pattern that is 

affected by quorum sensing [47]. Contrary to organic 

pollutants, HM remediation is distinctive as biological 

processes cannot eliminate these contaminants from the 

environment. Naturally, HMs are detected in the 

environment as minor constituents of geochemical cycles, 

suggesting that microbial communities may interact with 

and use these metals. When HMs are introduced as 

pollutants, their concentrations frequently exceed natural 

levels. There is a possibility of the occurrence of mixed 

contaminations [48]. However, several studies have 

demonstrated the ability of the biofilms to repopulate after 

subsequent desorption cycles with the removal of Cu, Zn, 

and Cd in successive sorption–desorption cycles [49]. In 

packed-bed bioreactors designed for the treatment of Hg-

contaminated wastewater, mixed culture biofilms 

demonstrated greater capacity for Hg retention and higher 

diversity when exposed to fluctuating Hg concentrations, 

in contrast to monoculture biofilms [50]. Findings 

indicated that biofilms with greater diversity showed 

enhanced efficiency in the bioremediation of metals, 

highlighting their significance in the advancement and use 

of biofilm-based solutions. A moving bed sand filter, 

engineered for the treatment of industrial wastewater with 

increased levels of HMs, facilitated the development of 

biofilms composed of metal-resistant bacteria [51]. It has 

been reported that biofilms not only function as 

biosorption materials but also decrease the pH sufficiently 

to promote bioprecipitation of certain HMs [51]. A 

separate investigation used a mixed-species biofilm 

composed of sulfate-reducing bacteria, lessening the 

oxidation-decrease potentials to facilitate the precipitation 

of metal sulfides, including Cu, Zn, Ni and Fe, as well as 

the simultaneous precipitation of As. Treatment achieved 

the removal of 98% of Zn, Cu, and Ni, as well as 82 and 

78% of Fe, respectively [52]. The total absorptive capacity 

of the biofilms was inhibited by the resistance of certain 

bacteria within the community such as Stenotrophomonas 

spp., which demonstrated resistance to Cr(VI) [53].  

Soil pollution due to HMs is a global threat to human 

health and food production safety. Except for uncommon 

geogenic origins, HM pollutions are inadvertently 

introduced to soils through anthropogenic activities such as 

mining, smelting, warfare and military training, electronic 

industries, fossil fuels, waste disposal, agrochemical uses 

and irrigation [46]. The presence of HMs in polluted soils 

disrupts the natural ecosystem services and poses risks to 

human health through the food chain. Thus, accumulation 

of HMs in the soil causes ecosystem malfunction, water 

degradation and food contamination [46]. Numerous in-

situ and ex-situ remediation methods have been established 

to manage, remediate and rehabilitate soils contaminated 

with HMs. These techniques include surface capping, soil 

flushing, electrokinetic extraction, solidification, 

vitrification, and phytoremediation [46]. These methods 

can be categorized into five distinct types of physical, 

chemical, electrical, thermal and biological remediation. 

Alternatively, they may be divided into three major groups 

of containment-based approaches (e.g. capping and 

encapsulation), transfo-rmation-based strategies (including 

stabilization and immobilization) and transport-based 

techniques (such as extraction and removal) [54]. These 

techniques vary significantly in effectiveness and costs in 

field practices. The HMs in soil are present in various 

forms, including dissolved ions such as Cu
2+

, Cd
2+

, CrO4
2−

, 

Cr2O7
2−

 and MoO4
2−

, as well as organic complexes where 

metals such as Cu
2+

, Pb
2+

 and Hg
2+

 are bound to dissolve 

organic matter within the soil solution. Additionally, there 

are exchangeable ions, including Cu
2+

, Zn
2+

, Cd
2+

, Ni
2+

 and 

Pb
2+

, which are adsorbed onto solid soil particles. 

Furthermore, HM can be detected as (co)precipitates 

within the soil matrix, represented by compounds such as 

Cd3(PO4)2, ZnS, PbCO3 and HgSO4 [55]. 

In-situ remediation eliminates the need for excavating and 

transporting contaminated soil to off-site treatment 

facilities. Hence, soil disturbance is minimized, the risk of 
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exposure to contaminants for workers and the surrounding 

community decreases and the overall treatment costs may 

considerably decrease. While, the ex-situ remediation 

techniques entail the excavation of contaminated soil from 

its original site, followed by treatment at the same location 

or a various facility [46]. Technology for in-situ extraction 

and migration of potentially toxic elements in soil 

encompasses the removal of pollutants from the soil using 

physical, chemical, biological, or a combination of these 

methods, aimed at diminishing the risk of soil contamin-

ation. This approach differs from in-situ immobilization 

remediation as it actively decreases the concentration of 

harmful pollutants in the soil, necessitating a subsequent 

appropriate treatment for the extracted materials. Recent 

uses of in-situ extraction for As-contaminated soils have 

included techniques such as phytoextraction, microbial 

extraction, and electrokinetic migration [56]. Common ex-

situ soil remediation technologies include ex-situ land 

farming, ex-situ bio piles, ex-situ windrow, soil washing, 

ex-situ composting, ex-situ ion exchange, ex-situ solid-

ification/stabilization, pyrolysis, thermal desorption, 

ultrasonic technology, and microwave technology. Due to 

the complexity of contaminated soils and pollutants, more 

than one remediation technology is usually needed to 

lessen the total concentration or available content of the 

target pollutant to an acceptable level [57]. Another 

technique for bioremediation includes encapsulation. The 

encapsulation process can be divided into three significant 

stages. The initial stage involves the creation of an 

encapsulating solution that contains at least one active 

ingredient, which may be an encapsulating material or a 

carrier. In the subsequent stage, microorganisms or 

materials intended for encapsulation are brought into 

contact with the encapsulating solution. The final stage, 

which may occur concurrently with the second, involves 

the formation of capsules through the use of the 

encapsulation method [58]. Applicability of these 

individual techniques in a specific soil remediation project 

is set primarily by the contamination site geography, 

contamination characteristics, remediation goal, cost-

effectiveness, financial budget, implementation readiness, 

time needs, and public acceptability. 

2.5. Bioremediation of heavy metals in the food 

industry  

Rapid industrialization significantly affects water, food, 

feeds, and weather quality. Industries such as chemicals, 

food processing, and metallurgy industries release large 

quantities of waste, including toxic substances, into the 

environment. Additionally, agricultural pesticides, chem-

ical fertilizers, and emissions from transportation contri-

bute to harmful pollutions, which threaten food safety [59]. 

The HM pollution includes significant threats to food 

safety. Research has shown HM accumulates in various 

environmental sources such as water, rice, vegetables, and 

fish. Accumulation of these metals in human organs and 

tissues can lead to several health problems, including 

kidney damage, cardiovascular problems, and neurological 

disorders [59, 60]. Various methods have been suggested 

to solve the problem of HM pollution in the environment. 

Bioremediation has emerged as a promising solution for 

addressing HM pollution by using living organisms to 

decrease environmental metal concentrations. This method 

has received significant attention due to its effectiveness. 

Organisms such as plants, fungi, and microorganisms of 

yeasts, bacteria, algae, and cyanobacteria are frequently 

used in HM bioremediation. Microorganisms are 

particularly favored because they are easy to use and adapt 

well to various environments [61]. 

2.5.1. Roles of microorganisms in bioremediation 

One of the major benefits of using microorganisms to 

remove toxic elements includes their safety in human 

aspects. An example of such microorganisms is S. 

cerevisiae, commonly known as bakery yeast, which is 

extensively used in the food industry. Advantages that 

have led to its popularity in the food industry include its 

safety for human use, large-scale production as a 

byproduct of the fermentation industry, and low costs of 

the growth media [29]. 

2.5.2. Use of catalase enzyme in bioremediation  

Catalase is an enzyme addressed for its function in 

decomposing hydrogen peroxide into water and oxygen. 

This enzyme primarily controls the metabolism of 

hydrogen peroxide. Catalase is a widely occurring enzyme 

detected in almost all living organisms. It boasts one of the 

highest turnover rates within the enzymes, capable of 

breaking down over a million molecules of hydrogen 

peroxide per molecule of the enzyme. Catalase plays a 

critical role in several biotechnological uses, including 

bioremediation. Catalase has been identified as one of the 

most abundant and readily accessible enzymes of microbial 

origin, making it a valuable indicator in bioremediation 

processes, particularly for the remediation of crude oil-

contaminated soil, as its activity is highly affected by 

hydrocarbon pollution. Additionally, catalase facilitates the 

breakdown of hydrogen peroxide into water and oxygen, 

providing essential oxygen during the aerobic 

bioremediation of wastes; thus, serving as a vital source of 

oxygen for aerobic microorganisms. Its use extends to the 

removal of hydrogen peroxide from bleaching industry 

effluents, enabling the reuse of water in subsequent dyeing 

processes. This demonstrates its significant role in the 

bioremediation of wastewater from textile industries. In the 

food industry, catalase is used in cheese production, 

removal of glucose from egg whites for bakery uses, as an 
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antioxidant enzyme system with glucose oxidase, in food 

packaging, and for assessing milk quality [62]. 

2.5.3. Remediation processes using geotextiles 

In recent years, crude oil and its byproducts have 

significantly affected environmental degradation with 

contaminations from activities such as exploration, 

transportation, and accidents. Soil contamination from 

petroleum products harms soil, groundwater, and air 

quality. Various soil cleanup methods, including washing, 

oxidation, microwave heating, and bioremediation, have 

been used. Absorbent geotextiles have been interested in 

water purification due to their high oil absorption, low 

chemical content, energy efficiency, and ease of use. 

Natural fibers such as kenaf, plant fibers, milkweed floss, 

wool, and cotton have been used to separate oil from 

seawater [63]. 

2.6. Mechanisms of bioremediation  

Numerous bacterial strains have developed a variety of 

distinct mechanisms to adapt, interact, acclimate and thrive 

in mineral-rich environments, particularly those containing 

HMs. These mechanisms include the uptake of HMs onto 

the cell surface through biosorption, intracellular seques-

tration via accumulation, extracellular sequestration as 

insoluble compounds through precipitation and production 

of metabolites that solubilize and chelate metal comp-

ounds, leading to leaching (Figure 1) [64]. 

2.6.1. Bioadsorption/biosorption  

Biosorption or bioadsorption refers to non-specific active 

or passive physicochemical interactions between inorganic 

and organic metals, minerals and cellular materials [65]. 

The biosorption mechanism includes key processes such as 

surface adsorption, physisorption, chemisorption, ion 

exchange and surface complexation. In surface adsorption, 

there is an electrical attraction between negatively charged 

ligands on the cell wall and positively charged metal ions 

in the media, often resulting in an exchange reaction. 

Physical adsorption relies majorly on Van der Waals 

forces, while chemical adsorption involves attraction 

between the adsorbents and adsorbates. Working together 

or indepen-dently, these mechanisms lead to metal 

adsorption on the microbial cell surface. The HM binding 

occurs in two stages of interactions between reactive 

groups on the bacterial surface and metal ions, followed by 

metal deposition [66]. Studies on spectroscopic and 

chemical modifications have revealed that cellular radicals, 

including hydroxyl, carboxyl, sulfate, sulfhydryl (thiol), 

thioether, phosphate, phosph-onate, phosphodiester, amino, 

imine, amide, imidazole and carbonyl (ketone), show a 

significant ability to bind metals. Most functional groups 

that bind metals are detected on the bacterial cell wall. 

Ionization of these groups provides a negative charge to 

the bacterial surface, enabling the attachment of cationic 

metals [67].  

Living or unloving biological materials, including 

microorganisms, are used to remove or immobilize HMs 

and toxins from contaminated environments, including soil 

and water, in a process known as biosorption. Detoxifying 

environments that have been polluted by industrial 

activities, agricultural runoff and other sources of 

contamination can be the benefits of biosorption [68]. 

Bacteria, fungi and algae can bind HMs and toxins through 

various mechanisms, including ion exchange, physical 

adsorption and complexation. Functional groups of 

microbial surfaces such as carboxyl, hydroxyl and amino 

groups can interact with metal ions [69]. Detoxifying soils 

contaminated with HMs by biosorption can improve safety 

of crops grown in these areas. Elimination of HMs 

accumulated in food products can be used by biosorption 

as well [69]. 

2.6.1.1. Physical adsorption/physisorption 

Adsorption occurs due to non-specific, quick, and 

reversible attraction forces such as Van der Waals forces. 

Alternatively, it can occur through electrostatic adsorption, 

resulting from Coulombic attraction between charged 

solute particles and bacterial cell surface [70]. 

2.6.1.2. Ion exchange 

In the ion exchange mechanism, metal cations attach to 

vacant sites that were formerly occupied by other cations. 

Divalent metal ions are adsorbed through an exchange with 

polysaccharide counter ions detected on the bacterial cell 

wall and outer membrane. This process is affected by 

several factors such as the types and number of sites on the 

cell surface and their ionization patterns, which are 

ultimately governed by the pH and pKa values of the 

respective groups. Protonated amine groups are positively 

charged and become neutral upon deprotonation. Addition 

of protons neutralizes phosphate, carboxyl and sulfate 

groups. In their deprotonated state, these become 

negatively charged [71].  
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Figure 1. Techniques used by bacteria to efficiently remove HMs from liquid environments. 

2.7. Complexation 

Metal remediation can occur through the formation of 

complexes at the bacterial cell periphery, where reactive 

radicals on the cell wall interact with metal ions in 

solutions. Amino, carboxyl, hydroxy, thiol, phosphate and 

hydroxyl-carboxyl groups coordinate with HM ions to 

form complexes. These complexes, often referred to as 

coordination compounds or chelates, involve metal cations 

bonded to ligands. Complexation processes have been 

addressed for various metals such as Mg, Ca, Cd, Cu, Zn 

and Hg in certain bacterial species. Environmental factors 

such as temperature, pH, and composition of wastewater 

with bacterial strain types affect biosorption. The use of 

dead bacterial cells is increasingly favored as they are less 

susceptible to metal toxicity and do not need nutrients, 

decreasing operational costs. Biomass from fermentation 

industries can be used for biosorption and metal loading on 

non-living biomasses occurs rapidly. Bioadsorption, a fast 

simple process, can use live or dead bacterial cells or 

exopolymers to remove HMs from aqueous solutions. The 

process is efficient, metals are adsorbed quickly and 

biomasses can be reused [72, 73]. 

2.7.1. Bioaccumulation 

Bioaccumulation refers to the accumulation of metals 

within bacterial cells through the uptake of non-metabolic 

metals using the same carrier pathways as essential metals. 

This process involves the binding of metal ions to reactive 

radicals on the bacterial cell wall and their internal regions 

via energy-independent mechanisms. Then, metals diffuse 

into the cytoplasm through energy-dependent or 

independent processes. Transport pathways for essential 

ions such as sodium, potassium, and magnesium are used 

for the transport of HMs across microbial membranes for 

intracellular accumulation. Cation transport systems bind 

with HM ions that share similar ionic radius and charge 

with essential metal ions [73]. 

Microorganisms can uptake toxic metals within their 

cellular structures in the bioaccumulation process. Through 

bioaccumulation, they can detoxify environments by 

sequestering harmful substances. Bacterial mechanisms of 

action include conversion of HMs to less harmful states, 

absorption and bioaccumulation of HMs, and extracellular 

precipitation by the production of exopolysaccharides or 

other compounds that bind HMs [74]. Rhizosphere 

microbes can assist in breaking down organic pollutants or 

converting HMs into forms that are easier for plants to 

uptake or detoxify by phytoremediation synergy [75]. 

Microbes help ensure that crops growing, having lower 

levels of harmful substances by cleaning up contaminated 

soils using bioaccumulation division of bioremediation. 

Figure 2 classifies roles of microorganisms in 

detoxification. 

 

 

2.7.1.1. Intracellular transport 

Normally, HMs enter bacterial cells through channels, 

secondary carrier proteins and primary active transporters 
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on the cell membrane. Channels are α-helical proteins that 

facilitate passive diffusion of metals based on the 

concentration gradients. These proteins, parts of the major 

intrinsic proteins superfamily, help transport As and Hg in 

various bacterial species such as E. coli, Corynebacterium, 

Streptomyces coelicolor, Serratia and Pseudomonas [76, 

77]. 

2.8. Intracellular fate of bioaccumulated heavy metals  

Growing bacterial cells can continuously eliminate metals 

through internal detoxification processes. These processes 

include biotransformation and reduction of metals via 

enzymes, methylation, sequestration through metal-organic 

complex formation and production of metal chelators such 

as metallothioneins. These mechanisms help bacteria 

defend against metal toxicity [78].  

2.8.1. Bioprecipitation 

Bacteria remove metals from solution through precip-

itation, a defense mechanism independent of cellular 

metabolism. This occurs due to chemical interactions 

between the bacterial surface and metal ions with 

precipitation happening via reduction, sulfide formation or 

phosphate formation, depending on the species and 

environment. 

2.8.1.1. Metal precipitation as phosphates 

In this precipitation method, the enzyme phosphatase 

releases inorganic phosphate (Pi) from cellular organic 

phosphates such as glycerol-2-phosphate. Then, Pi 

precipitates metals or radionuclides as phosphates on the 

bacterial cell surface. For example, immobilized cells of 

Citrobacter spp. precipitated Cu, Cd, Pb and U from 

glycerol-2-phosphate enriched solutions. The phosphatase 

enzyme catalyzed the cleavage of glycerol-2-phosphate, 

releasing hydrogen phosphates that precipitate metals 

extracellularly as insoluble metal phosphates [65]. 

2.8.1.2. Reduction 

Many bacterial strains can decrease hazardous selenite 

and selenate to elemental selenium, which precipitates as a 

red deposit. Desulfomicrobium norvegicum biofilm 

precipitates selenium with sulfur [79], while Alteromonas 

(now Shewanella) putrefaciens reduces U(VI) to U(IV) 

carbonate [80]. Shewanella oneidensis MR-1 and 

Geobacter species can reduce Hg(II) to Hg(0) [81]. 

2.8.1.3. Metal precipitation as sulfides 

Sulfate-reducing bacteria are anaerobic organisms that 

use sulfate as a terminal electron acceptor, reducing it to 

sulfide. This sulfide combines with metals in the cell and 

the environment to form insoluble metal sulfides, 

protecting the bacteria from metal toxicity. These bacteria 

create reducing conditions that can reduce metals such as 

U(VI) and Cr (VI) [82]. Enzymatic sulfide formation has 

been observed in Salmonella typhimurium and Klebsiella 

planticola, where metal-sulfide precipitation occurs due to 

sulfide production from thiosulfate [83]. 

Rapid industrialization and events such as uncontrolled 

agrochemicals lead to high soil HM concentrations. Non-

bridgeable HM persistent in nature causes harmful effects 

on human health and disrupts the environment and 

agricultural food products. Natural organisms such as 

microbes are useful tools for detoxifying HMs and toxins 

in food through bioremediation involving various 

biological methods [48] as follows. 
 

2.9. Biotransformation [(oxidation-reduction (redox 

reaction)]  

Microorganisms can transform THMs and organic 

pollutants into less toxic forms through oxidation-

reduction reactions. This process facilitates the conversion 

of harmful substances into further benign compounds, 

enhancing detoxification [84]. However, factors such as 

temperature, pH, nutrient availability, and the presence of 

co-contaminants can affect microbial activity and efficacy. 

Moreover, certain HMs can be toxic to the microbes, 

poten-tially limiting their effectiveness [85]. 

Biotransformation through redox reactions is a vital 

microbiological process. Detoxification of HMs and toxins 

makes biotransformation an essential tool in 

bioremediation to ensure food safety and environmental 

health. 

 

2.10. Biomineralization  

Microorganisms can facilitate precipitation of HMs as 

mineral forms, effectively immobilizing them and reducing 

their bioavailability and toxicity in contaminated environ-

ments, including soils and aquatic systems, known as 

biomineralization [86]. Biomineralization can help 

detoxify contaminants in agricultural soils; thereby, 

decreasing the presence of harmful metals in crops in the 

context of food production. This process is critical for 

maintaining food safety and protecting human health. 

Identifying and engineering specific microbial strains that 

show high efficiency in HM detoxification as well as 

understanding mechanisms underlying biomineralization 

are essential research interests [86]. 
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Figure 2. Roles of microorganisms in detoxification 

2.11. Bioprecipitation   

The primary mechanism of bioprecipitation involves the 

transformation of soluble metal ions into insoluble 

precipitates through microbial metabolic activities by 

metabolic byproducts (e.g. sulfides or phosphates) that 

react with HMs [87], leading to their removal from 

solutions. This process can clean contaminated water and 

soil systems. Bioprecipitation can help detoxify metals 

through the intervention of specific microbial strains for 

food products contaminated with HMs such as Cd, Pb, and 

Hg. Soil and water treatments are used to decrease metal 

contamination before crops are grown or harvested by 

bioprecipitation use. This enhances the safety of the food 

produced [88]. 

2.12. Bioleaching  

Extraction of HMs from minerals or contaminated 

materials by microbes is known as bioleaching, which 

facilitates the release of metals into solution through 

microbial activity, making it easier to remove HMs from 

contaminated sites [85]. Bioleaching methods can 

potentially be used to detoxify HMs and other toxins in 

food products. Harmful substances degrading or 

transforming them into less toxic forms by microbes can 

enhance food safety. Bioleaching as a broader strategy for 

bioremediation may involve phytoremediation (using 

plants) or other microbiological techniques to improve 

detoxification efficacy. 

 

2.12.1. Sulfide bioleaching 

Sulfide-producing microorganisms such as 

Acidithiobacillus and Leptospirillum can solubilize HMs 

from complex minerals using sulfide bioleaching [89]. It is 

particularly effective for extracting metals such as Cu and 

Zn while minimizing environmental effects. The HMs and 

toxins can enter the food chain through contaminated soil, 

water, and food processing practices. The use of sulfide 

bioleaching and associated microbial techniques can help 

lessen these risks [89]. 

2.12.2. Pyrite leaching 

Certain microorganisms can oxidize pyrite (FeS2) to 

solubilize metals during the mineral recovery processes 

[90]. This method is often used in mining to recover 

valuable metals while managing metal contamination of 

soil appropriate for food safety. Oxidation of pyrite in the 

presence of water and oxygen leads to sulfuric acid 

production and can release iron and other associated HMs 

(e.g. Pb, As, and Cd) that may be bound to the pyrite 

matrix. Bacteria and archaea (e.g., Acidithiobacillus spp.) 

can oxidize pyrite to facilitate the leaching process. 

Acceleration of the pyrite breaking down using the 

released iron and sulfur for their metabolic processes, 

creating an environment that enhances metal solubility and 

bioava-ilability [91]. In the context of food safety and 

agriculture, pyrite leaching with the assistance of microbes 
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detoxifies soils contaminated with HMs to improve the 

safety and quality of agricultural products.  

2.13. Heterotrophic bacterial leaching  

Heterotrophic bacteria can leach metals from 

contaminated substrates using organic matter, potentially 

helping in the detoxification of metal-rich wastes or soils 

and other environmental toxins such as those present in 

foods [92]. Heterotrophic bacteria rely on other organic 

compounds for nutrition. They metabolize organic matter 

and can degrade various pollutants such as HMs, 

hydrocarbons, pesticides, and other harmful substances. 

Mechanisms of action include bioaccumulation; in which, 

bacteria can absorb HMs through their cell walls. These 

metals accumulate within the cells and can later be 

harvested or removed. Biotrans-formation includes the 

conversion of toxic forms of HMs into less harmful states; 

they may reduce soluble metal ions to insoluble forms, 

rendering them less bioavailable [85]. Extracellular 

precipitation is a way; by which, bacteria can produce 

exopolysaccharides that bind to HMs, causing them to 

precipitate and settle out of solutions [93]. In food 

production and processing, heterotrophic bacterial leaching 

can be used to remediate crops contaminated by HMs and 

toxins, decreasing the risks associated with consuming 

contaminated foods. This process may involve agricultural 

soils or water used in irrigation; thereby, ensuring a safer 

food supply. Identifying specific strains of heterotrophic 

bacteria that show high efficacy in removing HMs and 

other toxins. Assistance in genetic engineering and 

synthetic biology can enhance the capabilities of these 

micro-organisms [94].  

2.14. Biosurfactant production  

Biosynthesis of surfactant-like substances by micro-

organisms such as bacteria and fungi refers to biosurfactant 

production. Biosurfactants can decrease surface tension 

and facilitate solubilization, emulsification, and dispersion 

of hydrophobic compounds, including HMs and organic 

pollutants due to amphiphilic characteristics [95]. Biosur-

factants can play several important roles associated with 

the detoxification of HMs and toxic substances in foods. 

Solubility of HMs such as Pb, Cd, Hg, and organic toxins 

(e.g. pesticides and harmful industrial byproducts) by 

biosurfactants in water as solubilization makes them 

further accessible to microorganisms for uptake and 

transformation. Other characteristics of biosurfactants are 

microbial growth promotion, bioavailability enhancement 

of pollutants, stabilization of pollutant-microbe interface, 

and environ-mental remediation. Certain bacterial species 

of Pseudo-monas, Rhodococcus, Bacillus, and Serratia are 

significant producers of biosurfactants. Yeasts such as 

Candida spp. and filamentous fungi such as Aspergillus 

spp. can also produce these compounds [96]. 

Biosurfactants can potentially be used in the food industry 

by detoxification and food preservation. 

2.15. Biomethylation   

Microorganisms can convert inorganic metals into less 

toxic volatile forms through biomethylation, which 

facilitates the removal of HMs from ecosystems. Bacteria 

and fungi include enzymes that can facilitate the transfer of 

a methyl group (-CH₃) to HMs (e.g. Hg, As, and Pb) or 

other organic compounds [97]. Biomethylation is useful in 

foods to ensure that food products are free from HM 

decontamination through detoxification and other 

contaminants. The composition of microbial communities 

and specific strains or consortia of microbes are selected to 

promote desired transformations of HMs and enhance 

bioremediation outcomes. 

2.16. Biovolatilization  

Transformation of metals into gaseous forms by microbes 

known as biovolatization allows for the detoxification and 

removal of metals from the environment and foods. The 

HMs such as Hg and As can be converted into volatile 

organometallic compounds such as methylmercury, which 

can then be volatilized into the atmosphere by bacteria and 

fungi [98]. Biovolatization may be significant when 

bioavailability of HMs can decrease; thereby, minimizing 

their uptake by plants and hence their presence in the food 

supply.  

2.17. Microbe-assisted phytoremediation  

This approach uses plants and microorganisms (microbes) 

in combination to clean up contaminated environments, 

particularly from HMs and toxins. The natural ability of 

plants to absorb and detoxify pollutants is a sustainable 

effective bioremediation strategy. Plants uptake HMs and 

other toxins through their roots and then store them in their 

tissues or transform them into less harmful substances. 

This process is known as phytoremediation [99]. Microbes 

in rhizospheres can transform HMs into further soluble 

forms, making them further available for uptake by plants. 

Detoxification by microbes degrades or transforms harmful 

organic pollutants such as pesticides and industrial 

chemicals, decreasing their toxicity and symbiotic 

relationships; in which, plants form mutualistic relation-

ships with beneficial microbes (e.g. mycorrhizal fungi and 

nitrogen-fixing bacteria) to increase the plant's tolerance 

and accumulation of HMs [100]. Phytoremediation assisted 

by bacteria can include agricultural implications and 

decrease food contamination from HMs and other 

pollutants.  
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Figure 3. Bioremediation technologies. 

2.18. Bioremediation technologies  

Bioremediation technologies can broadly be classified as 

ex-situ or in-situ technologies (Figure 3). 

2.18.1. Ex-situ treatments 

Ex-situ bioremediation involves relocating pollutants 

from contaminated sites for treatment. Factors affecting 

method choice include treatment costs, pollution type and 

depth, contamination extent, site location and geology. 

Techniques include piling, bioreactors, landfarming and 

windrows. Advantages include effective biodegradation, 

detoxification of pollutants and decrease of treatment time. 

Limitations include difficulties with chlorinated 

hydrocarbons and specific soil treatment needs [6, 26, 39]. 

Biopiles are engineered, aerated composted piles used for 

treating surface contamination from petroleum hydro-

carbons. They represent an advanced version of land 

farming, helping manage contaminant losses through 

leach-ing and volatilization. Biopiles substitute an 

environment for indigenous aerobic and anaerobic 

microorganisms and introducing effective microbes can 

enhance pollutant remediation efficiency [101]. 

A bioreactor accelerates bioremediation of the soil and 

water pollutants by creating a controlled three-phase 

system (solid, liquid and gas), enhancing biodegradation, 

compared to in-situ methods. Contaminated soil often 

needs pretr-eatment such as washing before mixing with 

water and additives in the bioreactor. The process involves 

agitation to promote contacts with microorganisms and 

optimizes conditions for pollutant degradation. After 

treatment, water is separated from solids, which may need 

additional disposal or treatment if pollutants persist [3]. 

Landfarming is an efficient method for treating contam-

inated soil by spreading and cultivating it to enhance 

microbial activity, particularly for the upper 10-35 cm of 

the surface soil. It maintains a neutral pH with agricultural 

lime and is effective for ex-situ and in-situ bioremediations 

of contaminants such as aliphatic hydrocarbons, polycyclic 

aromatic hydrocarbons and PCBs. This cost-effective 

approach needs minimal equipment and maintenance 

[102]. 

Windrow bioremediation restores contaminated soil by 

regularly turning materials to enhance hydrocarbon degr-

ading bacterial activity. This method improves aeration, 

moisture and nutrient distribution, leading to faster 

bioremediation through assimilation and mineralization. 

Studies show windrow methods generally outperform pile 

systems in removing hydrocarbons but may be less 

effective in soils with toxic volatiles and can produce 

methane emissions from anaerobic zones if aeration is 

inadequate [6, 102]. 

2.18.2. In-situ treatment 

Natural attenuation and bioremediation are methods to 

treat polluted environments; in which, microorganisms 

contribute to pollutant degradation. Natural attenuation is a 

cost-saving method to treat polluted environments [103]. 

Natural attenuation is based on natural processes to clean 

up and attenuate pollutions. It encompasses processes that 
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lead to decreases of the mass, toxicity, mobility or volume 

of the contaminants without human intervention, where 

naturally occurring environmental processes break down 

and decrease the concentration of contaminants in the envi-

ronment via microorganisms [104]. Natural attenuation is 

the most interesting process because the contaminants can 

be transformed into less harmful products. This method 

contains the addition of electron acceptors, electron 

donors, or nutrients to stimulate naturally occurring 

microbial populations (biostimulation or introduction of 

nutrients and chemicals to stimulate indigenous 

microorganisms) or can introduce specific microorganisms 

that aimed at enhancing biodegradation of the target 

compounds (bioaugmentation or inoculation with 

exogenous microorganisms) [105]. 

Biostimulation or stimulated aerobic biodegradation is the 

process of eliminating factors that limit the biodegradation 

of contaminants [106]. It involves modification of the 

environment to stimulate existing bacteria capable of 

bioremediation. This was first defined by Perfumo as the 

addition of nutrients, oxygen or other electron donors and 

acceptors to the coordinated site to increase population or 

activity of naturally occurring microorganisms for 

bioremediation. The key benefit of biostimulation includes 

that bioremediation is carried out by the natural micro-

organisms, which are well adapted to the subsurface 

environment and spatially spread in the subsurface [107]. 

Bioaugmentation is a method bioremoval of HM conta-

minated sites using specific or genetically engineered 

bacteria that are proficient in fighting against HM conta-

minants [108]. Addition of microbial biomasses to contam-

inated areas can significantly improve their biodegradation 

performance. In addition to save time and costs, this 

method can be adapted to the green environment [109]. 

Bioventing is an in-situ technology that includes 

stimulating indigenous microorganisms through the 

addition of gas to destroy contaminants; it uses low airflow 

rates to provide adequate oxygen to maintain the microbial 

activity [110]. Therefore, it decreases release of volatile 

contaminants into the air. Benefits of bioventing vary. 

First, it offers an environmental friendly solution, 

minimizing needs of excavation and disposal of the 

contaminated soil. Second, it is often more cost-effective 

than that the traditional methods are, needing less labors 

and specialized equipment [111]. 

Bioslurping is a novel technology that combines two 

remediation methods of bioventing and vacuum-enhanced 

free-product recovery. Bioslurping, known as dual-phase 

extraction, is an in-situ technique that uses vacuum-

enhanced dewatering technologies to remediate 

contaminated sites [112]. Bioslurping use elements of, 

bioventing and free-product recovery to address two 

separate contaminant media. Bioslurping can enhance free-

product recovery and is a cost-efficient technology. 

Depending on the site conditions, operation and 

maintenance time of bioslurping can vary from a few 

months to years [113]. 

Biosparging is an in-situ remediation technology that 

injects air or gases into the contaminated area to stimulate 

aerobic biological activities for the encouragement of 

aerobic biodegradation. This recovery method is used to 

eliminate residual contamination in the site and target 

chemical compounds that can be degraded under aerobic 

conditions [114]. Two primary factors may limit the 

effectiveness of biosparing, including (1) permeability of 

the contaminated site and (2) biodegradability of the 

contaminants [115]. 

Biofiltration is a pollution control system using 

bioreactors containing living materials to capture and 

biologically destroy contaminants. This includes pollutant 

removal via physical separation, adsorption on the filter 

media and biodegradation and biotransformation by 

microbes, forming biofilms on the filter media [116]. 

Biofiltration-based studies have shown significant results 

in the removal of volatile organic compounds and HMs 

[117]. A significant advantage of biofiltration techniques is 

that the contam-inants are converted into biodegradable 

wastes without deriving secondary pollutants within a 

specific time [118]. 

Chemical and physical waste cleanup methods are used 

for the contamination removals; however, these approaches 

are costly and include harmful environmental effects. 

Therefore, increases in use of bioremediation have been 

recorded, leading to development of genetically engineered 

microbes. Genetic engineering refers to the direct 

manipulation of DNA to alter characteristics of an 

organism in a particular way. These designed engineered 

microorganisms appeared more effective than normal 

strains and include superior debasement adaptability as 

well as capacity to rapidly adapt to various contaminants. 

Use of engineered microorganisms is safer and more cost-

effective, compared to other methods [119]. 

Bioremediation in combination with nanotechnology has 

been investigated as further effective for the removal of 

environmental contamination. This combined method can 

include a broader range of potential uses with decreased 

costs and lowest negative effects on the environment. 

Degradation of contaminants using nanoparticle catalysts 

is a common use of nanotechnology in this field [120]. 

2.19. Factors limiting bioremediation technologies  

Bioremediation has several benefits, compared to conven-

tional methods e.g. landfilling or incineration [121]. How-

ever, there are limitations to bioremediation; chemicals e.g. 

HMs, radionuclides &chlorinated compounds aren't 

suscep-tible to biodegradation. Moreover, microbial 
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systems may produce toxic metabolites from the 

contaminants (Table 2) [122]. 

 

Table 2. Advantages and disadvantages of the bioremed-

iation methods. 

Advantages Disadvantages 

It is a natural process Limited to only 

biodegradable compound 

Use for complete 

destruction of a wide 

variety of contaminates  

The product of 

biodegradation may be more 

toxic than primary 

Can be carried out on-site 

without disrupting normal 

activities 

Biological processes are 

often highly specific 

Eliminate the need to 

transport the waste off-site 

Require suitable 

environmental, growth 

conditions 

Eliminate the potential 

threat to human health 

Take longer time 

3. Conclusion 

Various methods are reported to remove contamination, 

one of which is bioremediation. Use of microorganisms to 

diminish or decrease concentration of dangerous wastes is 

called bioremediation. This word refers to a group of 

methods that use biological systems such as indigenous or 

genetically modified microbes to restore or clean-up 

contaminated environments. A majority of indigenous 

bacteria are capable of successfully restoring the 

environment by oxidizing, immobilizing and/or converting 

pollutants into carbon dioxide and water. Such a biological 

action system includes various uses such as cleanup of the 

contaminated material (e.g. foods and water). Bioremed-

iation is an easy, cost and timesaving method to treat 

polluted environments, compared to the conventional 

methods such as landfilling or incineration. This method is 

a commonly accepted substitute for cleaning up the 

environment as it particularly promises to reach clean-up 

objectives at an economical rate with milder chances of the 

contaminant spread to other media. 

Further studies: Enhancing regulatory frameworks and 

increasing public awareness about HM exposure is critical 

for the prevention. Investigation of the innovative 

technologies for monitoring and removing HMs from 

wastewater can significantly decrease associated risks. 

Collaborative efforts within the governments, industries 

and communities are vital for creating cleaner 

environments and protecting future generations from 

contaminations. Focusing on advanced technologies and 

public education is a key to minimizing health risks. 
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 و سرب (Ni) کلی، ن(Cu) ، مس(Hg) وهی، ج(Cr) ، کروم(Cd) ومی، کادم(As) کیمانند آرسن، نیفلزات سنگ سابقه و هدف:

(Pb) ،نیمانند کودکان به همراه دارند. ا ریپذ بیآس یها گروه یبرا ژهیو سلامت انسان به و ها ستمیاکوس یبرا یخطرات جد 

بر سلامت شوند. افراد  مدت یو منجر به عوارض طولان ابندیتجمع  ییغذا یها رهیدر زنج توانند یم یسم نیفلزات سنگ

 نیا .رندیقرار گ ها ندهیآلا نیبا پوست در معرض ا میآلوده، استنشاق و تماس مستق یها آلوده، آب یغذاها قیاز طر توانند یم

 نیاز فلزات سنگ یناش یطور خاص به آلودگ و بهشته شدن تمرکز دا یاز صنعت یناش یطیمح ستیز یبه آلودگمقاله مروری، 

و  ها سمیکروارگانیکه شامل استفاده از م پردازد یحل بالقوه م راه کیعنوان  به پالایی، زیست یبه بررس قیتحق نی. اپردازد یم

 خطرناک است یها ندهین آلایا ییزدا و سم هیتجز یبرا اهانیگ

 نیکازئ ،(ریپن هیمارنت ) نیکازئ ر،یش نیکنسانتره پروتئ شامل ر،یش برپایه ینیپروتئ گوناگون باتیترک ا:مواد و روش ه

و  نهیآم دیاس لیخاکستر، پروفا و نیپروتئ از نظر میزان ن،یکازئ سلیمو کنسانتره  میکلس ناتیکازئ م،یسد ناتیکازئ ،یدیاس
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