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GENERAL INTRODUCTION 

 

1. Plastic - a wonder material 

Plastic is a synthetic polymer derived from petroleum by-products via 

chemical modification. Their complex macromolecular structure 

comprises repeating units of monomers (Chanda, 2021). The word 

plastic was adopted from the Greek word 'plastikos, ' which means 

moldable to different shapes (Du & Wang, 2021). Its features, such as 

lightweight, high mechanical strength, flexibility, durability, resistance 

to moisture, and cost-effectiveness, have increased its global popularity 

(Joseph et al., 2021). Due to the immense versatility and broad 

applicability of plastics, conventional materials such as cloth, paper, 

wood, and metals have been quickly replaced (Nayanathara 

Thathsarani Pilapitiya & Ratnayake, 2024). Moreover, the use of 

plastic materials has extended to all fields that directly influence 

human life, for instance, the agricultural, industrial, automotive, 

infrastructure, textile, household, and even medical care sectors 

(Andrady & Neal, 2009; Singh et al., 2017).  

Since 1950, global plastic output has increased dramatically—from 1.5 

million tonnes to 359 million tonnes by 2018 (Shanmugam et al., 

2020). This hike represents a 239-fold increase since 1950, driven by 

industrial demand and consumer convenience. However, the plastic 

industries worldwide expect to double from 464 million tonnes in 2020 

to 884 million tonnes by 2050, potentially leading to a total stock 

accumulation of 4,725 million tonnes since 2000 (Ali et al., 2021). 



General Introduction 

 2 

Rapid industrialisation, urbanisation, and the use-and-throw habits of 

modern society eventually increase the production and waste in our 

Ecosystem (Siddiqua et al., 2022). Plastic materials are mainly 

categorised based on the polymer's thermal behaviour and rigidity as 

thermosetting plastics and thermoplastics (Bîrcă et al., 2019). 

Thermosetting plastics undergo chemical changes during curing and 

are converted to rigid cross-linked structures. Polyester, polyurethanes, 

epoxy resin, and melamine formaldehyde are examples of 

thermosetting plastics. On the other hand, thermoplastics are highly 

flexible and linear structures that can be melted and reshaped multiple 

times without significant chemical changes. The largest market for 

plastic materials is for thermoplastics, which includes polyethylene 

(PE), polyethylene terephthalate (PET), polyvinyl chloride (PVC), and 

polypropylene (PP) (Kibria et al., 2023; Taurozzi et al., 2023). Among 

the thermoplastics, polyethylenes (LDPE, LLDPE, and HDPE) are 

widely used as single-end-use plastics. These thermoplastic materials 

are broadly classified into two classes by the nature of their internal 

structure: semicrystalline (e.g., polyethylenes, PET, nylons, etc.) and 

amorphous (e.g., polystyrenes and polycarbonates).  

Based on their backbone structures, synthetic polymers are again 

categorised into two. They are C-C and C-O polymers (Jiang et al., 

2021). (Illustrated in Fig.1.1) Most C-C polymers have been prepared 

by vinyl polymerisation and are non-hydrolysable. It shares 77% of the 

global market. In contrast, C-O backbone polymers are hydrolysable 

and contribute only 18% of total plastic production. C-C polymers are 

generally more hydrophobic and may exhibit elevated melting 
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temperatures due to robust C-C bonds. In contrast, C-O polymers can 

be more hydrophilic depending on their structure. Examples of C-C 

polymers include polyethylene (PE), polypropylene (PP), and 

polystyrene (PS). C-O polymers comprise polyether (PEO), 

polyurethanes (PUR or PU), and polylactic acid (PLA). Almost all 

plastic polymers are either aliphatic (Polyethylenes) or aromatic 

(Polyurethanes) and their derivatives (Polyvinyl chloride) (Dey et al., 

2020). Polymers may consist of single monomeric units or be formed 

as copolymers. Copolymers can contain alternating sequences of 

distinct monomers or random distributions of repeating units. 

Depending on their architecture, they may also occur as block, graft, 

linear, or branched structures. (Politakos & Avgeropoulos, 2023).  

 

Fig.1.1 Global market shares of C-C and C-O plastic polymers with their 

molecular structures. 
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1.1 Polyethylenes (PE) 

Polyethylenes, also known as polyethenes, are highly stable and versatile 

C-C synthetic resins within the polyolefin family (Sauter et al., 2017). 

They are made of ethylene monomers with a chemical formula of (C2H4)n 

(Somoza-Tornos et al., 2020). Polyethylene accounts for approximately 

25-34% of the global plastics market for making goods like wrapping 

materials, water bottles and tanks. Due to their high hydrophobicity, 

crystallinity, molecular weight, and chemical resistance, polyethylene 

materials are considered recalcitrant (Law & Narayan, 2022). Compared 

to other plastic types, the global production and consumption of 

polyethylenes are incredibly high. The annual increase in polyethylene 

production is projected to be 12% (Siracusa, 2019).  

Polyethylenes can be categorised into two general groups: branched 

(LDPE and LLDPE) and linear (HDPE and UHMWPE) (Salakhov et al., 

2021). The degree of branching in polyethylene affects various polymer 

structural properties, including crystallinity, opacity, melting 

temperature, and surface hardness. Each type of polyethylene has its 

unique density and functional groups (Ronca, 2017) (see Table 1).  

Besides the main polyethylene types, the following are also considered 

polyethylene types.  

1.  Cross-linked polyethylenes(XPE) are analogous to HDPE and 

MDPE, a thermosetting type of polyethylene used in plumbing and 

as insulators of medium—to high-voltage cables (Sakellariou et al., 

2013).  
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2. Very Low-Density Polyethylenes(VLDPE) are formed by co-

polymerising ethylene with short alpha-olefin chains. They are 

linear polymers interspersed with numerous short chains (Okamura, 

2015).  

3. Ultra-low-molecular-weight Polyethylenes (ULMWPE) are by-

products of crude oil cracking into ethylene. They are also known 

as PE-WAX and are utilised in the lubrication and additive 

industries (Pattnaik & Sutar, 2022).  

The type and number of branches on the chain significantly influence 

the properties of polyethylene (Roiron et al., 2021). Type of process: 

High-pressure or low-pressure processes affect the branching of the 

chain and the branch itself. However, the high-pressure process 

generates it through radical polymerisation, resulting in both short— 

and long-chain branches in its structure. It is highly moldable (Froese 

et al., 2024).  

Polyethylene production is increasing daily in all countries (Khan et al., 

2023; OECD, 2022; Statista, 2025). Polyethylene is the largest synthetic 

polymer, with an annual production exceeding 100 million tons, 

accounting for approximately one-third of overall plastic material 

production (Schwab et al., 2024). Rapid industrialisation and 

urbanisation have led to significant polyethylene markets in Asia (57.1 

Mt/year) and North America (33.8 Mt/year) (Mufarrij et al., 2023). In the 

world, China is the largest producer and consumer of all plastic materials, 

particularly single-use plastics (Sun & He, 2023).  
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S. 

No 

Polymer Type Density 

(g/cm³) 

Branching 

Nature 

Characteristics 

1 LDPE (Low-Density 

Polyethylene) 

 

0.920–

0.925 

Long and short 

branches 

 

Lower tensile 

strength; used for 

packaging (carry 

bags, films, food 

wraps). 

2 LLDPE (Linear Low-

Density 

Polyethylene) 

 

0.923–

0.928 

Short branches, 

more linear 

 

Higher tensile 

strength than 

LDPE; used for 

toys, bubble 

wraps, and 

containers. 

3 MDPE (Medium-

Density 

Polyethylene) 

 

0.930–

0.943 

Moderate 

branching 

 

Good shock/drop 

resistance; used 

for plumbing, 

piping, sacks, and 

shrink film. 

4 HDPE (High-Density 

Polyethylene) 

 

0.948–

0.965 

Low branching 

 

High tensile 

strength, low 

melting point; 

used for medical 

devices, bottles, 

and tubs. 

5 UHMWPE (Ultra 

High Molecular 

Weight Polyethylene) 

 

>0.966 Linear 

 

Abrasion/corrosio

n resistant; used 

for vehicle armour, 

suspension lines, 

cables. 

 
Table 1.1 Major polyethylene categories are specified by the American 

Society for Testing and Materials (ASTM) (Paxton et al., 2019).  
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1.2 Single-use polyethylenes 

Single-use polyethylenes, particularly LDPE, are major contributors to 

plastic pollution. Plastic bags, food containers, and other packaging 

materials are the major constituents of such polyethylenes. Although it 

comprises various grades of polyethylenes, such as LDPE, LLDPE, 

VLDPE, PET, PP, and HDPE, a significant portion of single-use 

polyethene waste consists of LDPE-based packaging materials, including 

films or sheets, which are highly resistant to microbial attack for an 

extended period (Karmakar, 2022). The toxic additives and microplastics 

released from single-use plastics into the surrounding environment have a 

severe impact on the balance of our biosystem (Yu et al., 2024). As a 

result, there is a rising global effort to curb its usage. Several government 

agencies and public health organisations have started promoting 

alternatives (such as reusable bags, containers, and other eco-friendly 

materials), implementing bans, encouraging industries to use take-back 

programs, launching awareness programs, and providing financial 

assistance to waste-to-energy models to mitigate the colossal amount of 

waste (Kumar et al., 2021).  

1.2.1 LDPE- a widely used polymer compound 

Low-density polyethylenes (LDPE) are characterised by low density, 

which results in their flexibility and toughness. It is extensively used in 

the production of packaging materials, consumer goods, construction 

materials, and mulching films for agricultural purposes (Mansoor et al., 

2022). The LDPE compound was discovered accidentally by Imperial 

Chemical Industries (ICI) in 1933 during high-pressure ethylene 

polymerisation experiments (LeNoir, 2022). Worldwide, China and India 
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are the two countries experiencing the most rapid growth in their 

production (Shaikh et al., 2023).  

1.2.2 Basic Structure of Low-Density Polyethylene  

LDPE materials are polymerised forms of gaseous ethylene under high 

pressure (150-350 MPa) and temperature (80–300°C), depending on the 

process conditions, in the presence of oxide initiators (Liyana Bekri et al., 

2023). Branched chains (short and long) in their structure (in 2% of 

carbon atoms) make the compound flexible and recyclable (Kumar Sen & 

Raut, 2015) (Fig. 1.2). Its durability (short span at 95°C, long span at 

80°C), ductility, 30-50% crystallinity, water impermeability, microbial 

resistance and cheap production rate made the compound highly 

acceptable and invincible in the packaging and transporting industries 

(Yuan & Xu, 2023). They are the chief component in plastic carry bags, 

agricultural mulch films, and polyhouse sheets. LDPE film coatings are 

frequently used in papers, clothing, toys, and electronics.  

 

Fig.1.2: Molecular structure of LDPE, showing short and long branching 

patterns. 
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1.2.3 Distribution of LDPE trash in our Ecosystem 

The widespread accumulation of polyethylene waste worldwide is 

primarily attributed to its inconspicuous mass production, low cost, 

indiscriminate disposal, inadequate infrastructure, lack of scientific 

degradation methods, insufficient regulatory frameworks, and 

ineffective waste management strategies (Geyer et al., 2017; Schultz & 

Reinhardt, 2023). Furthermore, poor plastic waste handling practices 

worldwide have consistently contributed to environmental issues, 

including water pollution, soil degradation, urban flooding, and other 

ecological disturbances (Carpenter & Wolverton, 2017).  

Under prevailing conditions, commonly used LDPE-based plastic bags 

are estimated to persist in the environment for approximately 100 to 

1,000 years, depending on environmental conditions such as UV 

exposure and microbial activity (Welden, 2020). Alarmingly, a 

substantial portion of the plastic carry bags produced annually by 

global plastic industries are discarded after a single use (Suleman et al., 

2022).  

Low-density polyethylene materials hurt the ecosystem throughout 

their life cycle, from resource extraction to final disposal. It is 

estimated that nearly 72% of all synthetic polymers produced globally 

ultimately accumulate in terrestrial and marine landfills (Dimassi et al., 

2022). Their uncontrolled disposal and rapid weathering release 

harmful substances, including phthalates, plasticisers, heavy metals, 

toxic volatile organic compounds (VOCs), microplastics, dyes, fillers, 

and hazardous gases such as methane and carbon dioxide (Nzimande et 
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al., 2024). These emissions degrade the aesthetic and environmental 

quality of urban and rural landscapes, disrupt wildlife, damage aquatic 

ecosystems, and diminish agricultural fertility (Mir et al., 2023; Shetty 

et al., 2023). The bioaccumulation of these chemicals ultimately leads 

to immune system malfunction, cancer, lung diseases, neurological 

problems, and gastrointestinal illnesses in humans.  

1.3 Conventional plastic eradication mechanisms 

Landfilling, incineration, recycling, and pyrolysis are other 

conventional methods for disposing of synthetic polymers from our 

ecosystem (Skariyachan et al., 2018). However, all these traditional 

methods for eradicating plastic face several detrimental environmental 

challenges. Consequently, scientists concentrated on using microbes to 

decompose polyethylene compounds in an environmentally safer 

manner.  

1.4 Degradation mechanisms of low-density polyethylenes 

Most environmental degradation methods, such as photo-degradation 

(UV rays-assisted degradation) and thermo-oxidative and hydrolytic 

degradations of LDPE materials, require prolonged time and high 

energy (Akan et al., 2021). Moreover, the mechanical degradation 

method releases a significant amount of persistent organic pollutants 

(Niaounakis, 2017) into the environment, and chemical degradation 

leads to the improper disposal of chemicals (Moharir & Kumar, 2019) 

used in the process. Microbial degradation, insect-based degradation, 

and combined degradation (an amalgamation of the actions of 

bioagents and pre-modifications of polymers using temperature, UV, 
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gamma rays, steaming, and chemical treatments) are the three 

significant methods for the safe degradation of the compound (Chamas 

et al., 2020). However, the complete mineralisation of this polymer 

compound within a short span is still being researched.  

 

 Fig.1.3 Various possible methods of degradation of the LDPE compounds 

1.4.1 Microbial biodegradation  

Recently, numerous studies have opened new avenues for the safe 

degradation of LDPE materials using natural or engineered microbes 

with designed enzyme action (Okal et al., 2023; Tao et al., 2021; Yan 

et al., 2016). However, only a few could validate significant 

degradation using a microbial strain (Gao & Sun, 2021). In addition, 

very few studies have assessed the biodegradation of pretreated LDPE 

films using natural individuals or consortia.  
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Fig. 1.4 Overall reactions in microbial degradation 

1.4.1.1 Structural peculiarities for biofilm formation 

The colonisation of microbes on the LDPE films may be due to the 

potential strains' extracellular matrix production or biosurfactant 

production. Most microbial surfactants comprise intricate compounds, 

including lipids, proteins, carbohydrates, and complex structures. They 

may allow microbes to aggregate and cling to hydrophobic polymer 

surfaces, facilitating biofilm formation (Song et al., 2020). It severely 

disrupts the surface structure, along with the micro utilisation to use 

the compound to establish chemical changes (Ji et al., 2024). Many 

earlier researchers have proven that surface erosion on polymer films 

may be a prerequisite for effective biodegradation (Bhagwat et al., 

2021; Gupta et al., 2016; McFall et al., 2024).  
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1.4.1.2 Enzymes for the biodegradation of LDPE compounds 

The enzymes produced by microbial strains are the most potent 

weapons for the biodegradation of LDPE materials. They cut, 

hydrolyse, oxidise, reduce, and esterify the polymer's interior 

molecular structure (Morales Ramos et al., 2024). Many studies have 

reported that the potentialities of bacterial enzymes, such as laccases, 

lipases, proteases, hydroxylases, manganese peroxidases, lignin 

peroxidases, and esterases, are responsible for LDPE biodegradation 

(Kavitha & Bhuvaneswari, 2021; Mohanan et al., 2020). Linear 

alkane-degrading enzymes, such as alkane hydroxylases produced by 

Pseudomonas aeruginosa E7, are efficient in degrading LDPE 

compounds (Jeon & Kim, 2015). Cytochrome P-450 from Bacillus sp. 

has also been shown to be an enzyme involved in the degradation of 

polyethylene strips (Khandare et al., 2022). It will initially produce 

several crevices, pits, and cracks on LDPE films, leading to form 

degradation in the internal layers of the polymeric film (Thakur et al., 

2018). The enzymes can produce metabolic products such as acids, 

alcohols, and alkalis by reacting with polyethylene films (Zhang et al., 

2023).  

1.5 Soil augmentation of potential bacterial strains for curtailing 

LDPE pollution 

Bioaugmentation and stimulation of microbial strains using nutrients 

are the most cost-effective mechanisms for accelerating bioremediation 

in natural environments. These in-situ bioremediation mechanisms, 

which result in the production of non-toxic end products, emerge as a 
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promising technology for removing white pollution from the 

environment. Several recent studies have demonstrated that microbes 

can be modified to adhere to LDPE films when mixed in soil samples 

and utilised as an energy source (Esmaeili et al., 2013; Sajjad et al., 

2022).  

1.6 Study Objectives 

Concerns about escalating plastic pollution are growing daily in the 

modern world. The prospect of developing an effective microbial 

process to eliminate the accumulation of LDPE-like polymers in our 

environment still faces numerous challenges. However, several 

microbial species have been demonstrated to be capable of 

biodegradation, and an innate bacterial strain or consortium 

consistently adheres to non-pre-treated LDPE films. It degrades 

efficiently for a prolonged period in a static culture environment at 

room temperature, but its application is limited to a few studies. 

Another shortcoming in research in this domain is the insufficient 

insight into the enzymatic roles of the strain and the microbial 

structural features that support strong biofilm formation on polymeric 

surfaces. Although several recent researchers have demonstrated 

biofilm formation on different hydrocarbon surfaces, their 

investigations have shown a meagre amount of weight reduction in 

polymer pieces. An effective natural consortium or in-vitro stable 

condition under natural conditions is still under research. To date, the 

demonstration of metabolic products, structural alterations, reductions 

in mechanical strength, and chemical changes has not been fully 

explored. To elucidate the exact metabolic path and genomic activities 
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requires much research. The field application of potentiality has proven 

beneficial for microbial species, and scientists have not extensively 

explored its efficacy in recent years.  

We conducted analyses focusing on the following primary objectives 

to address these research gaps.  

● Screen and identify bacterial species from long-run plastic dumps 

without anthropogenic activities.  

● Evaluate robust biofilm formation on non-pre-treated LDPE films 

under strenuous conditions in a carbon-free mineral salt medium 

maintained at room temperature for 120 days.  

●  Assess the catalytic activities of isolated strains in biofilm by 

quantitatively and qualitatively demonstrating the presence of 

extracellular enzymes.  

● Assess structural peculiarities of efficient strain that are helpful for 

their adherence to the LDPE films.  

● Validate the potential activities of strain for LDPE biodegradation 

using sophisticated analytical techniques. 

● Formulate an artificial consortium consistent in room temperature 

and static conditions for the degradation of LDPE film.  

● Investigate the efficacies of potential bacterial strains or consortia 

in LDPE mixed garden soil samples using augmentation and 

stimulation strategies.  
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REVIEW OF LITERATURE 

 

2.1 History of plastic production 

The manufacturing of synthetic polymers began in 1862 with the 

introduction of Parkesine (celluloid), a chemical derived from 

chloroform and castor oil, which was showcased at an exhibition in 

London (Strom & Rasmussen, 2011). However, the initial synthetic 

plastic, Bakelite, was synthesised by interacting with phenol and 

formaldehyde under heat and pressure. It was discovered by a Belgian 

chemist, Leo Baekeland, in 1907, who took out a U.S. patent in 1909 

and introduced the term 'Plastics' (Geyer et al., 2017). The discovery of 

polyethylenes may have signalled the start of the plastic age, but its 

mass adoption took off only following World War II period (1939-

1945) (Stanley et al., 2025). Plastics have become indispensable in 

modern society due to their versatility and widespread applications 

(Horton, 2022). It has outperformed all other artificial and natural 

compounds in the market for packaging and other daily life 

applications (Kounina et al., 2024; A. T. Williams & Rangel-Buitrago, 

2022).  

Most plastic polymers are by-products of petrochemical products. The 

significant steps in manufacturing plastic compounds include 

extracting raw materials, refining the process, polymerisation (addition 

or condensation polymerisation), and compounding or processing 

(Speight, 2020).  

 



Review of Literature 

 

 18 

Significant discoveries in the plastic age of the 20th century 

● Whinfield and Dickson of Calico Printer, a UK-based Company, 

synthesised PET resin in 1941 (Rex & Tennant, 1949). However, 

the trademark registration for the compound was first received by 

the DuPont Company in the U.S. in 1952. After extensive research, 

Nathaniel Wyeth of the DuPont Company patented PET-based 

bottles in 1973 (Le et al., 2019).  

● High-density polyethylene compounds were discovered by German 

chemist Karl Ziegler in 1953 (Ziegler et al., 1955) and received the 

Nobel Prize for the discovery in 1963.  

● Polyvinyl chloride, the polymerised form of vinyl chloride, was 

first manufactured by Eugen Baumann in 1872. In 1926, Waldo 

Semon of Goodrich Company started using additives in PVC. 

Dibutyl phthalates were used in PVC in 1933 (Semon & Stahl, 

1981).  

● Low-density polyethylene compounds were produced in 1933 by 

Dr John Swallow and Perrin of ICI (Imperial Chemical Industries) 

(Achilias et al., 2007).  

● Paul Hogan and Robert Banks conducted the initial demonstration 

of polypropylene synthesis. Montecatini, which began commercial 

production of this product in 1951 (Corradini, 2004), initially 

produced it.  

● Polystyrene was first discovered by Eduard Simon, a Berlin 

physician, in 1839 (Ojo & Bugarin, 2021; Simon, 1839). In 1937, 

Robert Dreisbach and his colleagues at Dow Chemical Company in 

Michigan purified styrene monomer through the dehydrogenation 
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of ethylbenzene, initiating worldwide production in 1938 (Boyer, 

1981). In 1954, they also began producing expanded polystyrene 

foams (EPS) (Q. Liu et al., 2005).  

● Polycarbonates were discovered in 1898 by a German scientist, 

Alfred Einhorn (Fox, 1986). Later, in 1953, German researcher 

Hermand Schnell of Bayer received a patent for the discovery of 

linear polycarbonates, and he started a brand named Makrolon in 

1955 for global commercialisation. A week after Hermand's 

discovery in 1953, Daniel Fox at General Electric Company in 

Massachusetts, USA, discovered branched polycarbonates and 

began their massive production in 1960 (Kyriacos, 2017).  

● Polylactic acid (PLA) was first manufactured commercially by 

DuPont scientist Wallace Carothers in 1932 through a process of 

heating lactic acid under vacuum and ring-opening polymerisation 

(de França et al., 2022).  

● Nylons: Nylon 66 was first synthesised by DuPont's research 

facility in 1935 (Deopura, 2008). In response, Paul Schlack at I. G. 

Farben developed nylon 6 (Veit, 2022).  

● Acrylic polymer: This polymer was synthesised in 1880 by G. W. 

A. Kahlbaum and extensively studied by Otto Rohm in 1991 

(Matsuo et al., 1999).  

2.2 Types of synthetic plastic resins in daily life 

Although fifty different families of plastic materials exist, all are 

classified into seven major groups, designated by resin codes 1-7, 

depending on the polymer constituent and nature. They are as follows,  



Review of Literature 

 

 20 

2.2.1 Polyethylene terephthalate (PET) (Resin code 1): This 

thermoplastic polymer is amorphous or semicrystalline 

(Sonnendecker et al., 2022). It is a polymer composed of 

ethylene glycol and terephthalic acid, exhibiting anti-air and 

anti-inflammatory properties (Pang et al., 2016). It is 

beneficial in the packaging and textile industries.  

 

Fig. 2.1 Chemical structure of PET polymer with empirical formula 

(C10H8O4)n. 

2.2.2 High-density polyethylenes(HDPE) (Resin code 2): The 

polymer is made up of ethylene monomer, which differs from 

LDPE compounds in the degree of branching. Catalysts like 

Ziegler-Natta ensure a lower degree of branching in the 

chemical structure of HDPE. HDPE compounds are 

manufactured without adding phthalates and BPA (Y. A. Liu 

& Sharma, 2023).  

 

Fig. 2.2 Chemical structure and branching nature of HDPE with 

empirical formula (C2H4)n 
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2.2.3 Polyvinyl chloride (PVC) (Resin code 3): PVC is a heat-

resistant and highly flexible synthetic polymer containing 

heavy metals, phthalates, and bisphenol A. The compound's 

toxic leachates may cause chronic bronchitis, congenital 

disabilities, genetic mutations, cancer, deafness, vision 

impairments, and internal organ dysfunction (Campanale et 

al., 2020). 

 

Fig. 2.3 Chemical structure of PVC with empirical formula 

(C2H3Cl)n 

2.2.4 Low-Density Polyethylenes (LDPE) (Resin code 4): This 

polymeric form of ethylene monomer is synthesised under 

high-pressure conditions and is widely used in the packaging 

industry. LDPEs are highly crystalline, hydrophobic, branched 

polymers that are highly resistant to acids, bases, and esters. 

This synthetic plastic is renowned for its low-temperature 

corrosion resistance, hardness, and flexibility (Ram & Miltz, 

1972).  

 

Fig 2.4 Chemical structure and branching nature of LDPE (C2H4)n 
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2.2.5 Polypropylenes (PP) (Resin code 5): They are semitransparent 

polymers, heavier and more robust than polyethylenes due to 

a methyl side chain. It is beneficial in manufacturing medicine 

covers, bottles, and food packs. Zeiger-Natta catalysts link 

propylene monomers to form a specific orientation, resulting 

in a rigid structure, and are widely used in the manufacture of 

pipes (Cui et al., 2017).  

 

Fig. 2.5 Chemical structure of polypropylenes with empirical 

formula (C3H6)n 

2.2.6 Polystyrenes (P.S.) (Resin code 6): They are a highly 

neurotoxic, reproductive disorder, and a carcinogenic polymer 

comprising aromatic hydrocarbon units of styrene (Saeed et 

al., 2023). It is an inexpensive and transparent plastic-type, 

solid at room temperature and liquid at higher temperatures. It 

is used to manufacture packaging materials, insulators, 

laboratory equipment, household items, and medical products 

(Hwang et al., 2020).  



Review of Literature 

 

 23 

 

Fig. 2.6 Chemical Structure of polystyrenes with empirical formula 

(C8H8)n 

2.2.7 Others (Resin code 7): This category includes polycarbonates, 

polylactic acid fibres (bioplastics), nylons, acrylics, and 

plastic types not included in resin codes 1-6.  

a. Polycarbonates are thermoplastic compounds with 

bisphenol A (BPA). They mainly produce containers and 

other food packaging (Floudas et al., 1993).  

 

Fig. 2.7.a The chemical structure of polycarbonates with the 

empirical formula (C16H14O3)n.  

b. Polylactic acid (PLA) is a primarily biodegradable plastic 

synthesised using corn, cassava, and sugar cane starch. It 

is widely used in food packaging, vehicle upholstery, 3D 

printing filaments, and feminine hygiene products (Z. 

Yang et al., 2024).  
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Fig. 2.7.b Chemical structure of polylactic acid (C3H4O2)n 

c. Nylons: They are synthetic fibres composed of 

polyamides. It is instrumental in the textile and food 

packaging industries (Ozger et al., 2013).  

 

Fig. 2.7.c Chemical structure of Nylon 66 with empirical 

formula (C12H22N2O2)n 

d. Acrylic polymers are widely used in paints, nail polishes, 

and superglue formulations. They are transparent, elastic, 

and breakage-resistant compounds (Lam et al., 2021) 

 

Fig. 2.7.d Chemical structure of the acrylic polymer (C3H4O2) n 
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Table 2.1 Plastic materials are categorised into seven global standard resin 

codes (ASTM D7611) depending on their recyclability, biodegradability, and 

toxicity level (Shamsuyeva & Endres, 2021).  

2.3 Plastic additives 

Except for hydrocarbon components, a small number of plastic 

additive categories are added to nearly every form of plastic to modify 

its bulk characteristics and ensure its durability (Hahladakis et al., 

2018; Wiesinger et al., 2021). Plasticising agents, stabilising agents, 

antioxidants, flame retardants, colouring agents, filler substances, and 

processing aids are common plastic additives (Maddela et al., 2023) 

(Table 2.3). Various environmental and health risks are associated with 

the migration of these chemicals into the ecosystem (N. S. Bolan et al., 

2020). Additionally, several studies have reported that the release of 
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plastic additives from food packaging can alter the taste, aroma, and 

safety of the items (Alamri et al., 2021).  

S. No 
Category of 

Additives 

Amount 

Range (% 

w/w) 

Chemical Nature Explanations 

1 

Plasticisers 

25% (semi-

rigid PVC); 

>86% 

(flexible 

PVC) 

Chlorinated paraffin, 

phthalates, adipates 

Used in all types 

of plastics. 

2 

Flame 

retardants 
12–18% 

Antimony, 

phosphorus, and 

hexabromocyclohexan

e compounds 

3 types: Organic 

non-reactive, 

inorganic non-

reactive, reactive. 

3 

UV 

stabilisers 

and 

antioxidants 

Up to 3% 
Biphenyl A, heavy 

metals (Cd, Pb) 

UV stabilisers 

absorb/deflect 

UV rays; 

antioxidants 

prevent 

oxidation. 

4 
Inorganic 

pigments 
0.001–10% 

Zinc oxide, zinc 

sulfide, iron oxide, 

and titanium dioxide 

Invisible with 

low insolubility. 

5 Fillers 

(reinforcing/n

on-

reinforcing) 

Up to 55% 

Calcium carbonates, 

clay, talc, glimmers, 

metal powders, glass 

fibres 

Leaching can 

cause health 

hazards. 

6 

Biocides Up to 1% 
Arsenic (As), tin (Sn) 

compounds 

Primarily in soft 

PVC and 

polyurethanes. 

7 

Slip agents 0.1–3% 

Fatty acid 

esters/amides, metal 

stearates 

Added based on 

polymer type. 

 

Table 2.2: Brief description of the main types of plastic additives.  
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2.4 Use of plastic materials  

Single-use packaging materials account for a sizable portion of the 

plastic market worldwide (Phelan et al., 2022) (Fig. 2.8). This is 

largely due to the widespread use of 'use-and-throw' habits. The switch 

from reuse to single-use has accelerated plastic material production (R. 

Kumar et al., 2021). The rapid manufacture of plastic materials has 

rendered them an inescapable component of trash repositories.  

 

Fig. 2.8. Global share of the plastic market as per the data published by (Dokl 

et al., 2024). 

2.5. Rate of Plastic Production and Disposal 

2.5.1 Global scenario of plastic production 

Plastic was a revolutionary anthropogenic discovery in the 20th century 

(Klotz & Haupt, 2022). Tremendous population growth, faster 

urbanisation, and industrialisation are the key factors behind its 

massive production (Siddiqua et al., 2022). The entire life cycle of the 

compound contributes to climate change and biodiversity loss 
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(Jambeck & Walker-Franklin, 2023). No discernible pattern in the 

plastic output was observed until 1990, after which a variable but 

steady trend was noted until 2005, followed by a sharp rise in usage 

after 2018 (Y. Wang et al., 2023). According to the OECD report, in 

2019, nearly 22 metric tonnes of mismanaged plastic materials were 

released into the environment. Of that total,88% were macroplastics, 

and 12% were microplastics, severely affecting ecological harmony. 

Moreover, within 30 years, the overall yearly production of plastic 

quadrupled. Thus, excessive plastic production and waste generation 

have led to a global plastic catastrophe (Walker & Fequet, 2023).  

 

Fig.2.9 Global plastic production from 2018-2021 (It is a rounded estimate of 

the total count of fuel-based plastics (90-91%), Recycled plastics (8%), and 

bio-attributed plastics (1-2%) (X. Liu et al., 2022).  

In 2021, China topped the world in debris accumulation and plastic 

manufacturing (Sun et al., 2022). In that year, they generated 80.1 

million tons of plastic items (Fürst & Feng, 2022). However, China 
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banned the import of twenty-four types of plastic waste materials 

(Brooks et al., 2018). Before their stringent ban, they mainly imported 

plastic scraps from the USA, Japan, Europe, and Southeast Asia 

(55.7% of global plastic scraps). Hong Kong Port was the central 

transhipment hub for imports and exports (Z. Yang et al., 2019). 

Unfortunately, most plastic waste imported is incinerated or landfilled 

(Wen et al., 2021). The Chinese dumps in marine and aquatic 

environments mainly consist of Polyethylene (PE) (37%), 

Polypropylene (PP) (23%), Polyethylene terephthalates (PET) (12%), 

and mixed types (14%).  

North America is the second-largest producer of plastic, behind China. 

Nearly 18% of the world's plastic production occurs annually. 

Scientists have reported that the rate of plastic littering in the U.S. in 

coastal areas, especially within 50 kilometres of shore, is substantial 

(Law et al., 2020). Following China's stringent ban, plastic scrap 

imports shifted to other Asian countries, including India, Malaysia, 

Indonesia, Thailand, and Pakistan (Bidashimwa et al., 2023). Recent 

reports on plastic garbage exports from the U.S. to other countries 

indicate that Canada and Mexico have become leading destinations 

(Hendrickson et al., 2024).  

In 2021, the European Environment Agency reported that plastic 

production in European countries reached 57.2 Metric tons, mainly due 

to the enormous production of single-use plastic materials used in 

medical packaging and food packaging (C. Lee et al., 2024). Germany 

is the European Union’s top producer and exporter of plastic packaging 

waste materials (Strobel et al., 2023). In contrast, Ireland produces 65 
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kg or more of plastic packaging waste per person annually (Somlai et 

al., 2023). Germany, the Netherlands, Norway, and Spain have plastic 

recycling rates exceeding 40% (Tumu et al., 2023).  

 

Fig. 2.10 Major plastic-producing regions worldwide (Melchor-Martínez et 

al., 2022).  

On July 28, 2023, the Swiss-based research consultancy Earth Action 

(EA) announced the first International Plastic Overshoot Day, marking 

a point when plastic waste exceeded its management capacity (Chen et 

al., 2022). It is projected that by 2024, almost 70 million tonnes of 

plastic will be deposited into the environment due to an imbalance 

between the quantities of plastics used and the inability to handle 

plastic disposal effectively. According to an EA report in 2023, 60% of 

the world's population resides in areas where plastic waste is already 

out of control (Jiao et al., 2024).  
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However, the value of plastic waste generation per capita (Kg/cap) 

differs worldwide. According to the OECD report, in 2019, the highest 

per capita values were reported in developed countries, such as the 

USA (220.5 Kg/cap) and Canada (177.9 Kg/cap)(OECD, 2022).  

2.5.2 Recent rise in the production of Polyethylene materials 

around the globe 

Polyethylene production is growing in all countries and is expected to 

reach 157 million tonnes annually by 2023 (Nayanathara Thathsarani 

Pilapitiya & Ratnayake, 2024). China is the global leader in both the 

production and consumption of single-use plastics (Sun & He, 2023).  

The COVID-19 epidemic significantly exacerbated global plastic 

production. It was mainly due to the exigency of polyethylene-lined 

personal protective equipment (PPE), such as masks, PPE kits, and 

head shields, as well as the widespread use of single-use food packets 

(Benson et al., 2021). It compelled all countries to either lift their bans 

or relax their waste management policies, particularly on single-use 

plastic materials such as LDPE bags with a thickness of less than 

50μM and plastic bottles. It resulted in a massive increase in plastic 

accumulation in oceans and rivers (Y. Peng et al., 2021).  

2.5.3 Waste Disposal around the globe 

LDPE is an invincible plastic polymer used in manufacturing 

packaging materials, extrusion coating, films, and adhesives (Liyana 

Bekri et al., 2023). The production of LDPE materials surpassed 51 

billion globally in 2023, primarily in North America and Asia, with a 

yearly growth rate of 9.6% (Mendoza et al., 2025). LDPE carrier bags 
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are estimated to comprise over 60% of all plastic bags produced due to 

their outstanding lifespan and mechanical strength (Horodytska et al., 

2018). Thus, LDPE-based shopping bags and other packaging films 

have become integral to Landfills sprouting in our surroundings 

(Dybka-Stępień et al., 2021).  

 

Fig. 2.11 Global production of LDPE and other plastic types (K. Li et al., 

2024).  

2.5.4 Indian scenario of plastic production and waste generation 

Plastic manufacturing in India has increased substantially over the past 

five years, reaching approximately 1.5 million metric tonnes annually, 

with a recycling rate of 9 per cent of the total 7 billion tonnes of plastic 

produced (Tiwari et al., 2023). Inadequate waste management policies, 

improper plastic imports, a lack of awareness, and ineffective 

regulations in a heavily populated and diverse country are the reasons 

behind waste accumulation (S. Kumar et al., 2017). According to the 

Swedish agency's 2023 excess plastic accumulation report (E. A. report 
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2023), India is portrayed as having 16.7 days of plastic overshoot and a 

significant mismanaged plastic waste index of 98.55% (Soares et al., 

2024). In India, major urban centres such as Delhi and Mumbai are 

substantial contributors to plastic waste, primarily due to the use of 

single-use plastics (Yadav et al., 2022).  

 

Fig. 2.12 Mismanaged plastic waste in Indian states (P. P. Gupta et al., 2023) 

 

2.6 Enforcement of bans and implementation of robust 

international policies to tackle the plastic pollution crisis 

The current trajectory of plastic accumulation and incineration 

compelled all international leaders and organisations, such as the UN, 

EU, UNWTO, EPA, etc., to propose effective management policies, 

campaigns, and stringent actions, such as bans on identified single-use 

plastic materials or reducing several packaging materials from daily 
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use (Fayshal, 2024). A few essential global efforts to fight against such 

concerns are,  

● India spearheaded a campaign during the United Nations' fourth 

Environment Assembly, held in India in 2019, to prohibit pollution 

caused by single-use plastics, recognising the pressing global necessity 

to address the problem (Mentis et al., 2022).  

● In 2022, the Nairobi Environmental Assembly of the United Nations 

approved a resolution to reduce plastic pollution and progressed 

towards developing a definitive agreement by 2024. Its significant 

objectives encompass all stages of plastic's lifecycle, including 

production, utilisation, and disposal (Stoett et al., 2024).  

● The global tourism industry has committed to popularising a circular 

economy of plastics by 2025 (Strippoli et al., 2024).  

● In 2015, the EU developed an action plan to establish a circular 

economy. The agenda aims to enhance the research-based nature of the 

legislation and strengthen regulations regarding the recycling of plastic 

products (Di Vaio et al., 2023)  

● Bangladesh was one of the first nations to take the initiative and ban 

plastic bags in 2002, paving the way for future plastic regulations 

(UNEP, 2018). Many other countries followed Bangladesh's lead 

(Muposhi et al., 2022).  

● Numerous nations have implemented legal prohibitions on single-use 

plastic items, including straws, utensils, plastic stirrers, and packaging 

materials (Kiessling et al., 2023; Krantzberg et al., 2023).  
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● In the East African region, Rwanda took the initial step toward banning 

the manufacture, import, and use of plastic bags through legislation 

enacted in 2008 (Hakuzimana, 2021).  

Following pioneering efforts, many countries have implemented bans 

and additional taxes on plastic products (Behuria, 2021; Desalegn & 

Tangl, 2022). In addition, global leaders have begun encouraging 

recycling by adhering to ASTM standards and implementing extended 

producer responsibility laws (Sakao et al., 2024).  

2.7  Plastic management policies and campaigns by the 

Government of India 

● To address concerns about plastic management, India held World 

Environment Day in 2018 under the theme "Beat plastic pollution " 

(Ghosh et al., 2021).  

●  Keeping the adverse effects in mind and adopting the resolution of 

UNEA-4, the Government of India declared a ban on plastic carry 

bags with a thickness of less than 50 μm, effective from September 

30, 2021. Then, the carry bag thickness for the ban rose to 75 

microns and finally to 120 microns from December 31, 2022 

(Mondal et al., 2023).  

● The Plastic Waste Management Regulation 2021 was issued by the 

Ministry of Environment, Forest and Climate Change (MoEFCC) 

and implemented on July 1, 2022 (MoEFCC, 2023). It prohibited 

several one-time plastic materials with low usage and high 

potential for landfilling (Dhiman et al., 2023).  

● In compliance with the PWM amendments, the MoEFCC 

published Guidelines on Extended Producer Responsibility (EPR) 
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(the producer's responsibility to decompose eco-friendly plastic 

materials) effective February 16, 2022 (Bhadra & Mishra, 2021).  

Amid all these stringent regulations, the production of plastic materials 

is increasing alarmingly every minute due to their wide acceptability. 

It, in turn, ends up in landfills of terrestrial, marine, and other aquatic 

ecosystems. Despite regulatory efforts, India struggles to enforce 

plastic bans due to the persistent influence of informal markets 

operating in remote and unregulated areas (Knoblauch & Mederake, 

2021). This challenge is compounded by limited infrastructure, the 

absence of affordable substitutes, the economic entrenchment of plastic 

usage, and minimal public awareness and participation (Nøklebye et 

al., 2023).  

2.8 Plastic pollution - an evil threat to the ecosystem 

Plastic materials in various forms cause white pollution worldwide. 

They are macroplastics (> 5 cm), mesoplastics (5 mm-5 cm), 

microplastics (0.1 µm-5 mm), and nanoplastics (< 0.1 µm) (Taurozzi 

& Scalici, 2024). Recently, many researchers have identified that the 

presence of microplastics and nanoplastics poses numerous challenges 

to our ecosystems (Allen et al., 2022) (Fig. 2.13). Microplastics can be 

classified into two categories: primary and secondary. The Primary 

microplastics come from industrial waste, textile applications, and 

body and skincare items and are released into natural habitats. 

Secondary microplastics are created through exposure to UV light, 

chemical weathering, physical weathering (such as washing machines), 

and mechanical weathering (like tidal waves) (Lehtiniemi et al., 2018). 

Recently, scientists demonstrated the toxic nature of LDPE-based 
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microplastics on the marine microalga Chaetoceros calcitrans 

(Senousy et al., 2023).  

 

Fig. 2.13 The environmental factors affecting the release of harmful 

microplastic and nanoplastic particles from various natural plastic dumps in 

our ecosystem.  

2.8.1 Sources of Plastic Pollution 

The primary sources of plastic pollution in our ecosystem include the 

long-term dumpsites of terrestrial, marine, and atmospheric 

ecosystems. It causes severe damage to flora and fauna, disrupts the 

trophic balance, and contributes to climate change.  



Review of Literature 

 

 38 

 

Fig.2.14 Pestilence of plastic pollution in different types of ecosystems 

2.8.1.1. Landfills in terrestrial ecosystems 

Terrestrial landfilling is a highly significant and ecologically sound 

approach to contemporary urban solid waste management (Zhu et al., 

2021). A landfill is a designated terrestrial area for the disposal and 

containment of solid waste, typically engineered with layers to avert 

environmental contamination, where waste decomposes over time, 

generating methane gas that can be harnessed as an energy source. In 

the twenty-first century, 79% of plastic waste is released into landfills 

(Rhodes, 2018). Terrestrial landfills severely damage soil sustainability 

by altering microbial interactions and physical parameters (Rai et al., 

2023). The terrestrial landfilling not only causes the macro-level 
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accumulation but also leads to microplastic (plastic with 5 mm- 1 mm 

in size) or nano-plastic accumulation (size ranges from 1 nm- 1000 

nm) due to weathering, exposure to sunlight/UV, microbial 

biodegradation and other disintegration processes (Yu et al., 2022). 

These microplastics (MPs) and nanoplastics (NPs) can persist in soil 

for decades, causing even more detrimental effects on our ecosystem 

(Hurley & Nizzetto, 2018). HDPE, LDPE, Polypropylene (PP), and 

PET are the major constituents in terrestrial landfills (O’Rourke et al., 

2022). Due to physical, biological, and chemical processes, landfills 

release toxic gases such as methane, greenhouse gases such as CO2, 

CO, etc., volatile organic compounds, plastic additives, pigments, 

potentially harmful elements, and malodorous gases into our bio-

system, resulting in ecological imbalances and health hazards such as 

cancer, mental and physical imbalances, and neuronal damages (H. 

Yang et al., 2018).  

2.8.1.2 Marine dumpsites 

Since 1972, plastic waste in the marine environment has been 

considered a serious concern (Hoseini & Bond, 2022). Plastic particles 

floating in the oceans have reached over 170 trillion, accounting for 

60-80% of total polluting materials in the marine environment (Eriksen 

et al., 2023). The adverse impacts of plastic pollution in marine 

ecosystems include entanglement of aquatic fauna, widespread 

distribution of microplastics in oceanic and coastal waters, chemical 

leachate release, emission of greenhouse gases, and discharge of 

harmful toxicants (Oliveira et al., 2020). Plastic waste enters the 

marine atmosphere through rivers and beaches, illicit sea dumping, 
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fishing net entanglement, and shore activities (van Emmerik & 

Schwarz, 2020). Nowadays, the ingestion of macroplastics by sea 

turtles (Eastman et al., 2020) and seabirds (Rivers-Auty et al., 2023) is 

a common scenario worldwide. Fulmarus glacialis (Northern fulmar) 

was the first seabird reported to entangle macroplastic materials in its 

stomach (van Franeker et al., 2022). Polyethylene and polypropylene 

compounds account for a significant portion of marine landfills 

(Canopoli et al., 2020).  

2.8.1.3. Atmospheric pollution by the plastic dumps 

Plastic waste dumps are a growing source of atmospheric pollution, 

primarily caused by the release of hazardous chemicals during the 

degradation process of plastics. As plastics break down under sunlight 

and fluctuating temperatures, they emit volatile organic compounds 

(VOCs), microplastic particles, and toxic gases, including methane, 

carbon monoxide, and dioxins (Kida et al., 2023). The open burning of 

plastic waste, a common practice in some regions, further intensifies 

air pollution, releasing harmful pollutants that pose risks to human 

health and contribute to climate change. It drastically pollutes our 

atmosphere by releasing toxic gases, including dioxins, VOCs, CH4, 

and greenhouse gases, as well as hazardous heavy metals such as As, 

Pb, Cd, and Hg, and lethal halogens like PCBs (Verma et al., 2016). 

These airborne emissions degrade air quality, leading to long-term 

ecological consequences.  
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2.8.1.4 Other plastic pollutions  

Population growth and on-the-go plastic disposals of human beings are 

the main reasons behind plastic piles and their toxic releases (micro-

plastics, nano-plastics, toxic additives, lethal gases, halogens, heavy 

metals, etc.) to the environment. The important anthropogenic 

activities that cause hassles to ecological sustainability are the 

following,  

a. Unscientific disposal of Industrial effluents containing plastic products 

pollutes water bodies (groundwater, freshwater, and marine). It affects 

soil microbial interactions, urban drainage systems, and other hydraulic 

infrastructures (Kichu & Devi, 2021).  

b. Excessive use of mulching films in agriculture—Although 

polyethylene film mulching has enormous advantages, its continuous 

use and disposal lead to toxic additives and microplastics leaching into 

agricultural fields. It modifies the microclimatic conditions of farm 

fields indirectly and, in turn, severely affects all types of soil 

interactions (Hasan & Tarannum, 2025).  

c.  Negligent plastic disposal in various ecosystem types—unconditional 

plastic removal from mangroves, glaciers, water bodies (including 

freshwater such as lakes, ponds, streams, and rivers), estuaries, marine 

environments, groundwater (including their shorelines), and the 

atmosphere—has catastrophic effects on the ecosystem's flora and 

fauna. It also alters climatic conditions and ecological balances 

(Pandey et al., 2023).  
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2.8.2 Environmental impact of plastic debris 

Plastic heaps have numerous deleterious effects, including suffocation, 

killing or rafting of organisms, dispersal (through floating or wind), 

and the introduction of invasive species, which affect biodiversity and 

trophic systems (Thushari & Senevirathna, 2020). The following six 

major categories of negative impacts were reported due to the 

excessive trashing of plastics.  

They were  

a) Ingestion of plastics  

b) Entanglement of plastics 

c) Microbial interactions in various environments 

d) Groundwater contamination 

e) Greenhouse Effect and climate change 

f) Human livelihood 

a. Ingestion of plastics 

 Plastic ingestion in animals causes numerous health hazards, including 

reduced fitness, altered behaviour due to endocrine imbalances, a false 

sense of satiation, gut obstructions, and impaired development and 

reproduction (Zolotova et al., 2022). Moreover, the toxic leachates of 

plastic can move up the food chain and cause biomagnified effects 

(Macali et al., 2018). According to a comprehensive review published 

by (Gall & Thompson, 2015), nearly all organisms in the marine 

environment are affected by plastic ingestion. Besides macroplastic 

ingestion, many scientists have recently reported microplastic ingestion 

in aquatic organisms (Marmara et al., 2023; Meaza et al., 2021). 
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Marine species, such as turtles, crustaceans, and seabirds, were 

reported to be most significantly affected by it (Thiel et al., 2018). 

Many recent studies have demonstrated the detrimental impact of 

ingestion on coral health, directly affecting photosynthetic activity and 

animal growth (Berry et al., 2019; Reichert et al., 2019). Additionally, 

several studies have demonstrated plastic ingestion in the fauna of 

freshwater bodies (Andrade et al., 2019; Faure et al., 2015; Windsor et 

al., 2019) and terrestrial animals, including carnivores, rodents, and 

ruminants (Thrift et al., 2022).  

b. Entanglement of plastics 

Plastic entanglements are most often found in the marine environment. 

It lethally kills organisms such as turtles, birds, sharks, and other 

mammals (Gregory, 2009). It is due to the excessive disposal of fishing 

materials (ghost gears), LDPE bags, PET bottles, plastic ropes, etc., 

into marine habitats (Afonso & Fidelis, 2023). Recently, scientists 

have reported a massive hike in rates of fatal ingestions and 

entanglements compared to past decades (Compa et al., 2022). The 

incidence of entanglement in freshwater biota is also increasing daily 

(Caruso et al., 2024).  

c. Microbial interactions in innate environments 

Toxic releases, such as additives, fillers, microplastics, and persistent 

organic pollutants, from various types of plastic material 

accumulations or LDPE-based agricultural mulching films can 

severely interfere with positive microbial interactions (Angnunavuri et 

al., 2020; Bandopadhyay et al., 2018). Moreover, it significantly 
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disrupts soil fertility by altering biogeochemical cycles, the health of 

the atmosphere, and ecological balances in the aquatic environment 

(Gunaalan et al., 2020; Sajjad et al., 2022). Thus, recently, several 

scientists have studied this alarming scenario and demonstrated the 

ability of a few microbes to adhere to the polymer and utilise it as an 

energy source (Lear et al., 2021).  

d. Groundwater contamination 

Harmful leachates and microplastics transported to groundwater 

sources through wind, rain, or direct plastic deposits may significantly 

impact the ecosystem. Additionally, water usage from such sources for 

irrigation and drinking affects the biomes of other ecosystems. LDPE 

bags and PET bottles are common plastic pollutants in similar aquifers 

(Sangkham et al., 2023).  

e. Greenhouse Effect and climate change 

Emissions of greenhouse gases and subsequent global warming are the 

catastrophic effects of plastic production, landfilling, recycling, and 

incineration. According to a recent study, global greenhouse gas 

emissions rebounded strongly after the pandemic period in 2020, 

increasing by 23% (Sikarwar et al., 2021). Between 2015 and 2050, the 

growth of the plastics industry, which contributes 10% to global 

warming, is predicted to release more than 56 billion metric tons of 

CO2e (Carbon dioxide equivalent), accounting for 10-13% of the 

world's carbon footprint (S. Sharma et al., 2023). Earth's residual 

carbon resources have been depleted due to global greenhouse gas 

emissions and their continued presence in the environment, creating a 

dangerous feedback loop (S. Bolan et al., 2024). Moreover, it causes a 
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rise in global temperature, increases CO2 concentration in the 

atmosphere, disrupts the water balance in marine and freshwater 

bodies, and accelerates the melting of glaciers. As proven by scientists, 

another significant consequence of global warming on the marine 

environment is the skewed sex ratio of turtles and coral bleaching, 

which leads to mortality and altered nutrient cycling (Hughes et al., 

2018).  

f. Human livelihood 

Plastic trash impacts human livelihoods by increasing the risk of 

flooding in metropolitan areas and causing socio-economic losses in 

the tourism, real estate, and transport (including fisheries and shipping) 

sectors (Mihai et al., 2021). Plastic clogs in urban drainage systems 

have been the primary cause of the rise in water levels, rather than 

organic debris in drains (Lebreton & Andrady, 2019). Health hazards 

and biodiversity loss associated with plastic pollution also have a 

severe impact on human life.  

2.8.3 Health Hazards of Plastic Accumulation 

The pervasiveness of plastics in human life is colossal. However, 

extensive studies to prove health hazards caused by polymers are 

scarce; a few studies have demonstrated health problems, such as 

cardiovascular diseases, neuronal disorders, respiratory diseases, 

hormonal imbalances, reproductive issues, gut disturbances, skin 

diseases, oxidative stress, and cancers in the human body (Morrison et 

al., 2022). Recently, scientists have proven the presence of PVC-based 

nanoplastics (Mahadevan & Valiyaveettil, 2021) and airborne 

microplastic particles (Amato-Lourenço et al., 2021) in lung extracts. 
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Additionally, researchers have identified the presence of 

polyethylenes, polypropylenes, and polystyrenes containing 

microplastics in blood smears (Leslie et al., 2022). Although the toxic 

effects of plastic additives, such as phthalates and dioxins, on 

endocrine disturbances and respiratory diseases have been reported, the 

precise impacts of these additives and harmful fillers remain unclear.  

2.9 Conventional degradation of Polyethylenes 

The most common methods for degrading LDPE polymers are 

physical, chemical, mechanical, pyrolysis, and landfilling.  

2.9.1 Physical Degradation Methods  

Physical degradation of LDPE films can occur through exposure to 

sunlight, UV rays, weathering, changes in moisture, heat, and 

mechanical stress (Ghatge et al., 2020). It may release toxic volatile 

compounds, microplastics, and poisonous additives into the 

surrounding environment. It may perturb our environment 

(Wojnowska-Baryła et al., 2022). Several researchers have employed 

physical methods, including heat, steam, UV, and sunlight, as pre-

treatment methods to enhance bio-attachment and promote further 

degradation (Raut et al., 2015). Recently, scientists have tried to utilise 

photocatalysis coupled with nanotubes to maximise the photo-

oxidative degradation of LDPE films (Klein et al., 2018; Tofa et al., 

2019). The fundamental structure of the polymer is altered by physical 

degradation, which causes minor chain cracking, changes in ductility, 

and splintering (Ceretti et al., 2023).  
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2.9.2 Chemical Degradation Methods  

The use of chemical pro-oxidants, dye-sensitised nanotubes, and toxic 

chemicals such as TiO2 and ZnO is a chemical method employed for 

the biodegradation of LDPE films (S. S. Ali et al., 2016; da Luz et al., 

2014). These methods are not cost-effective and have harmful effects 

on our biosystem. The chemical degradation can oxidise long linear 

hydrocarbon chains and may cause the breaking (N. S. Ali et al., 

2022).  

2.9.3 Mechanical methods  

Shredding LDPE materials into small pieces using mechanical force 

and further processing with high heat and pressure (pyrolysis) is 

another alternative to the degradation of the compound (Czajczyńska et 

al., 2017). This process is not a cost-effective method.  

2.9.4 Drawbacks of other existing plastic waste management 

practices 

Adopting a suitable management process for ending the life of plastics 

is a crucial issue. Currently, worldwide, various conventional and 

modern plastic waste management techniques are employed to mitigate 

the adverse effects of plastic waste (Maitlo et al., 2022) (Fig. 12). 

Nevertheless, practically all traditional methods have significant flaws. 

Financial impracticability, space requirements, energy requirements, 

volatile organic pollutant releases, and health hazards have prompted 

researchers to seek more sustainable and environmentally friendly 

solutions to address environmental concerns (Anand et al., 2023). 

LDPE with starch blends is another alternative method to LDPE 
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material use (Thakore et al., 2001). However, its stability and 

durability are inconsistent with those of usual LDPE films. Bioplastics 

are another alternative used in the market. However, its stability, 

durability, moisture-holding capacity, cost, and mechanical strength 

still need to be determined (Abe et al., 2021). Most household plastic 

items were conventionally removed by public burning in a vacant 

space. It releases CO, CO2, and other toxic gases. It harms our health 

and the ecosystem. Thus, scientists sought a sustainable, robust, and 

biotechnological solution to mitigate the hardship of plastic dumps in 

our ecosystem. Apart from conventional methods, plasma treatment on 

LDPE is a novel pre-treatment technology introduced to biodegrade 

the polymer effectively. However, the cost and need for scientific 

expertise limit its popularity (Scally et al., 2018).  

 

Fig 2.15 Drawbacks of standard conventional plastic waste management 

mechanisms 
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2.10 Factors controlling microbial biodegradation of polyethylenes 

An eco-friendly and sustainable step to mitigate the environmental 

impact of polyethene accumulation has become a demand of modern 

society. To achieve this, the researchers have diverted their focus to 

microbial biodegradation. Nonetheless, it is a multifaceted 

phenomenon influenced by various biotic and abiotic elements. Abiotic 

factors, including sunlight, UV light, and temperature, were involved 

in the initial biodegradation process (Kong et al., 2025). The primary 

biotic factors encompass the quantity and viability of microbial cells 

(individual strains or effective consortia) attached to refractory 

surfaces, as well as their extracellular and endocellular enzyme activity 

on the polymer. The main factors influencing the microbial 

degradation of LDPE materials are modifications to the compound's 

surface form, size, crystallinity, elemental composition, molecular 

weight, types of functional groups, and additives (Cai et al., 2023). 

Besides these, several scientists have reported the pivotal role of 

biosurfactant production, specific chemoattractants, and membrane 

transporters in bio-attachments and degradation (Soni et al., 2025). 

However, various environmental factors, including temperature, pH, 

humidity, and nutritional conditions, affect the microbial strains 

attached to the polymer (Ahmed et al., 2018). Many natural or 

synthetic individual strains or consortia have been identified for 

bioremediation (Crystal Thew et al., 2024).  

Due to the influence of physical factors on biodegradation, several 

scientists used steam, UV, sunlight, and compounds to enhance the 

attachment of microbial strains (Kundungal et al., 2021). Although 
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these pre-treatment methods improved the attachment of microbial 

strains, many scientists used untreated LDPE films to test the efficacy 

of natural strains in degrading long hydrocarbon chains (Dey et al., 

2020; Harrat et al., 2024).  

 

Fig 2.16 Factors controlling the biodegradation mechanism (Kijchavengkul 

& Auras, 2008).  

 

2.11 Microbial Species in LDPE Biodegradation 

2.11.1 Bacterial strains 

Several bacterial genera have been reported to effectively deteriorate 

the surface of LDPE films, including Pseudomonas (L. Hou et al., 

2022), Bacillus (Yao et al., 2022), Staphylococcus (Samanta et al., 

2022), Streptococcus, and Micrococcus (Joshi et al., 2022). These 

potential bacterial species were mainly isolated from long-term waste 

dumps (details of the isolated cultures are presented in Table 2.3).  
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S. 

No 

Bacterial 

pure 

cultures 

Source 

of 

isolation 

Weight 

loss 

Degradation 

time 

References 

1 Bacillus 

siamensis 

Plastic 

waste 

dump 

4.7% 45 days (Tarafdar et 

al., 2021) 

2 Bacillus 

cereus 

Dumps 

near 

coastal 

areas 

4.1±0.8

1 

42 days (Jebashalomi 

et al., 2024) 

3 Pseudomon

as 

aeruginosa 

WD4 

Plastic 

dumpsite 

9.2% 100 days (Shilpa et al., 

2022) 

4 Serratia sp.  Solid 

waste 

dump 

40% 150 days (Nadeem et 

al., 2021; 

Tiago et al., 

2023) 

5 Bacillus sp. 

PE3 

Plastic 

Landfill 

6.68% 30 days (Kavitha & 

Bhuvaneswar

i, 2021) 

 

Table 2.3: Recently isolated highly potent bacterial strains from various 

plastic dumps 

2.11.2 Bacterial consortia 

The limitations of metabolic activities in individual strains for the 

biodegradation of recalcitrant compounds, such as LDPE, diverted the 

attention of several scientists to developing a practical consortium for 

the mechanism (Satlewal et al., 2008). Establishing any effective 

consortium generally adheres to two fundamental principles: the “top-

down” and “bottom-up” approaches (Cao et al., 2022; Y. Zhang et al., 



Review of Literature 

 

 52 

2023). The top-down strategy utilises environmental factors to induce 

an existing microbiome, whether naturally present or synthetically 

created, to undergo ecological selection, thereby optimising its 

metabolic activities. However, a bottom-up approach requires a clear 

understanding of microbial strains' genomic and metabolic activities 

(Lawson et al., 2019). Unfortunately, comprehensive knowledge 

regarding microbial strains' genomic and metabolic activities for the 

biodegradation of LDPE materials has not been elucidated (Boschi et 

al., 2024). Our understanding of microbial diversity, composition, 

topologies, functional traits, and metabolic activities in natural 

microbial communities has recently improved due to advancements in 

molecular methods (Rüthi et al., 2023). A few bacterial consortia can 

effectively biodegrade other plastic materials in addition to LDPE 

compounds (Gao & Sun, 2021). Several early researchers have 

elucidated both natural (Wafaa et al., 2025) and artificially formulated 

bacterial consortia (Putcha & Kitagawa, 2024)  for LDPE 

biodegradation.  

Addressing the dynamics and stability of each bacterial species in 

consortia may help optimise biodegradation processes within a limited 

time frame for bioprocess designs aimed at the large-scale breakdown 

of polymeric materials (Muangchinda & Pinyakong, 2024). Microbes 

in consortia or co-cultures can produce several extracellular enzymes 

to degrade it effectively (Lokesh et al., 2023). The most crucial 

advantage of consortia in complex degradation is the division of labour 

among individual members (Shen et al., 2020).  
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In addition, several recent investigations have demonstrated the 

effectiveness of bacterial consortia for degrading LDPE, as well as 

breaking down various types of plastic materials (Edwards et al., 2022; 

Salinas et al., 2024).  

S. 

No 

Name of the Co-

culture 

Source of 

Isolation 

Major 

Outcome 
Reference 

1 
Enterobacter sp 

and Pantoea sp  

Soil samples 

from plastic 

trash sites in 

Bangalore 

81% weight 

loss for 

LDPE strips, 

38% for 

LDPE over 

140 days 

(Skariyachan 

et al., 2018) 

2 

Enterobacter sp, 

Enterobacter 

cloacae and 

Pseudomonas 

aeruginosa 

Soil samples 

from a landfill 

with cow dung 

64–66% 

weight loss 

after 160 

days of 

incubation 

(Skariyachan 

et al., 2021) 

3 

Three species of 

Vibrio, three 

species of 

Oceanimonas, two 

species of 

Paenibacillus, one 

species of 

Shewanella, 

Rheinheimera, and 

Bacillus 

Plastic debris 

in the coastal 

environment 

near the 

Andaman 

Islands 

47–54% 

weight 

decrease 

after 120 

days of 

incubation 

(Gajendiran et 

al., 2016) 

4 
Bacillus sp and 

Paenibacillus sp 

Sediment 

samples from 

landfills 

14.7% 

weight loss 

within 60 

days 

(Park & Kim, 

2019) 

 

Table 2.4 Novel bacterial consortia isolated from various sources for LDPE 

biodegradation. 

2.11.3 Fungal species  

Fungi are better suited for degrading LDPE than bacteria because they 

grow in the soil more quickly and can spread their mycelial growth to 
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reach new areas (Okal et al., 2023). Most fungal species for LDPE 

biodegradation release enzymes such as hydrolases, peroxidases, 

oxidases, and oxidoreductases (Paço et al., 2017).  

S. 

No 

Name of the 

Fungal Culture 

Source of 

Isolation 

Key 

Findings 
Reference 

1 Cladosporium 

sphaerospermum 

Plastisphere 

from the 

marshland 

plastic dump 

15.23% 

weight loss 

in 7 days of 

incubation 

(Sathiyabama 

et al., 2024) 

2 Aspergillus 

oryzae 

Landfill 

36 ± 4% 

weight loss 

after 16 

weeks at 

37°C 

(Ndahebwa 

Muhonja et 

al., 2018) 

3 Penicillium 

citrinum 

Landfill soil 

sample 

38.82 ± 

1.08% 

weight loss 

without 

pre-

treatment 

(Khan et al., 

2023) 

4 Aspergillus 

terrus 
Rhizosphere 

soil of 

Avicennia 

marina 

58.51 ± 

8.14% 

weight 

reduction 

after 60 

days at pH 

7 

(Sangale et 

al., 2019) 

Table.2.5 Earlier investigations of fungal species in LDPE biodegradation 

Aspergillus niger (Volke-Sepulveda et al., 2002), Aspergillus 

versicolor (Pramila, 2011), Aspergillus terreus, Aspergillus fumigatus 

and Fusarium solani (B. Sharma & Jain, 2020; Zahra et al., 2010) and 

Phanerochaete (Bautista-Zamudio et al., 2023) were a few other 

previously reported fungal species for LDPE biodegradation. Several 

fungal species have been found to degrade LDPE and many other 
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petroleum and polymer compounds. For instance, marine fungi like 

Alternaria alternata have been reported to produce laccase and 

peroxidase enzymes that aid in degrading LDPE films, crude oil, and 

other petroleum products (Romero-Hernández et al., 2021). Fungal 

species, such as Cladosporium halotolerans, have been demonstrated 

to degrade LDPE, HDPE, and polyurethane compounds (Di Napoli et 

al., 2023). In the presence of intra- and extracellular enzymes, these 

long polymers were degraded into dimers or monomers, and through 

further metabolic processes, these compounds were converted into 

CH4, H2O, and CO2  (J. Wang et al., 2019).  

2.11.4 Fungal consortia 

The elevated metabolic rate, strong biofilm formation, and enhanced 

enzyme activities of fungal consortia can become an effective and 

environmentally friendly bioprocess for the degradation of LDPE. 

Fungal colonisation on the polymer surface is facilitated by surface 

hydrophobins (an amphiphilic protein), which help aggregate the 

membranes of individual strains and introduce hydrophilicity to the 

polymer surface for biodegradation (Stanzione et al., 2022). They can 

make numerous surface modifications, such as pits and fissures, which 

make the fungal strains more accessible for degrading the recalcitrant 

surface of LDPE films. A few fungi can produce reactive oxygen 

species to degrade the homology of the LDPE basic structure (Gong et 

al., 2023).  
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S. 

No 

Name of the Co-

culture 

Source of 

Isolation 

Main 

Outcomes 
Reference 

1 Aspergillus oryzae, 

Aspergillus flavus 

and Aspergillus 

niger 

Culture 

Collection 

Centre 

26.15% mass 

reduction 

over 55 days 

of interaction 

(DSouza et 

al., 2021) 

2 Penicillium 

simplicissimum, 

Alternaria 

alternate, 

Curvularia lunata, 

and Fusarium sp.  

Plastic 

dumps 

27% weight 

loss within 3 

months of 

incubation 

(Sowmya, 

Bellibatlu, 

et al., 

2015) 

3 Aspergillus 

fumigatus and 

Aspergillus 

carbonarius  

Mixed 

culture 

from 

plastic 

landfill 

High weight 

loss 

percentage 

after pre-

treatment of 

LDPE films 

compared to 

single isolates 

within 16 

weeks 

(El-Sayed 

et al., 

2021) 

4 Sterigmatomyces 

halophiles, 

Meyerozyma 

guilliermondii, 

Meyerozyma 

Caribbean 

Yeast tri-

culture 

from the 

gut of 

wood-

feeding 

termites 

63.4% 

reduction in 

tensile 

strength and 

33.2% mass 

reduction of 

UV-sterilised 

LDPE after 

45 days 

(Elsamahy 

et al., 

2023) 

 

Table 2.6 A few investigations of the fungal/yeast consortium for LDPE 

biodegradation.  
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 2.11.5 Actinomycetes 

Actinomycetes are versatile organisms isolated from different 

ecozones that generate hydrolytic enzymes to biodegrade recalcitrant 

substances, such as LDPE, into simpler compounds (Amobonye et al., 

2021). Rhodococcus and Streptomyces are the two main genera 

identified for the degradation of recalcitrant compounds.  

S. 

No 

Names of the 

Actinomycetes 

Cultures 

Source of 

Isolation 

Key 

Observations 
Reference 

1 

Rhodococcus 

rubber 
Plastic waste 

mixed with 

agricultural 

field soil 

Degraded up 

to 8% within 

one month 

((Orr) et al., 

2004) 

2 

Alcanivorax 

borkumensis 

Plastic waste 

from the 

Mediterranean 

Sea 

Demonstrated 

catalytic 

enzyme 

(alkane 

hydroxylase) 

activity for 

LDPE 

degradation 

over 80 days 

(Delacuvellerie 

et al., 2019) 

3 

Streptomyces 

gougerotti and 

Micromonospora 

matsumotoense 
Marine 

environment 

Effectiveness 

of UV-

pretreated 

LDPE and PS 

films shown 

by the 

introduction 

of carbonyl 

groups 

(Oliveira et al., 

2022) 

 
Table 2.7 Recent findings of the capabilities of actinomycetes strains in 

LDPE biodegradation.  
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 2.11.6 Algal species  

Microalgae are photoautotrophic organisms that can facilitate the 

biodegradation of LDPE materials. Microalgae are more suitable than 

other microbial species, as they do not produce endotoxins and can 

flourish without substantial organic carbon sources in photoautotrophic 

environments (Yan et al., 2016). Lignolytic and exopolysaccharide 

enzymes play a crucial role in the biodegradation process of LDPE.  

S. 

No 

Name of the 

Algal 

Species 

Source of 

Isolation 
Major Results Reference 

1 Picochlorum 

maculatum 

Marine 

environment 

Maximum 

weight reduction 

of 20% within 45 

days of 

incubation 

(Gowthami 

et al., 2023) 

2 Uronema 

africanum 

Domestic 

waste 

dumping site 

in a 

freshwater 

lake 

Biodegradation 

is established 

within 30 days. 

(Sanniyasi 

et al., 2021) 

3 Anabaena 

spiroides 

Landfills in 

ponds, pools, 

and ditches 

Weight reduction 

up to 8.8% 

(Vimal 

Kumar et 

al., 2017) 
 

Table 2.8: Displaying the potentialities of different algal species in LDPE 

biodegradation. 

2.11.7 Microbes in the insect gut for the degradation of LDPE film  

The symbiotic microbial strains in the guts of various invertebrates, 

such as mealworms, waxworms, super worms, and snails, have 

demonstrated their outstanding capabilities to degrade various plastic 

polymers (S. S. Ali et al., 2021). A few gut microbes in the insect’s gut 

are depicted below.  
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S. 

No 

Name of the 

Insect 

Microbes in 

the Gut 

Potential 

Effects 
Reference 

1 Indian meal 

moth 

Enterobacter 

asburiae YT1, 

Bacillus sp. 

YP1 

Bacillus sp. 

degrades 

11%, and 

Enterobacter 

sp. degrades 

6% of 

polyethylene 

within 60 

days. 

(J. Yang et 

al., 2014) 

2 Darkling 

beetle larvae 

(Larvae of 

Zophobas 

atratus) 

Citrobacter sp. 56 mg 

LDPE/100 

larvae/day 

within 28 

days of 

incubation 

(B.-Y. Peng 

et al., 2022) 

3 Greater wax 

moth 

Gut microbiota 5 mg LDPE 

degraded 

within 72 

hours; LDPE 

in frass was 

observed 

(Réjasse et 

al., 2022) 

4 Waxworm 

(Larvae of 

Plodia 

interpunctella) 

Meyerozyma 

guilliermondii, 

Serratia 

marcescens 

15.87% 

weight 

reduction 

with M. 

guilliermondii

, 3.57% with 

S. marcescens 

(Lou et al., 

2022) 

 

Table 2.9 Recent evidence for the effectiveness of gut microbiota in LDPE 

biodegradation.  

2.11.8 Cross-Kingdom consortia in LDPE biodegradation 

Recently, several investigations have identified the potential of cross-

kingdom co-cultures isolated from natural conditions for the 

biodegradation of recalcitrant compounds(Chigwada et al., 2023). 
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Continuous evolutionary modifications in the biosystem may be behind 

such consortia (Escalante et al., 2015). It alters the metabolic and 

intercellular communications of organisms (Duncker et al., 2021). It 

creates a novel microcosm with enhanced activities for the 

bioremediation of compounds (Esmaeili et al., 2013).  

S. 

No 

Name of the 

Cross-

Kingdom Co-

cultures 

Source of 

Isolation 
Major Results Reference 

1 Clostridium sp. 

and 

Thiobacillus 

sp. (bacterial 

strains) and 

Dekkera sp. 

(Yeast strain) 

Culture 

collected 

from the 

culture 

collection 

centre 

Bioengineering 

with bacterial-

fungal consortia 

(BFC) enhanced 

external mass 

transfer (EMT), a 

limiting factor in 

PE degradation 

(Fachrul et 

al., 2024) 

2 Bacillus sp, 

Trichoderma 

sp., Rhizopus 

sp., and 

Aspergillus sp.  

Isolated 

from 

LDPE 

compost 

Marked weight 

loss in pure LDPE 

films, LDPE 

blended with TPS 

and SES 

(Kučić 

Grgić et 

al., 2023) 

Table 2.10 Novel bioengineering concepts to improve LDPE biodegradation 

using cross-kingdom co-cultures.  

2.12 Strain improvement methods for biodegradation of LDPE 

compounds 

Recently, scientists have attempted various methods to improve the 

capabilities of natural strains isolated from their native environments. 

The standard strain improvement methods include physical and 

chemical processes. In physical techniques, UV (250-290 nm) and 

gamma rays induce mutations in the strain, enhancing the 

biodegradation rate (Rostami et al., 2024). Ethyl methyl sulphonate 
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(EMS) is the most prevalent chemical alkylating mutagen that can 

produce CG to AT transitions in strains, enhancing biofilm formation 

(Talkad, 2018). An early study demonstrated that both UV and EMS 

applications on strains could improve the production of lipase-like 

enzymes in potential strains for LDPE biodegradation (Ritu et al., 

2022).  

2.13 Basic steps in the microbial degradation of LDPE films 

Under environmental conditions, LDPE films mainly biodegrade in 

response to mechanical, chemical, and physical stress. However, the 

microbial biodegradation process includes five significant steps: 

biofilm formation, Biodeterioration by releasing extracellular enzymes 

or biosurfactants from microbial strains, biofragmentation, 

Assimilation, and Mineralisation.  

 
 

Fig. 2.17 Schematic representation of microbial degradation of the LDPE 

carrier bags.  
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2.13.1 Biofilm formation- Biofilms are bacterial communities that are 

densely packed and that form coordinated, functional microbial 

communities by encircling themselves with a matrix of extracellular 

polymeric substances (EPS) while growing on the surface of an inert 

material (Yin et al., 2019). As microorganisms infiltrate the LDPE 

film, the pores expand, causing fractures that weaken the polymer's 

structure by releasing acids into the pores, altering their pH, and 

accelerating the deterioration process.  

 

Fig. 2.18 Major steps in biofilm formation on LDPE film (Petrova & Sauer, 

2016).  

2.13.2 Biodeterioration: A physicochemical change occurs in the 

recalcitrant compounds by releasing extracellular enzymes excreted by 

the biofilm-forming microbial strains. A thicker sample will prolong 

the enzymatic degradation process, as the enzymes must penetrate 

further into the material to access the interior (Safdar et al., 2024; 
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Singh Jadaun et al., 2022). Their hydrophobic surfaces facilitate the 

enhanced adherence of bacteria to unaltered plastic polymers (Wilkes 

& Aristilde, 2017). The initial biofilm formation helps to add new 

functional groups to the polymer chain.  

2.13.3. Bio fragmentation: The active release of free radicals by the 

microbial community may lead to polymer fragmentation into smaller 

carbon units called bio fragmentation. The macromolecular long C-C 

structures were broken into oligomers with 10-15 carbon atoms in the 

presence of potent microbial strains or consortia and further 

metabolised into smaller fragments. This metabolism is facilitated by 

enzymes, such as alkane monooxygenases (Yoon & Jang, 2021), 

laccases, esterases, and peroxidases (Suresh et al., 2023).  

2.13.4. Assimilation: Oligomers and monomers produced during 

fragmentation are transported into the cytoplasm of microbes through 

transmembrane transporters and metabolised through the catabolic 

pathway to produce acids, alcohols, phenol, esters, alkenes, and alkane 

derivatives to meet the microbes' energy requirements (Kale et al., 

2015).  

2.13.5. Mineralisation: The complete degradation of the polymeric 

subunit converts the polymeric material to CO2, N2, CH4, and H2O, 

known as mineralisation (Pathak & Navneet, 2017). Initially, microbes 

oxidise LDPE materials by hydro-oxidation or oxo-biodegradation 

methods. The exact catabolic pathway that leads to complete 

mineralisation is still under study.  

2.14 Role of key enzymes in LDPE biodegradation 

Enzymes play a significant role in the microbial breakdown of LDPE 

materials. It non-toxically converts the complex polymer compound 
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into simpler molecules, such as CO2 and H2O, and subsequently 

produces high-value new biomass (Grima et al., 2000). The backbone 

of LDPE chains is strong and usually resistant to microbial attack. 

However, the hydrolytic enzyme can cleave the long hydrocarbon 

chain either by endo-cleavage (fragmentation along the chain) or exo-

cleavage (at the terminus). It occurs in the presence of intra- or 

extracellular enzymes (Tokiwa & Calabia, 2004). Although a 

knowledge gap exists in deciphering the exact mechanism of enzymes 

for LDPE biodegradation, numerous reviews suggest different 

enzymes and their respective efficacies. Alkane hydroxylase, 

proteases, laccases, peroxidases, lipases, esterases, and dehydrogenases 

are the common enzymes identified for LDPE biodegradation.  

2.14.1 Alkane hydroxylases 

It is one of the pivotal microbial enzymes identified for LDPE 

biodegradation, with three coding regions: alkane monooxygenases 

(alkB), rubredoxin (alkG), and rubredoxin reductases (alkT) (Nie et al., 

2014). Rubredoxin (an iron-sulfur cluster) and rubredoxin reductases 

are electron carriers that activate the enzyme's catalytic site, regulated 

by the alkB gene (van Beilen et al., 2002). The alkB gene clusters have 

six membrane-spanning helices and a conserved amino acid motif rich 

in histidine, an active site bridged by a glutamate residue, that can 

catalyse hydrolysis reactions such as hydroxylation, demethylation, 

and epoxidation. The reactions ultimately yield alcohol, aldehyde, 

carboxylic acid, fatty acids, and epoxides (Y. Ji et al., 2013). This 

enzyme belongs to the oxidoreductase enzyme category, which 

degrades alkanes by introducing oxygen atoms to the termini of the 

alkane chain. Furthermore, it leads to β-oxidation and mineralisation of 

long-chain hydrocarbons (H. J. Jeon & Kim, 2015). Different bacterial 
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species produce various types of alkane hydroxylases to degrade 

alkanes (Heris, 2024). The first alkB gene for the alkane hydroxylase 

enzyme was identified in Pseudomonas putida (S. C. Williams & 

Austin, 2022). A few strains demonstrated the presence of OCT 

operons in their plasmids, which regulate the alkB genes (Smits et al., 

2003).  

An early investigation has demonstrated that microorganisms 

expressing the alkane monooxygenase enzyme can fragment LDPE 

films through the terminal or sub-terminal oxidation pathway 

(Restrepo-Florez et al., 2014).  

 

Fig 2.19 Architecture of aerobic alkB family alkane hydroxylase enzyme 

(AH) of Pseudomonas putida GPo1, the model organism, consists of alkB 

encoding the catalytic component, Rub, rubredoxin encoded by alkG & 

RubR, rubredoxin reductase encoded by alkT & its electron transfer system.  

Another study demonstrated that the alkB gene is the active locus for 

the expression of the alkane hydroxylase enzyme responsible for 

LDPE biodegradation, as evidenced by the cloning of the alkB gene 

from Pseudomonas sp. E4 into Escherichia coli BL21, a strain not 
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involved in LDPE degradation (Gyung Yoon et al., 2012). The 

enzyme's presence can be identified by primer targeting (Nedi et al., 

2024) or by performing an alkane hydroxylase enzyme assay (Yusoff 

et al., 2020). A few scientists have recently attempted to engineer 

plasmids with alkane hydroxylase genes in Yarrowia lipolytica, a yeast 

strain used for the biodegradation of LDPE(F. Liu et al., 2025).  

S. 

No 

Microorganism Gene/ gene cluster identified 

for coding enzyme 

References 

1 Pseudomonas 

aeruginosa E7 

 

The BCARB gene cluster 

codes for alkane 

monooxygenase, rubredoxin, 

and rubredoxin reductase.  

(J.-M. Jeon 

et al., 2021) 

2 B. subtilis, B. 

wiedmannii,  

B. cereus and B. 

siamensis 

The alk B gene for the alkane 

hydroxylase enzyme  

(Maroof et 

al., 2021) 

3 Paenibacillus sp 

 

Alk B (Bardaji et 

al., 2019) 

            Table 2.11 A few studies have identified the presence of alkane hydroxylase 

enzymes and the gene or gene cluster responsible for enzyme expression in 

potential strains for LDPE biodegradation through primer targeting.  

2.14.2 Laccases 

Laccases are extracellular enzymes that facilitate the oxidative 

cleavage of LDPE film’s amorphous area, which produces readily 

accessible carbonyl groups and significantly reduces the weight of 

LDPE film (Santo et al., 2013). The enzyme consists of dimeric or 

tetrameric glycoproteins; each monomer is linked to a copper centre. 

They participate in reducing molecular oxygen to water and oxidising 

phenolic and non-phenolic substances using oxygen as an electron 
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acceptor (Demarche et al., 2012). The enzyme's coordination centres 

(catalytic centres) consist of four copper atoms, categorised into three 

types of copper centres: type 1, type 2, and type 3 (Dwivedi et al., 

2011). Many bacterial (Temporiti et al., 2022), fungal (Sánchez, 2020), 

and actinomycete (Zampolli et al., 2023) species have been reported to 

produce laccases for the biodegradation of LDPE. The presence of 

laccases in strains can be identified using a model substrate, ABTS 

(2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)), 

spectroscopically at 420 nm (More et al., 2011; Re et al., 1999).  

 

Fig. 2.20 Basic structure of Laccase enzyme with three copper centres 
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S. No Organism Reference 

1 

Brevibacillus borstelensis, 

Brevibacillus parabrevis, and 

Pseudomonas putida 

(Muhonja et al., 2018) 

2 Pleurotus ostreatus 
(Gomez-Mendez et al., 

2018) 

3 Trichoderma viride (Dorairaj et al., 2021) 

 

Table 2.12 A few investigations prove the presence of laccase enzyme in 

microbial strains for LDPE biodegradation.  

2.14.3 Peroxidases 

They are extracellular oxidoreductase enzymes with a haem group 

capable of breaking the polymer backbone using H2O2 as an electron 

acceptor (Ameen et al., 2015). They can degrade high-molecular-

weight polyethylenes (Kang et al., 2019). Different types of 

peroxidases are involved in LDPE biodegradation, including 

manganese peroxidases (Sowmya, Ramalingappa, et al., 2015), lignin 

peroxidases (Iiyoshi et al., 1998), and versatile peroxidases.  

2.14.4 Manganese peroxidases (MnP) 

The catalytic site of the enzyme features a propionate heme group 

(PHG) comprising two propionate molecules, amino acids such as 

aspartic acid (Asp 179) and glutamic acid (Glu 35 and Glu 39), Ca2+ 

for stability, and two water molecules (Y. Hou et al., 2001). One 

propionate group in PHG is bound with water molecules, and the other 

propionate is bound to Mn2+. The catalytic function of heme MnP 

(manganese peroxidase) is initiated by free radicals in acidic 

conditions, with the highest level of activity observed at a specific pH 
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range of approximately 4.5-5.5 (Chandra et al., 2017). The addition of 

hydrogen peroxide to the enzyme assay in the culture media results in 

its cleavage, producing two hydroxyl free radicals. One of the radicals 

is then bound to the ferric MnP part (Fe3+-MnP) and converted into 

Fe4+ oxo-porphyrin radical complex (compound I). 

Meanwhile, the Mn2+
 donates one electron to the porphyrin radical 

complex and forms Mn3+ by adding another radical to the propionate 

group of MnP. This process transforms compound I to II. Furthermore, 

this activates the enzyme's catalytic site for the biodegradation of 

polyethylenes into alkanes, alcohols, acids, and other compounds (Jin 

et al., 2023).  

 

Fig. 2.21 Schematic representation of the manganese peroxidase enzyme 

active site for the catalysis of LDPE materials.  
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S. 

No 

Organism producing 

MnP 

References 

1 Phlebiopsis flavidoalba (Perera et al., 2023) 

2 Phanerochaete 

chrysosporium 

(Emami et al., 2020) 

4 Bacillus sp. strain  (Nayanashree & Thippeswamy, 

2015) 

5 Bacillus subtilis (Prabhawathi et al., 2014) 

 

Table 2.13 Manganese peroxidase-containing microbes for LDPE 

biodegradation.  

2.14.5 Lignin peroxidases (LiP) 

It is one of the extracellular oxidoreductase enzymes with an 

exceptional capacity to oxidise non-phenolic aromatic compounds and 

pollutants (Catto et al., 2014). This oxidation process entails an 

oxidation-reduction reaction in which hydrogen peroxide acts as an 

electron donor, facilitating the removal of an electron from the 

pollutant and creating unstable free radicals. Afterwards, using non-

enzymatic processes, another substrate molecule functions as the 

reducing agent, concluding the enzyme's catalytic cycle and liberating 

the substrate's original molecules. The discovery and purification of 

LiP and MnP first occurred in a culture of Phanerochaete 

chrysosporium in 1983 (Tien & Kirk, 1983). Similarly, the presence of 

such highly reactive radicals produced by this enzyme was reported in 

a Bacillus sp. inoculated in a mineral salt broth mixed with LDPE 

films for 120 days (S. Li et al., 2024). A recent study using Pleurotus 

ostreatus for LDPE degradation reported that the initial reactions were 

performed by the laccase (Lac) enzyme, lignin peroxidase (LiP), 
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manganese peroxidase (MnP), and unspecific peroxygenase (UP) 

enzymes (Maisto et al., 2024).  

 

Fig.2.22 Conformation changes in the heme-catalytic site of lignin 

peroxidase enzyme for effectively degrading LDPE films (Redrawn image of 

(Falade et al., 2016)).  

 

 

Table 2.14 Studies showing the potentialities of strains to degrade LDPE 

compounds in the presence of the LiP enzyme are presented among them.  

S. 

No 

Organisms producing LiP References 

1 Bacterial consortium containing Bacillus subtilis, 

Lysinibacillus sphaericus, Lysinibacillus 

fusiformis, Alcaligenes faecalis, and Kocuria 

rosea 

(Mohammadi 

et al., 2022) 

2 Fungal consortia-Diaporthe italiana, 

Thyrostroma jaczewskii, Collectotrichum 

fructicola, and Stagonosporopsis citrulline 

(Khruengsai 

et al., 2021) 
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2.14.6 Versatile peroxidases (VP) 

They are a hybrid form of manganese peroxidase and lignin peroxidase 

enzymes, displaying functionalities of both enzymes (Biko et al., 

2020). In the presence of H2O2 oxidants, they can oxidise both low- 

and high-redox-potential pollutants. They can bind non-specifically to 

aromatic or non-aromatic compounds (Rodriguez, 2004). These 

notable attributes of VP have generated substantial interest in 

biotechnology. The enzyme was first reported in the fungal strain 

Pleurotus eryngii (Martínez et al., 1996). Several scientists have 

diverted their attention toward using VP-enzymes for the 

biodegradation of LDPE compounds (Twala et al., 2020).  

2.14.7 Lipases 

Lipases are enzymes that have specific targets against water-insoluble 

triglycerides composed of long fatty acids (Chahinian & Sarda, 2009). 

They exhibit a diverse spectrum of molecular sizes, substrate 

specificities, and catalytic activities. The X-ray crystallographic studies 

proved that the lipase enzyme has a lid-like structure (composed of 

fifteen amino acids), which is responsible for exposing the 

hydrophobic regions of the active site for substrate-enzyme activity 

(Derewenda et al., 1992). The enzyme can convert the insoluble 

triglycerides to free fatty acids. Several investigations have proven that 

bacterial (Khandare et al., 2022) and fungal strains (Srikanth et al., 

2022) can degrade LDPE in the presence of lipase enzymes.  

2.14.8 Esterases 

Esterases are hydrolase enzymes that catalyse the hydrolysis of esters, 

breaking them down into alcohols and acids by adding water molecules 

(Fojan et al., 2000). Recently, a Bacillus species isolated from a 

landfill in Thailand was found to biodegrade LDPE (Khampratueng et 
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al., 2024). The presence of esterase enzyme in the biodegradation 

pathway proves the capabilities of the bacterial strains in LDPE 

biodegradation (P. Singh et al., 2024).  

2.14.9 Proteases 

It is also one of the hydrolase enzymes that modifies the LDPE film's 

surface. Introducing biofilm on the surface of LDPE film may be the 

reason behind the production of protease enzymes (Maroof et al., 

2022). Many earlier studies have reported the involvement of protease 

enzymes and the introduction of nitrogen groups into the chemical 

structure of LDPE film (Taxeidis et al., 2023; Watanabe et al., 2009). 

 Other enzymes responsible for LDPE biodegradation 

S. 

No 

Microbial 

Strain 
Enzyme Mode of Action References 

1 Rhodococcus 

sp. enriched 

from seawater.  

Glutathione 

peroxidase 

(GPx) 

An active site 

with superoxide 

anion radicals 

assists in LDPE 

biodegradation. 

(Rong et al., 

2024) 

2 Alternaria 

alternata 

Glutathione 

peroxidase 

(GPx) 

95% of samples 

achieved ≥5% 

weight loss 

within 120 days 

due to high 

redox potential 

at the GPx active 

site 

(Gao et al., 2022) 

3 Acinetobacter 

sp 

Cutinase Hydroxylates the 

LDPE chain into 

alkanoic acid or 

alkanols 

(G. H. Lee et al., 

2023) 

4 Bacillus 

pacificus and 

Pseudomonas 

mucidolens 

Cellulase Oxidises carbon 

backbone to CO₂ 
and H₂O 

(Krishnaswamy et 

al., 2022) 

 

Table 2.15: Recently identified other types of enzymes in LDPE 

biodegradation.  
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2.15 Distinct mechanisms exhibited by the microbial system to 

mineralise the LDPE compound 

2.15.1 Chemo-attractions 

Chemotaxis is a conspicuous mechanism that brings the microbial 

strains closer to the recalcitrant compounds. It occurs through 

conformational changes in the multi-protein complex in the cytoplasm, 

which activates a signal cascade pathway to regulate the movement of 

flagella toward the recalcitrant compound (Ahmed et al., 2023). 

Recently, high-throughput transcriptome analysis of Alcanivorax sp. 

isolated from the plastisphere of a marine environment demonstrated 

the strain's chemoattraction mechanism towards the LDPE compound 

(Zadjelovic et al., 2022).  

2.15.2 Membrane transporters 

Most of the strains involved in hydrocarbon biodegradation possess 

various types of membrane transporters in their outer membrane, 

which transport compounds into the organism's cytoplasm for further 

degradation.  

S. 

No 

Name of the 

strain 

Name of the membrane 

transporter 

References 

1 Bacillus cereus ATP-binding cassette 

transporters 

(Tao et al., 2023) 

2 

 

Rhodococcus 

opacus R7 

ATP/GDP-binding 

integral membrane 

protein and ABC 

transporters 

(Mishra et al., 

2024; Zampolli et 

al., 2021) 

3 Rhodococcus 

ruber 

ABC transporters (Gravouil et al., 

2017) 
 

Table 2.16 The presence of membrane transporters proved by transcriptome 

profiling in the membrane system of LDPE biodegrading strains.  
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2.15.3. Extracellular polysaccharides production during biofilm 

formation 

It is an initial step in all types of hydrocarbon biodegradation. The non-

availability of carbon or nitrogen resources contributes to the increased 

cell surface hydrophobicity among the LDPE film-attaching strains. It 

may elevate the biofilm formation on the polymer surface. A complex 

matrix encases microbial communities (Czaczyk et al., 2008). The 

main constituents of EPS include polysaccharides, proteins, and lipids 

(Stoodley et al., 2002). The potential strains' basic molecular 

mechanisms (genes and enzymes), cell secretions, and signalling 

molecules control biofilm formation (S. H. Ji et al., 2024). For 

instance, extracellular polysaccharide substances (EPS) secreted by 

microbes under stringent conditions can enhance cell communication, 

structural integrity, and mechanical stability of biofilms, thereby 

facilitating improved biodegradation (Payne & Boles, 2016). 

Organisms like Pseudomonas aeruginosa can release polysaccharide 

compounds, such as alginate, Pel, and Psl, which serve as a framework 

for the biofilm architecture (P. Gupta et al., 2016).  

2.15.4 Biosurfactant formation 

 Biosurfactants are another microbial component that helps attach to 

hydrophobic hydrocarbon products. The biofilm attached to the 

polymers is responsible for the release of biosurfactants. These 

compounds, which are potential N-alkane and LDPE biodegraders, 

share a similar nature. It is mainly composed of glycolipid or 

lipoprotein in nature (Ron & Rosenberg, 2002). Rhamnolipids (a 

glycolipid biosurfactant that consists of rhamnose units linked with the 
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β-hydroxy fatty acids) are the common biosurfactants in the potential 

strains for LDPE biodegradation (Taghavi et al., 2022). Bacillus and 

Pseudomonas are usual producers of lipoprotein biosurfactants. A few 

researchers have demonstrated the ability of Bacillus subtilis to 

produce lipoprotein biosurfactants and its capability to degrade 

medium-chain alkanes of up to C19 length (Kim, 2003) and LDPE 

films (Vimala & Mathew, 2016). The biosurfactants in organisms' 

outer membranes can increase the substrate's hydrocarbon-water 

interface and net charge. It enhances the bioavailability of recalcitrant 

compounds. The primary biosurfactant detection methods include 

hemolysis, lipase test, BATH (Bacterial adhesion to hydrocarbon), 

Penetration assay, and emulsification assay (M. J. Singh & 

Sedhuraman, 2015).  

2.16 Genes identified for LDPE biodegradation by using modern 

molecular techniques 

Specific genes or clusters responsible for LDPE mineralisation have 

yet to be elucidated. A few scientists have reported the presence of 

genes such as alkB, which are responsible for the expression of the 

alkane hydroxylase enzyme, as well as the LIP 1 and LIP 2 genes for 

lipase enzymes, in potential strains responsible for LDPE 

biodegradation (Bowman & Deming, 2014; Mohanan et al., 2022). A 

recent study employed a combination of Oxford nanopore and Illumina 

technologies to investigate the chromosomal and plasmid genes of 

Rhodococcus opacus responsible for LDPE degradation (Firrincieli et 

al., 2022). In addition to the alkB gene, the CYP153 gene, which codes 

for cytochrome P450 CYP153 alkane hydrolase, was demonstrated in 
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Alcanivorax borkumensis for LDPE biodegradation (Pinto et al., 2022). 

The genes responsible for long-chain alkane degradation, such as AlmA 

and LadA, were proven in Alcanivorax dieseloei (P. Wang et al., 2023) 

and Geobacillus thermoleovorans (Boonmak et al., 2014).  

Numerous gene profiling studies using transcriptome analysis have 

demonstrated the activation of genes associated with ABC transporters, 

carbon metabolism, fatty acid oxidation, the TCA cycle, and stress 

response pathways (Fu et al., 2024; E. Yang et al., 2022).   

2.17 Proposed pathway of LDPE biodegradation 

 Researchers in this arena have recently proposed a biodegradation 

pathway using high-throughput analysis. However, the exact 

mechanisms or pathways for biodegradation are still unclear. Several 

scientists have documented the presence of intermediates in metabolic 

pathways using analytical techniques such as FTIR and GC-MS 

(Alamer et al., 2023; Sutkar et al., 2025). Moreover, a recent 

transcriptome profile of LDPE-attached biofilms revealed upregulation 

in carbon and fatty acid metabolism (T. Zhang et al., 2025).  



Review of Literature 

 

 78 

 

Fig. 2.23 Proposed pathways in LDPE biodegradation.  

 Still, the exact metabolic pathway by which the fate of LDPE material 

is demonstrated inside the bacterial cell is unknown. Thus, Scientists in 

our decade are constantly searching for a microbial system to 

overcome this daunting problem in our century.  
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3.1 Introduction  

Plastic landfilling is a common practice worldwide. It serves as a 

primary disposal site for plastic waste from homes, industries, and 

commercial spaces (Dube & Okuthe, 2023). However, the per capita 

generation of plastic waste is substantially larger in developed 

countries than in developing and third-world countries, due to the 

correlation between the waste creation rate and a nation's economic 

and social prosperity (OECD, 2022; Velis et al., 2023). Almost all 

landfills require significant space and resources to maintain (Ozbay et 

al., 2021). A lack of knowledge about the safe and environmentally 

friendly removal of polymer compounds from our surroundings 

contributes to the daily increase in landfill size. In such depots, most 

polymeric compounds undergo substantial alterations in their structure 

and stability (Kumar Sen & Raut, 2015).  

The natural fragmentation of long-chain polymers primarily happens in 

landfills through microbial activities. Therefore, it is regarded as a 

viable disposal option. Nonetheless, its prolonged breakdown 

processes and the production of harmful leachates have a significant 

impact on soil, water, and air quality. Furthermore, they may cause 

potential health risks, including cancer, hormone disruptions, and 

neurological impairments (Kabir et al., 2023).  

Nowadays, plastic material landfills are common in terrestrial and 

aquatic environments. They cause the migration of macroplastic 

leachate and the dispersal of microplastics. Recently, plastic particles 

have been detected in blood samples, alveoli, intestinal tissues, and 

placental tissues (S. Liu et al., 2024; Saha & Saha, 2024; V. L. 
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Leonard et al., 2024). Recently, scientists from the University of New 

Mexico reported the presence of microplastics in brain tissues as well 

(Campen et al., 2024).  

3.1.1 Existing terrestrial landfilling practices of plastic wastes 

around the globe 

Landfills are often categorised into open dumps, semi-controlled, and 

sanitary landfills (Roy et al., 2022). Open dump landfills are the most 

common type of landfill. They are more prevalent in developing 

nations, where plastic waste is often indiscriminately discarded in 

vulnerable areas with low elevations. Due to inadequate management, 

deep depots create a unique habitat for birds, mosquitoes, fleas, bugs, 

worms, rats, and pathogenic microbes (Nuripuoh et al., 2022). 

Recently, regulatory laws have outlawed open dumping in many 

industrialised regions of rich countries. It led to the transportation of 

plastic waste to developing nations, where it ultimately ends up in open 

debris sites (Ferronato & Torretta, 2019).  

A few countries have implemented semi-regulated and sanitary 

dumping protocols to dispose of plastic waste materials (Agamuthu & 

Babel, 2023). Semi-controlled landfills are managed in approved 

dumpsites, where materials are sorted, shredded, and compacted on-

site before disposal. To prevent plastic pile nuisances, the plastic trash 

is pulverised and levelled using bulldozers or crawlers, and 

subsequently, a topsoil layer is added to it. Although semi-regulated 

landfills have soil covers, they are not primarily engineered to limit 

toxic gas emissions or effluent discharges from plastic piles (Narayana, 

2009).  
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Furthermore, sanitary landfills might be classified as sophisticated 

types of semi-controlled landfills. Apart from on-site activities such as 

solid waste sorting and soil coverings, these piles have specifically 

designed facilities to collect effluents and harmful gas emissions. Such 

dumps are prevalent in industrialised nations equipped with the 

capabilities to capture and treat leachate (Siddiqua et al., 2022). 

Sanitary landfills are scheduled to undergo landscape expansion by 

excavating new dumpsites after sealing the current ones to prevent 

saturation. The high cost, need for technical assistance, and high 

disposal rates cause plastic materials to end their lives in open landfills 

(Evode et al., 2021).  

3.1.2 Peculiarities of long-run open plastic dumps  

The primary factors contributing to the expansion of plastic waste are 

urbanisation, economic development, and population growth 

(Nayanathara Thathsarani Pilapitiya & Ratnayake, 2024). As of 2015, 

approximately 79% of landfills comprise plastic waste. The significant 

share comprises polyethylene materials (Geyer et al., 2017). Unlike 

conventional plastic waste, landfill plastic waste exhibited a markedly 

reduced concentration of carbon and sulfur, while displaying increased 

levels of oxygen, silicon, and aluminium (Wojnowska-Baryła et al., 

2022). Disposing of such recalcitrant pollutants diverted scientists to 

study landfill degradation through physical or chemical conditions or 

by the action of biological agents. Moreover, several studies have 

demonstrated the release of numerous hazardous gases, leachates, and 

microplastics into the surrounding environment, thereby affecting our 
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environmental harmony (Campanale et al., 2020; R. Kumar et al., 

2021; Skariyachan et al., 2022).  

3.1.3 Long-run landfill soil- a microcosm for biodegradation of 

LDPE films 

In recent years, numerous researchers have emphasised the 

significance of microbial processes in landfill soil for the secure 

biodegradation of long-chain polymers. The introduction of rDNA 

sequencing, metagenomics analysis, and transcriptome studies has 

enabled scientists to gain valuable knowledge about the capabilities of 

strains in long-term maintained landfills. Microbial biodegradation in 

landfills primarily involves bacteria and fungi, but the rates are slow 

due to the recalcitrance of LDPE (Tiwari et al., 2024). The continual 

exposure of plastic garbage to external factors converts it into a unique 

ecosystem inhabited by various microbes. A range of biotic factors—

such as the inoculum's size and density, viable cell count, enzyme 

secretion and activity, use of microbial co-cultures, cell surface 

hydrophobicity, and surfactant production—and abiotic factors—

including ultraviolet radiation, temperature fluctuations from climate 

change, chemical contaminants in landfills, moisture levels, and 

nutrient availability—contribute to the breakdown of polymeric 

substances into monomers, facilitating their integration with soil 

samples in landfill environments (Miloloža et al., 2022). Therefore, 

many scientists have utilised landfill soil to study biofilm formation 

and biotransformation processes occurring in natural settings and 

laboratory conditions, aiming to achieve a breakthrough. Nevertheless, 

a notable lack of studies exists on developing a biotechnological 
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method that utilises a natural strain or consortia to degrade LDPE films 

within a limited time frame efficiently.  

3.2 Aim and Objectives 

1. Sample collection from open plastic landfills in different parts 

of Kerala.  

2. Study the physical and thermal properties of LDPE films 

purchased from the market and surface-sterilise the polymer 

strips for further studies.  

3. Enrichment and screening of the potential strains from the soil 

samples collected from various landfills.  

4. Preliminary investigations to identify the most effective 

bacterial strains from the enriched soil samples of each 

terrestrial plastic depot.  

5. Perform morphological, biochemical, and culture characteristic 

studies and molecular and MALDI-TOF analyses to identify 

the most suitable strains from soil samples.  

6. Study the initial growth pattern of the most competent 

bacterial strains isolated from each landfill soil.  

7. Examine the efficacies of each isolated bacterial strain in 

forming strong biofilms on LDPE films in a carbon-free 

mineral salt broth.  

8. Quantitative and qualitative analysis of enzymes produced by 

the biofilm formed on the surface of LDPE films.  

9. Identify, isolate, and characterise biosurfactants from potent 

bacterial strains using oil displacement, emulsification, and 

FTIR analyses.  
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3.3 Review of Literature 

Polyethylenes exhibit a semi-crystalline structure characterised by 

linear chains of carbon atoms bonded with hydrogen atoms, making 

them highly resistant to degradation. Several researchers have 

harnessed the biodegradation and bioconversion mechanisms of plastic 

waste released into the environment through the activities of bacterial, 

fungal, actinomycete, and photosynthetic algal species (Barone et al., 

2024). Among the bacterial species, Bacillus and Pseudomonas are the 

most extensively researched bacterial genera for the breakdown of 

polyethylene (PE) (Roberts et al., 2020). Plastic biodegradation by 

bacterial strains is accompanied by biofilm formation, which enhances 

catalytic activities through close contact with the polymer (Katnic & 

Gupta, 2025). Numerous scientific studies have demonstrated that 

biosurfactants produced by specific bacterial strains can enhance 

biodegradation (Tiago et al., 2023). Fungal species, such as Aspergillus 

and Penicillium, also contribute to LDPE biodegradation, 

complementing bacterial activity (Sutkar et al., 2025).  

3.3.1 Bacillus species as a potent bacterial strain isolated from 

landfills 

Many recent reports have revealed the significance of Bacillus species 

as a promising innate strain isolated from long-term landfills for LDPE 

biodegradation. Upon thriving on synthetic mineral medium, an early 

study isolated Bacillus sp. and Paenibacillus sp. from landfill 

sediments, demonstrating a 14.7% biodegradation rate after 60 days of 

incubation (Park & Kim, 2019). Another study using the Bacillus 

cereus strain reported an almost 5% weight reduction and a 3.27% 
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reduction in crystallinity within 42 days of incubation in a carbon-free 

medium (Jebashalomi et al., 2024). The Bacillus cereus isolated from 

garbage sites was used to demonstrate substantial colonisation abilities 

and catalytic functions on LDPE films, establishing a distinct 

ecological niche (McFall et al., 2024).  

3.3.2 Pseudomonas species as a competent strain for the 

biodegradation of LDPE films 

Pseudomonas species are another common strain in open landfills (Lv 

et al., 2024). Recently, a scientific investigation by (Mouafo Tamnou 

et al., 2021) researchers reported the influence of temperature and the 

medium's pH on LDPE biodegradation using the Pseudomonas strain. 

Another inquiry with Pseudomonas aeruginosa isolated from a 

garbage site showed a weight loss of LDPE (9.2%) (Shilpa et al., 

2022). Many scientists have demonstrated that the presence of 

enzymes such as laccases, manganese peroxidases, and lignin 

peroxidases in Pseudomonas strains is responsible for the chemical 

changes on the surface of LDPE (Cholewinski et al., 2022; Temporiti 

et al., 2022).  

3.3.3 Micrococcus species as a potential strain for the 

biodegradation of LDPE films 

A few researchers have reported the efficacy of Micrococcus as a 

potential strain for LDPE biodegradation (Nowak et al., 2011). An 

early study demonstrated that laccases, esterases, and alkane 

hydroxylases in Micrococcus luteus were the key catalytic agents 
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responsible for the degradation of LDPE films (Montazer et al., 2019; 

Muhonja et al., 2018).  

3.3.4 Initial studies for establishing the degradation abilities of 

strains for biodegradation 

Many researchers have performed weight reduction experiments, 

biomass assays, BATH tests, FDA tests, CO2 evolution tests, protein 

analyses, and EPS analyses to demonstrate strong biofilm formation on 

LDPE films treated with bacterial strains (Maroof et al., 2021; Tarafdar 

et al., 2021). Apart from biofilm formation, several scholars have 

demonstrated the catalytic activities of potential strains and the 

structural peculiarities that lead to the biodegradation of hazardous 

polymers (Mohanan et al., 2020).  

3.4 Methodology 

3.4.1 Sample collection and surface sterilisation of LDPE films 

3.4.1.1 Soil sample collection from long-run plastic depot 

The soil samples (approximately ten grams) mixed with small pieces of 

plastic film were collected in triplicate from three different locations of 

long-run plastic dumps in various parts of Kerala, India. Soil samples 

were collected from the top 10 cm of landfill surfaces to capture 

microbial activity. The garbage sites for enumerating bacterial strains 

were located at Alathur (10°37’49.8 "N, 76°32’10.2 "E), Laloor 

(10°51’26.8 "N, 76°18’25.3 "E), and Bhramapuram (10°00’40.6 "N, 

76°36’35.1 "E). All the samples were scooped into gamma-sterilised 

plastic ziplock bags (15 cm in length) and placed in the chilled ice 

boxes. All samples were processed within a day of collection in our 
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laboratory. In addition, the physical parameters of each soil sample, 

such as pH (measured using a Soil Testing pH Meter from VCK, India) 

and temperature (measured with a Digital Soil Thermometer from 

Rapitest Lustre Leaf), were recorded at the sample collection sites and 

used in further studies.  

3.4.1.2 Physical and thermal analysis of LDPE film 

This current investigation utilised transparent LDPE films of 50-60µm 

thickness. We purchased plain, colourless LDPE bags (15cm × 15 cm) 

from Surya Polymers and Plastic Industry in Pudussery Central, 

Kanjicode, Palakkad. The thickness of all polyethylene bags was 

confirmed using a Yuzuki Electronic micrometre with 0.001mm 

resolution (Lingaraj et al., 2011). Moreover, the physical parameters, 

such as density, were calculated using the protocol of ISO 1183-1:2004 

(Part 1 methodology), and specific gravity was determined using the 

procedure outlined in ASTM D792-08 (Xu et al., 2022). The weight 

changes due to time and temperature were measured using Thermo 

Gravimetric Analysis (TGA-DTA, HITACHI STA7300) (Dubdub & 

Al-Yaari, 2020).  

3.4.1.3 Protocol of surface sterilisation of polymer film  

Before each experiment, LDPE-based polymer films were surface-

sterilised following the methodology described by (Kyaw et al., 2012). 

The LDPE films were primarily treated with 50 mL of 2% SDS 

(sodium dodecyl sulfate) for 10 minutes, followed by treatment with 

50 mL of 70% ethanol for 30 minutes. Furthermore, they were washed 

with distilled water, and their moisture content was removed and dried. 
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All the LDPE films were at 55℃ overnight in a hot air oven. Sterility 

was confirmed by incubating the treated LDPE films on nutrient agar 

for 48 hours at 37 °C.  

3.4.2 Screening of potential strains from the soil samples collected 

from plastic dumps using the culture enrichment technique 

A mineral salt broth without a carbon source, Carbon free liquid 

mineral salt medium (CFLMSM) was prepared to identify potential 

strains by adding chemical ingredients such as K2HPO4-7g, KH2PO4-

2g, NH4NO3-1.2g, MgSO4.7H2O-0.8g, (NH4)2SO4-0.1g, NaCl-0.05g, 

KNO3-0.004g, FeSO4.7H2O-0.003g,0.002g each of KCl, CuSO4.5H2O, 

MnSO4.5H2O, ZnSO4.7H2O and 0.001g of CaCl2.2H2O, per 1000 mL 

of distilled water at pH - 7.1 ± 0.2 (Pramila, 2011). During the initial 

phase of culture enrichment, positive control was established by adding 

one gram of soil samples collected from each spot of the plastic depot 

to 100 mL of freshly prepared CFLMSM and incubating at 25℃ for 2-

5 days until the final optical density at 610 nm (OD610) reached a range 

of 0.6-0.9. Additionally, controls without a soil sample medium were 

maintained to corroborate the experimental results. We took 20 mL of 

the original enrichment liquid media and spun it at 10,000 rpm for 10 

minutes in a benchtop cooling microfuge (Remi CM-12 Plus). The 

pellets were collected, and the supernatants were removed from the 

Eppendorf tubes. Each pellet in an Eppendorf tube was washed 

repeatedly with CFLMSM to remove even small traces of supernatant 

and mixed in 1.5 mL of carbon-free mineral medium. The aliquots 

were transferred to the conical flask containing 100 mL of sterilised 

CFLMSM. Eight LDPE films were placed in a conical flask for the 
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second enrichment stage. Control conical flasks without culture 

aliquots were maintained for each set of samples. The LDPE films 

from all the conical flasks were collected and placed in a saline 

solution (0.85% w/v), then shaken for 240 minutes at 180 rpm. Then, 

these were spread on Reasoner's (R2A) medium and incubated for two 

days at 37℃  (Saleh et al., 2023). The total biomass in each sample 

was calculated in CFU/g (Reasoner & Geldreich, 1985), and the results 

were compared with control plates spread with the saline solution 

added without LDPE films from the enriched samples. The strains 

producing hydrolytic enzymes were further screened using the staining 

and destaining of the plates with Coomassie brilliant blue (CBB) 

(Howard & Hilliard, 1999). Finally, the bacterial strains were screened 

by repeated quadrant streaking.  

3.4.3 Initial investigations to find out vital bacterial strains  

3.4.3.1 Weight Loss Experiment 

5 mL of 0.5 McFarland standard solution of each purified culture was 

centrifuged (Remi Centrifuge, RM1216) at 7500 g for 6 minutes to 

collect the pellets. The pellets were mixed with 80 mL of freshly 

prepared and sterilised CFLMSM broth. After adding the bacterial 

aliquots, the total volume in the conical flask was adjusted to 100 mL 

by adding CFLMSM. Furthermore, we have added sterilised LDPE 

films, weighing approximately 0.24 g, to the conical flask. Precautions 

were taken to add the 55-micron-sized, 0.03-g LDPE films to both the 

sample and control conical flasks. After that, the samples were kept at 

30℃ for 120 days. The weight reduction percentage of each film was 

calculated and recorded (Skariyachan et al., 2017). We kept CFLMSM 
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with sterilised LDPE films without bacterial addition at 30℃ for 120 

days to compare the results (control setup). Moreover, we have 

calculated the daily consumption rate of hydrocarbon constituents and 

their half-lives for LDPE films in both inoculated and uninoculated 

flasks (Auta et al., 2018).  

0

0

Where, t = Time of  incubation in days

           W = Residual weight of  

1 W
Daily uptake of polymer,

LDPE film after 120 day

K value = - ln
t W

s

           W = Initial weight

      
 

( ) ( )( )The half - life of  LDPE film, t ½  = ln 2 / K)
 

3.4.3.2 Fluorescein Diacetate Assay (FDA) 

This assay measures the hydrolytic enzyme activities of microbial 

strains attached to the LDPE film (slightly modified protocol of (Green 

et al., 2006)). For this evaluation test, along with bacterial strains, eight 

LDPE strips were placed in 100 mL of CFLMSM and incubated for 30 

days at 25°C  (Jayan et al., 2023). Further, these LDPE films (within 

six hours after completing one month of incubation) were collected 

from CFLMSM and dipped in 60 mL of fluorescein diacetate sodium 

phosphate buffer (FDSPB) and incubated for 60 min, 120 min, 180 

min, 240 min,300min and 360 min at 25℃, 180 rpm speed in an orbital 

shaker incubator (Kemi). After incubation, the culture-mixed buffer 

solution (2 mL) was transferred into an Eppendorf tube and centrifuged 

at 12000 rpm for 6 minutes using a CM-12 PLUS refrigerated 

centrifuge (REMI). The supernatants were carefully collected and 

transferred to a cuvette for taking spectrophotometric readings at 494 



Chapter 3 

 

 91 

nm using a UV-VISIBLE spectrophotometer (Systronic AU,2701). 

Control setups were also maintained without treating bacterial colonies 

with LDPE films.  

3.4.3.3 Bacterial Adhesion Test for Hydrophobicity (BATH) Assay 

This test demonstrated strong biofilm formation on the long-chain 

hydrocarbon surface of LDPE film (Rosenberg et al., 1980). In this 

analysis, OD600 bacterial cultures from CFLMSM mixed with LDPE 

films with an OD between 0.6 and 0.9 were collected in Eppendorf 

tubes (2 mL in each) and centrifuged at 7500g for 6-8 minutes (Caldas 

et al., 2005). After removing the supernatants, the pellets were washed 

three times with CFLMSM (R. K. Sarker et al., 2020). Finally, the 

pellets were mixed with 2 mL of CFLMSM and transferred to clean 

test tubes. Each tube was combined with an increasing volume of 

hexadecane (0, 0.05, 0.1, 0.15, and 0.2 mL), and all tubes were kept 

undisturbed for 2.5 hours. The aqueous solution in the test tube was 

carefully transferred into a cuvette, and spectrophotometric readings 

were taken at a wavelength of 600 nm. The CFLMSM without any 

bacterial inoculum served as a control. From the OD values, 

hydrophobicity percentages and reductions in turbidity were calculated 

(Hydrophobicity was calculated as the percentage decrease in OD600 of 

the aqueous phase after hexadecane addition) (Tribedi et al., 2015), 

and the results were graphically represented.  
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3.4.5.4 CO2 release test (Sturm test) 

The gravimetric analysis of CO2 evolution is considered strong 

evidence for bio-attachments to LDPE films (Bosco & Mollea, 2021). 

To perform this test, a self-made apparatus consisting of a conical flask 

with CFLMSM inoculated with or without bacterial-treated LDPE 

films (test and control), a receiver flask containing 100 mL of 1 M 

KOH solution, and clear connecting tubes was used. The leak-proof 

setups of the test and control were incubated for one month at room 

temperature to allow CO2 to diffuse into the KOH solution. The 

trapped CO2 in the receiver flask can be demonstrated by adding 0.1 M 

BaCl2, which precipitates white crystals of barium carbonate (Ali Shah 

et al., 2013). The rate of CO2 release to the KOH solution can be 

calculated by recording the difference in weights of barium carbonate 

precipitate crystals formed in the test and control flasks. 

3.4.4 Identification of the most proficient bacterial species for the 

breakdown of LDPE films  

Purified bacterial inocula from each enriched soil sample were 

identified using standard microbiological techniques, including 

morphological analysis, cultural character studies in selective media, 

staining methods, and biochemical tests (Koirala et al., 2021). 

Furthermore, they were identified by 16S rDNA sequencing, 

phylogenetic tree construction, and MALDI-TOF analysis.  

3.4.4.1 Morphological and staining analysis of bacterial strains 

All potential cultures from each soil sample were streaked in Nutrient 

media, and their morphological features were recorded (Demissie et 
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al., 2024). Gram staining, spore staining, capsule staining and motility 

tests were performed and documented. Colony morphology included 

size, shape, colour, and margin characteristics observed under a 

stereomicroscope.  

3.4.4.2 Biochemical tests 

The highly efficient strains were biochemically characterised by 

conducting tests such as IMViC (Indole, Methyl Red, Voges-

Proskauer, and Citrate), catalase, oxidase, urease, triple sugar iron 

(TSI), and nitrate reduction (Lennox & Ackerman, 1984). Starch 

hydrolysis and gelatin hydrolysis were performed to identify the 

bacterial strains. The results were tabulated.  

3.4.4.3 Biochemical Profiling using the Hi-Carbo Kit of Himedia  

This study employed the Himedia kit (KB009) for carbohydrate test 

kits to determine the biochemical profiles of the isolated bacterial 

species that exhibited firm attachment to LDPE films for 

biodegradation (Alqasim et al., 2021). The kit comprises 35 

carbohydrate fermentation tests and one control, which is arranged in 

three parts: Part A, Part B, and Part C. Part A has provisions for 12 

tests; Part B comprises another 12 tests, and Part C contains 11 tests 

and one control well to check the complete biochemical activities of 

the organism. To conduct the test, peel off each part of the kit, 

aseptically inoculate each well with 50 µL of each competent strain 

separately, except in the control well, and incubate the kits at 37 °C for 

18-24 hours. Recorded the results.  
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3.4.4.4 Culture Characteristics Studies in Different Selective Media 

For studying cultural characteristics, we have used Blood agar 

medium, Starch casein agar medium (Himedia M801-500G), Starch 

agar medium (Himedia M107S-500G) and Carboxy cellulose agar 

medium (Kasana et al., 2008). In addition, the cultural peculiarities of 

bacterial species were examined in various media, including HiChrome 

Bacillus agar (M1651), HiChrome Pseudomonas agar medium (M085), 

and Himedia mannitol salt agar medium (M118) (Alippi & 

Abrahamovich, 2019).  

3.4.4.5 16S rDNA sequencing 

Spin columns (purchased from BOGAR Biobee Stores Pvt Ltd, 

Coimbatore) were used to isolate DNA of the appropriate 

concentration from each of the most potent bacterial strains isolated 

from plastic-mixed landfill soils. The DNA concentration was assessed 

before sequencing using a Qubit 3.0 Fluorometer (Thermo Fisher) 

(Jahangiri et al., 2022). Then, the DNA molecule was amplified by a 

pre-designed PCR using 27F/1492R universal primers. Two 

denaturation phases are involved in the PCR reaction: the first occurs 

at 95 °C for five minutes, and the second is carried out at the same 

temperature for one minute. This cycle is repeated 25 times. Next, 

precise primers are introduced and bound at 50ºC for 1 minute. 

Subsequently, the initial elongation occurs at 72 °C for 2 minutes. 

Then, an ultimate prolongation was executed at 70 °C for 14 minutes 

(Asghari Ozma et al., 2024). Following the completion of PCR 

reactions, the PCR products were washed with a Sigma-Aldrich clean-

up kit to remove unincorporated nucleotides (Wróbel et al., 2023). 
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Sequencing was then performed using an ABI sequencer. Afterwards, 

the 16S rDNA sequences were uploaded into the NCBI BLAST 

similarity search tool for a BLAST analysis (Stalder et al., 2013). 

Subsequently, the most appropriate homologous sequences were 

extracted. The MEGA 11 software was used to conduct sequence 

alignment using the MUSCLE algorithm, construct a phylogenetic tree 

with the Neighbour-joining tree construction method, and identify 

outgroups based on the method described by (Li et al., 2025; Tamura et 

al., 2021). The resulting data were subsequently uploaded to GenBank.  

3.4.4.6 MALDI-TOF-Mass spectroscopy analysis for bacterial 

species identification 

For this analysis, 1 mL of a 16-hour suspension from efficient strains 

for the biodegradation of LDPE strips was taken in a clean and 

sterilised centrifuge tube using a micropipette. Then, 12 mL of 70% 

formic acid and the contents were mixed well by vortexing for 2-5 

minutes. The tubes were incubated at 25℃ for 45 minutes to achieve a 

homogeneous bacterial culture suspension. One millilitre of bacterial 

culture from each centrifuge tube was placed in the wells of separate 

MSP 96 steel plates for the MALDI-TOF-MS Microflex instrument 

(Bruker Daltonics) and air-dried for 5-10 minutes. Then, 2 mL of 

matrix solution from the Brucker company was added to the wells of 

the target plates, and each plate was loaded separately into the 

instrument (Zhu et al., 2015). Then, it compares the protein mass 

dendrogram of each sample with the control spectra in the database, 

and the Biotyper software of the instrument generates valid species-
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specific profiling scores between 1.7 and 3 for bacterial strain 

identification (Asare et al., 2023).  

3.4.5 Initial growth kinetics of individual bacterial strains on 

LDPE films 

Examining the growth kinetics of individual strains under stressful 

conditions is advantageous for identifying the strain's capacity to attach 

to the complex geometry of the polymer. Each isolated bacterial 

species was inoculated into carbon-free broth with LDPE films and 

incubated in a static culture at room temperature. The cell growth of 

each strain was observed at 24-hour intervals for up to 5 days. For this 

periodic sampling, the LDPE films were collected at 24-hour intervals 

into a saline solution and shaken in a rotary shaker at 180 rpm for 5 

hours (Salum et al., 2008). The absorbance of the culture-mixed saline 

solutions was measured at 610 nm using a spectrophotometer. Controls 

included CFLMSM without LDPE films to measure baseline bacterial 

growth.  

3.4.6 Efficacy studies to prove strong biofilm formation on LDPE 

films by bacterial species such as OBA5, OLA2, and OBM3 

isolated and enriched using landfill soils.  

To demonstrate the effectiveness of each bacterial species isolated 

from various long-term dumps, we calculated the overall increase in 

cell population, determined the number of viable cells, measured 

protein content, examined pH fluctuations in the medium, and analysed 

EPS (extracellular polymeric substance) content.  
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Bacterial proliferation on the surface of LDPE polymer was quantified 

by placing films in a 0.85% solution of NaCl and mixing them by 

vortexing for 4-5 hours at 180 revolutions per minute. The bacterial 

suspensions were then serially diluted up to a dilution factor of 10-7. 

Subsequently, 0.1 mL of the samples was spread onto Himedia’s 

Luria-Bertani Agar M1151F medium and cultured for 48 hours at 

37℃. Then, we calculated the total cell growth on the polymer film 

using the experimental data (Joseph et al., 2001). 

Average CFU Volume of  the original suspension 
 × Dilution factor × 

Sample volume for spreading Surface area of  LDPE film

Total biomass count (CFU /  = 

       o
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L g
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The count of living organisms on LDPE films incubated for one and 

four months was calculated and graphically represented to prove the 

bacterial strain's competency to grow in a stressful environment.  

In the FDA experiment, we assessed the viability of bacterial strains on 

LDPE films that were inoculated in CFLMSM for one month and four 

months of incubation at room temperature. The bacterial strains from 

LDPE biofilms were collected and placed in an FDPB (Fluorescein 

diacetate phosphate buffer) solution. The LDPE films collected during 

the assay were taken on the 5th, 10th, 15th, 20th, 25th, and 30th days of 

incubation, and then every month for four months, on the 30th, 60th, 

90th, and 120th days of incubation.  

Apart from the biomass count and FDA analysis, the protein content 

analysis by the Bradford assay can estimate the bioformation on LDPE 

films (Bradford, 1976). The bio-collected samples were gathered on 

the 30th, 60th, 90th, and 120th days of incubation and placed in a saline 
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solution for this experiment. The solution was spun at 12000 rpm for 6 

minutes. The supernatant was collected, and 1 mL was transferred to 

the cuvette, where it was mixed well with 3 mL of the Bradford 

reagent. Subsequently, the supernatants were examined using a 

spectrophotometer (Visible Spectrophotometer—Aczet AV-5, India) at 

595 nm. Typically, BSA is used as a benchmark for this assay, and a 

calibration graph is employed to determine the protein concentration 

(Brady & Macnaughtan, 2015).  

 pH variations in the carbon-free broth were carefully examined every 

15 days using a pH test (pHTestr 3, Sigma-Aldrich, USA) for up to 

120 days to determine bio-attachment. The test and controls, with or 

without bacterial treatment, on LDPE films were maintained to 

compare the results. Just before commencing the experiment, we 

adjusted the pH of the synthetic medium to 7.2 ± 0.2 using a 0.1 M 

potassium phosphate buffer. The results were presented in a graph.  

The analysis of extracellular polysaccharide (EPS) content is strong 

evidence for detecting biofilm formation on long-chain hydrocarbon 

surfaces (Jiao et al., 2024). For this analysis, the bacterial suspensions 

on the films were detached by centrifugation at 7500g for 20 minutes. 

The resulting supernatants were dialysed overnight using a dialysis 

membrane disc (Spectra S/P11, 6000-8000 MWCO, 33mm diameter). 

The samples were taken to quantify the extracellular polysaccharides 

according to the protocol (DuBois et al., 1956).  
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3.4.7 Quantitative Enzyme Assays 

3.4.7.1 Preparation of crude enzyme extract 

Fifty millilitres of CFLMSM containing polyethylene films were 

inoculated with bacterial cultures at the exponential stage and 

incubated in a static culture mode at room temperature for 120 days. 

Control conical flasks without bacterial-treated LDPE films were kept 

in the same condition as the test samples to confirm the results. The 

specimens were collected at a frequency of every 15 days and spun for 

10 minutes at 10000g. The supernatants were collected and subjected 

to enzyme assays.  

3.4.7.1.1 Estimation of Laccase enzyme  

The chemical component 2,2'-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS) is essential for quantifying the presence of the 

laccase enzyme in biofilms that develop on the surface of polymers 

(Sheikhi et al., 2012). The experiment consisted of a 4 mL mixture 

containing 2 mL of buffer-sodium acetate (0.15 mM, pH 4.6), 1 mL of 

0.2 mM L-1 ABTS stock, and 1 mL of supernatant. The blank solution 

was maintained with all chemical reagents and a control conical flask 

containing a liquid suspension. All the solutions were incubated for 5 

minutes using a controller-based UV-VISIBLE spectrophotometer 

(Systronics, model 117), and the absorbance of all samples (control 

and test) was analysed at 420 nm. The activity of a single enzyme unit 

is evaluated by quantifying the enzyme's capacity to oxidise one 

micromole of ABTS within one minute.  
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( )
6total volume of  assay mixture × 10

Laccase enzyme activity U / mL

Final absorbance after incubation - initial absorbance
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 
 
  
 

 

3.4.7.1.2 Lipase Assay 

UV-VISIBLE Spectrophotometry was used to monitor lipase activity 

in bacterial strains (pNPP) by measuring p-nitrophenyl palmitate 

(pNPP) (Pencreac’h & Baratti, 1996), which was conducted to detect 

enzyme production in the biofilms of LDPE films. The reaction 

solution comprises 80 µL of pNPP (0.8 mM) and 1.3 mL phosphate 

(potassium) buffer (55 mM) at pH 8.3, along with 120 µL of enzyme 

supernatant for the positive sample or 120 µL of mineral salt broth for 

the control sample. The mixture for the reaction was initially heated at 

40°C for 10 minutes, and further the reaction was elevated to 45℃ for 

15-20 minutes. Then, the reaction was terminated by adding 1 mL of 

ethanol. A control experiment was conducted in parallel by combining 

all the reaction mixture components except the enzyme supernatant in 

the reaction mixture. The insoluble compounds were separated by 

spinning the reaction solution at 8,000 g for 5 minutes. The quantity of 

p-nitrophenol (NP) released, using its absorbance at 410 nm (Khan et 

al., 2023).  

One unit of enzyme activity (U/mL) = 1µ mol release of p-NPP/minute 

(Zhao et al., 2021).  
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6Δ 410 × total volume assay mixture × 10
Lipase enzyme activity (U / mL) = 

ε pNPP × sample volume

Final absorbance after incubation - initial absorbance
Rate of  absorbance, Δ410 = 

Difference of  tim

 
 
 
 

 
e for measuring final and initial absorbance (min)

-1 -1εpNPP = 18000 M cm

 
 
 

 

3.4.7.1.3 Protease Assay 

Protease enzyme activity was estimated by following the Sigma 

Aldrich protocol (Cupp-Enyard, 2008). For this assay, 2 mL of 

bacterial culture supernatants were spun at 4500g for 10 minutes and 1 

mL of the culture supernatants of bacterial suspensions were mixed 

with 5 mL of the reaction mixture, which comprises 0.65% casein 

powder (6.5mg/mL) in a phosphate buffer (potassium) (50 mM) at pH 

7.5 (Singh & Jha,2015). Then, the mixture was homogenised by slow 

stirring and heated to 37°C for 10 minutes (temperature and stirring 

maintained using a shaking digital water bath). Cautions were taken to 

avoid boiling throughout the preparation, and the pH was corrected 

with HCl or NaOH. After incubation, the reactions in the mixture were 

stopped by adding 5 mL of 110 mM Trichloroacetic acid reagent. 

Blank and test solutions were prepared and incubated at 25℃ for 45 

minutes. The solution was vigorously centrifuged at 5000 revolutions 

per minute for 8 minutes to eliminate insoluble substrates. The 

supernatant of both blank and test (2 mL) was added to a Na2CO3 

solution (5.5 mL, 500 mM) and phenol reagent-Folin Ciocalteu (0.5 

mL), used for the estimation of protease enzyme in bacterial strains 

attached to LDPE film. The mixture was incubated for another 45 

minutes in the dark until a blue hue appeared in the solution. The 

absorbance values were evaluated at 660 nm compared to a blank 
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solution. The tyrosine standard curve was built, and from its slope 

equation, µmole of tyrosine equivalent release of test and blank were 

calculated, and further, the enzyme activity (U/mL) was computed as 

per the equation below, 

Proteaseenzymeactivity(U/ mL)

mole tyrosineequivalent release Total volumeof assay

Timeof assay Volumeof enzyme Volumeusedin colorimetricdetermination

=

  
 

  

 

3.4.7.1.4 Estimation of Lignin Peroxidase Enzyme  

Lignin peroxidase (LiP) activity was quantified using the following 

method (Fujii et al., 2013) with the essential compound Azure B. The 

sample solution, with a total volume of 2 mL (0.5 mL of each 

component), comprises sodium tartrate buffer at pH 4.2 (50 mM) along 

with azure B (35 μM), H2O2 (100 mM), and culture supernatant. 

Control assay solutions were retained by adding 0.5 mL of synthetic 

broth instead of culture supernatant. The reaction commenced with the 

addition of 0.5 mL of hydrogen peroxide (H2O2). In the assay, Azure 

B's oxidation rate was quantified at a wavelength of 651 nm (Russell et 

al., 2011). 

( )
Δ651× total volume of  assay mixture ×  

 = 
ε azure B × sample volume

Final absorbance after incubation - initial absorbance
Rate of  absorba

610
Lignin peroxidase en

nce, Δ6

zyme
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 activity U / m

Di

L

f

 
 
 
 
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-1 -1ε azure 

absorbance 

B = 48,800 M

(min)

cm

 
 
 
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3.4.7.1.5 Manganese peroxidase assay 

The presence of the enzyme manganese peroxidase was measured 

using guaiacol (2-methoxyphenol) via its oxidation to form a brown-

coloured product (de Oliveira et al., 2009). The formation of coloured 

products can be determined at 465 nm using a UV-VIS 

spectrophotometer. The reaction solution consists of 0.4 mL of 0.1 M 

sodium lactate buffer, pH 4.5 (prepared by dissolving 11.2 g of sodium 

lactate powder in a 0.1 M lactic acid solution of 1000 mL), 0.1 mL of 1 

mM guaiacol, 0.1mL of 1 mM MnSO4, and 0.4 mL of culture 

supernatant for the test sample. The reaction mixture of the control 

sample is maintained without the addition of enzyme supernatant—the 

reactions in both control groups and the initiated group were 

commenced by adding 0.1 mM H2O2 (30µL). After five minutes of 

incubation, enzyme activity was measured at 465 nm using a UV-

visible spectrophotometer (Naidu et al., 2017). At a temperature of 

30℃, a single micromole of brown product produced per minute by an 

enzyme equals one unit of enzyme activity.  

3.4.7.1.6 Esterase enzyme assay 

This enzyme test utilised a slightly modified Sigma Aldrich protocol 

for the esterase assay (K. K. Bhardwaj et al., 2020). The reaction 

mixture (3 mL) comprises 2.87 mL of phosphate (potassium) buffer 

(55 mM), pH 8.0 at 25℃, 0.03 mL of O-nitrophenyl (butyrate), and 0.1 

mL of enzyme solution (positive sample) or CFLMSM (control). Next, 

the reagents were incubated for five minutes each, and spectroscopic 

readings were taken at 420 nm.  
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Δ420 × total volume of  assay mixture × 
Esterase enzyme activity (U / mL) = 
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Difference of  time for measuring final and Initial absorbance min

3 -1 -1Millimolar extinction co - efficient of O - nitrophenol = 4.6×10 M cm

 

3.4.7.2 Qualitative analysis of extracellular enzymes in various 

production media 

Various production media were used to screen extracellular enzyme-

producing strains in the biofilms on the LDPE surface. The laccase-

producing strains were screened using a nutrient agar medium 

augmented with 0.5 mM guaiacol (Kameshwar & Qin, 2017). For 

lipases/esterases, tributyrin agar (Noormohamadi et al., 2013) and for 

proteases, skim milk agar (Shaikh et al., 2023) were utilised, in 

addition to nutrient-rich growth media supplemented with azure B, 

which were used to identify lignin and manganese peroxidase-

producing strains (Rath et al., 2022).  

3.4.8 Screening of bio-surfactants  

Following a 15-day incubation period, the biofilms formed on LDPE 

films were collected and subjected to agitation in a saline solution for 4 

hours at 180 revolutions per minute. The saline solutions with biofilms 

were centrifuged at 7500g for 25 minutes at 4°C (Deng et al., 2020), 

and the supernatants were collected in fresh Eppendorf tubes. The 

supernatants were subjected to bio-surfactant analysis using oil 

displacement tests and emulsification assays (Kiran et al., 2010).  
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3.4.8.1 Oil displacement analysis 

This strategy detects the presence of microbial biosurfactants, which 

can alter the contact angle between oil and water. This simple and 

basic assay was devised by (Morikawa et al., 1993). In this test, to 

detect the surface pressure caused by biosurfactants, 10 µL of each 

culture supernatant was added to the surface of 100 µL of petrol placed 

over 25 mL of water. Within 30 seconds, oil displacement activity was 

observed due to the presence of biosurfactants. Control plates were 

maintained without adding culture supernatant to the crude oil film to 

validate the results.  

3.4.8.2 Emulsification assays 

The emulsification capacity of culture supernatants was assessed using 

a modified method (Cooper & Goldenberg, 1987). To measure this 

capacity, 2 mL of culture supernatant was mixed with 2 mL of crude 

oils, such as kerosene, petrol, and diesel, and swirled for 6 minutes. 

Checked its stable emulsification after 24 hours. Then, the emulsion 

rate percentage was calculated (Ibrahim et al., 2013) as follows,  

Height of  emulsification layer
Emulsification rate in % = ×100

Total height of  aqueous layer

 
 
   

3.4.8.3 Isolation and Characterisation of bio-surfactants  

An acid and solvent extraction procedure was followed (Bijesh et al., 

2015) to isolate the biosurfactant produced by the strain, with minor 

modifications. Bio-surfactant-containing bacterial strains were 

extracted from the mineral salt medium by centrifugation (15,000 rpm 

for 22 minutes at 4 °C). Then, each supernatant was collected and 
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mixed with 6 N HCl. Add HCl until the solution pH turns 2.0 and 

allow the extract to incubate in the refrigerator for 18 h to get a cloudy 

solution. The residues were extracted from the solution by 

centrifugation at 12000 rpm for 30 minutes at 4℃. They were extracted 

with equal volumes of chloroform-methanol solutions (2:1) and kept in 

a rotary shaker (Rotek shaker-RRS-04) at 250 rpm for six hours. The 

extracts were neutralised by adding 0.6 mL of ethanol to prevent the 

formation of methyl esters (Mandal et al., 2013). The biosurfactants 

from this solution were collected after pooling all the organic phases in 

each tube under vacuum, and the crude extracts were used for 

characterisation by FTIR analysis (SHIMADZU-IR Tracer-100).  

3.4.9 Statistical analysis 

All initial and conclusive investigations were conducted in triplicate (n 

= 3) to ensure reproducibility. All statistical computations were carried 

out in RStudio Cloud (v4.2.3), governed by the GNU Affero GPL v3 

license. Results are reported as Mean ± SEM. Intergroup comparisons 

were analysed using Student’s t-test in GraphPad (freely available 

software), with a threshold for significance set at p < 0.05 (95% 

confidence interval). Graphical representations of the data were 

generated using OriginPro 2018 (cloud-based).  
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3.5. Result  

Study of the efficacies of bacterial strains screened from plastic 

landfills for the formation of resilient biofilms on LDPE films 

3.5.1 Analysis of the physical characteristics of soil samples 

collected from Landfills 

Soil samples (10 g) were taken in triplicate from three plastic landfills 

located in different areas of Kerala (Fig. 3.1), where LDPE films were 

collected in a pile after removing biological waste. The physical 

conditions of the soil samples, such as pH and temperature, were 

measured and used to formulate the media (Values depicted in Table 

3.1). Our investigation utilised soil samples containing partially 

decomposed plastic fragments for bacterial isolation and subsequent 

studies.  

 

Fig.3.1 Long-run plastic landfills selected for soil sample collection 
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S. 

No 
Plastic Landfills 

Physical parameters (Mean ± 

SEM) of the soil sample 

pH Temperature 

1 

Solid waste management unit of 

Alathur Thaluk at Vanoor, 

Palakkad. 

7.29±0.02 37.3 ± 0.841 

2 

Plastic waste unit of Thrissur 

Co-operation at Laloor, 

Aranattukara, Thrissur. 

7.5±0.06 38.033 ± 1.14 

3 

Solid waste management unit of 

Kochi Co-operation at 

Kakkanad, Kochi. 

7.67±0.064 38.77±1.23 

 
Table 3.1. Physical parameters of soil samples collected from various 

landfills associated with open plastic garbage landfills.  

3.5.1.1 Inspection of physical parameters of LDPE films and their 

surface sterilisation  

Before enrichment analysis, the physical characterisation (Table 3.2) of 

the purchased LDPE films was conducted. These LDPE films were 

sliced into pieces and treated with SDS and ethanol for the rest of the 

studies.  

Material Physical parameters Result  

 

LDPE Films 

Thickness (in mm) .0556 ± 0.002 

Density(g/cm3) 0.85 ± 0.145 

Specific gravity(g/cm3) 0.92± 0.115 

 

Table 3.2 Physical Parameters of LDPE films collected from Surya Polymers 

and Plastic Industry in Pudussery Central, Kanjicode, Palakkad. 
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In addition to the physical characteristics of LDPE film, we conducted 

a thermal stability test using TGA-DSC analysis. From the result, we 

found that the maximum mass reduction occurs at 350 ℃, and 

decomposition ends above 500 ℃. According to (Chamas et al., 2020), 

the decomposition of a pure LDPE film starts at 390 °C and ends at 

490 °C. It proves that the material we used for the study was LDPE. 

Still, the slight temperature change observed during decomposition in 

this analysis may be attributed to additives in the LDPE film (Zhu et 

al., 2017).  

 

Fig.3.2 Thermo Gravimetric –Differential Thermal Analysis (TGA-DTA) to 

characterise the thermal property of the LDPE film collected.  

3.5.2 Enrichment of bacterial species using soil samples collected 

from plastic garbage sites 

During the initial enrichment period, all soil samples mixed with 

plastic pieces were collected from landfills and amended in CFLMSM 
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(Fig.3.3). Subsequently, the broth cultures were plated on R2A 

medium to determine the biomass count in CFU/g (See the results in 

Table 3.3). The biomass count results showed that plastic-mixed soil 

samples contained many potential strains, and their number was 

significantly increased by the enrichment of the medium's pressurised 

condition. Almost all the colonies isolated from the Vanoor dump were 

colourless and medium to large-sized compared to the other two 

garbage sites. However, we enumerated pigment-producing colonies, 

specifically those from large-sized colonies, in the Laloor and 

Bhramapuram dumps. Afterwards, the potential strains in each spread 

plate were screened using the Coomassie brilliant blue (CBB) staining 

and destaining method (see Fig. 3.4). The de-stained or transparent 

zone-formed colonies from each spot on the plastic plate were streaked 

repeatedly. The potential bacterial strains were purified (as shown in 

Fig. 3.4) and stored for further study.  
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c. 

 

Fig.3.3 Enrichment of collected soil sample from a landfill. a. Soil sample 

collected from the plastic dump. b. soil sample mixed CFLMSM c. One 

month of enriched soil samples along with a control conical flask.  

 

 

Fig.3.4 A few plates showing CBB staining and de-staining on R2A media 

spread with soil samples and incubated for 20 minutes. A de-stained or zone-

formed culture is used for further purification by repeated streaking. The 

results were compared with those of a control plate that did not contain soil 

samples. 
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Name of the 

Open Garbage 

Heap 

Soil 

Sample 

Spot 

Code 

Biomass 

(CFU/g 

on R2A 

Medium, 

Mean ± 

SEM) 

Colonies 

with 

Destained 

Zones 

(CFU/g, 

Mean ± 

SEM) 

Bacterial 

Colony 

Codes with 

Destaining 

Effect 

 

Vanoor 

VLSI 3.27 × 109 

± 0.12 

8 × 106 ± 

0.176 

OBA5 

VLS2 2.4 × 109 ± 

0.09 

5.9 × 106 ± 

0.173 

OBA4 

VLS3 4.83 × 109 

± 0.41 

16.8 ×106 ± 

0.208 

OBA3, 

OBA2 and 

OBA1 

 

Laloor 

LRS1 3.1 × 109 ± 

0.173 

8.3×105 

±1.453 

OLA1, 

OLA3 

LRS2 3.4 × 109 ± 

0.12 

5.67×105 

±0.88 

OLA2 

LRS3 2.6 × 109 ± 

0.145 

3.33×105 

±0.88 

OLA4, 

OLA5 

Bhramapuram BMS1 3.2 × 109 ± 

0.145 

10× 104 ± 

1.16 

OBM3, 

OBM1 

BMS2 2.97 × 109 

± 0.18 

6× 104±1.53 OBM2, 

OBM4 

BMS3 2.37 × 109 

± 0.145 

3×104±0.58 OBM5 

 

Table 3.3 Results of initial enrichment of capable bacterial strains from soil 

samples collected from various landfills to form effective biofilms on LDPE 

surfaces.  
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3.5.2.3 Purified strains after CBB staining 

 

Fig. 3.5(a) Bacterial species were purified from soil samples collected from 

the Vanoor landfill, located at the solid waste processing unit in Alathur, 

Palakkad.  

 

Fig. 3.5(b) Bacterial strains purified from soil samples from the Laloor 

landfill located at Thrissur corporation's plastic waste processing unit.  

 

Fig.3.5(c) Bacterial species purified from soil samples from the 

Bhramapuram garbage site at the plastic waste management unit of Kochin 

Corporation.  

3.5.3 Preliminary identification of the most potent bacterial strain 

for degradation from each soil sample after enrichment  

3.5.3.1 Weight reduction of LDPE strips after four months of 

incubation 

In this initial analysis, all the strains were incubated for 120 days in 

carbon-devoid mineral salt broth at room temperature. After the static 

culture incubation span, almost all the purified bacterial strains showed 

the ability to attach to the polymer. They contributed to weight 
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reductions (Results shown in Table 3.4(a),3.4(b) and 3.4(c). Among 

the bacterial strains, the OBA5 isolated from the Vanoor dump has a 

maximum weight reduction percentage of 42.73 ± 1.105. Following the 

OBA5 strain, OBM3, a bacterial species isolated from the 

Bhramapuram garbage heap, has exhibited 40.22 ± 2.04% weight 

depletion, and OLA2, isolated from the Laloor plastic pile, displayed 

39.7 ± 1.27% weight depletion.  

In addition to the weight reduction test, daily intake rates (K-rate) and 

half-life durations (t1/2) of LDPE films from bacterial degradation were 

calculated. Significant results were observed with all OBA5, OBM3, 

and OLA2 strains in terms of both LDPE consumption rates and half-

life reduction, demonstrating their effective degradation of non-

pretreated LDPE films in a highly stressful environment.  

3.5.3.1 Result of Weight Loss Experiments of LDPE films treated 

with purified bacterial strains isolated from various 

landfills in Kerala 

S. 

No 

Name of 

the 

Bacterial 

Species 

Weight Drop 

Percentage 

(W%) 

Daily Consumption 

Rate (g/day, K rate) 

Half-Life (days, 

t₁/₂) 

1 CONTROL 1.63 ± 0.376 0.00014±0.00003 5583.391±1408.061 

2 OBA1 20.67 ± 0.667 0.00174±0.0002 412±47 

3 OBA2 14.996 ± 0.77 0.00136±0.00008 514.7465±49.8568 

4 OBA3 11.65 ± 0.952 0.00103±0.00091 680.4042±60.3073 

5 OBA4 8.09 ± 0.992 0.00086±0.00011 834.2483±109.7771 

6 OBA5 42.73 ±1.105 0.00452±0.00029 154.803±10.66253 

 

Table 3.4(a) Weight loss of polyethylene films inoculated with bacterial 

suspensions isolated from the Vanoor Landfill.  
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Table 3.4(b) Weight reduction of LDPE strips by adding isolated bacterial 

species from Laloor landfill.  

 

 

Table 3.4(c) Weight loss of LDPE strips treated with isolated bacterial 

colonies from the Bhramapuram landfill soil samples in CFLMSM.  

  

S. 

No 

Name of 

the 

Bacterial 

Species 

Weight 

Drop 

Percentage 

(W%) 

Daily 

Consumption 

Rate (g/day, K 

rate) 

Half-Life (days, 

t₁/₂) 

1 CONTROL 1.32±0.194 0.00013±0.00003 6501.381±958.07 

2 OLA1 26.1±2.01 0.001±0.0017 278.46±23.66 

3 OLA2 39.7±1.27 0.00423±0.0002 163.82±7.25 

4 OLA3 19.7±1.55 0.0016±0.0014 439.84±38.56 

5 OLA4 15.8±2.04 0.0014±0.0002 516.93±42.3 

6 OLA5 9.53±1.58 0.0026±0.00157 858.77±183.54 

S. 

No 

Name of the 

Bacterial 

Species 

Weight Drop 

Percentage 

(W%) 

Daily 

Consumption 

Rate (g/day, K 

rate) 

Half-Life (days, 

t₁/₂) 

1 CONTROL 1.22±0.4897 0.0001±0.00003 8389±2386.042 

2 OBM1 21.33±0.96 0.002±0.0001 350.31±17.82 

3 OBM2 31.22±0.97 0.0031±0.0002 221.99±8.968 

4 OBM3 40.22±2.04 0.0043±0.0002 162.0133±6.29 

5 OBM4 29.3±1.15 0.0029±0.0001 240.45±11.34 

6 OBM5 20.77±1.44 0.0019±0.0002 361.01±28.2 
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3.5.3.2 FDA Analysis 

This test quantifies the prevalence of viable microbial strains that 

establish strong biofilm on the surface of the polymer((Orr) et al., 

2004). The present study observed a progressive enhancement in the 

conversion of FDA (3’6’ diacetyl fluorescein (FDA) within six hours 

on the 30th day of incubation in a carbon-devoid mineral salt medium. 

Hydrolysis of the FDA enables us to determine microbial metabolic 

activities (Schnürer & Rosswall, 1982). The coloured product 

fluorescein can be quantified using a spectrophotometer at 494 nm and 

represented as an origin graph (Tribedi & Sil, 2013). 

a. 
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b. 

 

c. 

 

Fig.3.6 The outcomes of FDA assays for potential landfill-derived strains 

were evaluated against controls without adding corresponding bacterial 

isolates. a. Vanoor plastic dump b. Laloor dump c. Bhramapuram dump. 

After 30 days of incubation, during the initial six-hour period, the most potent 

bacterial species, such as OBA5, OLA2, and OBM5, exhibited rising 

absorbance.  

3.5.3.3 BATH tests 

BATH tests were conducted to assess the cell surface hydrophobicity 

(CSH) of purified strains from the soil samples of landfills. In the 
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current investigation, the pellets of purified strains from landfill soil 

samples displayed solid adhesion to the organic phase, consisting of 

increasing concentrations of hexadecane (0.05 mL, 0.1 mL, 0.15 mL, 

and 0.2 mL). Among the bacterial species we screened from various 

accumulation spots, the strains OBA1 and OBA5 of Vanoor, OLA1 

and OLA2 of Laloor, and OBM1, OBM2, and OBM3 of Bhramapuram 

garbage sites exhibited a high percentage of turbidity reduction. 

Among all these inocula, the strain OBA5 showed the highest rate of 

turbidity reduction (around 50%), followed by OBM3 (47.23%) and 

OLA2 (45.35%) (all results depicted in Fig. 3.7(a), 3.7(b), and 3.7(c). 

Several recent researchers reported an increase in the turbidity 

reduction percentage in the aqueous phase and a rise in the 

hydrophobicity of cultures.  

 

Fig.3.7(a) Result of BATH analysis of bacterial species isolated from Vanoor 

open plastic dump and compared with the results of the control setup without 

adding bacterial species. The strain OBA5 (green colour graph line) showed a 

maximum reduction in hydrophobicity in the aqueous phase of 49.372 ± 

0.27043% after adding 0.2 mL of hexadecane.  
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Fig.3.7(b) Result of BATH analysis of bacterial species isolated from Laloor 

plastic waste pile. The OLA2 strain (red graph line) exhibited an 

enhancement in turbidity reduction and a reduction in hydrophobicity in the 

aqueous phase, attributed to the migration of bacterial strains to the organic 

phase (45.35±0.85%) in the aqueous phase of the BATH solution. The test is 

validated using a control setup without adding bacterial strains.  

 

 

Fig.3.7(c) The BATH assay demonstrated the Hydrophobic interaction of 

microbial strains isolated from the soil samples of Bhramapuram landfill 

spots. In this analysis, the strain OBM3 showed elevated hydrophobic 

interaction (47.23%) with the organic solvent hexadecane. The results were 

compared to a baseline control without any bacterial introduction.  
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3.5.3.4 CO2 estimation test (Gravimetric analysis of Sturm test) 

This test indirectly confirms the capabilities of isolated strains to 

degrade LDPE films inoculated in a carbon-devoid broth for one 

month. This experiment was conducted in a self-assembled setup (see 

Fig.3.8(1)). Even though all the strains isolated from open plastic 

dumps showed CO2 production, the strains OBA5 and OBA1 of 

Vanoor dump, OLA2, OLA1, and OLA5 of Laloor, and OBM3, 

OBM2, and OBM4 exhibited a high amount of CO2 during 30 days of 

incubation (Rate of CO2 production in g/L displayed as a graph in 

fig.3.8(2)). Among all the setups for the test, the bacterial species with 

the OBA5 added unit showed the highest CO2 production rate (6.77 ± 

0.07 g/L), followed by the OBM3 unit (6.3 ± 0.06 g/L) and the OLA2 

unit (5.62 ± 0.26 g/L).  

 a. 
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b.

 

c. 

 

Fig.3.8 Results of CO2 evolution tests of potential bacterial strains. a. Vanoor 

dump, b. Laloor dump c. Bhramapuram trash. All results were validated 

using an experimental setup that excluded the addition of bacterial strains to 

LDPE films.  



Chapter 3 

 

 122 

3.5.4 Identification of the most potential bacterial strains OBA5, 

OLA2 and OBM3 from various landfills of Kerala for LDPE 

biodegradation 

Upon initial investigations, we observed that the bacterial strain OBA5 

from the Alathur trash, OLA2 from the Laloor plastic dump, and 

OBM3 from the Bhramapuram plastic dump exhibited the most 

significant and consistent affinity for LDPE films. We purified these 

organisms and used them to identify the strains.  

3.5.4.1 Results of Morphological and Microscopic Analysis 

Following Bergey’s manual systematics for bacteriological 

identification, we recorded morphological staining analysis and 

displayed it in Table 3.5.  

S. 

No 

Name of the 

analysis 

Features/Te

st 

The result of bacterial strains 

OBA5 OLA2 OBM3 

1 Morphological 

Analysis in 

Basal Media 

Colony Size 

and Shape 

Significant, 

Round, 

slightly 

convex edge 

Medium, 

mucoid, 

slightly 

convex edge, 

irregular 

spreading-

edged  

Medium, 

circular, 

convex/entire 

margin 

Colour of 

colony 

Off White Blue-green 

pigmented 

Bright yellow 

pigmented 

2 Staining Gram 

Staining 

G+ve Rod-

shaped 

G-ve, Rod-

shaped 

G +ve, Cocci-

shaped 

Spore 

Staining 

Positive, 

Ellipsoidal 

endospore 

Negative Negative 

Capsule  Negative Positive Positive 

3 Motility Wet mount Positive Positive Negative 

Sulphide 

Indole 

Motility 

Medium 

Postivei 

(Spread in stab 

line) 

Positive Negative 

 

Table 3.5 Morphological and staining features of capable strains such as 

OBA5, OLA2, and OBM3 isolated from various landfills  
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 3.5.4.2 Biochemical tests of potential strains 

We have conducted a series of biochemical tests, which are 

summarised (Table 3.6).  

S. 

No 

Name of the 

biochemical test 

Biochemical test results of potential 

bacterial strains 

OBA5 OLA2 OBM3 

1 Indole - - - 

2 MR - - - 

3 VP + - + 

4 Citrate + + - 

5 Catalase + + + 

6 Oxidase + + + 

7 H2S production - - - 

8 Urease + - + 

9 Gelatin hydrolysis + + + 

10 Starch hydrolysis + + + 

11 Casein hydrolysis + + + 

12 Hemolysis Alpha Beta Non- haemolytic 

13 Growth at 450C + + + 

14 Carbohydrate fermentation  

1. Glucose + + + 

2. Fructose + - + 

3. Sucrose + + + 

15 Nitrate reduction test - + + 

16 TSI test K/A K/K A/K 

17 Coagulase test - - - 

18 Esculin hydrolysis + + + 

Table 3.6 Result of biochemical test of competent bacterial species (OBA5, 

OLA2, and OBM3) isolated from the long-run plastic heap (- means negative 

and + means Positive).  

3.5.4.3 Biochemical tests using Hi Carbo Kit of Himedia (KB009 

kit) 

Thirty-five carbohydrate tests were conducted for OBA5, OLA2, and 

OBM3 to assess adherence to LDPE films, and a control test was 

performed to confirm the bacterial species further.  



Chapter 3 

 

 124 

a. b.  c.  

Fig.3.9(a) Result of biochemical tests- KB009-Part A of isolated strains from 

various landfills. a. OBA5 isolated from Vanoor dump b. OLA2 from Laloor 

dump c. OBM3 of the Bhramapuram dump sites.  
 

a. b. c.  

 Fig.3.9(b) Result of biochemical tests- KB009-Part B of 12 carbohydrates. a. 

OBA5 from Vanoor dump b. OLA2 from Laloor dump c. OBM3 from the 

Bhramapuram dump.  
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a.  b.  c.    

Fig.3.9(c) Result of biochemical tests- KB009-Part C of 11 carbohydrates 

and one control. a. OBA5 from Vanoor dump. b. OLA2 from Laloor dump c. 

OBM3 from the Bhramapuram dump.  

Apart from red to yellow colour changes in regular carbohydrate 

analysis tests, a few tests exhibit distinct colour changes for positive 

results. They were 

1. ONPG (Orthronitrophenol-β-D-galactopyranoside) Test: - This 

assay measures the activity of β-galactosidase. It showed a 

positive result with a yellow colour in the medium for the 

OLA2 and OBM3 strains, and a negative result with a 

colourless medium for the OBA5 bacterial species.  

2. The esculin hydrolysis test quantifies the capacity of bacterial 

species to break down esculin into esculetin when exposed to β-

glucosidase or esculinase enzymes. In this analysis, the black 
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colour in the media wells of all the bacterial strains indicates 

positive results.  

3. Citrate test: This test detects the ability of microorganisms to 

utilise citrate as a carbon source. All the strains used for the test 

displayed positive results by converting the green colour to 

blue.  

4. Malonate utilisation test: In this analysis, we assess the capacity 

of microorganisms to use sodium malonate as their exclusive 

carbon source. The strains OBA5 and OLA2 introduced into 

the media wells showed colonies of blue colour. However, the 

strain OBM3 showed negative results, with a green colour in 

the media after 24 hours of incubation.  

Based on the analyses, we have assumed that OBA5 belongs to the 

Bacillus species, OLA2 belongs to the Pseudomonas species, and 

OBM3 belongs to the Micrococcus species.  

 

             Bacillus sp.                 Pseudomonas sp.          Micrococcus sp 

Fig.3.10 Pure cultures of potential strains in nutrient agar were used for 

further 16S rDNA sequencing and MALDI-TOF analysis to identify the 

genus and probable species.  
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3.5.4.4 Result of the culture characteristics of the most potent 

strains isolated from long-run plastic heaps in selective media 

All the isolated strains were streaked on various selective media, and 

the bacterial species were identified after biochemical tests confirmed 

their identities.  

     

  a. Bacillus sp.              b. Pseudomonas sp.        c. Micrococcus sp 

Fig.3.11(1) Demonstration of caseinase activity using starch casein agar.  

 

The appearance of zone clearance in each plate after adding an iodine 

solution gave us a positive result.  

      

       a. Bacillus sp.            b. Pseudomonas sp          c. Micrococcus sp 

Fig.3.11(2) Starch hydrolysis activity using starch agar. We obtained a 

positive result for all three bacterial species by zone clearance in all plates 

after flooding with 2 mL of iodine solution.  
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        a. Bacillus sp.            b. Pseudomonas sp.        c. Micrococcus sp.  

Fig.3.11(3) Cellulase activity using carboxy cellulose agar. The light orange 

colouration of 1% Congo red added to CMC (Carboxymethyl Cellulose) agar 

indicates the presence of cellulase activity, which is more evident in Bacillus 

species than in the other two species.  

   

a                                             b                                           c 

3.11(4) Bacterial species on the specific media. a. Bacillus sp on Hi-Media 

Bacillus agar b. Pseudomonas sp on hi-media pseudomonas agar c. 

Micrococcus sp on mannitol salt agar.  

 

3.11(5) LDPE films inoculated in CFLMSM for 120 days and placed on the 

R2A media.  
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3.5.4.5 Result of 16s r DNA sequencing  

Furthermore, isolated strains were confirmed by 16S rDNA sequencing 

in an ABI sequencer. The obtained sequences were then used to search 

for the most homologous sequences using the NCBI-BLAST tool. 

Then, the novelty of each strain was proved by phylogenetic tree 

construction. Each Dendrogram depicting an outgroup (see 

fig.3.5.4.5(1),3.5.4.5(2), and 3.5.4.5(3)) confirmed the uniqueness of 

the isolated bacterial strains, and all were deposited in GenBank with 

accession numbers OLA823002.1 as Bacillus cereus NJD1, OL823063 

as Pseudomonas aeruginosa NJD2 and OL823065 as Micrococcus 

luteus.  

 

Fig.3.12(1) Phylogenetic tree depicting the isolated bacterial strain, Bacillus 

cereus. The outgroup determines the evolutionary root of the organism.  

 

Fig.3.12(2) Phylogenetic tree constructed using homologous sequences 

retrieved by NCBI-BLAST analysis to depict Pseudomonas aeruginosa.   
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Fig.3.12(3) Phylogenetic tree constructed using 16S rDNA sequence of 

Micrococcus luteus. It shows the homologous sequences and outgroup of the 

isolated strain. 

 

3.5.4.6 MALDI-TOF analysis of the potential strains isolated from 

various landfills 

3.5.4.6(a) MALDI-TOF analysis of Bacillus cereus 

 It is one of the most sophisticated and straightforward methods for 

identifying the genus and species levels of unknown organisms 

(Sommerer, Centeno, and Rossignol 2007). The strain-specific protein 

mass fingerprints (PMFs) generated by Brucker Daltonics' Microflex 

LT-PC-based MALDI-TOF device for each strain were compared with 

the reference data stored in the instrument's database (Wang et al., 

2012). Harnessing the strains' PMF data, the instrument software 

calculated an arbitrary score value to identify the strain (Szmigiel et 

al., 2021).  
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S. 

No 
Strain 

Organisms (best 

match) 

Score 

values 
Descriptions 

1 OBA5 Bacillus cereus 2.208 fixed genus and 

expected species 

identification (J. Tao et 

al., 2009).  

2 OLA2 Pseudomonas 

aeruginosa 

2.612 Highly probable 

species identification 

(Desoky et al., 2022).  

3 OBM3 Micrococcus luteus 2.257 Secure genus 

identification and 

probable species 

identification.  

 

Table 3.7 Results of the best matches from the biotype software for each 

strain using the score values of each organism.  

 

 

Fig.3.13(1) Protein mass fingerprint of Bacillus cereus 
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Fig.3.13(2) Protein mass fingerprint of Pseudomonas aeruginosa 

 

Fig.3.13(3) Protein mass fingerprint of Micrococcus luteus 
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3.5.5 Quantification of biofilms on LDPE surface 

Biofilm development on LDPE is a complex assembly of 

microorganisms in a specified habitat. Altered structural and 

physiological circumstances facilitate bacterial adaptation to the hostile 

surface of polymers. Microbes' surface roughness is a crucial factor 

that creates a conducive environment for bacterial attachment. It 

represents the initial stage in the biodegradation of LDPE films.  

To demonstrate the initial biofilm, we observe the presence of 

organisms on LDPE films inoculated with potent strains in a carbon-

free medium.  

 

Fig.3.14 Biomass count on LDPE films in CFLMSM incubated by Bacillus 

cereus, Pseudomonas aeruginosa, and Micrococcus luteus for the first five 

days. This result indicates the efficacy of the bacterial strains isolated from 

landfills in adhering to LDPE films. Biomass counts of bacterial strains 

incubated with LDPE films were compared to control setups without bacterial 

inoculation.  
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The maximum biomass in the first five days of Bacillus cereus and 

Pseudomonas aeruginosa was 48 hours. However, the maximum 

biomass of Micrococcus luteus was reached within five days of 

incubation. We conducted this study for further analysis.  

3.5.6 Empirical investigations to demonstrate robust biofilm 

development on LDPE films by the competent bacterial 

species isolated from landfill soil.  

To determine the efficacy of the isolated strains in forming biofilms on 

LDPE films inoculated in a carbon-free liquid medium, we calculated 

the total cell count on the films, strain viability, estimated total protein 

content, pH change of the media, and EPS (extracellular polymeric 

substances) count.  

3.5.6.1 Determination of total cell growth count (Total biomass 

count) 

All species were counted for this test regardless of their metabolic 

stage: logarithmic, stationary, or death. It measures the bioactivities of 

potential strains adhered to the complex surface of LDPE films (S. H. 

Ji et al., 2024). This adherence may lead to colonisation and the 

introduction of metabolites to the hydrophobic surface of LDPE films 

(Sooriyakumar et al., 2022). Each experiment involving three separate 

competent organisms was conducted at room temperature using a static 

culture method in highly stressed media.  
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3.5.6.1.1 Result of total biomass count of Bacillus cereus 

 
a 

 
b 

Fig.3.15(1) Biomass count of Bacillus cereus in CFLMSM at 30℃ a. for 30 

days b. for 120 days.  

 In this analysis, we studied the total Bacillus cereus cell count for 0, 2, 

5, 10, 15, 20, 25, 30, 60, 90, and 120 days. The strain exhibited a 

maximum cell count on the 5th day of the 30-day incubation analysis 

and the 90th day of the 120-day incubation (See Fig. 3.15(1). The 

results demonstrate potent bioactivity during incubation on LDPE 

films.  

3.5.6.1.2 Result of biomass count of Pseudomonas aeruginosa 

In this test, we calculated the cell count of Pseudomonas aeruginosa 

for 30-day (0, 3, 5, 10, 15, 20, 25, and 30 days) and 120-day (0, 30, 60, 

90, and 120 days) incubation periods. In the initial one-month 

incubation study, the maximum biomass count appeared on the 25th 

day of incubation. During the 120-day incubation period, the 60th-day 

films exhibited the highest cell count (results shown in Fig. 3.15(2). 

All four months of incubation demonstrated the strain's adherence to 

the hydrophobic LDPE film surface, confirming the organism's 

potency.  
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a 

 
b 

Fig.3.15(2) Biomass count of Pseudomonas aeruginosa in CFLMSM: a. after 

30 days of incubation, b. after 120 days of incubation (all flasks incubated at 

30℃ under static culture conditions).  

3.5.6.1.3 Result of biomass count of Micrococcus luteus 

In this test, we calculated the cell count of Micrococcus luteus for 30-

day (0, 2, 5, 10, 15, 20, 25, and 30 days) and 120-day (0, 30, 60, 90, 

and 120 days) incubation periods (see results in 3.15(3).  

 

a 

 

b 

Fig.3.15(3) Biomass count of Micrococcus luteus in CFLMSM at room 

temperature (static culture): a. for the initial 30 days, b. for 120 days of 

incubation.  
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The maximum biomass count was observed on the 15th day of the 

initial 30-day incubation period. After 120 days of incubation, the 90-

day LDPE films showed the highest biomass count. These results also 

confirm the successful adherence of Micrococcus strains to the 

chemical structure of the polymers.  

3.5.6.2 FDA test for 30 and 120 days of incubation 

FDA testing determines the viability of isolated bacterial strains on 

LDPE films (Shilpa et al., 2023). This test only accounts for the 

organisms in the logarithmic phase, and its results (shown in Figs. 

3.16(1), 3.16(2), and 3.16(3)) demonstrate the strains' capabilities to 

form strong biofilms on the surface of LDPE film.  

3.5.6.2.1 FDA analysis of Bacillus cereus 

 
a 

 
b 

 

Fig.3.16(1) Result of the FDA test of Bacillus cereus incubated in a carbon-

devoid medium with LDPE strips. The LDPE films were collected from 

incubation flasks at 2,5,10,15,20,25, and 30 days (a) and 30, 60, 90, and 120 

days (b) following the growth pattern of Bacillus cereus.  
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In this test, we observed a high rate of metabolically active Bacillus 

cereus cells in the conical flask of carbon-free broth with LDPE films. 

Within the group of conical flasks maintained for 30 days, the LDPE 

strips incubated for 15 days showed the highest cell viability rate. 

Similarly, among the four-month conical flasks incubated, the LDPE 

strips at 90 days displayed the highest rate of living cells.  

3.5.6.2.2. FDA test of Pseudomonas aeruginosa 

 
a.  

 
b.  

 

Fig.3.16(2) Outcome of the FDA analysis of Pseudomonas aeruginosa: a. for 

3,5,10,15,20,25, and 30 days of incubation, and b. FDA results within thirty 

days of incubation in CFLMSM.  

The presence of metabolically viable Pseudomonas sp was detected on 

LDPE, and the results were summarised in 3.5.6.2.2. Among the 

conical flasks, the maximum FDA value was recorded on the 25th day 

of incubation. For 120 days, the highest number of living cells was 

observed on the 60th day of incubation. It demonstrated the ability of 

Pseudomonas species to attach to polymer pieces inoculated in a 

carbon-free liquid mineral salt medium.  
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3.5.6.2.3 FDA Analysis of Micrococcus luteus 

a b 

Fig 3.16(3) Biochemical activities of Micrococcus luteus on LDPE films in a 

pressurised condition of carbon-free mineral broth. a. for 2,5,10,15,20,25, and 

30 days of incubation. b. for 30,60,90, and 120 days of incubation.  

 

The FDA analysis of Micrococcus luteus on LDPE films revealed the 

presence of living organisms. Considering the test result, among the 30 

30-day incubation flasks, the 15-day-old LDPE films showed the 

highest FDA value. In a 120-day experiment, its value peaked on the 

90th day of incubation.  

 The FDA test results of the three competent strains demonstrated their 

efficacy in forming biofilms on hydrocarbon surfaces, utilising the 

LDPE films as their energy source, and producing hydrolytic enzymes 

(Schnürer & Rosswall, 1982). The difference in the metabolic rate may 

be due to the growth curves of microbial strains.  
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3.5.6.3 Protein content estimation from the biofilm attached to the 

LDPE films 

Enhanced bacterial biomass on the LDPE film may increase protein 

concentration (S. H. Ji et al., 2023). This test gives precise information 

regarding the catalytic activities of the potential strains we used in the 

study. It was conducted by collecting bio-attached LDPE films from a 

conical flask incubated for 30, 60, 90, and 120 days with Bacillus 

cereus, Pseudomonas aeruginosa, and Micrococcus luteus (the results 

are summarised in Fig. 3.17).  

 

Fig.3.17. Results of protein estimation of all three potential strains on the 

polymer strips. Each result was compared with that of the LDPE films 

without bacterial inoculum.  

We observed a high protein content on the 90th day of incubation with 

Bacillus species (36.7±1.97 µg/mL). The maximum protein content of 

Pseudomonas aeruginosa-treated LDPE films was reported at 60 days 

of incubation (32.59±0.755 µg/mL). It could be because the organism 

reaches its fast-proliferating stage after 60 days of incubation. Similar 



Chapter 3 

 

 141 

to the Bacillus species-treated LDPE film, the Micrococcus luteus 

strain biofilm on the polymer also exhibited a significant protein 

content at 90 days of incubation (33.54 ± 1.89 µg/mL). It shows the 

solid adherence of the organisms on the polymer surface.  

3.5.6.4 Influence of pH change in media due to the growth of 

microbial strains inoculated to LDPE films.  

In this analysis, the Bacillus cereus inoculated conical flask exhibited a 

pH change from 7.28 ± 0.04 to 4.64 ± 0.09. The Pseudomonas 

aeruginosa-inoculated medium showed a pH change from 7.3 ± 0.04 to 

4.97 ± 0.059, and the Micrococcus luteus-inoculated medium 

displayed a decline in pH from 7.29 ± 0.059. The data were compared 

by recording the pH of CFLMSM without bacterial inoculation 

(control).  

 

Fig.3.18 pH change in the carbon-free medium inoculated with the isolated 

bacterial strains. The results were compared with the control and represented 

in the graph.  
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These significant changes indicate the organisms' production of acidic 

metabolites and their ability to assimilate the intrinsic compound as 

their energy source (Mallisetty et al., 2023).  

3.5.6.5 Extracellular polymeric substance (EPS) production in the 

potential strains 

 

Fig.3.19 Estimation of EPS production by potential strains on the LDPE film. 

All results were compared with control setups, excluding bacterial cultures to 

ensure accuracy.  

 Among the strains, Bacillus cereus exhibited significant EPS 

generation over a 90-day incubation period, with measurements of 

128.83 ± 1.22 µg/mL at 30 days, 170.21 ± 1.5 µg/mL at 60 days, and 

205.21 ± 1.82 µg/mL at 90 days. At 120 days, they exhibited a sharp 

decline in EPS production (94.79 ± 1.1 µg/mL). Similarly, EPS 

production was observed in the other two potential strains, 

Pseudomonas aeruginosa and Micrococcus luteus. The highest rate of 

EPS production for Pseudomonas sp was observed on the 60th day of 
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incubation (143.96 ± 2.92 µg/mL). The highest rate of EPS production 

by Micrococcus sp. was recorded on the 90th day of incubation (195 ± 

2.2 µg/mL) (Results depicted in Fig.3.19). The comparatively elevated 

EPS formation throughout the incubation period for all three strains 

signifies their capacity to adhere to the resistant surfaces of LDPE 

films.  

Enzyme analysis 

Each potential strain isolated produced a few extracellular enzymes on 

the LDPE films during its catalytic activities. The culture supernatants 

were collected and subjected to quantitative and qualitative analysis.  

3.5.7.1 Quantitative Assays of Enzymes 

The analysis was conducted over fifteen-day intervals.  

3.5.7.1.1 Laccase assay 

Laccases are the primary extracellular enzymes involved in LDPE 

biodegradation, with oxygen serving as the primary electron acceptor 

(Suresh et al., 2025). All three strains exhibited the production of this 

enzyme, as shown in Fig.3.20.  

All three microbial strains exhibited a notable rate of laccase 

production throughout their four-month incubation period. Bacillus 

cereus attained peak laccase activity in carbon-free synthetic media at 

90 days of incubation (51.9 ± 1.142 U/mL). At 60 days of incubation, 

Pseudomonas aeruginosa demonstrated its maximum laccase enzyme 

activity (61.8 ± 1.3 U/mL). Furthermore, Micrococcus luteus, 
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identified as a promising strain, yielded the highest laccase enzyme 

production at 90 days of incubation (65.75 ± 1.59 U/mL).  

 

Fig.3.20 Graphical representation of laccase enzyme activity of Bacillus 

cereus (violet line in the graph), Pseudomonas aeruginosa (black-lined), and 

Micrococcus luteus (red-lined) during 120 days of incubation, along with 

control (without enzyme suspension-green lined).  

3.5.7.1.2 Lipase Assay 

The effectiveness of isolated candidates in generating lipase enzymes 

was measured to illustrate the hydrolysis of ester linkages in LDPE 

films inoculated in CFLMSM for four months (Kim et al., 2024). In 

the isolated strains, Bacillus cereus has shown high enzyme activity 

among the bacterial strains at 15 days (80.67±1.21 U/mL) and 90 days 

(67.58 ± 0.997 U/mL) of incubation. The Pseudomonas aeruginosa 

strain isolated from the Laloor dump showed the highest production at 

60 days of incubation (78.52 ± 1.59 U/mL). Another potential 

candidate isolated from the Bhramapuram open landfill has 

demonstrated the highest enzyme rate at 90 days (80.11 ± 1.88 U/mL). 
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All three strains exhibited significant lipase enzyme activity during the 

incubation period.  

 

Fig.3.21 Lipase enzyme activity of Bacillus cereus NJD1, Pseudomonas 

aeruginosa NJD2 and Micrococcus luteus NJD3 during 120 days of 

incubation. Results validated using a control setup devoid of enzyme 

suspension.  

 The maximum lipase production of Bacillus sp occurs at 15 days of 

incubation (80.67 ± 1.21U/mL), Pseudomonas species at 60 days of 

incubation and Micrococcus luteus strain at 90 days of incubation.  

3.5.7.1.3 Protease assay 

Proteases are another group of extracellular enzymes that can introduce 

amide linkages to the recalcitrant surface of LDPE, facilitating 

biodegradation (H. Bhardwaj et al., 2013; Roohi et al., 2017).  

In our analysis, we found that all three strains produced significant 

levels of protease enzymes (see Fig. 3.22). Among the potential strains, 

Bacillus cereus NJD1 exhibited the highest protease production rate at 

90 days of incubation (137.67 ± 1.45 U/mL). The other two competent 



Chapter 3 

 

 146 

strains, Pseudomonas aeruginosa (maximum protease production 

occurred at 60 days, 80.74 ± 1.96 U/mL) and Micrococcus luteus 

(enzyme peak observed at 90 days, 90.99 ± 1.06 U/mL), exhibited 

notable protease activities.  

 

Fig.3.22 Protease enzyme activity of Bacillus cereus, Pseudomonas 

aeruginosa and Micrococcus luteus during 120 days of incubation. The 

experimental outcomes were validated using a control.  

3.5.7.1.4 Manganese peroxidase and Lignin peroxidase enzyme 

activities for LDPE biodegradation 

Several recent investigations have demonstrated the specificity and 

stability of manganese peroxidases (MnPs) and lignin peroxidases 

(LiPs) in the biodegradation of LDPE (Sowmya et al., 2015). In the 

present study, only Pseudomonas aeruginosa exhibited a notable rate 

of these enzymes (see figures 3.23(a) and 3.23(b)).  
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Fig.3.23(a) Manganese peroxidase enzyme activity of Pseudomonas 

aeruginosa during 120 days of incubation. Each experiment was 

benchmarked against controls.  

 

 

Fig.3.23(b) Lignin peroxidase enzyme activity of Pseudomonas aeruginosa 

during 120 days of incubation. Controls, devoid of bacterial inoculation and 

enzyme supernatants, were used for comparative assessment of all results.  
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3.5.7.1.5 Esterase Assay 

These extracellular enzymes catalyse the conversion of the water-

soluble simple esters produced after the initial biodegradation of LDPE 

films for a few weeks into simpler molecules and among the competent 

strains isolated from landfills for LDPE biodegradation, Micrococcus 

luteus NJD3 only exhibited a moderate rate of esterase production. The 

organism exhibited the maximum production rate in biofilms attached 

at three months of incubation (results displayed in Fig. 3.24).  

 

Fig.3.24 Result of esterase assay of Micrococcus luteus attached to LDPE 

films incubated for 120 days in CFLMSM. The outcome of each experiment 

was validated using a control setup.  

3.5.7.2 Qualitative assays of enzymes 

All three capable strains, Bacillus cereus, Pseudomonas aeruginosa, 

and Micrococcus luteus, showed positive results for laccase, lipase, 

and protease enzymes. Additionally, Pseudomonas aeruginosa 

exhibited positive results only for the manganese peroxidase and lignin 

peroxidase enzymes.  
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Fig.3.25 Laccase assay. The guaiacol-supplemented media plates formed 

yellow- or brown-coloured colonies after ten days at 37℃, indicating the 

presence of the laccase enzyme (N. S. Ali et al., 2022).  
 

The guaiacol in the medium is oxidised in the presence of the laccase 

enzyme in the isolated strains to produce yellow to brownish zones 

around the colonies (Siroosi et al., 2016). The laccase enzyme 

catalyses oxidation reactions and forms water molecules (Senthivelan 

et al., 2019). Thus, laccases can oxidise long-chain hydrocarbons, such 

as LDPE films, and accelerate their biodegradation (Santo et al., 2013).  

 

Fig.3.26 Lipase assay of potential in tributyrate agar medium. The halo zones 

produced around the colonies designate the lipase production by the strains. 

a. Bacillus cereus b. Pseudomonas aeruginosa c. Micrococcus luteus 
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Tributyrin is the main component of the tributyrin agar medium (used 

to detect protease enzymes) and is insoluble in water. The bacterial 

lipases produced by the microbial strains can hydrolyse the compound 

into water-soluble butyric acid (S. S. Ali et al., 2023). It demonstrates 

the efficacy of lipase enzymes in hydrolysing water-insoluble 

triglycerides in LDPE into simple compounds (Fernandez-Lopez et al., 

2023).  

 

Fig.3.27 Protease assay in skim milk agar medium. The halo zones around 

the colonies indicate potential strains' protease enzyme production, such as 

Bacillus cereus. b. Pseudomonas aeruginosa c. Micrococcus luteus 

 

The halo-zones produced around the colonies in skim milk agar proved 

the production of protease enzymes. All three strains inoculated into a 

carbon-free medium exhibited distinct zones around the colonies 

(Jones et al., 2007). Several investigations have demonstrated the 

ability of various Bacillus and Pseudomonas species to produce 

protease enzymes for the biodegradation of LDPE-based compounds 

(Mohanan et al., 2020; Najam et al., 2025).  
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Fig.3.28 Azure B assay for detecting the presence of manganese peroxidase 

and lignin peroxidase production by Pseudomonas aeruginosa on the LDPE 

films.  

 The microbes that secrete these enzymes can decolourise or degrade 

azure B dye (Kavitha & Bhuvaneswari, 2021). Several scientists used 

this assay to demonstrate the presence of manganese peroxidase and 

lignin peroxidase production on LDPE films inoculated with efficient 

strains isolated from plastic dumps for polymer degradation (Iiyoshi et 

al., 1998; A. Kumar & Arora, 2022).  

3.5.8 Bio-surfactants in the isolated strains for LDPE 

biodegradation 

3.5.8.1 Result of oil displacement test 

This indirect test identifies the presence of biosurfactants in the 

isolated strains. They are amphiphilic substances that can aggregate 

across aqueous phases. They can be secreted extracellularly or formed 

on the surfaces of microorganisms (Nayarisseri et al., 2018). Our 

analysis used petrol without bacterial inoculum as the control and 

petrol with bacterial adhesion as the test (see the results in Figs. 

3.29(a), 3.29(b), and 3.29(c)).  

Control P 
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Fig.3.29(a) Oil displacement test using Bacillus cereus as a bacterial 

inoculum in the positive control.  

In the above analysis, the oil drop diameter increased from 15 ±1.25 

mm (in the control plates) to 45 ±4.08 mm (in the Bacillus-added test 

plates), indicating the presence of biosurfactants in the bacterial strain. 

Several studies have demonstrated the presence of such compounds 

using this simple protocol (Buhori et al., 2024).  

 

Fig.3.29(b) Oil displacement test using Pseudomonas aeruginosa as a 

bacterial inoculum in positive control.  
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The oil displacement test using the strain proved the presence of 

biosurfactant by increasing the drop diameter from 10 mm ± 1.5 mm 

(Control) to 30 mm ± 5.15 mm (Pseudomonas added test plate). 

Similar studies using Pseudomonas sp. have demonstrated the test's 

efficacy in identifying the presence of biosurfactants (Ghatge et al., 

2020; Taghavi et al., 2022).  

 

Fig.3.29(c) Oil displacement test using Micrococcus luteus as a bacterial 

inoculum in positive control. 

Using Micrococcus luteus as a bacterial inoculum, we obtained an oil 

drop diameter of up to 28.5 ± 5.69 mm, compared to the control 

without bacterial culture addition (diameter of 12 ± 1.14 mm). The 

results showed that the strain also produces biosurfactants. Few reports 

have been published on the production of biosurfactants by the 

Micrococcus strain for degrading polymer films (Rani et al., 2020; 

Yilmaz et al., 2009).  

3.5.8.2 Result of the emulsification capacity of potential strains 

using various petroleum products 

In this experiment, we analysed the strains' emulsifying ability across 

multiple petroleum compounds like kerosene, petrol, and diesel. Such 

evidence suggests that the isolated strain produces emulsifying agents 

for the biodegradation of petroleum-based synthetic polymers.  
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 a. Kerosene added to the tube.               b. Petrol added tubes 

           

c. Diesel added tubes 

                              

Fig.3.30 Stable emulsification layers after 24 hours of culture supernatants 

with petroleum compounds (Kerosene, Petrol, and Diesel) with culture 

supernatant of Bacillus cereus (tube B), Pseudomonas aeruginosa (tube P), 

and Micrococcus luteus (tube Y) and Control (without culture supernatant).  
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Stable form formations were observed even after 24 hours in all test 

tubes with kerosene, petrol, and diesel, incubated with all three 

potential strains isolated from various plastic dumps. Bacillus sp. 

exhibited an emulsification rate of 62.5% with kerosene, 72.5% with 

petrol, and 75% with diesel. Pseudomonas sp. displayed 75% 

emulsification with kerosene,75% with petrol, and 100% with diesel. 

Similarly, 80% emulsification was observed in the petrol tubes, and 

75% in diesel for Micrococcus sp. added to the emulsification tubes. 

However, Micrococcus sp exhibited only 37.5% emulsification with 

kerosene.  

3.5.8.3 Characterisation of biosurfactants isolated from potential 

strains by FTIR analysis 

Biosurfactants are surface-active extracellular molecules that facilitate 

the formation of biofilms on complex, thin-film surfaces. They 

encourage a strong interaction between the polymer's hydrophobic 

ends and the biofilm's hydrophilic compounds (Katemai et al., 2008). It 

reduces the interfacial tension and solubilises the toxic pollutants (E et 

al., 2013). The FTIR analyses of biosurfactants isolated from each 

strain proved their nature and the presence of functional groups.  
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 a. 

 
b. 

  
c. 

 
Fig.3.31 FTIR-ATR result of bio-surfactants of Bacillus cereus NJD1 (a), 

Pseudomonas aeruginosa NJD2 (b), and Micrococcus luteus NJD3 proving 

the presence of nitro-compound functional groups and ester functional 

groups.  
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Interestingly, all the strains' FTIR data showcased several very close 

peaks of amino and carbonyl ester groups (despite each strain showing 

slight variations in their transmission rates). The results were depicted 

in Table 3.8 

 

Table 3.8 Similarity in FTIR bands of extracted biosurfactants from isolated 

strains, with potential for biofilm formation on LDPE films.  

S. 

No 

Name of the 

absorption 

peak with its 

frequency 

range 

Absorption peak in the FTIR 

spectrograph treated with bacterial 

strains 
Functiona

l group 

Bacillus sp 
Pseudomon

as sp 

Micrococcus 

sp. 

1 C-H 

stretchings 

(2820-3000 

cm-1) 

2917.60 and 

2849.76 cm-1 

2917.95 and 

2849.62 cm-1 

2917.62 and 

2849.64 cm-1 

alkanes 

2 C=O 

stretching 

(1730-1750 

cm-1) 

1741.49 cm-1 1739.56 cm-1 1745.35 cm-1 esters 

3 N-H bendings 

(1580-

1655cm-1)  

1647.24 cm-1 1652.82 cm-1 1652.54 cm-1 amines 

4 N-O stretching 

(1500-1550 

cm-1) 

1541.99 cm-1 1557.15 cm-1 - nitro-

compound 

5 C-H bending 

(1455-1470 

cm-1) 

1468.21 cm-1 1467.89 cm-1 1463.06 cm-1 alkanes 

6 C-H bending 

(1375-1390 

cm-1) 

1377.69 cm-1 1377.69 cm-1 1377.71cm-1 aldehydes 

7 C-N stretching 

(1018-1250 

cm-1) 

1234.91 cm-1 1217.4 cm-1 - amines 

8 C-O stretching 

(1050-1085 

cm-1) 

1063.5 cm-1 1052.8 cm-1 - primary 

alcohol 

9 C-H bending 

(700-830 cm-1) 

793.15 and 

717.56 cm-1  

818.48 and 

717.96 cm-1  

717.83 cm-1  alkanes 
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The extremely identical fingerprints found in the isolated strains 

demonstrated the effectiveness of the strains attaching to the 

polyethylene surface. Moreover, reported molecular vibrations of all 

identified bacterial strains indicated the presence of amines, other 

nitrogen-containing groups, and carboxy ester groups, confirming the 

bio-surfactant's lipopeptide properties. These findings were supported 

by several earlier investigations (Thavasi et al., 2011; 

Varadavenkatesan & Murty, 2013).  

3.6 Discussion 

This study examined possible bacterial strains in soil samples 

contaminated with LDPE pieces collected from long-term landfills in 

Kerala. Samples were gathered from various Alathur, Laloor, and 

Bhramapuram plastic depots. Identifying site-specific physical factors 

enabled us to develop the inoculation media for initial enrichment and 

subsequent analysis. Numerous earlier scientific pilot studies have 

facilitated the identification of microbial adhesion on polymers steeped 

in a long-term heap due to continuous changes in climatic conditions 

(Harrison et al., 2014; Lear et al., 2021). The initial screening of potent 

bacterial species was performed by CBB flooding. De-staining around 

the colonies may occur due to the release of extracellular hydrolytic 

enzymes from the effective strains (Skariyachan et al., 2018).  

In the initial analyses, the bacterial species OBA5, OBM3, and OLA2 

treated-LDPE films showed a significant weight reduction in the 

polymer film. Additionally, we calculated the increased rate of daily 

polymer consumption and the reduction rate of the half-life span. 

Indeed, earlier researchers reported similar results, demonstrating the 
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capacity of bacterial species-enriched carbon-free medium to degrade 

LDPE films (Biki et al., 2021; Fang et al., 2024). However, our recent 

study presents compelling evidence that indigenous microbes in open 

landfills can spontaneously degrade non-pre-treated LDPE films at 

room temperature.  

 FDA tests on LDPE films in carbon-free conditions proved the 

presence of viable cells. One possible explanation for the FDA's 

breakdown of fluorescein into a coloured end-product may be the 

existence of extracellular enzymes such as proteases, lipases, and 

esterases (K. Tao et al., 2021).  

The BATH test was conducted to demonstrate the increase in cell 

surface hydrophobicity resulting from prolonged interaction with 

highly hydrophobic compounds (R. Sarker et al., 2021). Due to the rise 

in cell surface hydrophobicity, the migration of strains to the organic 

phase of hexadecane (akin to LDPE used in this assay) demonstrated in 

this test resulted in a reduction in turbidity in the aqueous phase of the 

BATH solution. Our analysis revealed a 50% reduction in turbidity for 

the OBA5 bacterial species, followed by 47% and 45% reductions in 

turbidity for OBM3 and OLA2, respectively. It indicates the potential 

roles of isolated bacterial strains in biofilm formation on polymer 

surfaces. Several earlier investigators have demonstrated that the 

BATH test suggests the possible role of microbes in biofilm formation 

on polymers (Gupta et al., 2016).  

The fundamental premise of the CO2 release test is the 

biomineralisation of elongated linear hydrocarbons, resulting in the 

formation of chemicals such as carbon dioxide and water (Tantawi et 
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al., 2025). In our analysis over one month, the OBA5-treated LDPE 

films showed the highest CO2 production rate (6.77 ± 0.07 g/L), 

followed by the OBM3 unit (6.3 ± 0.06 g/L) and the OLA2 unit (5.62 

± 0.26 g/L). In line with these results, a previous study documented a 

significant level of carbon dioxide (CO2) generation via the treatment 

of Bacillus subtilis at 8.1 g/L and Pseudomonas aeruginosa at 8.86 g/L 

on low-density polyethylene (LDPE) materials following a four-month 

incubation period (Pathak & Navneet, 2017). Several prior studies 

have demonstrated that the generation of carbon dioxide (CO2) 

indirectly indicates the microbial breakdown of low-density 

polyethylene (LDPE) molecules (Chamas et al., 2020; Tareen et al., 

2022; Zhang et al., 2022).  

After preliminary efficacy studies, the potential strains were identified 

through morphological analysis, culture characteristic studies, 

biochemical tests, 16S rDNA sequencing, and PMF analysis using the 

MALDI-TOF instrument. Finally, the strains were deposited to 

GenBank as Bacillus cereus NJD1 (access no. OLA823002.1), 

Pseudomonas aeruginosa NJD2 (access no. OL823063) and 

Micrococcus luteus (access no. OL823065).  

To validate the biofilm formation, we conducted a total biomass count, 

a viable test, estimation of protein content, pH variation in media 

analysis, and extracellular polymeric substance analysis.  

Initially, a biomass count of five days was conducted to prove the 

strain’s ability to adapt to stressful conditions. Furthermore, the 

significance of biofilm formation for one month and four months by all 

three potential strains manifested their ability to attach to the 
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hydrocarbon chain. Many previous works have employed the biomass 

count method to demonstrate biofilm formation on the polymer under 

pressurised conditions in a mineral salt medium (Esmaeili et al., 2013; 

Maroof et al., 2022).  

The biomass count quantifies the overall number of living and non-

living microorganisms. In contrast, the viable count exclusively 

assesses the catalytically active strains (Davey, 2011) over an extended 

incubation period of 30 to 120 days. In the current analysis, the growth 

pattern of the isolated bacterial strains showed that all three strains 

exhibited a significant viability rate on the LDPE films. It indicates the 

strain's capabilities to adhere to polymer surfaces.  

Quantifying proteins in surface-adherent biomass effectively 

establishes biofilm development (Haney et al., 2018). The protein 

estimation of all the potential strains demonstrated their adaptability to 

pressurised conditions and their ability to utilise hydrocarbons in the 

polymer as an energy source (Harshvardhan & Jha, 2013). Numerous 

previous studies have demonstrated this analysis as a key test for 

detecting solid biofilm formation on the recalcitrant surfaces of long-

chain hydrocarbon compounds (Alaidaroos, 2023; Zhai et al., 2023).  

Another validation study of the change in the pH of potential strain-

provided media indicates the introduction of metabolites and 

exoenzymes into the LDPE films, which directs polymer degradation 

(Rong et al., 2024). The medium's pH drop or rise may be due to the 

nature of the inoculum added to LDPE films and the metabolites 

released to CFLMSM during incubation (Dey et al., 2020; Gong et al., 

2023; Samanta et al., 2020). In our analysis, all three bacterial species 
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significantly reduced the pH of the medium during their incubation 

period. A recent study reported that P. aeruginosa can degrade 

polyethylene at pH 7 and temperatures between 30–35 ˚C (Mouafo 

Tamnou et al., 2021). Moreover, the acidic pH below 4.5 at 37℃-44℃ 

may adversely affect the strain’s ability to degrade LDPE compared to 

the alkaline conditions of the medium(Ma et al., 2023). Our 

experiment also showed reduced microbial activity on the LDPE films 

at pH levels below 4.5. All three strains have shown notable changes in 

the medium's pH, which validates the strains' metabolic activities in a 

carbon-free synthetic medium.  

The EPSs mainly consist of polysaccharides, proteins, and DNA 

molecules (J. Ji et al., 2020). The production of such components on 

the LDPE film is strong evidence for the biofilm formation of bacterial 

strains on the polymer's surface (Soni et al., 2025). Moreover, EPS 

formation can protect microbial strain biofilms from environmental 

pressures (Saharan et al., 2024). Although all three strains in our study 

exhibit a significant amount of EPS production, Bacillus species 

produce a higher amount of EPS. A few earlier scientists demonstrated 

the EPS production for forming the microbial matrix, which provides 

stability and integrity for biofilm formation (Zineba et al., 2015).  

The catalytic activities of the strains on LDPE films are a crucial 

investigation that proves the strong adherence of the isolated strains to 

the polymer surfaces. Even though the potential strains in our 

investigation were isolated from three different plastic dumps in 

various parts of Kerala, we could demonstrate the production of 

polyethylene-targeted enzymes, such as laccases(Jin et al., 2023), 
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lipases  (Fecker et al., 2018; Timucin et al., 2016; Wilkes & Aristilde, 

2017)and proteases (De Jesus & Alkendi, 2023), in all the potential 

bacterial strains qualitatively and quantitatively. Numerous scientists 

have indicated that the optimal pH for enzyme synthesis ranges from 

4-9 (For laccases, it ranges from 4.5-6.5 (Akram et al., 2022; Shraddha 

et al., 2011); for lipases, it is between 4.5 and 7 (Ritu et al., 2022); and 

for proteases, it ranges from 4-9 (Abusham et al., 2009)). Our analysis 

revealed that the pH medium during incubation ranged from 4 to 7.6. 

However, the exact mechanism of all three extracellular enzymes 

produced by microbial strains, as well as their activities on LDPE 

films, remains unclear. Previous research studies have indicated that 

laccase enzymes decompose LDPE films by oxidising hydrocarbon 

chains, generating free radicals via electron transfer, and adding 

carbonyl groups, which weaken or scission the chain (Yao et al., 

2022). Our validation studies demonstrated the presence of carbonyl 

groups by FTIR and micro-ATR-FPA imaging.  

In the case of lipases, the enzyme has a lid-like structure, and the 

opening of this lid reveals hydrophobic regions in the active site, which 

facilitate catalysis at the lipid-water interface (Derewenda et al., 1992). 

Although the exact mechanism of the enzyme and gene responsible for 

its production is not precisely understood, the two genes responsible 

for lipase enzymes (LIP1 and LIP2) were identified in Pseudomonas 

chlororaphis using the primer targeting method (Mohanan et al., 

2022). In a recent study using the lipase-producing Aspergillus niger, it 

was demonstrated that a hydrophobic pocket near its active site can 

accommodate a polymer for biodegradation (Safdar et al., 2024). Our 
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study showed significant amounts of lipase enzyme production in the 

biofilm inoculated with Bacillus sp., Pseudomonas sp., and 

Micrococcus sp., given as the inoculum. Ester bond stretching and its 

metabolic products were demonstrated in our validation experiments.  

The direct role of protease enzymes remains unclear. A few scientists 

have demonstrated its indirect role in facilitating bacterial colonisation 

on recalcitrant surfaces and introducing nitrogen-containing functional 

groups (Cabigliera et al., 2025). The FTIR result in the validation 

chapter of our investigation proved this mechanism of the protease 

enzyme.  

Moreover, our research demonstrated the presence of lignin peroxidase 

(LiP) and manganese peroxidase (MnP) enzymes in Pseudomonas sp. 

(Gkoutselis et al., 2021; Maisto et al., 2024). A small amount of 

esterase enzyme production is found in Micrococcus sp. An earlier 

study reported that both LiP and MnP enhance the activity of laccase 

enzymes (multi-copper oxidases), thereby accelerating the oxidation of 

synthetic polymers (A. Kumar & Chandra, 2020). Esterases hydrolyse 

simple esters, such as triglycerides (X. Liu et al., 2021). It may be an 

indication of the mineralisation of the LDPE backbone.  

Many have reported the importance of the presence of biosurfactants in 

potential microbes forming robust biofilms on recalcitrant compounds. 

According to (Eras-Muñoz et al., 2022), bi-surfactants in polymeric 

compound biofilms are surface-active agents that can lower surface 

tension and contribute to the emulsification and biodegradation of 

hydrophobic substances. They have hydrophilic and hydrophobic 

moieties that demix at liquid-liquid, liquid-gas, or liquid-solid 
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interfaces (Santos et al., 2016). Our current study screened bio-

surfactant molecules from all competent strains identified for LDPE 

biodegradation. We performed an oil displacement test with petrol and 

emulsification assays using petrol, diesel, and engine oil to determine 

the presence of biosurfactants. Additionally, we isolated and 

characterised the nature of biosurfactants using FTIR analysis and 

demonstrated their lipoprotein nature.  

3.7 Conclusion 

The current study highlights the presence of highly potent bacterial 

species in the samples from long-term garbage sites that can form 

robust biofilms on the polymer. The preliminary tests, including 

weight reduction, FDA testing, BATH analysis, and CO2 evolution 

test, provided reliable evidence for robust biofilm formation on 

polymer strips. The current study reported a high rate of weight 

reduction in non-pretreated LDPE films treated with isolated strains 

under a stressed condition of CFLMSM at room temperature in a static 

environment. Among the bacterial strains screened from landfill soils, 

OBA5 from the Alathur plastic dump showed the maximum weight 

reduction at 42.75 ± 1.105%, followed by OBM3 (40.22 ± 2.04%) 

isolated from the Bhramapuram garbage heap and OLA2 (39.7 ± 

1.27%). All confirmatory studies of capable organisms were conducted 

using the static culture method in carbon-free media. 

Furthermore, the extensive biofilm formation on LDPE films was 

assessed by conducting total cell counts, FDA tests, protein 

estimations, pH changes in the medium, and EPS production tests. The 

presence of bacterial enzymes in all three strains (Laccases, lipases, 
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proteases, manganese peroxidases, lignin peroxidases, and esterases) 

was demonstrated both qualitatively and quantitatively to identify the 

metabolic activities of the bacterial strains in degrading the compound. 

Moreover, we analysed the presence of bio-surfactants in all the 

enriched bacterial cultures using oil displacement and emulsification 

tests. Thereafter, the isolated bio-surfactants were characterised by 

FTIR analysis, and the FTIR data proved the nature of bio-surfactants 

as lipoproteins in all strains.  

 The current study highlights the presence of highly potent bacterial 

species in the samples from long-term garbage sites that can form 

robust biofilms on the polymer. The preliminary tests, including 

weight reduction, FDA testing, BATH analysis, and CO2 evolution 

test, provided reliable evidence for robust biofilm formation on 

polymer strips. The current study reported a high rate of weight 

reduction in non-pretreated LDPE films treated with isolated strains 

under a stressed condition of CFLMSM at room temperature in a static 

environment. Among the bacterial strains screened from landfill soils, 

OBA5 from the Alathur plastic dump showed the maximum weight 

reduction at 42.75 ± 1.105%, followed by OBM3 (40.22 ± 2.04%) 

isolated from the Bhramapuram garbage heap and OLA2 (39.7 ± 

1.27%). All confirmatory studies of capable organisms were conducted 

using the static culture method in carbon-free media. 

Furthermore, the extensive biofilm formation on LDPE films was 

assessed by conducting total cell counts, FDA tests, protein 

estimations, pH changes in the medium, and EPS production tests. The 

presence of bacterial enzymes in all three strains (Laccases, lipases, 
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proteases, manganese peroxidases, lignin peroxidases, and esterases) 

was demonstrated both qualitatively and quantitatively to identify the 

metabolic activities of the bacterial strains in degrading the compound. 

Moreover, we analysed the presence of bio-surfactants in all the 

enriched bacterial cultures using oil displacement and emulsification 

tests. Thereafter, the isolated bio-surfactants were characterised by 

FTIR analysis, and the FTIR data proved the nature of bio-surfactants 

as lipoproteins in all strains.  
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4.1 Introduction 

 The environmentally friendly and secure biodegradation of 

LDPE film is a primary objective of the contemporary scientific 

community. The consumption and entanglement of harmful plastic 

pollutants by marine creatures, including dolphins, seabirds, turtles, 

and fish, lead to significant ecological degradation. Consequently, 

global researchers are actively engaged in this topic to enhance 

microbial activity for the bioremediation of persistent contaminants. 

Recent systematic reviews have highlighted the scientific methods for 

demonstrating LDPE biodegradation (Kumar Sen & Raut, 2015; 

Matjašič et al., 2021). Most validation studies focus on deviations in 

the mechanical, structural, thermal, and chemical properties of LDPE 

films before and after microbial degradation.  

4.1.1 Mechanical deviations of LDPE films due to microbial attack 

 Several biodegradation studies have focused on reducing the 

thin film's mechanical properties to demonstrate the microbes' ability 

to assimilate the compound (Khruengsai et al., 2023). Numerous 

biodegradation studies have employed the Instron Universal 

Mechanical Testing System (UMTS) to assess the mechanical 

properties of polymer samples.  

4.1.2 Instruments to Detect Structural Stability Analysis of LDPE 

Films 

 Techniques such as XRD analysis can be used to determine 

structural changes, specifically changes in crystallinity, in LDPE films 

(Depan et al., 2021). This technique can manifest the difference in 
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crystallinity in the LDPE strips due to the action of microbes. As the 

crystallinity decreases, the surface becomes increasingly amorphous, 

which enhances the degradation capabilities of the strain(Adithama et 

al., 2023). A polymer's crystallinity significantly impacts its physical 

properties, including tensile strength, modulus, hardness, stiffness, 

melting point, and resistance to cracking (Lin et al., 2020).  

Another technique is using a TGA-DTA instrument for 

thermogravimetric analysis of polyethylene films. This instrument 

determines the thermal stability of LDPE films and displays a 

degradation curve between 450-480℃ in non-degraded films 

(Bockhorn et al., 1999). The deviation in thermal stability indicates a 

difference in the polymer's structure (Kojnoková et al., 2021).  

4.1.3 Surface topography analyses 

The colonisation of microbial strains on the surface of the polymer 

modifies its topography. It is primarily because of the enzymes and 

other metabolites produced and released by the microbes. Fluorescent 

microscopy (Morales Ramos et al., 2024; Tribedi et al., 2015), SEM 

with EDAX analysis (Skariyachan et al., 2022), and AFM 

(Muangchinda & Pinyakong, 2024) were employed to analyse the 

grooves, pits/cracks, and other modifications induced on the surface 

due to biofilm formation. For SEM analysis, films of LDPE were 

coated with an electrically conducting material (gold, silver, or 

platinum) via sputtering. The coatings also enabled the low-

conductivity material surface to emit secondary electrons, which could 

be reflected to generate high-resolution images (Kwiecińska et al., 

2019). Similar topography analysis techniques, such as AFM, provide 
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high-resolution nanometric imaging and quantitative measurements of 

surface changes due to microbial adhesion (Beaussart et al., 2014).  

4.1.4 Validation methods to demonstrate chemical changes in the 

polymer due to the adherence of microbes  

 FTIR (Fourier Transform Infrared Spectroscopy) analysis is the most 

crucial validation method for demonstrating chemical changes in 

microbial-treated LDPE films. This non-destructive approach 

generates vibrations using infrared energy across the polymer's 

molecular bonds. FTIR analysis data can be utilised to compute 

carbonyl and double bond indices, as well as polymer crystallinity. 

Numerous earlier studies have shown that the absorbance at 4000 cm-1 

reflects the formation of carbonyl bonds, whereas alterations in the C–

H alkane group are observed around 2750–3000 cm-1 (D. Das & Dutta, 

2022; Fattouh et al., 2019). Furthermore, degraded fractions with -OH 

groups were suggested at 1000 and 1700 cm-1; the development of 

ketone or aldehyde C=O groups was depicted at 1710–1750 cm-1, and 

the presence of CH2 at 1465 cm-1 further illustrated the impact of 

bacteria on polymers.  

Plastic polymer degradation produces gaseous end products, which can 

be analysed using GC-MS (Mazaheri & Nazeri, 2023). The technique 

can also verify the polymer's chemical homogeneity and determine the 

chemical structure, molar mass, and weight distribution of the end 

groups. Several previous studies have demonstrated the production of 

acids, aldehydes, fatty acids, alkenes, and alkanes as end products (M. 

Sangale et al., 2019).  
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A few studies have demonstrated the chemical changes associated with 

biofilm formation using XPS (X-ray photoelectron spectroscopy), ESI-

MS, and NMR analysis.  

4.2 Aim and Objectives 

1. Validate the topographic changes observed on LDPE films 

resulting from the interactions of potential bacterial strains 

screened from landfill soil samples using SEM, SEM-EDAX, 

AFM analysis, and water contact angle measurements. Assess 

mechanical strength reductions in LDPE films using tensile 

testing to confirm bacterial degradation.  

2. Characterise the chemical changes in the LDPE films (both 

sample and control) using FTIR and FTIR-ATR-FPA imaging 

analysis and compare the results with those of the control films 

to assess the strain's efficacy in biodegrading the recalcitrant 

compound within 120 days in a carbon-devoid mineral salt 

medium.  

3. Identify the catalytic end products of bacterial metabolism 

using GC-MS chromatography analysis.  

4.3 Review of Literature 

The bacterial adhesions on the LDPE films indirectly reveal the 

potential of microbial strains to utilise recalcitrant compounds like 

LDPE as an energy source. Based on several recent studies, validation 

of LDPE degradation involves scanning electron microscopy, FTIR, 

and GC-MS analysis. In many early studies, tensile testing, FTIR, 

XRD, and SEM analysis of the polymer films demonstrated the 
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degradation of polymers (Kumar Sen & Raut, 2015; Pathak & 

Navneet, 2017). Several previous studies have employed different 

analytical techniques to demonstrate biofilm formation and its efficacy 

in biodegradation.  

S. 

No 

Techniques 

used 

Changes in the LDPE 

films 

References 

1 Water 

contact 

angle 

 Contact angle reduction (Awasthi et al., 

2017) 

2 Tensile 

strength 

Mechanical strength 

reduction, modification of 

tear strength, and 

elongation 

(Nwuzor et al., 2023) 

3 XPS Surface chemical changes 

by oxidation and carbonyl 

group formation  

(Di Giulio et al., 

2024; Dorey et al., 

2018) 

4  CHNS 

analysis 

Thickness difference in the 

LDPE film 

(R. Moharir & 

Kumar, 2021) 

5 SEM Surface damages- pits, 

holes, and erosions 

(Khan et al., 2023) 

6 FE-SEM Surface erosions, cavity 

size, and more changes in 

surface topography 

(Kim et al., 2024) 

7 SEM-

EDAX 

Significant changes in 

elemental compositions 

(Febria et al., 2024; 

Jebashalomi et al., 

2024) 

8 AFM Surface roughness 

parameters 

(Li et al., 2020) 

9 FTIR Structural changes in the 

surface by calculating 

carbonyl (ester and keto) 

and internal double bond 

indices 

(R. V. Moharir & 

Kumar, 2019; 

Pramila, 2011) 

10 FTIR-ATR High spatial resolution is 

needed to detect chemical 

and molecular changes in 

the surface.  

(Campanale et al., 

2020; Hedir et al., 

2022) 
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11 FTIR 

IMAGING 

Chemical structure and 

molecular modification in 

the LDPE films 

(J. Yang et al., 2014) 

12 GPC-HT The molecular weight of 

LDPE films 

(Nguyen et al., 2024) 

13 GC-MS Degradation products were 

Analysed 

(M. K. Sangale et al., 

2019) 

14 GC-FID End products of polymers (Shahnawaz et al., 

2016; Skariyachan et 

al., 2016) 

15 NMR Changes in 

physicochemical 

properties 

(Menzel et al., 2022) 

16  ESI-MS Chemical compounds 

formed by biofilm 

formation on the LDPE 

films 

(Ghatge et al., 2020) 

Table 4.1 Previous studies illustrate techniques for demonstrating LDPE 

biodegradation through microbial attachment.  

Several scientists utilised various physical pre-treatments (heat, UV 

treatments, gamma radiation, steaming, and plasma treatments 

(Sanchis et al., 2006; Tribedi & Dey, 2017) and chemical treatments 

(ethyl methyl sulfonate, nitric acid treatment and nitro-methyl 

guanidine) (Chaudhary et al., 2021; Rani et al., 2021) to achieve better 

results in the validation study of LDPE biodegradation. However, 

several previous validation studies have demonstrated that pre-

treatments can introduce different functional groups (such as carbonyl 

and nitro groups) and alter internal bonds in the inert carbon backbone, 

often resulting in reduced hydrophobicity (Albertsson et al., 1998; 

(Orr) et al., 2004). Therefore, many recent scientists have used non-

pre-treated LDPE films for validation studies (Dey et al., 2020).  
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4.4 Methodology 

4.4.1 FE-SEM analysis 

The bacterial-treated LDPE strips, incubated for 120 days, were 

collected and surface-sterilised with a 2% sodium dodecyl sulphate 

solution in 150 mL conical flasks. Then, they were shaken 

continuously (REMI RS-12R Mini Rotary Shaker) for five hours. 

Afterwards, the LDPE films were collected from the SDS solution, 

placed in a beaker containing distilled water, and shaken for an 

additional four hours to remove the biofilms attached to the polymer 

films. It was then washed three times with 70% ethanol, and 

subsequently, these films were repeatedly washed in distilled water and 

kept in a digital hot air oven (Relitech, 42L, 350×350×350 mm) for 

one day in sterilised Petri dishes at 50℃. Gold nanoparticles (thin 

layer) were sputter-coated onto the strips in a vacuum after they were 

sliced into 1 × 1 cm pieces. To visualise the surface erosions, the 

samples (both controls and test samples) were placed on the sampling 

port of the ZEISS-FESEM (Field Emission Scanning Electron 

Microscope), and images of the polymer films were taken for 

comparison.  

4.4.2 SEM-EDAX analysis  

In our current investigation, EDAX analyses were conducted with 

SEM analyses using an energy-dispersive spectrometer (SEM-EDAX 

Jeol 6390LA/OXFORD XMX N). For this, bacterial-inoculated and 

bacterial-free LDPE films were utilised. This analysis used high-

energy X-ray beams to bombard LDPE films, obtaining chemical 
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fingerprints. Furthermore, the AztecLive 6.0 EDS Software aids in 

determining the weight and atomic element percentages of nitrogen 

and carbon.  

4.4.3 Atomic force microscope imaging  

Surface damages on the exterior layer of LDPE films were assessed 

using Raman-AFM imaging with a Zeiss Axioscope and a WITEC 

alpha 300 RA (tapping mode) (WITEC GmbH, Ulm, Germany). After 

120 days, all the LDPE films from the carbon-devoid liquid broth were 

withdrawn and surface sterilised with a 2% SDS solution, a 70% 

ethanol solution, and distilled water. Then, dried films at 60 °C were 

used for the 2D and 3D analyses. Furthermore, surface roughness 

parameters were calculated using WITEC software.  

4.4.4 Measurement of contact angle 

A droplet of water was applied to LDPE strips obtained from either 

control or bacterial-treated conical flasks and subjected to surface 

sterilisation to evaluate surface modifications. The water contact angle 

was measured using a video-based optical instrument, the OCA 15 plus 

model from GMBH, with SCA20 software. To assess the change in 

surface hydrophobicity on both control and treated LDPE films (Chen 

et al., 2025), water contact angle images were obtained within 5–10 

seconds.  

4.4.5 Tensile strength testing to detect the change in mechanical 

strength of the polymer film 

The sample and control of 6.5 x 1.3 cm LDPE sheets were collected 

separately from CFLMSM after 120 days. The surface was sterilised 
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with SDS, ethanol, and distilled water and then dried for 16 hours for 

this analysis. ASTM D882-18 prepared the specimens. The experiment 

utilised a Tinius Olsen UTM (Universal Testing Machine) - H50KL, 

with a 50 kN capacity, to test the mechanical strength of LDPE films. 

Individual LDPE films were placed on the sample holders and 

stretched at a speed of 3 mm per minute. The Horizon software of the 

tensile instrument was used to calculate mechanical strength 

parameters, including ultimate tensile strength, percentage of 

elongation at break, and shear strength of LDPE films.  

4.4.6 Infrared Fourier-transform spectroscopy (FTIR) 

4.4.6.1. Determination of spectral data and computation of indices 

The LDPE films were aseptically removed from CFLMSM after four 

months of incubation with (test) or without bacterial inoculation 

(control), and then surface-sterilised following the protocol (Kyaw et 

al., 2012). Then, these films were spectrally studied using an ATR-

FTIR Shimadzu. Subsequently, each polymer film was sectioned into 1 

× 1 cm fragments and scanned across the wavelength range of 4000–

500 cm-1 (Cavallo et al., 2020). The results were presented 

independently for each set of samples and control using the OriginPro 

2018 (64-bit) program, showing the transmittance percentage versus 

wavelength in cm-1. Using FTIR spectral data, carbonyl (Keto and ester 

carbonyl) and internal bond indices (Vinyl or double bond) were 

calculated, and the results are illustrated in the Origin graph.  
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4.4.6.2 Micro-ATR-FPA analysis 

We examined the spectrochemical imaging of LDPE films using a 

micro-ATR/FTIR imaging device (Bruker Focal Plane Microscope, 

Hyperion 3000, with a micro-ATR/FTIR system). We captured and 

compared pictures of the focal plane array (FPA) of both test and 

control films.  

4.4.7 Gas chromatography-mass spectrometer analysis of LDPE 

films 

LDPE films (2.5 × 2.5 cm) (ten films with an average weight of 0.3 g) 

were taken from a mineral salt medium and cut into small pieces after 

removing the biofilm. Place all the ingredients in a beaker and stir with 

12 mL of chloroform. The extracts, which had evaporated at room 

temperature, were then ultrasonically agitated, and the mixture was 

kept at 60℃ for three hours. Next, combine two millilitres of 

chloroform with each extract and filter it with a PTFE filter (0.45 μm). 

The detection of degraded products was performed on a hybrid GC-MS 

instrument (Shimadzu model QP2010S) using a Rxi-5Sil MS column 

with helium as the carrier gas. Spectral lines were obtained by using 

GC-MS Solutions software.  

4.5 Results and Discussions 

We confirmed the efficacy of bacterial strains isolated from open 

plastic dumps in degrading polymers using various validation 

experiments. Statistical significance was assessed using one-way 

ANOVA with p < 0.05 for all experiments using GraphPad Prism 

software.  
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4.5.1 FE-SEM analyses 

 In the current investigation, the FE-SEM micrograph of all three 

potential organisms exhibited biofilm formation after 90 days of 

incubation. Furthermore, up to 120 days of incubation revealed several 

surface erosions, grooves, fissures, and pits in the film. The changes in 

bacterial-inoculated LDPE films kept in mineral salt broth (MSB) for 

90 and 120 days were compared with those in control films without 

bacterial inoculation. Our research found no noticeable structural 

alterations in the control films incubated in the carbon-devoid medium 

for 90 and 120 days.  

4.5.1.1 FE-SEM imaging using Bacillus cereus strain-treated LDPE 

film 

   

                    a                                  b                                         c  

Fig. 4.1(a) FE-SEM images show Bacillus cereus NJD1-induced deep 

fissures, pits, and biofilms on LDPE films inoculated in a synthetic carbon-

free medium after 120 days (images b and c), along with a control film 

without any bacterial adhesion (image a).  



Chapter 4 

 

 180 

   

             d                                        e                                      f  

Fig.4.1(b) The micrograph (FE-SEM) of rod-shaped Bacillus cereus NJD1 

demonstrates bacterial attachments after 90 days of incubation. Image a. 

Control images b and c. Different focuses of LDPE films with biomass 

attachment.  

4.5.1.2 FE-SEM micrographs of polyethylene strips inoculated 

with Pseudomonas sp.  

    

                   a                                              b                                               c 

Fig.4.2(a) FE-SEM micrograph showing structural changes on the LDPE 

film due to the catalytic activity of Pseudomonas aeruginosa NJD2 after 120 

days of incubation at higher magnification (30,000 x and 33,000 x). Images b 

and c show magnified bacterial-treated LDPE films, which show structural 

modifications such as flake-flower-like formations, pits, erosions, grooves, 

and fissures. Image A depicts the control film without bacterial inoculation.  
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                    a                                             b                                              c 

Fig.4.2(b) The scanning electron microscopy image displays surface 

colonisation and penetration of rod-shaped Pseudomonas aeruginosa NJD2 

after 90 days of incubation at 5,000x magnification. a. A control film without 

any bacterial attachment. b. SEM micrograph of focus 1 of LDPE film with 

bacterial colonies. Image of focus 2 of LDPE film attached with 

Pseudomonas sp  

4.5.1.3 FE-SEM experiments with Micrococcus luteus 

   

                         a                                        b                                         c      

Fig 4.3(a) The FE-SEM micrograph of Micrococcus luteus NJD3-treated 

LDPE films after 120 days. Image A shows the control film, and images B 

and C indicate surface irregularities, including deep fissures and inner-layer 

colonisation due to biofilm formation by Micrococcus luteus NJD3.  
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                a                                     b                                    c 
Fig.4.3(b) FE-SEM micrograph showing bacterial attachments on the LDPE 

films inoculated in CFLMSM for three months (90 days). a. Control LDPE 

film devoid of bacterial attachment. b. shows the firm attachment of the 

coccoid-shaped Micrococcus colonies. A 5000x magnified SEM image of 

biofilm at 90 days of incubation.  

4.5.2 SEM-EDAX analysis 

Our study utilised surface-sterilised LDPE films obtained after 120 

days of incubation in enrichment broth for SEM—EDAX analyses to 

detect elemental changes (primarily carbon and nitrogen) and 

deterioration. LDPE films treated with all three organisms showed 

significant changes in their carbon and nitrogen elemental 

compositions, as measured in weight per cent (wt%) and atomic weight 

per cent (atomic wt%).  

The EDS table calculated using Aztec Live 6.0-EDS software clearly 

showed the elemental changes of C and N elements in the case of 

Bacillus sp-treated films compared to the control film. In the control 

LDPE films, the carbon element's weight and atomic weight 

percentages were 100% and 0 % for the nitrogen element. However, 

the Bacillus-treated LDPE films displayed a weight percentage of 

61.15% carbon and 38.85% nitrogen, respectively. It confirms the 

strong adherence of isolated Bacillus cereus NJD1 to the long-run 

depot on LDPE films (See Fig. 4.4(a)).  
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a. SEM-EDS image of LDPE film 

without any bacterial addition 

b. SEM-EDS image with a pit formed by 

Bacillus cereus on the surface of LDPE film 

Eleme

nts 

Line 

Type wt% 

Atomic 

wt % Elements 

Line 

Type wt% 

Atomic 

wt % 

C K series 100 100 C K series 61.15 64.74 

N K series 0 0 N K series 38.85 35.26 

Total:  100 100 Total:  100 100 

 

Fig.4.4(a) SEM-EDS analysis of LDPE film treated with Bacillus cereus 

NJD1. The SEM images revealed structural details, and the EDS analysis 

indicated elemental changes (see tables) (Jasmin Vijitha et al., 2023)on the 

surface of the LDPE films after four months of incubation (Mohammadi et 

al., 2022).  

In the investigation of Pseudomonas-treated LDPE films, carbon 

elements' weight percentage (wt%) and atomic weight percentage 

(atomic wt%) changed from 100% to 60.66% and 64.26%, 

respectively. Similarly, the wt% and atomic wt% of nitrogen elements 

increased from 0% to 39.34% and 35.7%, respectively. In addition, 

during SEM analysis, we observed several structural aberrations, 
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including pits, fissures, and cracks, on the LDPE films incubated for 

four months in the carbon-free medium. These changes firmly support 

the capabilities of Pseudomonas aeruginosa to degrade polymer strips.  

  

a. SEM-EDS analysis of the control 

film incubated for four months in 

mineral salt broth (MSB) with no prior 

addition of any microbial inoculation 

b. SEM-EDS analysis of the sample 

film added with Pseudomonas 

aeruginosa NJD2 and incubated for 

120 days in MSB 

Elements Line 

profile wt% Atomic wt % Elements Line 

profile wt% Atomic wt 

% 

C 
K 

series 
100 100 C K 

series 60.66 64.26 

N 
K 

series 
0 0 N K 

series 39.34 35.74 

Total:  100 100 Total:  100 100 

 

Fig.4.4(b) SEM-EDS imaging of LDPE film pieces inoculated with 

Pseudomonas aeruginosa NJD2. The SEM images revealed surface structural 

abnormalities, including pits up to 453.2, compared to the control. 

Additionally, EDS analyses showed elemental changes in carbon and 

nitrogen.  
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Like the other analysis, SEM-EDAX analyses of Micrococcus luteus 

NJD3-treated LDPE strips have also shown distinct structural and 

elemental changes in nitrogen and carbon elements compared to the 

control film’s SEM-EDAX test.  

  

a. SEM-EDS analysis of the 

control film was done without 

bacterial inoculation and kept in 

mineral salt.  

b. SEM-EDS analysis of a sample 

film inoculated with Micrococcus 

luteus NJD3 for 120 days in a 

carbon-free medium.  

Elements Line 

series wt% Atomic 

wt% Elements Line 

series wt% Atomic 

wt% 
C K series 100 100 C K series 62.34 65.87 
N K series 0 0 N K series 37.66 34.13 

Total:  100 100 Total:  100 100 

 

Fig.4.4(c) SEM-EDS micrograph of LDPE films treated with Micrococcus 

luteus NJD3 and control LDPE films without bacterial inoculation. The 

elemental changes in carbon and nitrogen were calculated using EDS 

software and are depicted in the tables.  
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In this analysis, the carbon element weight percentage (wt%) decreased 

from 100% to 62.34%, and the atomic weight percentage (atomic wt%) 

decreased to 65.87%. Meanwhile, the nitrogen element wt% increased 

from zero to 37.66%, and the atomic wt% % (atomic weight 

percentage) increased from zero to 34.13%. 

Carbon reduction in all three bacterial strains demonstrates their ability 

to cleave carbon chains in polymers. At the same time, the increase in 

nitrogen may result from the development of a functional biofilm on 

the polymer or the adhesion of metabolites to its hydrocarbon 

backbone during biodegradation (Skariyachan et al., 2021). In contrast 

to previous records (Eriksen et al., 2013; Skariyachan et al., 2018), our 

study found elevated elemental changes in the EDS spectra. It highly 

recommends the potentialities of isolated strains for the biodegradation 

of LDPE films.  

4.5.3 AFM analysis 

AFM is a precise technique for visualising and quantifying topographic 

changes and surface unevenness (Dufrêne, 2002; Sridharan et al., 

2021).In our current investigations, all three potential bacterial species-

treated LDPE films showed escalated roughness variables (surface 

roughness mean data (Sa), maximum surface height (Sz), roughness in 

root mean square (Sq), maximum height of peak (Sp), and maximum 

depth of pit (Sv)) compared with the control samples. Control LDPE 

films showed minimal roughness changes, confirming bacterial-

induced alterations.  
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4.5.3.1 AFM analysis of LDPE film inoculated with Bacillus cereus 

NJD1 

1a. 1b.   

1c.  1d.   

e.  

 
Fig.4.5(a) AFM data of Bacillus cereus NJD1-inoculated LDPE film after 

120 days of incubation. AFM-3D and AFM-2D images of the control were 

shown in images 1a and 1b. Images 1c and 1d displayed AFM-3D and AFM-

2D of the sample. Image 1e shows a graph of the roughness parameters from 

the WITEC software of the AFM instrument.  
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The physical alterations caused by Bacillus biofilms were evident in 

the AFM micrographs of LDPE films (see Fig.4.5(a). All computed 

roughness parameters were higher in the samples treated with the 

Bacillus inoculum compared to the non-treated samples with the 

Bacillus strain. It indicates the formation of several surface depressions 

on the polymer due to the firm attachment of Bacillus cereus NJD1.  

4.5.3.2 Atomic force microscopy images of Pseudomonas 

aeruginosa inoculated LDPE films 

Compared to control LDPE films, the high roughness parameters of 

Pseudomonas-treated LDPE films revealed pits, fissures, and corrosion 

formation on the LDPE film surface.  

2a.  2b.   

2c. 2d.    
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e. 

 

Fig.4.5(b) AFM micrograph reveals topographic changes on LDPE strips 

resulting from treatment with isolated Pseudomonas aeruginosa NJD2 over 

120 days in CFLMSM. Images 2a and 2b are AFM-3D and AFM-2D of 

LDPE film without bacterial inoculation, and Images 2c and 2d depict AFM-

3D and AFM-2D of Pseudomonas-treated LDPE film. Image 2e (Origin 

graph) represents the roughness variables of control and sample LDPE films, 

indicating the effective biofilm formation on the polymer.  

4.5.3.3 AFM micrograph of Micrococcus luteus treated LDPE film 

3a.  3b.   
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3c.  3d.    

3e. 

 
 

Fig.4.5(c) AFM micrograph and increase in surface roughness by adding 

Micrococcus luteus after 120 days of incubation in CFLMSM. The 3D and 

2D AFM micrographs illustrate a comparison of LDPE film without bacterial 

strain addition (control) (Images 3a and 3b) and LDPE film with the addition 

of Micrococcus luteus NJD3 strain (Images 3c and 3d). Image 3e illustrates 

the unevenness of the LDPE film's surface.  

 

The observed variations in surface topography between the 3D and 2D 

AFM images of LDPE films with Micrococcus luteus NJD3 and 

without bacterial inoculation validated the strain's effectiveness in the 

biodegradation process. Furthermore, we have identified an increase in 

the sample's surface roughness variables in the bacterial-treated LDPE 

using statistical data from the AFM software (WITEC).  
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4.5.4 Water Contact Angle (WCA) Assessments of LDPE films 

treated with potential strains 

.  

b. 

 

Fig.4.6(a) WCA measurements of Bacillus cereus NJD1. a. Video captured 

images (five in number) of LDPE films without bacterial addition, inoculated 

in the synthetic, carbon-free medium for 120 days. b. WCA images of 

Bacillus strains inoculated on LDPE films.  

 

In our test, the contact angle for the control films of the first set of 

experiments, both with and without inoculation of Bacillus cereus 

NJD1, was 91.06 ± 1.13º. For the isolated treated films, it was 67.63 ± 

0.82º. However, our study with Bacillus cereus NJD1 showed a 

decreased contact angle without pre-treatments on the LDPE films.  
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 a. 

 

b. 

 

Fig.4.6(b) Demonstration of LDPE biodegradation by measuring the water 

contact angle after inoculating with LDPE strips with Pseudomonas 

aeruginosa for 120 days. a. WCA observations of control films without 

bacterial attachment. WCA images of Pseudomonas aeruginosa NJD2 treated 

LDPE films.  

 

The WCA result of the Pseudomonas-treated LDPE film after 120 days 

was 73.56 ± 0.32º, and the control film was 90.54 ± 2.64º. The 

reduction of the water contact angle by Pseudomonas aeruginosa 

colonisation provides strong evidence for biofilm formation. 

Furthermore, these attachments reduced hydrophobicity and introduced 

wettability, facilitating subsequent colonisation and degradation of 

polymers.  
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a. 

 

b. 

 

Fig.4.6(c) WCA measurements captured by a video-based WCA instrument 

to illustrate the degradation of LDPE film pieces inoculated with 

Micrococcus luteus for a prolonged period of four months in mineral salt 

broth deprived of a carbon source. a. WCA data of Control LDPE film 

without bacterial inoculation. b. Water contact angle observations of 

Micrococcus luteus NJD3-treated LDPE film.  

 

In the third set of experiments, the control films exhibited a water 

contact angle of 90.68 ± 0.94º, indicating the polymer's hydrophobic 

nature and its ability to withstand an aqueous environment. However, 

in our sample, LDPE film-treated Micrococcus luteus NJD3 exhibited 

a reduced contact angle of 76.28 ± 1.6º, indicating the isolated strain's 

ability to utilise the hydrocarbon chain as its energy source.  
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S. 

No 
Name of the bacterial strain 

Contact angle of 

control LDPE 

films 

The contact angle 

of bacterial-

treated LDPE 

films 

1 Bacillus cereus NJDI 91.06±1.13º 67.6±0.82º 

2 Pseudomonas aeruginosa NJD2 90.54 ± 2.64º 73.56 ± 0.32º 

3 Micrococcus luteus NJD3 90.68±0.94º 76.28±1.6º 

Table 4.2 Consolidated results of contact angle measurements of isolated 

bacterial strains 

The significant changes in the hydrophobicity of LDPE films, without 

any pre-treatment, confirmed the efficacy of all three strains in 

degrading the compound. Among the isolated strains, Bacillus cereus 

exhibited the highest reduction in contact angle, nearly 26%, compared 

to the control LDPE film, followed by Pseudomonas aeruginosa, with 

a decrease of almost 19%, and Micrococcus luteus, with a reduction of 

16%.  

4.5.5 Measurement of mechanical strength of isolated bacterial 

strain inoculated LDPE strips by tensile strength estimation 

In addition to topographic changes in LDPE films due to bacterial 

addition, we observed notable alterations in the polymer's mechanical 

strength when our isolates were added to LDPE films compared to 

LDPE films devoid of bacterial addition. We extracted dump-bell-

shaped LDPE strips from the control and sample flasks to measure the 

width, thickness, force, and extension length (Refer to Figs. 4.7(a), 

4.7(c), and 4.7(e)). Additionally, we used these data to calculate the 

elongation percentage at break, ultimate tensile strength, and tear 

strength of LDPE films to determine how bacterial inoculations 

affected surface homogeneity.  
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Fig.4.7(a) Tensile data of LDPE film without (control) or with inoculation of 

Bacillus cereus strain(sample). The parameters measured during tensile 

testing help us determine the change in stiffness of LDPE film before and 

after bacterial inoculation.  

 

 

 

 

 

 

a. LDPE film without bacterial addition 

b. LDPE film added with isolated Bacillus-species  
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  Compared to the control, we observed a significant decrease in tear 

strength (N/m) (65.6%), ultimate tensile strength (MPa) (66.6%), and 

total elongation or strain percentage (41.8%) in the Bacillus-inoculated 

LDPE films. It may be due to the robust biofilm formation of the 

Bacillus strain.  

 

Fig.4.7(b) Graph showing the change of tensile properties of Bacillus cereus 

on LDPE films 
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a. Control LDPE strips devoid of bacterial inoculation 

b. Pseudomonas aeruginosa-treated LDPE film  

 

 

Fig.4.7(c) Tensile strength analysis of control LDPE strips devoid of bacterial 

inoculation and Pseudomonas aeruginosa-treated LDPE film.  
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After 120 days of incubation, the tear strength (N/m) of LDPE films 

reduced to 56.78% and tensile strength (MPa) to 56.17%. The total 

elongation percentage diminished up to 71.8% by the inoculation of 

Pseudomonas strains to the LDPE films, compared with the polymer 

film without bacterial addition (View the results in Fig.4.7(d)).  

 

 

Fig.4.7(d) Graph showing the mechanical strength reduction of LDPE strips 

added with Pseudomonas aeruginosa strain.  
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a. LDPE films without bacterial inoculation 

 

b. LDPE films with the addition of Micrococcus luteus 

Fig.4.7(e) Tensile reduction of LDPE strips without or with the addition of 

Micrococcus luteus NJD3 for 120 days. 

 In contrast with the tensile testing data of the control LDPE films, 

Micrococcus sp. added films exhibited a depletion in tear strength 

(N/m) almost 60% reduction), tensile strength (MPa) (nearly 59.3% 



Chapter 4 

 

 200 

depletion) and elongation percentage deviation (close to 60.33%) 

(Results displayed in Fig.4.7(f)). Such changes have heterogeneously 

appeared leading to notable differences in surface stiffness within the 

LDPE films exposed to such an environment for a quarter of a year.  

 

Fig.4.7(f) Graph showing reduction in mechanical properties of LDPE strips 

after inoculation with Micrococcus strains for 120 days 

 4.5.6 FTIR analysis of LDPE strips in a stressed condition of 

mineral salt broth 

LDPE films were subjected to FTIR analysis after the bacterial strains 

isolated from long-run dumps were added to the polymer's basic 

structure to confirm the chemical changes that occurred. The results 

were compared with control films that did not contain microbial strains 

and were incubated in a carbon-devoid medium for 120 days. The main 
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components of these assessments specifically focus on spectral 

analyses and index computations.  

4.5.6.1 FTIR assessments of LDPE films inoculated with Bacillus 

cereus NJD1 strain  

a.  

b.  

 

Fig.4.8(a) FTIR analysis of Bacillus cereus NJD1-inoculated LDPE film 

(image b) and its control without bacterial inoculation (image a).  
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S. 

No 

Wave 

number 

cm-1 

Peak nature Interpretations 

1 3743.83 O-H Stretching Possible oxidation or moisture 

absorption due to prolonged 

incubation in liquid media. 

2 2914.44 C-H Stretchings Symmetric or asymmetric 

stretching of -CH2 groups in 

polyethylenes. 

3 2843.07 C-H Stretchings Symmetric or asymmetric 

stretching of -CH2 groups in 

polyethylenes. 

4 2520.96 O-H Stretching Minor oxidations in pure LDPE 

5 1516.05 C-H bendings Bending in –CH2 or –CH3 

groups, common in 

polyethylenes. 

6 1043.49 Either C-O 

Stretching or C-C 

Stretching 

It may be due to slight 

oxidation. 

7 715.59 Rocking 

vibrations of CH2 

Crystalline structure of 

polyethylenes. 
 

Table 4.3(a) FTIR peak interpretations of control LDPE film without 

Bacillus sp. inoculation. It shows no specific peak, indicating no degradation.  

 

The FTIR spectra of the control LDPE film showed that the compound 

remained chemically stable over the 120-day incubation period. Its 

spectrum showed only the standard stretching in LDPE film kept under 

moisture conditions, such as minor oxidation by O-H bond addition 

due to prolonged incubation in liquid media and C-H stretching or 

bending.  
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S. 

No. 

Wave 

number 

cm-1 

Peak nature Interpretation 

1 3743.83 O-H Stretching Possible oxidation or moisture 

absorption 

2 2472.83 O-H Stretching The presence of carboxyl 

groups in the degradation 

3 1749.44 C═O Stretching Indicates oxidation leading to 

aldehydes, ketones or 

carboxylic acids 

4 1637.56 C=C Stretching Suggests the formation of 

vinyl or unsaturated bonds due 

to degradation 

5 1541.12 N-O Stretching Presence of proteins or peptide 

residues from bacterial 

activities. 

6 1456.26 CH2 Bending 

(Alkanes) 

Common polyethylene 

backbone bendings. 

7 1076.28 C-O Stretching 

(Esters, alcohols) 

It could be due to the 

oxidation of microbial 

metabolic activity products. 

8 867.97 C-H Bending 

(Alkenes groups) 

Possible degradation products 

 

9 624.94 Halogenated 

compounds 

Likely from plasticisers in 

LDPE 

 

Table 4.3(b) FTIR peak illustration of LDPE films treated with Bacillus 

cereus NJD1 (FTIR Functional Group Database Table, accessed via 

InstaNANO,2021). It shows several peaks manifesting the degradation of 

LDPE films.  
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4.5.6.2 FTIR fingerprints of LDPE films treated with Pseudomonas 

aeruginosa NJD2 strain  

a. 

 

b. 

 

 

Fig.4.8(b) FTIR spectrograph of LDPE film without (image a) or with (image 

b) treatments by Pseudomonas aeruginosa NJD2. Table 4.5.6.2a. FTIR peaks 

of the control LDPE film without Pseudomonas sp. addition and their 

explanations.  
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Table 4.4(a) FTIR peaks of the control LDPE film without Pseudomonas sp. 

addition and their explanations. 

Like previous control spectra, the LDPE film, used to compare the 

results of Pseudomonas-treated LDPE film, also exhibited C-H 

stretching and bending peaks of hydroxyl groups. C═N impurities may 

be due to environmental stress or oxidation.  

 

 

 

 

S. No 
Wave number 

cm-1 
Peak nature Interpretation 

1 3872.44 O-H stretching Possible oxidation or 

moisture absorption due 

to prolonged incubation 

in liquid media. 

2 2916.67 C-H stretchings Symmetric or asymmetric 

stretching of -CH2 groups 

in polyethylenes. 

3 2257.3 C═N stretchings Minor impurities in 

polymer films.  

4 1737.46 C═O stretchings Mild oxidations 

 

5 1461.13 C-H bendings Bending in –CH2 or –CH3 

groups, common in 

polyethylenes. 

6 712.38 Either C-O 

stretching or C-

C stretching 

It indicates the crystalline 

nature of the polymer. 

7 616.62 Halogenated 

compound 

Maybe from plasticisers 

in the LDPE film. 
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Table 4.4(b) FTIR peak interpretations of Pseudomonas aeruginosa NJD2-

treated LDPE films.  

  

S. 

No 

Wave number 

cm-1 
Peak nature Interpretation 

1 3871.13 

3610.74 

O-H stretching Possible oxidation of 

LDPE films due to 

microbial action 

2 2912.51 

2843.07 

2806.43 

 

C-H stretchings The slight shift in peaks 

suggests chain scission or 

molecular changes.  

3 1741.72 

1715.64 

C═O stretching Novel peaks of C═O bonds 

due to oxidative 

degradation of LDPE film 

4 1645.28 C═C stretching Indicate the presence of 

unsaturated bonds due to 

the breakdown of the 

polymer chain.  

5 1460.11 

719.45 

C-H bendings Modification in the 

polymer backbone 

6 1369.46 O-H bendings It indicates the presence of 

phenol/alcohol 

7 1188.51 

1068.58 

C-O-C 

stretching 

Suggests the formation of 

esters, ethers or alcohols, 

indicating microbial attacks 

(Daniel et al., 2018) 

8 1305.81 C-N stretching Indicates bacterial proteins 

or amine functional groups  

9 852.54 

 

C=C stretching Indicates degradations in 

the LDPE films 

10 617.22 Halogenated 

compound 

Presence of plasticisers 
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4.5.6.3 Chemical modification of LDPE films by the treatment of 

Micrococcus luteus NJD3 by FTIR data analysis 

a.  

b.  

 

Fig.4.8(c) FTIR absorption peaks of LDPE film in a mineral salt medium 

without bacterial addition (control, image a) and polymer films with 

Micrococcus luteus addition (image b).  
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S. 

No 

Wave 

number 

cm-1 

Peak nature Interpretations 

1 2922.16 

2845 

C-H 

stretching 

 

The alkane functional group 

indicates the essential nature of 

LDPE.  

3 1460.11 CH2 bending Minor impurities in polymer films.  

4 725.24 C═O 

stretchings 

Mild oxidations 

5 617.22 C-H 

bendings 

Bending in –CH2 or –CH3 groups, 

common in polyethylenes 

 

Table 4.5(a) FTIR peak illustrations of control LDPE films (without adding 

Micrococcus luteus NJD3).  

The control spectra showed only the fundamental component 

stretchings of LDPE films, such as alkane stretchings and bending 

peaks. The mild oxidations and minor impurities may be due to the 

prolonged incubation of LDPE strips in mineral salt broth.  

S.No 

Wave 

number 

cm-1 

Functional 

group 
Interpretation 

1 3016.67 

2914.44 

2848.68 

 

-CH2 symmetric 

and asymmetric 

stretching 

Polymer backbone alteration in 

alkane or alkene groups 

2 2740.85 C-H stretching Suggests the presence of a 

novel aldehyde group, 

indicating bacterial degradation 

3 2501.60 O-H stretching Indicates the presence of 

carboxylic acid 

4 1743.65 C═O stretching Proves the presence of an 

aldehyde group 

5 1649.14 

 

C═C stretching Indicate the presence of a vinyl 

group (an unsaturated group) 
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due to the breakdown of the 

polymer chain.  

6 1627.92 N-H bending Suggest the presence of protein 

or catalytic compounds on the 

polymer 

7 1462.04 

721.33 

C-H bending Molecular rearrangement in the 

polymer 

8 1367.53 O-H bending It indicates the presence of 

phenol 

9 1188.36 

1126.43 

C-O-C stretching Suggests the formation of 

ethers or alcohols, indicating 

microbial attacks 

10 889.18 

795.88 

 

C=C bending Oxidation of polymer 

11 615.29 Halogenated 

compound 

 

Presence of plasticisers 

 

Table 4.5(b) FTIR absorption peaks of Micrococcus-treated LDPE film.  

 

The specific absorbance bands denote chemical modification on the 

LDPE strips incubated with Micrococcus luteus.  

4.5.6.4 FTIR indices analysis of potential strains using FTIR data 

Based on the FTIR data, we calculated the carbonyl (keto (KI), ester 

(ESI), and vinyl (VBI)) and internal bond indices (Sudhakar et al., 

2008), which are graphically presented in Fig. 4.9.  
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Fig.4.9 Image of FTIR indices of all potential bacterial strains. It manifests 

the hike of the carbonyl group in the LDPE film for mineralisation.  

4.5.6.5 FTIR-ATR-FPA imaging 

The micro-ATR (micro attenuated total reflectance) analysis further 

confirmed the fingerprints illustrated in the FTIR spectrum.  

4.5.6.5a. FTIR-ATR-FPA images of Bacillus sp.  

Bacillus species-treated LDPE film exhibited stretching/bending of 

carbonyl, alkyl, alkene and nitro functional groups in a 1000-2000 cm-1 

bandwidth.  
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a. 

 

c. 

 

b. 

 

d. 

 

 

Fig.4.10(a) Attenuated total reflectance Fourier transform spectroscopy 

coupled with focal plane array imaging (ATR-FTIR-FPA imaging) (Ferreira 

et al., 2015; A. K. Sharma et al., 2015) using a Hyperion Micro-ATR (Micro-

attenuated total reflectance) microscope to validate the chemical alterations in 

the LDPE pieces with (image c and d) or without incubation (image a and b) 

of Bacillus cereus-NJD1 for four months (H. Sharma & Neelam, 2023).  
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4.5.6.5b Visualisation of FTIR-ATR-FPA images of Pseudomonas 

sp. treated LDPE films.  

a. FTIR-ATR Control film                                                       

 

b. FTIR-ATR of OLA2-treated film 

 

c. FPA analysis of Control film 

 

d. FPA analysis of OLA2-treated 

film 

 
 

Fig.4.10(b) FTIR-ATR-FPA of LDPE film analysis using Pseudomonas 

aeruginosa NJD2. Images a and b are the results of micro-ATR analysis of 

control and Pseudomonas sp. treated LDPE films. Images c and d are the 

FPA images of LDPE strips (with or without Pseudomonas sp. inoculation). 

Compared to the control LDPE film (bright violet image), the FPA image of 

bacterial-treated polymer strips displayed a green-yellow-red colour code in 

each pixel, and its spectrum shows chemical alterations in the range of 1000-

2000 cm-1. 
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4.5.6.5c Demonstration of topographic changes in Micrococcus 

species treated LDPE film by Micro-ATR coupled FPA 

imaging 

a. 

 

c. 

 
b. 

 

d. 

 

 

Fig.4.10(c) The images show micro-ATR of LDPE film without bacterial 

adhesion (control) and with Micrococcus luteus NJD3 adhesion (Images a 

and c) and FTIR microscopic imaging (FPA analysis) (Images b and d). The 

colour changes in FPA analysis prove the change in molecular vibrations on 

the LDPE film.  

The FTIR-ATR spectrum of bacterial-treated LDPE films confirmed 

the presence of stretching peaks, including carbonyl, alkene, nitro, 
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hydroxyl, alkane and amine groups (Tripathi & Melo, 2017), as well as 

bending bands associated with C-H and C=C bonds. The results are 

similar to those of this study's IR spectrum, indicating the formation of 

aldehydes, carboxylic acids, and esters due to the enzymatic activities 

of the bacterial inoculum, which suggests similar catalytic activities by 

these bacterial strains.  

In the FPA imaging, the strain exhibited a yellow-red colour code in 

the bacterial-treated image, in contrast to the light violet colour in the 

control. It may be due to chemical changes (bending of the C-H group, 

stretching of the C=O group, stretching of the C-C group, and 

stretching of the alkene) within the 1000-2000 cm-1 bandwidth.  

4.5.7 GC-MS analysis of LDPE strips inoculated in synthetic 

mineral broth 

By employing the GC-MS tool in our current investigation, we found 

that the spectral lines of all isolated bacterial species exhibited either 

biodegradation intermediates or simple biodegradable compounds, 

compared to the control films, which did not contain any bacterial 

suspensions.  

4.5.7.1 Comparison of GC-MS chromatogram with or without 

adding Bacillus sp. to the LDPE films 

The spectrograph of the control LDPE film only demonstrated native 

hydrocarbons, additives, and plasticisers. They were highly stable and 

chemically inert components. It showed no significant sign of bacterial 

degradation. Compared to the control LDPE film spectrum, the 

Bacillus-treated films displayed fewer spectral bands of phthalate 

esters, diesters and other complex compounds (Akash et al., 2025) 

(results displayed in Fig.4.11(a)). The exact reason behind this 
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reduction in peak lines remains unknown. The Bacillus-treated LDPE 

films exhibited branched mid-alkanes (Undecane), plasticiser 

degradation products (1,2-benzene dicarboxylic acid), and halogenated 

by-products (2-bromododecane). However, this may be due to the 

strain's catalytic activities, which mineralise a few compounds in the 

polymer.  

a. LDPE film without bacterial inoculation (Control) 
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b. Bacillus-treated LDPE film 

 
Fig.4.11(a) GC-MS chromatogram of LDPE films without (Image a) and 

with Bacillus suspensions (Image b).  

4.5.7.2 GC-MS Analysis of LDPE strips added with Pseudomonas 

sp.  

We demonstrated the existence of hydrocarbons, saturated fatty acids, 

phenols, esters, and other volatile intermediates crucial to 

biodegradation using GC-MS studies of LDPE strips added with 

Pseudomonas aeruginosa NJD2. In this analysis, the spectrograph of 

the control LDPE film also showed highly stable and chemically inert 

compounds. The bacterial-treated LDPE film shexhibitedeaks for 

alkanes, including decane, tetradecane, and heptadecane, indicating 
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popolyethene cleavage. The branched alkanes (2,6,10,15-tetramethyl 

heptadecane), degraded plasticisers (1,2 Benzene dicarboxylic acid), 

phenolic antioxidants (phenol 3,5-Bis (1,1 dimethylethyl) and new 

metabolites (Tridecanoic acid methyl ester and squalene) peaks in the 

GC-MS image illustrated the catalytic activities of Pseudomonas strain 

attaches with LDPE films in minerals salt medium for 120 days.  

a. LDPE film without Pseudomonas sp treatment (Control) 

  



Chapter 4 

 

 218 

b. Pseudomonas-treated LDPE films.  

 

 

Fig.4.11(b) Image of GC-MS analysis. a. LDPE films without Pseudomonas 

sp addition(control) b. Pseudomonas aeruginosa treated LDPE film.  

4.5.7.3 GC-MS Fingerprints of LDPE Films Treated with 

Micrococcus sp.  

In contrast to the control LDPE film, the GC-MS images of 

Micrococcus-treated LDPE films showed several degradation products 

or transformations resulting from the strain’s catalytic activities. The 
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GC-MS images of the control LDPE films showed only a hydrocarbon 

profile, with no plasticisers, stabilisers, or additives detected. All the 

contents were chemically stable. Evidence for polymer degradation: 

The detection of shorter alkanes, such as nonane, undecane, and 

tetradecane, suggests the cleavage of the polymer backbone.  

1. Transformation of LDPE film: The presence of branched 

alkanes, such as heptadecane 2,6,10,15-tetramethyl and 

octadecane, indicates partial degradation of the long 

hydrocarbon chain in the LDPE film.  

2. Plasticiser degradation: Phthalic acid and its derivatives 

(Phthalic acid,4-cyanophenyl heptyl ester, and 1,2-benzene 

dicarboxylic acid) highlighted the plasticiser transformation 

due to microbial enzymes.  

3. Oxidative products from LDPE biodegradation, such as fatty 

acid methyl esters like tetradecanoic acid 12-methyl ester, 

indicate the presence of an oxidative intermediate in LDPE 

biodegradation.  

4. Microbial metabolite production: The Micrococcus-treated 

LDPE films exhibited a spectral fingerprint of squalene. It is a 

biosynthetic compound produced by a bacterial strain or 

released due to oxidative stress on polymer strips.  
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a. LDPE films non-treated with Micrococcus sp. (control) 
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b. Micrococcus-treated LDPE film 

 

Fig.4.11(c) Images of GC-MS analysis of LDPE film inoculated in carbon-

free broth without bacterial biofilm (a) and Micrococcus luteus-treated LDPE 

film after 120 days (b).  

 

Every data analysis utilising the three isolates verified their 

effectiveness in forming robust biofilms and their ability to show 

discernible changes in the mechanical properties of polyethylene films.  

4.6. Discussion 

This chapter discusses validation studies using sophisticated analytical 

instruments to demonstrate LDPE degradation by potential bacterial 

strains isolated from plastic landfills. It includes topographic alteration 
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analyses, mechanical strength deviations, studies illustrating chemical 

changes in LDPE films and metabolic product analysis. To investigate 

topographic alterations, we employed FE-SEM, SEM-EDAX, AFM, 

and video-based water contact angle analyses. Universal tensile testing 

machines demonstrated mechanical strength differences between 

bacterial-treated and non-treated LDPE films. FTIR and Micro-ATR-

FPA imaging were used to manifest the chemical changes in the LDPE 

films. GC-MS analyses were used to demonstrate metabolic products 

of degradation.  

 The FE-SEM analyses were performed to illustrate the strong bio-

attachments and surface modifications, such as pits, cracks, and 

flower-like fissures, on the surface-sterilised LDPE films incubated for 

three and four months in a carbon-source-devoid mineral broth 

(Khampratueng et al., 2024). All three strains exhibited significant 

alterations on the surface, and after prolonged incubation (120 days), 

bacterial colonisation appeared in the inner layers of the polymer. The 

modifications in the LDPE films could result from the activities of 

exopolysaccharides or enzymes released by biofilms attached to the 

polymer (Han et al., 2020; Whitfield et al., 2015). Multiple prior 

research endeavours have yielded identical findings in examining 

potential strains on polymer films (Dimassi et al., 2022; Ren et al., 

2019). Several species of Bacillus, Pseudomonas, and Micrococcus, 

when treated on LDPE films, showed similar results (Anand et al., 

2023; Maleki Rad et al., 2022; Nademo et al., 2023).  

Another validation experiment for demonstrating surface alteration 

was SEM-EDAX analysis. SEM-EDAX images and data of all 
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bacterial-treated LDPE films proved significant holes, cracks and other 

surface alterations. Moreover, they used to demonstrate elemental 

changes, such as those involving carbon and nitrogen. Our 

investigation showed elevated weight and atomic weight percentage 

values for carbon and nitrogen elements compared to the control LDPE 

film without bacterial inoculation after 120 days of incubation in 

CFLMSM. These changes strongly demonstrated the strain's ability to 

utilise the structural elements of LDPE strips as its energy source 

(Oluwole et al., 2022; C. Yao et al., 2022)  

 AFM, used in our validation study, helped us prove nanoscale 

alterations on the surface of LDPE film (Sathiyabama et al., 2024). In 

our current analysis, the AFM data of all three bacterial strains showed 

significant differences in roughness values. It demonstrated the strain’s 

ability to utilise LDPE films as its carbon source and to produce 

enzymes or metabolites that form physical irregularities on the 

hydrocarbon chains (Ji et al., 2024; Ren et al., 2019). Although many 

researchers have used this technique to demonstrate adhesion on LDPE 

film, a few have illustrated significant changes in surface roughness, 

similar to our analysis (Abo ElSouad, 2025).  

This water contact angle measurement provides insight into the 

capabilities of the microbial strains to alter the surface hydrophobicity 

of polymers, which ultimately enables them to degrade. The contact 

angle reduction observed in the current study may be attributed to the 

unique catalytic properties of hydroxyl groups or their incorporation 

into the polymer (Jaiswal et al., 2022). A water contact angle below 

90° indicates the solid surface's hydrophilicity, while an angle above 
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90° signifies its hydrophobicity (Samanta et al., 2020). In addition, the 

wettable environment created on the polymer surface by the strains 

may lead to subsequent colonisation and further improved 

biodegradation (Malachová et al., 2020). In the early days, many 

researchers performed similar validation experiments to demonstrate 

the ability of strains to colonise LDPE film (Ji et al., 2023; Y. Zhang et 

al., 2022).  

Tensile testing of polymer films involves examining the difference in 

tensile properties between LDPE film with and without bacterial 

inoculation. The mechanical properties (Basaran et al., 2012) showed 

comparable reductions in bacterial species treated with LDPE films. 

Several previous researchers have verified similar findings, validating 

the efficiencies of bacterial strains in degrading LDPE films 

(Khruengsai et al., 2021; Szlachetka et al., 2021).  

FTIR analysis revealed the hydroxylation and oxidation of the long-

chain hydrocarbon chains in LDPE films treated with efficient 

bacterial strains for 120 days (Park & Kim, 2019). Compared to the 

FTIR data of the control LDPE film (un-inoculated with bacterial 

strains), all three bacterial strains treated with LDPE films displayed 

similar absorbance bands, including peaks associated with hydrocarbon 

chain oxidation, polymer backbone degradation, and the catalytic 

activities characteristic of the bacterial species. The establishment of 

oxidation and carbonyl groups on the treated films is strong evidence 

of bacterial adherence by a potential strain to recalcitrant surfaces 

(Syranidou et al., 2019). The C=O stretches between 1680 cm-1 and 

1790 cm-1 have been shown in numerous investigations to degrade 
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polyethylene samples by producing ketone or aldehyde groups, which 

allows the chemical to enter the mineralisation route. (Gajendiran et 

al., 2016; Saha et al., 2021; Soleimani et al., 2021). In the presence of 

microbial enzymes, polymer films with carbonyl groups may further 

transform into simpler and degradable molecules that can progress to 

the final mineralisation phase (Jayan et al., 2023). Our GC-MS results 

further confirmed this result, which shows several metabolic 

intermediates. Peaks between 1750 and 1640 cm-1 in the current data 

show the existence of the vinyl group (C=C stretching at 1645.28  

cm-1), the ester carbonyl group (1741.72 cm-1), and the keto-carbonyl 

group (1716.64 cm-1). The C=C stretching in all the strain-treated 

LDPE films, in the 1635-1650 cm-1 range, indicates the formation of 

vinyl or unsaturated bonds. Introducing such bonds into polyethylene 

film may help mitigate its degradation (Mukherjee et al., 2018; 

Nademo et al., 2023). Alkenes can be produced either by the 

polyketide synthase route or by the decarboxylation of fatty acids; 

however, the mechanism by which bacteria induce vinylene in 

polyethylene remains unknown (Kang & Nielsen, 2017). The ester 

compounds formed by the biodegradation of the LDPE polymer can be 

converted to carboxylic acids and alcohols in the presence of 

esterase/lipase enzymes (Sumpavapol et al., 2010). Many precedential 

scientific studies have validated the presence of ester formation during 

the mineralisation of LDPE film (Harshvardhan & Jha, 2013; Peixoto 

et al., 2017). The C=C bending mode, observed in the range of 790-

895 cm-1 for all strains, indicates oxidation of the polymer (Harrat et 

al., 2024).  
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C O–O-C bonds in the FTIR data of LDPE film treated with bacterial 

strains indicate the formation of alcohols, ethers, or esters on the 

hydrocarbon chain in the 1050–1250 cm-1 area, which strongly 

supports microbial attack on the polymer (Khandare et al., 2021). 

Several recent investigations have suggested that the emergence of 

such peaks on polymer films may be attributed to the presence of 

laccase enzymes produced by microbial strains (S. Jiang et al., 2022; 

Navas et al., 2019). The stretches and bends between 1370 and 1050 

cm-1 indicate the presence of alcohols, carboxylic acids, amines, esters, 

and ethers(Vimala & Mathew, 2016).  

O-H bending in the range of 1310-1420 cm-1 indicates the formation of 

phenol or alcohol on the LDPE film. This study's GC-MS analysis 

further confirmed the presence of phenol compounds on LDPE film. 

The hydroxylation of the polymer chain is highly required for carbonyl 

group formation, which can be converted to either an ester in the 

presence of an esterase or lipase enzyme (Yoon & Jang, 2021)or an 

alcohol in the presence of an alkane hydroxylase enzyme (M. P. Das & 

Kumar, 2015; Parthipan et al., 2017). Carboxylic acid is present in the 

polyethylene film when O-H stretching occurs between 2450 and 3300 

cm-1 in addition to O-H bending (Nirosha et al., 2015). The absorption 

band at 3550-3900 cm-1 suggests that alcohol or such oxidations may 

be due to prolonged incubation of LDPE films (W.-K. Yang et al., 

2024). The C-H bending absorption peaks, located between 1400 cm-1 

and 1465 cm-1, as well as those between 700 cm-1 and 880 cm-1, 

underscore the presence of long alkane chains in the plastic film. 

Several researchers have reported similar results, indicating that C-H 
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bending is a sign of biodegradation in potential bacterial biofilms 

introduced to LDPE films (Di Pippo et al., 2023). The altered 

transmittance of the treated polymer films throughout the 2847-2925 

cm-1 range indicates a reduction in the C-H stretching attributed to the 

functional group. It may be attributable to microbial attack (Tarafdar et 

al., 2021). The CH2 group scissoring (in-plane bending vibration, 

which reduces the bond angle and the alkene group) (Lin-Vien et al., 

1991).  

The N-O peak indicates microbial adherence and their catalytic activity 

on the films at 1541.12 cm-1 in the Bacillus sp. -treated LDPE film, the 

aromatic amine (C-N) peak at 1305.81 cm-1 in the Pseudomonas sp. -

treated polymer film, and the amine group peak (N-H) at 1627.92 cm-1 

in the Micrococcus-treated LDPE film. The EDAX and ATR-FPA 

analyses conducted in this study confirmed the presence of nitrogen 

element additions in the polymer. According to a recent study, 

Bacillus-produced biosurfactants or nitric oxide synthase enzymes may 

be responsible for adding the N-O group to the polymer structure (Z. 

Yao et al., 2022).  

The absorption bands at 624.94 cm-1,617.22 cm-1, and 615.29 cm-1 in 

the Bacillus sp., Pseudomonas sp., and Micrococcus sp. -treated LDPE 

film indicate the presence of a brominated plasticiser. It is further 

confirmed in our GC-MS analysis. Typically, the surface bromination 

of LDPE is the reason behind this chemical vibration, which can 

enhance its wettability and hydrophobicity (Kowalczyk et al., 2016). 

Many previous researchers have presented similar FTIR data to 

demonstrate the capabilities of innate organisms isolated from long-
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term plastic piles (Gupta & Devi, 2020; Hou et al., 2022; Shilpa et al., 

2023).  

By examining the peaks in the FTIR spectra of LDPE strips added with 

each bacterial species, we found several closely spaced absorption 

bands (see Table 4.7), indicating similar catalytic activities despite the 

strains being isolated from different waste sites. Apart from similar 

peaks in spectra, each isolated strain showed distinct fingerprints (see 

Table 4.6). Several scientists have reported similar results in their 

investigations (Montazer et al., 2020; Nadeem et al., 2021).                                                                                 

S. 

No 

Name of the Potential 

Bacterial-treated LDPE 

films 

Unique peaks in cm-1 

1 Bacillus cereus NJD1-

treated LDPE film FTIR 

spectra 

N-O stretching (1541.12), C-H 

bendings at 867.97, and O-H 

stretching (2472.83) 

(Boukherroub & Szunerits, 

2009). 

2 Pseudomonas aeruginosa 

NJD2-treated LDPE film 

FTIR spectra 

O-H stretching (3871.13 and 

3610.13 cm-1), C-N stretching 

(1305.81) (Lacsado et al., 

2023). 

3 Micrococcus luteus NJD3- 

treated LDPE film FTIR-

spectral peak 

C-H stretching (2740.85), O-H 

stretching (2501.60) and N-H 

bending (1627.92) (Bhinge et 

al., 2025). 
 

 Table 4.6 Unique fingerprints (Stretching/bending peaks in the FTIR spectra 

of each isolated bacterial strain).  
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Table 4.7 List of similar peaks in all three capable strains for LDPE 

biodegradation.  

The computation of FTIR indices using FTIR data reveals bond 

modifications and chemical conversions in hydrocarbons when 

bacterial species are inoculated onto LDPE films. The FTIR indices 

indicate changes in the film's internal structure, crystallinity, and 

hydrophobicity (Zerbi et al., 1989). The bacterial enzymes in the 

potential strains may oxidise the polymer and metabolise complex 

compounds to simple metabolites, such as primary alcohols, aldehydes, 

S. 

No 

Name of the 

absorption peak 

with its frequency 

range 

Absorption peak in the FTIR 

spectrograph treated with the 

bacterial strains in cm-1 
Functional 

group 
Bacillus 

sp 

Pseudom

onas sp 

Micrococ

cus sp. 

1 C-H bendings 

(1400-1465 cm-1)  

(700±20-880±20 

cm-1) 

1456.26  1460.11, 

719.45  

1462.04 

and 721  

Alkanes 

2 C=O stretchings 

(1715-1750 cm-1) 

1749.44  1741.72  

1715.64 

1743.65  Aldehydes 

3 C=C stretchings 

(1635-1650 cm-1) 

1637.56  

 

1645.28  1649.14  

1627.92  

Vinyl group 

or 

unsaturated 

group  

4 C-H stretchings 

(2800-3020 cm-1) 

- 2912.51  

2843.07  

2806.43  

3016.67  

2914.44  

2848.08  

Alkanes 

5 O-H bendings 

(1310-1420 cm-1) 

- 1369.46  1367.53  Phenol/alcoh

ol 

7 C-O stretching 

(1050-1250 cm-1) 

1076.28 

cm-1 

1068.56  

1118.51  

1182.92  

1126.43 

Primary 

alcohols 

8 C=C bendings 

(850-895 cm-1) 

790-830 

867.97  852.54  

 

889.18  

795.88  

Oxidation of 

Alkene 

9 C-Br stretchings 

(400-690 cm-1) 

624.94  

 

617.22  615.29  Bromine-

substituted 

compound 
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ketones, and fatty acids. As a result, FTIR indices increase and further 

mineralise to H2O and CO2 via β-oxidation (Schober et al., 2023). The 

carbonyl indices identified in this study are significantly higher than 

those previously reported (Novotny et al., 2018). Furthermore, a recent 

study demonstrated the efficiency of laccase enzymes, which add 

carbonyl groups to the polymer, and lipase enzymes for ester 

hydrolysis in the biodegradation of LDPE (N. Zhang et al., 2022). 

Besides the main path, it may transform into alkenes and, in turn, be 

catabolised to epoxides in alternative metabolic routes.  

Micro-ATR coupled with FPA imaging is another validation method 

that manifests the biodegradation of LDPE films. Most of the peaks in 

the micro-ATR spectrum of each strain showed similarity to the FTIR 

data of that strain’s spectrum, specifically in the range of 1000-2000 

cm-1. Moreover, this experiment's FPA imaging (FTIR imaging) helped 

us visualise the chemical modification in the LDPE film at a pixel 

level. Compared to the colour code of the control FPA, which ranges 

from light violet, the deep blue image appeared in the Bacillus-treated 

LDPE film. In contrast, the Pseudomonas-treated LDPE film exhibited 

a green-yellow-red colour, and the Micrococcus-treated LDPE film 

showed a yellow-red colour. It confirmed the depth of chemical shifts 

on the polymer surface. A few recent scientific investigations have 

demonstrated the efficiency of micro-ATR-FPA analyses in showing 

LDPE biodegradation (Mendoza et al., 2025; Tagg et al., 2015)  

Ultimately, GC-MS analyses identified the metabolic intermediate 

products resulting from the LDPE degradation process. Upon 

examining the GC-MS fingerprints of LDPE films, the control films 
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(without bacterial addition) exhibited many innate compounds of 

polymer strips (fatty acid esters), which are intricate and resistant to 

degradation. However, the Bacillus species-treated films exhibited 

numerous hydrocarbon peaks, indicating the biodegradation of the 

polyethylene backbone. Several previous scientific reports have 

suggested the presence of alkanes in microbial-treated LDPE films as 

an indication of depolymerisation (Sanniyasi et al., 2021). 

Additionally, the current evaluation of Bacillus-treated polymer films 

revealed novel peaks in the sample spectrum for compounds such as 

undecane and halogenated hydrocarbons, including 2-bromododecane. 

The bromine molecules are added to the hydrocarbon chain in the inner 

layer stabilisers or the polymers' outer surface modification agents to 

improve the compound's stability and wettability (Desai & Singh, 

2004; Z. Jiang et al., 2023). These compounds may become visible in 

the bacterial-treated GC spectrum due to surface layer cracks or deep 

pits formed by the bacterial strain on the polymer. Our current study's 

SEM analyses have demonstrated the adhesion of strains on the inner 

and outer layers of the LDPE film, as well as their ability to pit or 

fracture the polymer. Our study's FTIR spectrum also confirms the 

presence of bromine compounds. These metabolic products can also 

enhance the polymer's hydrophilicity. Most interestingly, all the end 

products illustrated in the Bacillus cereus NJD1-treated spectrum were 

non-toxic intermediates of the depolymerisation of LDPE films. It 

manifests the strain's efficacy in attaching to complex and harmful 

substances.  
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GC-MS analysis of polymer strips inoculated with Pseudomonas 

aeruginosa NJD2 manifested the presence of several hydrocarbons, 

saturated fatty acids, phenols, esters, and other volatile intermediates 

important in the biodegradation process. Numerous prior investigations 

have demonstrated the potential impact of Pseudomonas aeruginosa in 

the bioremediation of LDPE films (Medić et al., 2020). The long-chain 

alkanes such as 2-methylhexacosane (C27H56) and tetrateracontane 

(C40H82) were present in the Pseudomonas-treated LDPE films. 

Scientific work has reported similar peaks (Khandare et al., 2022). The 

ester compound in our chromatogram, namely 1,2-benzene 

dicarboxylic acid dioctyl ester, was recently identified as a volatile 

compound in the GC-MS analysis of LDPE film treated with 

Cladosporium spherosperum, a highly promising fungal species 

isolated from a plastic garbage site. Moreover, a distinct degraded 

compound, phenol 3,5-bis(1,1-dimethyl-ethyl) (C14H22O) (Sai Latha et 

al., 2020), was demonstrated in our chromatogram of the bacterial-

treated film, which was also reported in an early GC-MS study 

(Abraham et al., 2017) of incubating Aspergillus nomius on LDPE 

films for 90 days. A fatty acid ester peak of tridecanoic acid, 

specifically the 12-methyl ester, elucidated in this study, may provide 

strong evidence for bacterial adherence to LDPE film (Lattuati et al., 

2002). In another study, GC-MS analysis of polymer pieces treated 

with the Pseudomonas aeruginosa WD4 strain, isolated from a plastic 

dumpsite, revealed a peak corresponding to the alkane compound 5-

ethyl-5-methyl decane (Shilpa et al., 2022). In our study, such identical 

peaks were also displayed. The alkane peak of heptadecane and the 
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methylated alkane, heptadecane,2,6,10,15-tetramethyl, may be 

intermediates of long-chain hydrocarbons (J. Yang et al., 2015). In our 

investigations, volatile alkanes, such as octadecane and tetradecane, 

were commonly found in control and bacterial-treated films. However, 

many long-chain alkanes, esters, aromatic compounds, and plasticisers 

were unique to the chromatogram of the control LDPE film. They were 

not detected in the GC-MS reports of Pseudomonas aeruginosa-

inoculated LDPE films. It explains the strong biofilm formation and its 

catalytic effects on degrading polymer films.  

   The spectrum of the Micrococcus luteus-treated LDPE film revealed 

several new peaks for fatty acid esters, alkanes, bacterial metabolites, 

and plasticiser intermediates, in contrast to the GC-MS chromatogram 

of the LDPE film without bacterial biofilm (control film). They were 

tetradecanoic acid 12-methyl, methyl ester, phthalic acid,4-

cyanophenyl heptyl ester, Undecane,1,2-benzene dicarboxylic acid, 

heptadecane 2,6,10,15-tetramethyl,2-bromotetradecane, and squalene. 

The volatile compound, tetradecanoic acid 12-methyl, methyl ester (a 

methylated fatty acid ester), may be formed due to the catalytic activity 

of the solid adherence of the bacterial strain on the polymer. Similar 

methylated fatty acid ester products were recently reported in the GC-

MS analysis (Lee et al., 2023). A unique alkane compound, Undecane, 

and a methylated alkane compound, heptadecane 2,6,10,15-

tetramethyl, reported in our study, demonstrate the ability of the 

isolated strain to utilise long-chain hydrocarbons as an energy source 

(Jeon et al., 2021). Furthermore, recent research has revealed that the 

esterase enzyme generated by certain bacterial strains can convert 
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complex phthalates—used as plasticisers in LDPE films—into less 

hazardous compounds.  

Similarly, in the current analysis, enzyme analysis studies revealed the 

presence of esterase enzyme production by Micrococcus luteus NJD3 

after incubation with LDPE films in a mineral salt medium. A few 

phthalates, often called phthalic acid esters (PAEs), were detected in 

the control LDPE film. These include 1,4-benzene dicarboxylic acid, 

bis(2-ethylhexyl) ester (C24H38O4), phthalic acid butyl undecyl ester 

(C23H36O4) (Y. Wang et al., 2025), dibutyl phthalate (C16H22O4), and 

diisooctyl phthalate (C24H38O4). These were applied to the LDPE films 

as plasticisers (Uzamurera et al., 2023). Additionally, the surface of 

control LDPE displayed 2,4-ditert-butyl phenol (C14H22O) and 7,9-

ditert-butyl 1-oxaspiro (4,5) deca-6,9-diene-2,8-dione (C17H24O3), 

which act as antioxidants (Vera et al., 2023). These compounds harm 

our surroundings and damage the endocrine and reproductive systems 

of humans. Surprisingly, most of these compounds disappeared or 

transformed into less toxic compounds or metabolic products in the 

GC-MS chromatogram of bacterial species inoculated on LDPE strips. 

In the bacterial-inoculated spectrum, we observed only 1,2-benzene 

dicarboxylic acid (Phthalic acid, PA) and a nitrogen-containing 

phthalic acid derivative, 4-cyanophenyl heptyl ester. A prior study by 

(P. Wang et al., 2021), which isolated a bacterial species of 

Achromobacter from activated sludge, demonstrated the metabolic 

pathway for the conversion of di-(2-ethylhexyl) phthalate ester 

(DEHPE, a PAE) into phthalic acid (PA). It revealed the strain's ability 

to biodegrade the toxic compound. Likewise, the peak of 1,2-
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dicarboxylic acids in the present GC-MS investigation has also 

validated the transformation ability of PAE into PA in the presence of 

Micrococcus luteus. The bromination in the LDPE film is one of the 

vital routes for improving its surface properties. Thus, the presence of 

2-bromotetradecane in the GC-MS spectrum of the bacterial-treated 

polymer film may be attributed to the interaction of bromine with 

hydrocarbons through cracks and indentations formed by biofilm 

adherence. Moreover, the squalene peak observed in the bacterial-

treated fingerprint may be attributed to the strong attachment of the 

isolated strain to the LDPE film (Song et al., 2020).  

All the validation studies demonstrated the efficacy of Bacillus cereus 

NJD1, Pseudomonas aeruginosa NJD2, and Micrococcus luteus NJD3.  

4.7 Conclusion 

This chapter examined the efficacy of isolated and enriched bacterial 

strains, specifically Bacillus cereus NJD1, Pseudomonas aeruginosa 

NJD2, and Micrococcus luteus NJD3, in degrading low-density 

polyethylene (LDPE) films. To demonstrate degradation, we employed 

several reliable and sophisticated analytical instruments. Biofilm 

formation and changes in surface morphologies, including the 

formation of pits, cracks, or fissures, were demonstrated by SEM 

analysis. In addition to the topographic deviations, the elemental 

differences in carbon and nitrogen on the polymer surfaces were 

demonstrated by SEM-EDAX analyses. The difference in surface 

roughness of LDPE strips with and without bacterial inoculation was 

demonstrated using AFM data. Another method used to illustrate 

surface alteration in our research was the measurement of contact 
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angles using a video-based optical instrument from GmbH. It validates 

the reduction in hydrophobicity resulting from robust biofilm 

formation and enzymatic reactions on LDPE films. The mechanical 

strength measurements, conducted using a universal tensile machine 

(Tinius Olsen), confirmed the reduction in tensile properties. Through 

analysing FTIR chromatograms (utilising Shimadzu ATR-FTIR 

apparatus) of both untreated and treated polymer strips, we discerned 

unique functional groups and chemical modifications on the surfaces 

of LDPE films injected with bacterial cultures. These alterations may 

result from the enzymatic activities of bacterial strains that generate 

biofilms. Moreover, we calculated keto-carbonyl, ester-carbonyl, 

vinyl-carbonyl, and internal double bond formation values and 

represented them accordingly. FPA images were captured using a 

Hyperion 3000 inverted microscope and an ATR-FTIR spectrometer to 

confirm the chemical changes in LDPE films. The degradation 

intermediates by the action of each bacterial species were recorded 

using a GC-MS spectroscope. All the validation experiment results 

demonstrated the efficacy of each isolated bacterial strain from the 

natural depot in degrading LDPE film.  
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5.1 Introduction 

The alarming upswing in plastic waste has prompted scientists to 

develop a novel, safe, and cost-effective microbial co-culture process 

for biodegrading complex polymers. Many recent researchers have 

explored the synergistic effect of microbes to achieve better 

degradation (Cao et al., 2022). The coexistence effect could be 

attributed to microbes' stability, functional resilience, and ability to 

complete complex degradation tasks (Ojha & Skariyachan, 2024).  

However, not all strains within the consortia may participate directly in 

the comprehensive decomposition of toxic pollutants; some may 

facilitate adhesion, while others may degrade or convert complex 

components into simple sugars. Meanwhile, a few may only mineralise 

them into simple sugars, fatty acids, and other end products. This 

systematic allocation of metabolic functions alleviates the 

responsibility of each cell to mineralise the harmful and resistant 

elements of contaminants (Ben Said & Or, 2017).  

Microbial consortia or co-cultures can be isolated from the natural 

environment or formulated under artificial conditions. To design 

effective artificial consortia, scientists mixed pure cultures isolated 

from different natural environments to establish a multi-enzyme 

catalytic metabolism pathway for better bioremediation of 

polyethylene compounds (Putcha & Kitagawa, 2024). In addition, an 

artificial microbial consortia system has a more defined division of 

labour and elevated capabilities for metabolising various target 

products (Jones & Wang, 2018). A few bacterial strains in a 

consortium have proved their capabilities to form effective biofilms in 
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the presence of extracellular polymeric substances. High catalytic 

strains were selected to bio-remediate toxic compounds. Lower 

frequency of mutation, low toxicity, and high endurance are the 

standard features of consortia.  

5.1.1 Strategies for Developing Microbial Consortia 

The microbial consortia rely on two primary principles: top-down and 

bottom-up (Lyu et al., 2024; C. Zhang et al., 2023). The top-down 

technique utilises carefully selected environmental elements to 

stimulate a functioning microbiome, whether naturally occurring or 

intentionally created in vitro, to make ecological decisions that 

enhance the intended biological processes. A comprehensive 

understanding of physical, chemical, and biological elements that 

facilitate or hinder the individual or consortium is required to create a 

suitable consortium using a top-down method. It often overlooks the 

intricate mechanisms between the strains (Lawson et al., 2019).  

Recent advancements in molecular biology tools, including high-

throughput sequencing and multi-omics approaches, have empowered 

researchers to adopt bottom-up strategies to alter bacteria's genomic 

organisation and metabolic pathways (C. Zhang et al., 2023). To 

construct a bottom-up design, we require a more profound 

understanding of the genomic setup for catalytic activities and cell-cell 

communications (Liang et al., 2022). The mechanism is primarily 

based on the genomic and metabolic network of an individual strain, as 

well as its metabolic fluxes between and within the population, to form 

an effective consortium. Therefore, scientists typically favour top-

down processes for elucidating the earliest interactions of microbial 
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populations with harmful polymer surfaces (Vargas-Suárez et al., 

2019). However, a combination of top-down and bottom-up 

approaches is required to overcome the significant bottlenecks in 

developing effective consortia.  

5.1.2 The effect of microbial consortium in LDPE biodegradation 

Researchers have focused on formulating new microbial consortia for 

the effective and sustainable degradation of LDPE (Khampratueng & 

Anal, 2025). This approach offers significant benefits over pure 

isolates for the bioremediation of long-chain hydrocarbons (Sah et al., 

2011). Microbial consortia are deemed optimal because they enhance 

the rate of safe detoxification via co-metabolism or inadvertent 

degradation (Nunes et al., 2024). The isolation and further enrichment 

of microbial consortia from their natural habitats offer extensive 

opportunities and applications in the remediation of toxic pollutants, 

such as those found in LDPE materials.  

5.2 Aim and Objectives 

1. Formulate an in vitro consortium using isolated potential 

strains.  

2. Check the attachment of strains to LDPE film preliminarily by 

weight reduction experiment.  

3. Verify the initial bio-attachment by BATH test, FDA test and 

CO2 evaluation test. 

4. Confirm the biofilm formation by estimating the EPS, protein 

content, medium pH change, and viability test.  

5. Manifest the catalytic activities of the consortium inoculated on 

LDPE films by quantitative analyses of enzyme production.  
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6. Validate the consortium's biodegradation efficiencies by SEM, 

SEM-EDAX, AFM, contact angle measurements, tensile 

testing, FTIR, and GC-MS analysis.  

5.3 Review of Literature 

Natural or in vitro microbial formulations have recently gained 

acceptance in the bioremediation mechanism of LDPE films (Pinto et 

al., 2022; Salinas et al., 2024). Extended exposure of microbes to 

polyethylene compounds in the ecosystem may account for their 

evolutionary adaptations (Escalante et al., 2015). 

S. 

No. 

Microbial strains 

in the consortium 

Nature of 

consortium 

Effectiveness 

on LDPE 

films 

References 

1 Enterobacter sp. 

and Pantoea sp. 

Isolated 

from plastic 

landfills and 

formulated 

as a 

consortium 

in in vitro 

conditions 

High rate of 

weight loss 

(81%) within 

120 days of 

incubation 

(Skariyachan 

et al., 2016) 

2 Bacillus 

vallismortis, 

Pseudomonas 

protegen, 

Stenotrophomonas 

sp. and 

Paenibacillus sp 

Enumerated 

from a deep 

dump of 

plastics 

75% weight 

loss in 120 

days of 

incubation 

(Skariyachan 

et al., 2017) 

3 Arthrobacter sp. 

and Streptomyces 

sp. 

Plastic 

dumps in the 

agricultural 

field 

Biofilm 

formation 

within 90 days 

of incubation 

(Han et al., 

2020) 

 

Table 5.1 Recent scientific investigations have demonstrated the efficacy of 

bacterial consortia for the remediation of LDPE films. All the Bacterial 

strains in the consortia were isolated from different plastic depots in 

terrestrial ecosystems and formulated as a consortium in the laboratory.  
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Recently, scientists have demonstrated that microbial consortia on 

LDPE films can also readily adapt to other recalcitrant pollutants, 

exhibiting accelerated enzyme production and metabolic activities 

(Bhatia et al., 2018). Most microbial consortia were isolated 

individually from natural ecosystems and then mixed in laboratory 

conditions(Gad et al., 2024; Patowary et al., 2016)  to enhance 

biodegradation rates. 

S. 

No 

Consortia-bacterial 

species 
Effectiveness References 

1 Bacillus safensis and 

Bacillus 

amyloliquefaciens 

An 18% weight 

reduction in 30 days of 

incubation 

(Waqas et al., 

2021) 

2 Bacillus and 

Sphingobacterium 

species 

Isolated from a landfill. 

Extracellular enzymes, 

such as esterases, were 

produced to form 

cavities and rough 

surfaces.  

(Khampratueng et 

al., 2024) 

3 Bacillus sp and 

Enterobacter 

asburiae 

Isolation from the gut of 

the larvae of Ploida 

interpunctella (Indian 

meal moth) proved the 

new carbonyl group 

formation on LDPE 

films.  

(Y. Lou et al., 

2020; Yang et al., 

2014) 

 

Table 5.2. A few Bacillus species contain a bacterial consortium capable of 

biodegrading LDPE. 

Interestingly, the bacterial consortium extracted from the gut of various 

insect larvae has also proven effective for LDPE bio-degradation (H. 

Lou et al., 2022; Yin et al., 2020). It involves complex mechanisms, 

including physical (chewing), chemical (dissolution by acids in the 

alimentary canal), and biological (metabolic activities of gut 

symbionts) alterations of LDPE films (Cassone et al., 2020). In 

addition to these findings, the plastisphere, which is closely linked to 
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the marine environment, has been shown to display various bacterial 

co-cultures (Joshi et al., 2022; Syranidou et al., 2019). 

Bacillus and Pseudomonas species were frequently identified as the 

predominant bacterial species in the formulated consortia for LDPE 

biodegradation (Pathak & Navneet, 2017). Consortia comprising 

Bacillus subtilis and Bacillus licheniformis exhibited cracks and 

effective colonisation on the polymer surface (Yao et al., 2022a).  

Mixed cultures of Pseudomonas aeruginosa, Pseudomonas putida, and 

Pseudomonas syringae exhibited biofilm formation within 40 days of 

inoculation, and extended incubation up to 120 days demonstrated 

weight loss (Kyaw et al., 2012).  

S. 

No 

Consortia-bacterial 

species 
Effectiveness References 

1 Pseudomonas 

aeruginosa and 

Enterobacter sp. 

 

The cow dung formulated 

consortium showed high 

efficacy in degrading pre-

treated LDPE (64.25 ± 

2%) and polypropylene 

(63 ± 2%) strips under 

UV light and kept for 

incubation at 37℃ for 160 

days. 

(Skariyachan et 

al., 2021) 

2 Some Pseudomonas 

include P. putida, P. 

fluorescens, P. 

aeruginosa and P. 

stutzeri, Vibrio 

alginolyticus, 

Flavobacterium sp., and 

Anabaena sp.  

Degrade LDPE film in the 

presence of various 

percentages of starch 

under a slightly alkaline 

PH of 7.5 

(Veethahavya 

et al., 2016) 

3 Pseudomonas 

aeruginosa and 

Brevibacterium sp.  

At multiple temperatures 

and PH, the bacterial 

consortium degrades 

LDPE films.  

(Dwicania et 

al., 2019) 

Table 5.3 Pseudomonas sp. containing co-cultures/mixed cultures for LDPE 

biodegradation 
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One of the most recent studies employed a sequential and induced 

enrichment strategy to characterise plastic-degrading microbial 

consortia from intentionally polluted microcosms (Salinas et al., 2023). 

Such consortia have a broad spectrum of enzymes, including lipases, 

cutinases, and polyphenol oxidases. Several other researchers have 

constructed effective bacterial-fungal consortia using various polluted 

environmental samples for LDPE biodegradation (Fachrul et al., 2024; 

Kučić Grgić et al., 2023). Furthermore, based on GC-MS and FTIR 

findings, as well as enzyme studies, several delineated metabolic 

pathways for the degradation of LDPE materials have been identified 

(W. He et al., 2024). Recently, researchers have begun to utilise multi-

omics technologies to gain deeper insights into the functional gene 

activities of potential strains for the biodegradation of recalcitrant 

polymers (Sahoo et al., 2021; Wright et al., 2021; Y. Zhang et al., 

2023).  

5.4 Materials and Methodology 

5.4.1 Initial formulation of the consortium and its enrichment 

To create an artificial consortium under in vitro conditions, pure 

cultures of Bacillus cereus NJD1, Pseudomonas aeruginosa NJD2, and 

Micrococcus luteus NJD3 were cultured in Reasoner’s broth for 48 

hours and removed from the incubator upon achieving optimum 

growth, indicated by an optical density (OD610) range of 0.7-0.9. The 

samples were centrifuged for 12 minutes (at 12,000 rpm) using a Remi 

RM-1216 Microcentrifuge. After carefully discarding the supernatant, 

the pellets were washed with freshly prepared CFLMSM (carbon-free 

liquid mineral salt medium) at least three times. Finally, the pellets 
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were resuspended in 2 mL of CFLMSM broth solution. All aliquots 

were combined and resuspended in 100 mL of CFLMSM. 

Additionally, we have incorporated surface-sterilised LDPE sheets, 

each weighing 0.30 g, resulting in a total of 0.24 g per 100 mL of 

carbon-free broth. Control flasks have been maintained without 

bacterial inoculation. Both treatments were initially incubated at room 

temperature for one month (Shilpa et al., 2023). A 20 mL CFLMSM 

broth culture with an optical density at 610 nm ranging from 0.7 to 0.9 

was collected and spun at 15,000 rpm for 7 minutes using the Remi 

centrifuge (model RM1216). Pellets were harvested after removing the 

supernatants. Then, the pellets were washed with CFLMSM and 

resuspended in freshly prepared 2 mL of CFLMSM. All of the aliquots 

were then employed for the second stage of enrichment. For this, the 

conical flasks were kept statically at room temperature for 120 days. A 

control without respective culture aliquots was maintained for each set 

of bacterial enrichments. The LDPE films from all the conical flasks 

were collected and placed in a saline solution (0.85% NaOH) and 

agitated for 5 h at 180 rpm. For the subsequent biodegradation 

reactions, we purified the bacterial consortia cultures from biofilms of 

LDPE films.  

5.4.2 Weight reduction experiment 

5 mL of the consortium from the saline solutions was obtained for each 

experiment, confirming the OD610 value of the bacterial culture 

between 0.7 and 0.9. The collected saline solutions were spun at 

15,000 rpm for 7 minutes to isolate the consortia pellets. Using the 

static culture method, the pellets were resuspended in 100 mL of 
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freshly prepared CFLMSM, along with surface-sterilised LDPE films, 

and cultured for 120 days at room temperature. The total weight of 

each LDPE film before its introduction into the conical flask was 

standardised at 0.03 g. After incubation, all the polymer strips were 

collected and subjected to surface sterilisation to eliminate biofilm 

adherence before weighing (Shimadzu-ATX84R). The comparative 

weight variation of each film relative to the control films has been 

recorded and quantified as the percentage reduction in the weight of 

the polymer films (Awasthi et al., 2017). Furthermore, we assessed the 

consortium's daily consumption of LDPE films and determined the 

polymer's half-life (Auta et al., 2018).  

5.4.3 Preliminary studies for establishing the growth of bacterial 

consortium on LDPE films 

5.4.3.1 Estimation of hydrophobicity by the BATH test 

The bacterial adhesion test for hydrophobicity (BATH) was conducted 

to demonstrate the hydrophobic nature of the formulated bacterial 

consortium, using a modified protocol illustrated by (Rosenberg et al., 

1980). For each test set, 8 mL of consortium in saline solution with an 

OD610 of 0.7-0.9 was aliquoted into four Eppendorf tubes and 

centrifuged at 15,000 rpm for 7 minutes using a Remi CM-12 PLUS 

cooling centrifuge (Ahmed et al., 2018). The collected pellets were 

suspended in 2 mL of CFLMSM and transferred to four test tubes. Add 

the different volumes of hexadecane (0.05, 0.1, 0.15, and 2 mL) to 

each test tube, mix well for 2 minutes, and allow it to stand for 3 hours 

to observe the phase transition. Then, the aqueous phase was carefully 

separated, and OD600 values were measured. Control samples without 
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hexadecane were maintained at baseline OD600 values. The recordings 

were used to compute the hydrophobicity percentage and depletion in 

turbidity to analyse the capabilities of the strain to attach to the 

hydrocarbon compound (Devi et al., 2023).  

5.4.3.2 Fluorescein diacetate test (FDA test) to detect biofilm on 

LDPE film 

This assessment evaluates the sustainability of biofilms on 

polyethylene film surfaces (Tribedi et al., 2015). The LDPE films, 

incubated in CFLMSM with the consortium for 5, 10, 15, 20, 25, and 

30 days, were subsequently immersed in fluorescence diacetate 

phosphate buffer (FDPB). The samples were incubated at 25 °C and 

agitated at 180 rpm in a Kemi Orbital shaker for 1 hour. Two millilitres 

of the FDPB buffer were harvested and centrifuged at 12,000 rpm for 

5-6 minutes. The culture supernatants were carefully taken to record 

absorbance at 494 nm using a Systronic UV-VISIBLE 

spectrophotometer. The FDPB buffer, devoid of inoculation, served as 

the control.  

5.4.3.3 CO2 evolution by the inoculation of bacterial strains for 120 

days 

The test followed the modified protocol of (Pramila, 2011) using a 

self-constructed leak-proof apparatus comprising a conical flask 

containing CFLMSM inoculated with donor flask either with bacterial 

consortium-treated LDPE films (positive control) or without them 

(negative control) and a receiver flask containing 100 mL of 1M KOH 

solution and transparent connecting tubes. The presence of trapped 

CO2 in the receiver flask after 120 days of incubation was 

demonstrated by adding 0.1M BaCl2, which precipitated white barium 
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carbonate crystals. The weight differences in the positive and negative 

controls were used to measure the CO2 release.  

5.4.4 Confirmatory tests to establish biofilm formation by the in 

vitro consortium 

5.4.4.1 Estimation of extracellular polysaccharide (EPS) content 

It is a confirmatory assay for biofilm formation. We extracted the 

biofilm into a saline solution via centrifugation (10,000 rpm for 25 

minutes), and the resultant supernatant was dialysed overnight using a 

dialysis membrane disc (Spectra S/P11,6000-8000 MWCO,33 mm 

diameter). The dialysis used deionised water at 4℃. The EPS content 

was determined using the phenol-sulfuric acid method (Bohutskyi et 

al., 2015).  

5.4.4.2 pH change in the carbon-free broth  

Checked the pH change of CFLMSM estimated every 15 days, with 

intervals up to 120 days. Positive-negative control conical flasks were 

maintained with or without bacterial treatment. The initial pH of the 

medium was 7.2 ± 0.2, using a 0.1 M potassium phosphate buffer. The 

results of the test were represented in a graph.  

5.4.4.3 Estimation of protein content 

The biofilm's protein content was estimated to confirm the strong 

adherence of consortia to LDPE films. The Bradford assay (Bradford, 

1976) was used to estimate the protein content. The standard protein 

curve was plotted using the known protein concentration (BSA). The 

absorbance of the culture supernatant at 30, 60, 90, and 120 days was 

measured at 595 nm to calculate the protein concentration in µg/mL.  
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5.4.4.4 Estimation of the FDA test for 120 days 

The FDA test was conducted on LDPE films administered with 

bacterial consortia collected from conical flasks at 30, 60, 90, and 120 

days to assess the viability of the strains in the biofilms. The test was 

performed according to the protocol illustrated by (Green et al., 2006). 

The FDA test was also conducted on control LDPE films without 

bacterial addition to evaluate the impact of the strains on hydrolysis.  

5.4.4.5 Enzyme activities by the strains 

For the analysis, the specimens for crude enzyme extracts were 

collected from CFLMSM conical flasks (both from the bacteria 

consortia-treated (sample) and non-treated(control)) at an interval of 15 

days and centrifuged (10,000 rpm for 12 minutes) (Muangchinda & 

Pinyakong, 2024). Then, the supernatants were collected and subjected 

to various enzyme assays, such as the Laccase assay (Re et al., 1999), 

lipase assay (Nawani et al., 2006), protease assay (Tsuchida et al., 

1986), lignin peroxidase (Archibald, 1992), Manganese peroxidase (de 

Oliveira et al., 2009) and esterase activity (Kameshwar & Qin, 2017). 

Each enzyme assay of treated specimens was compared with the 

control samples (control CFLMSM without bacterial addition on 

LDPE films was used to assess the enzyme activities). All the results 

were plotted in Origin graphs.  

5.4.5 Validation studies of the laboratory-mixed bacterial 

consortium for LDPE biodegradation 

5.4.5.1 Scanning Electron Microscopy Analysis  

After the treatment, the polymer strips were retrieved and surface-

sterilised. Then, the moisture content was entirely removed by placing 
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it in the oven overnight at 55℃. Before micrographing, the polymer 

strips were treated with gold nanoparticles. Then, using the FE-SEM 

instrument of the ZEISS family, we analysed the microbial consortia 

and the topographic changes on the polymer film.  

5.4.5.2 SEM-EDAX analysis  

Scanning electron microscopy-energy dispersive X-ray spectroscopy 

analyses (Gonzalez-Gil et al., 2021) were conducted on LDPE films 

inoculated in CFLMSM with artificial bacterial consortium inoculation 

and without bacterial strain inoculation (control). This test was 

performed using the Jeol-SEM-EDAX-6390LA/ OXFORD XMX N 

instrument to detect surface changes and analyse chemical changes that 

occurred due to the attack of the bacterial consortium (using the 

instrument's EDS software).  

5.4.5.3 Atomic force microscopy analysis  

The WITEC 300—alpha AFM instrument was used to compare the 

surface roughness of artificially formulated consortia-added LDPE 

films with the polymer strips without microbial addition. For this 

analysis, the treated LDPE films with in-vitro consortia and the control 

films without inoculation were taken from the conical flasks after 120 

days. They were dried by placing them in Petri dishes at 55℃ 

overnight. Furthermore, these films were used to capture 2D and 3D 

micrographs for topological analysis. In addition, using WITEC 

software, the surface roughness parameters were calculated.  

5.4.5.4 Measurement of contact angle using water droplet (WCA)  

Aged LDPE films in CFLMSM medium for 120 days were taken and 

surface sterilised. Then, a drop of water molecule was placed on the 
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polymer film, and the contact angle measurements were recorded by a 

video-based GMBH contact angle instrument (Germany). This analysis 

compared the efficacy of a lab-mixed bacterial consortium against 

WCA of non-microbial-treated LDPE films (Y. Wang et al., 2024).  

5.4.5.5 Ultimate tensile strength testing  

This study examined the mechanical strength of LDPE films. In it, the 

LDPE strips of 6.5×1.3 cm were harvested from the medium for the 

analysis and surface sterilised (the samples were prepared according to 

the procedure established by ASTM D5882-18). Thickness, film area, 

force, tensile strength, break distance, and extension at failure were 

measured using a UTM (Universal Testing Machine) (Tinus Olsen; 50 

kN) with a crosshead speed of 3 mm/min. The instrument's Horizon 

software helps us quantify the mechanical properties of LDPE film 

incubated with or without inoculation of bacterial strains (Control 

LDPE films maintained baseline tensile properties, confirming 

bacterial-induced reductions).  

5.4.5.6 FTIR analysis of artificial consortia-treated LDPE films 

5.4.5.6.1 FTIR-fingerprinting and indices calculation 

The FTIR-ATR (Shimadzu) was performed on consortium-treated 

LDPE films and non-microbial-treated LDPE films after incubation in 

a carbon-free liquid medium under strenuous conditions. Then, the 

LDPE films (after removing biofilms from the treated samples) were 

sectioned into 1 cm × 1 cm pieces, and spectra were recorded (Q. He et 

al., 2018). Control LDPE films were incubated in CFLMSM without 

bacteria for 120 days to account for abiotic changes. The FTIR data 

generated by the instrument were plotted as a graph in Origin Pro 

software, and the FTIR indices (carbonyl and internal bond indices) 
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were calculated. The index values were plotted in a graph to analyse 

the differences between the treated LDPE and control polymer films.  

5.4.5.6.2 FTIR imaging 

To view the chemical changes on the LDPE film, we used a micro-

attenuated total reflectance focal plane array (Micro-ATR-FPA) 

imaging instrument (Hyperion-3000 (Germany)) and a Vertex 80 FTIR 

microscope with a 2D-focal plane array (300×300 µm). Our study 

recorded micro-ATR-FPA images (1000-2000 cm-1) of LDPE films 

with or without bacterial addition.  

5.4.5.7 Gas chromatography-mass spectroscopy analysis 

Nearly ten LDPE films (from both control and consortium-treated 

groups) were recovered from a mineral salt medium and subsequently 

fractured into tiny pieces following the removal of the biofilm. 

Integrate all constituents in a beaker, subject to ultrasonic agitation 

with 12 mL of chloroform. The extracts that had evaporated at room 

temperature were subjected to ultrasonic agitation and then held at 60 

°C for three hours. Subsequently, combine 2 mL of chloroform with 

each extract and filter through a PTFE filter (0.45 μm). The filtered 

samples were also analysed using a hybrid GC-MS apparatus with GC-

MS solution software (Jiang et al., 2019; Nakata et al., 2020). All the 

results of the control and treated samples were compared, and the 

degraded products were reported.  

5.4.6 Statistical analysis 

All the tests to prove the efficacy of the consortia-attached LDPE films 

were conducted in triplicate and recorded as mean ± SEM values using 

R-studio (R version 4.3.2). OriginPro software in 2018 was used to 
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draw graphs in the experiment. The significance level of all values was 

further tested by one-way ANOVA using GraphPad Prism (an open-

source platform).  

5.5 Result  

5.5.1 Formulation of bacterial consortium in a carbon-free 

synthetic medium 

The isolated species from natural plastic depots, Bacillus cereus NJD1, 

Pseudomonas aeruginosa NJD2, and Micrococcus luteus NJD3, were 

added to a carbon-free synthetic broth and sequentially enriched to 

form an artificial consortium stable at room temperature.  

 

Fig.5.1 The enrichment of formulated bacterial consortium in a mineral salt 

medium for four months by adding bacterial cultures to a conical flask and 

comparing results with its control conical flask without bacterial inoculation.  

All biodegradation experiments were conducted under static culture 

conditions. Continuous enrichment of the strains made them a stable 

inoculum to attach to the LDPE films. Our study used LDPE film 

without any pre-treatments apart from surface sterilisation. The 

optimum temperature for all the strains was observed to be between 

28-33℃. The consortium containing a mineral salt medium showed 
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ample turbidity and visible biofilm formation with the LDPE film. It 

indicates the efficacy of bacterial strains that attach to the LDPE strips.  

5.5.2 Enhanced weight loss due to adherence of bacterial 

consortium to LDPE film 

The weight reduction attained by the formulated co-culture over 120 

days evidenced the isolated strains' ability to engage with LDPE films 

in a controlled setting of static culture at 25-30℃ incubation. This 

initial test determines how well the consortia adhere to and break down 

the complicated polyethylene component. Compared to the original 

weight of LDPE film, the consortia adhered to LDPE films exhibited a 

weight loss of 54.67 ± 1.28% upon adding the laboratory-prepared 

bacterial consortia. Furthermore, we have determined the formed 

consortium's daily consumption rate (K) to be 0.0066 ± 0.0023g, and 

the half-life of LDPE film treated with the consortium is 105 ± 3.7 

days. This amplified effect may result from the consortium's beneficial 

influence on bacterial cultures on polyethylene films.  

5.5.3 Results of initial investigations to prove the biofilm formation 

of consortia strains on the polymer surface 

5.5.3.1 BATH test 

BATH test showed a steady decrease in the hydrophobicity percentage 

with an increasing volume of hexadecane added to CFLMSM. It 

indicates the efficacy of bacterial strains to attach to hexadecane, an 

organic compound used in this analysis. The addition of 0.2 mL of 

hexadecane to the consortia pellets mixed in the carbon-free medium 

resulted in the highest hydrophobicity drop (30.072 ± 0.59%) in its 



Chapter 5 

 

 254 

aqueous phase. However, the untreated hexadecane sample exhibited a 

higher hydrophobicity percentage in the aqueous phase compared to 

the aqueous phase of the organic compound-treated sample. It indicates 

the migration of highly hydrophobic bacterial colonies to the increased 

surface area of the highly hydrophobic compound (hexadecane). This 

study strongly validates the efficacy of bacterial strains in forming 

strong attachments to the polymer compounds.  

 

Fig.5.2 Results of the BATH test of biofilm of bacterial consortia on LDPE 

films. The blue line in the graph exhibits a maximum decrease in the 

hydrophobicity percentage of the strains in the aqueous phase when 0.2 mL 

of hexadecane is added to the consortia pellets mixed in the carbon-free 

medium (30.072 ± 0.59%).  

5.5.3.2 FDA analysis of LDPE films incubated for 30 days along 

with the artificial co-culture in a carbon-free medium  

In this FDA analysis, the viable cells on the LDPE films were tested at 

5- to 30-day intervals of incubation to assess the consortium's efficacy 

in forming a biofilm on the polymer.  
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Fig.5.3 Results of the FDA test of LDPE strips attached with formulated 

consortia for one month of incubation. FDA test results show an increasing 

absorbance at 494 nm, indicating viable biofilm formation on LDPE films 

over 30 days.  

5.5.3.3 CO2 evolution test (Gravimetric Sturm test) 

This experiment proves the catalytic activities of consortia on the 

LDPE films in a prolonged incubation period. A self-modified 

experimental setup was used to detect CO2 production. In the current 

analysis, the rate of production of CO2 within 30 days due to the 

treatment of bacterial consortia on LDPE films was reported as 10.3 ± 

0.61% g/L.  

5.5.4  Experimental evidence for biofilm formation on LDPE 

films in a carbon-devoid mineral medium for four months 

5.5.4.1 EPS (Extracellular polymeric substances) Analysis 

In this analysis, we found maximum EPS production (466.88 ± 3.8 

µg/mL) at 90 days of incubation of LDPE films in the CFLMSM by 

bacterial consortia inoculation. As the biofilm formation escalates, the 

synthesis of extracellular polymeric substances (EPS) intensifies. In 
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our preliminary studies, the maximum growth of two organisms 

(Bacillus cereus and Micrococcus luteus) in the consortia was at 90 

days of incubation. The overall results of our research, which included 

incubation periods of up to 120 days, demonstrated strong biofilm 

formation.  

 

Fig 5.4 Graphical representation of extracellular polymeric substances (EPS) 

produced by the consortium on the LDPE films for stable biofilm formation 

(Abdul, 2020).  

5.5.4.2 Estimation of pH changes in the inoculation medium 

The pH changes in the CFLMSM medium inoculated with the 

consortia indirectly indicate biofilm formation on the LDPE films 

added to it and its catalytic activities. Compared to the medium's pH in 

the control flask (7.41 ± 0.084), the medium inoculated with the 

consortia (3.83 ± 0.12) exhibited a significant decline in the pH value 

(Results shown in Fig. 5.5).  
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Fig.5.5 Graphical representation of change in pH of medium inoculated with 

consortia (red line) for an incubation period of 120 days compared with the 

control flask medium without the addition of formulated consortia.  

 5.5.4.3 Estimation of protein in the consortia-treated LDPE films 

 

Fig.5.6 Result of estimation of protein content from the biofilms attached to 

LDPE films inoculated with artificial bacterial consortia for four months by 

Bradford assay.  

The maximum protein content of the consortia was reported at 90 days 

of incubation (77.81 ±1.62 µg/mL). The extractable protein content 
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from the polymer surface indirectly indicates the adaptation of 

bacterial communities on the polymer film. Compared to the control 

LDPE film without bacterial inoculation, all treated conical flasks in 

the incubation showed a significant increase in protein content.  

5.5.4.4 Viability of the In-vitro consortium treated LDPE film by 

FDA analysis 

 

Fig.5.7 Viability of consortia on LDPE film for 120 days in CFLMSM.  

Like other efficacy tests used to ensure biofilm formation in consortia, 

the FDA (Fluorescein diacetate test) demonstrated the efficiency of 

bacterial strains in our in vitro consortia in adhering to LDPE films. In 

our analysis, the strain's maximum viability appeared at 90 days of 

incubation.  
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5.5.5 Enzyme activities of bacterial consortium treated with 

polymer for 120 days in CFLMSM 

We estimated enzymes from the biofilm-forming bacterial strains to 

confirm the growth consortia on the surface of LDPE films and their 

catalytic activities using the hydrocarbon chain as a carbon source. The 

escalated enzyme activities in the biofilm confirm their efficacies in 

degrading the polymeric compound (Results depicted in Fig.5.8).  

 

Fig.5.8 Estimating laccase, lipase, protease, Manganese peroxidase and lignin 

peroxidase enzymes in the biofilm consortia on LDPE films.  

The maximum production of laccase, lipase and protease enzymes was 

observed at 90 days of incubation. However, the manganese 

peroxidase and lignin peroxidase enzyme production rate was 

maximum at 60 days of incubation. The result indicates the capabilities 

of all the bacterial species to work as a practical consortium. The 
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Pseudomonas species-producing enzymes, such as manganese 

peroxidases and lignin peroxidase production rates, were highest at 60 

days of incubation due to the highest biomass of this strain exhibited at 

this incubation period. Furthermore, the Micrococcus species 

demonstrated an elevated production of enzymes such as esterases in 

the consortium-treated biofilms (Fig.5.9).  

 

Fig.5.9 Esterase enzyme production by the consortium. The maximum 

esterase production was observed at three months (90 days) of incubation.  

All the enzyme assays manifest the growth of all strains in the 

consortium.  
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5.5.6  Validation experiments for LDPE biodegradation using the 

formulated consortia on LDPE films, with an incubation 

period of 120 days in a carbon-free medium.  

5.5.6.1 Field Emission Scanning Electron Microscopy 

 
                 a                                        b                                      c      
Fig.5.10(a) Micrograph of FE-SEM analysis of LDPE films placed in a 

carbon-devoid synthetic medium for four months. The morphology of the 

control film (a) shows a plane surface devoid of cracks, clefts, furrows, and 

inner-layer colonisation. Specimen LDPE film treated with a bacterial 

consortium (b) of Bacillus cereus NJD1, Pseudomonas aeruginosa NJD2, 

and Micrococcus luteus NJD3. It displays fine cracks, peel-off surface layers, 

notches, and surface friction. A magnified FE-SEM image of the bacterial 

consortium confirms the formation of grooves or pits after 120 days of 

incubation.  

   
             a                              b                                              c             

 Fig.5.10(b) Conformation of biofilm formation at 90 days of incubation of 

LDPE films in mineral salt medium with or without adding in-vitro consortia. 

FE-SEM image (a). Control LDPE film without treating it with bacterial 

strains; it has no bio-attachment. Image b. Surface roughness and bio-

attachment of bacterial consortia at 90 days after inoculation. Image c. 

Magnified image of biofilm formation by bacterial strains on LDPE film.  
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Our investigation revealed significant topographical changes in the 

consortia-treated LDPE films, including voids, cracks, inner-layer bio-

attachments, cavity formations, and surface oxidations. These changes 

may be due to the catalytic activities of the strains adhered to the 

polymer surface. We have established robust biofilm development and 

surface irregularities, including minor groove formation, during the 90-

day incubation of LDPE films in a carbon-devoid mineral medium. 

Further incubation of LDPE films up to 120 days proved the 

degradation abilities of bacterial strains.  

5.5.6.2 SEM-EDAX analysis 

a.  

  

b  

  

Element 
Line 

Type 
Wt% 

Atomic 

Wt% 

C 
K 

series 
100 100 

N 
K 

series 
0 0 

Total:  100 100 
 

Element 
Line 

Type 
Wt% 

AtomicWt 

% 

C 
K 

series 
58.94 62.6 

N 
K 

series 
41.06 37.4 

Total:  100 100 
 

Fig.5.11 Micrographs from SEM-EDAX investigations documenting the 

elemental alterations in LDPE films with (image b) or without (image a) 

bacterial inoculation. It recorded the changes in elements (carbon and 

nitrogen) on the surface of polymer strips in terms of a K series line type 

(George et al., 2022).  
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SEM-EDS micrograph of consortia-treated LDPE film showed a 

notable reduction in the carbon, an increase in nitrogen elements 

(Elemental changes depicted in the image) and many surface 

alterations. The carbon element's weight percentage (Wt%) and atomic 

weight percentage (Wt%) were reduced from 100% to 58.94% and 

62.6%, whereas the nitrogen element's weight percentage (Wt%) 

increased from 0% to 41.06% and 37.4%. Compared to prior scientific 

investigations (Chamas et al., 2020; Sathish et al., 2020), the current 

research showed distinct chemical changes in the LDPE film. It gives 

us a shred of solid evidence to prove the efficacy of consortia.  

5.5.6.3 AFM analysis 

a.    

b   
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c.  

 Fig.5.12 The high-resolution AFM images (3D-2D images) reveal the 

change in surface texture of the control film without bacterial inoculation 

(image a) and bacterial consortia constructed in our laboratory (image b). The 

surface roughness profile (at the nanoscale) of the control and consortium-

treated LDPE film was calculated and displayed in a graph (image c).  

The AFM instrument's accurate imaging and quantification of surface 

roughness assisted our investigation in proving the efficacy of in vitro 

consortia for disintegrating LDPE films (Khandare et al., 2021). The 

3D-2D AFM images revealed significant topography changes, 

including pits, fissures, grooves, and erosions, in the bacterial-treated 

LDPE film compared to the control film. Moreover, the cantilever tip 

of the instrument gently oscillated over the entire surface of the 

polymer strips. It quantified the surface roughness profile in the 

nanoscale (the mean average surface area- (Sa), root mean square of 

average surface roughness-(Sq), maximum valley roughness-(Sz), and 

peak height- (Sp) or pit height- (Sv)), represented in Fig.5.12 (Dey et 

al., 2020; Iaculli et al., 2017). These measurements helped to visualise 

the topographic changes exhibited by the bacterial consortia for 120 

days. In contrast with control films, the sample films showed a marked 
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rise in Sa (43%), Sq (68%), Sz (217%), Sp (229%), and Sv (100%) 

values.  

5.5.6.4 Contact Angle Analysis  

The contact angle measurement, using water droplets (WCA), 

quantifies the degree of wettability imparted to the surface of LDPE 

film after four months of incubation with bacterial consortia (Rong et 

al., 2024). In our work, the artificial consortia we formulated exhibited 

a water contact angle of 65.94 ± 0.81º compared with the control film’s 

WCA of 90.88 ± 1.22º. These significant changes in contact angles 

demonstrated the consortium's ability to introduce hydrophilicity into 

the polymer.  

a. Bacterial treated 

 
            a                           b                      c                               d                               e 

 

b. Control film 

 

            a                        b                              c                      d                           e 

Fig.5.13 Water-based Contact angle (WCA) images of LDPE strips added 

with lab-formulated consortia (a. 65.5º b. 68.8º c. 64.5º d. 66.5º e. 64.4º) 

compared with the control LDPE film without bacterial consortia (a. 91.3 ° b. 

87.7º c. 89.4º d. 92.5º e. 94.1º).  
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5.5.6.5 Tensile testing 

 

Fig.5.14(a) Results of tensile testing of consortia-treated LDPE films. 

In contrast with the control film, the treated film reduced the tensile 

properties of LDPE strips. This manifests the consortia's capabilities in 

breaking hydrocarbon bonds through their catalytic activities. Control 

LDPE films-maintained baseline tensile properties, confirming 

bacterial-induced reductions.  
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a. 

 

b. 

 

Fig.5.14(b) The graph exhibits the differences in tensile properties of a 

control (a) and bacterial-treated film (b).  

 

  



Chapter 5 

 

 268 

5.5.6.6 FTIR analysis of LDPE films treated with formulated 

consortia  

5.5.6.6.1 Spectrum analysis 

a. 

 

b. 

 

Fig.5.15 FTIR absorption fingerprint of control LDPE film without any 

bacterial species addition (a) and LDPE films in the mineral salt medium 

added with a bacterial consortium of Bacillus cereus, Pseudomonas 

aeruginosa, and Micrococcus luteus.  
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The control LDPE film FTIR-absorption spectra mainly consist of only 

the polymer-based fingerprint region (C-H stretching at 2945.9 cm-1, 

2914.84 cm-1, 2822.71 cm-1, C-Br stretching at 715.22, and C-H 

bending at 1465 cm-1). The slight oxidation (OH group at 3735.15  

cm-1) may be due to the prolonged incubation of LDPE films in the 

carbon-free mineral salt broth.  

S. 

No 

Wave number 

cm-1 
Peak Nature Interpretation 

1 3835.11 cm-1, 

3735.21 cm-1, 

3670.07 cm-1 and 

3647.41 cm-1 

O-H stretching Strong sign of oxidative 

degradation (Formation of 

alcohols/ Carboxylic acids) 

2 2864.2 cm-1 and 

2914.08 cm-1 

C-H stretching Typical stretching of LDPE 

backbone (Romero-Sánchez 

& Martín-Martínez,2003) 

3 2310.07 cm-1 C≡N stretching  It may be due to the 

presence of the nitrile group.  

4 1775.01 cm-1 C=O stretching Indicates ester groups 

5 

 

1764 cm-1, 

1734.66 cm-1 and 

1715.46 cm-1 

C=O stretching 

 

Suggests the presence of 

aldehydes/vinyl group  

6 1634.4 cm-1 N-H bending Maybe due to the amide 

group on the films 

7 1216.58 cm-1 C-N bending implies the presence of an 

amine group 

8 1461.45 cm-1 C-H bending From CH2/CH3 groups 

(Romero-Sánchez & and 

Martín-Martínez,2006) 

9 1376.39 cm-1 O-H bending Illustrates the presence of 

phenol groups 

10 1171.01 and 

1060.88 cm-1 

C-O stretching Alcohol/ester formation 

11 976.99, 908, 

718.3, 613.11 

cm-1 

Aromatic compound 

bending, C-Br stretches, 

and out-of-plane C-H 

bending 

Polymer-specific fingerprint 

region 

 

Table 5.4 FTIR spectra show peaks after 120 days of incubation with 

consortia-treated LDPE film.  
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5.5.6.6.2 FTIR indices calculations 

 

 Fig.5.16 The FTIR indices graph of the consortium illustrates the calculated 

values of carbonyl, ester, vinyl and internal double bond indices derived from 

FTIR spectral data. The blue bar diagram shows the computed absorption 

values of the control LDPE film. The pink bar diagram showcases the 

chemical modification values of bacterial consortia-treated LDPE films.  

 

The FTIR and indices graph demonstrated the consortium's 

effectiveness in mineralising complex molecules into simpler ones 

(Peixoto et al., 2017). Our data indicated a significant increase in all 

FTIR index values. All the FTIR indices of consortium-treated LDPE 

films showed a considerable rise in values compared to the control 

LDPE films not treated with bacterial consortia. In our analysis, the 

Vinyl bond indices (VBI) of treated LDPE films showed the highest 
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index values compared to the control. It is followed by ester bond 

indices (ESI), internal double bond indices (IDBI) and carbonyl bond 

indices (KI). These differences helped us validate the biofilm 

formation and its catalytic activities on the film compared to the 

control.  

5.5.6.6.3 FTIR-ATR-FPA analysis 

This study confirmed C=C bending (at 1652.82 cm-1,1646.99 cm-

1,977.28 cm-1,912 cm-1, and 717.96 cm-1), C-H bending (at 1467.99 cm-

1,1373.14 cm-1 and 818.48 cm-1), N-O stretching at 1552.49 cm-1 and 

C-N stretching at 1207.28 cm-1, which strongly proves the biofilm 

formation and catalytic activities of strains in the consortium. The 

results of this experiment were like those of the FTIR analysis. This 

experiment further confirmed the chemical changes on the surface of 

the films.  

 Our investigation performed the FPA analysis in the 1000-2000 cm-1 

range, where maximum biodegradation peaks appeared in FTIR and 

FTIR-ATR data. The micrograph changed the colour from pink (in 

control films without bacterial biofilm) to blue (in the bacterial 

consortia attached to LDPE film). It emphasised the chemical 

modifications on the surfaces of LDPE films inoculated in the mineral 

salt medium.  
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a. FTIR-ATR of LDPE film without bacterial treatment for four 

months  

 

b. FPA analysis of LDPE strips without bacterial consortia  
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c. FTIR-ATR of LDPE strips inoculated with the bacterial 

consortium for four months  

 

d. FPA analysis of LDPE strips inoculated with bacterial 

consortium  

 

Fig.5.17 FTIR-ATR with Focal plane array analysis of control without 

bacterial inoculation (a, b) and with bacterial consortium inoculation (c, d).  
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5.5.6.7 GC-MS analysis 

a. The GC-MS chromatograph of LDPE film and the peak illustration 

table of the control LDPE film devoid of consortia addition 
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b. GC-MS chromatogram treated with the artificial consortium 

formulated under laboratory conditions 

 

Fig.5.18 Demonstration of volatile compounds released from the LDPE film, 

both with and without bacterial inoculation, after 120 days of prolonged 

incubation in the mineral salt medium.  
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Unique volatile compounds in the chromatogram of consortia-

treated films compared to the control. 

a. 2,4-Dimethylheptane is a medium-chain alkane in which the 

hydrogen atoms at positions 2 and 4 have been replaced with 

methyl groups. It is a 9-carbon compound (Empirical formula 

C9H20). In a study by (J. Ji et al., 2020), the compound was 

reported as a non-toxic intermediate produced from 2,6-

dimethylphenol, a toxic compound released from plastic 

dumps.  

b. Octane,5-ethyl-2-methyl, is an 11-carbon hydrocarbon 

(Chemical formula C11H24). A recent study reported this 

compound as a volatile alkane released from LDPE film 

following microbial attack (Cabanes et al., 2020).  

c. Undecane 5,7-dimethyl (C13H28) and Undecane 4,7-dimethyl 

(C13H28) are methylated medium chain alkanes (Eregie & 

Jamal-Ally, 2023).Similar hydrocarbons were observed in 

microbial-treated polyethylene films treated with Lysinibacillus 

Species JJY0216, isolated from Soil.  

d. Nonane 4,5-dimethyl (C11H24) is a methylated, volatile, 

medium-chain alkane.  

e. Dodecane,2,6,11-trimethyl (C15H32), is a branched medium-

chain alkane with three methyl substitutions at positions 2,6, 

and 11. Similar compounds have been reported in the 

biodegradation of polyethylene compounds by (Paulraj & 

Narayanasamy, 2025; Uddin et al., 2025). Additionally, the 

biodegradation of multiple methylated alkane compounds, such 
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as squalene, demonstrates the effect of alkane dehydrogenases 

and the activity of esterases.  

f. Phenol 3,5-bis(1,1-dimethyl ethyl) (C14H22O) is an 

intermediate compound synthesising long-chain hydrocarbons 

in LDPE film (Abraham et al., 2017).  

g. Tetradecanoic acid,12-methyl ester (C14H28O2), is a 

metabolic intermediate compound that appears in the 

biodegradative pathway of LDPE film (Zampolli et al., 2023).  

h. Octadecanoic acid, methyl ester (C19H36O2) – It is one of the 

fatty acid methyl esters in the chromatogram. The 

biodegradation rate of fatty acid methyl esters was significantly 

higher than that of long-chain hydrocarbons(Lacalle et al., 

2021).  

i. Tridecanol,2-ethyl-2-methyl (C16H34O), is a fatty alcohol. It 

indicates the oxidation of long-chain hydrocarbons by 

microbial attack. Similar compounds were demonstrated by 

(Yuan et al., 2023) in their work on Raoultella species in 

polyethylene films.  

j. Tetradecane (C14H30), Undecane (C11H24), Hexadecane 

(C16H34) and Octadecane (C18H38) are medium carbon 

alkanes. Similar compounds have been reported in microalgae, 

specifically Uronema africanum Borge (Sanniyasi et al., 2021).  

k. Phthalic acid 4-cyanophenyl heptyl ester (C22H22NO4) was a 

unique volatile compound reported in the chromatogram, 

containing a nitrogen element, due to microbial attack on LDPE 
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film. It may be an intermediate compound produced during the 

biodegradation of phthalates (Montazer et al., 2020).  

l. 1,2-Benzene dicarboxylic acid (phthalic acid) is a breakdown 

product of certain phthalate esters commonly used as 

plasticisers in LDPE film. The presence of esterases or lipases 

may be the reason behind the formation of 1,2-benzene 

dicarboxylic acid (Sun et al., 2022). Many previous works have 

identified the presence of such by-products in their GC-MS 

images, demonstrating microbial degradation of LDPE films 

(DSouza et al., 2021).  

Overall, the production of alcohol, acid, methyl esters, and short-chain 

alkane compounds demonstrates the potential of the consortium added 

to LDPE film for its biodegradation.  

5.6 Discussion 

The current study aimed to formulate artificial consortia of isolated 

bacterial strains from long-run landfills. In our investigation, we 

effectively enriched the pellets of isolated cultures (Bacillus sp., 

Pseudomonas sp., and Micrococcus sp.) to an optical density of 0.7 to 

0.9. It may be the first study report to demonstrate a weight loss of 

54.67 ± 1.28%, achieved by treating static culture consortia enriched in 

carbon-free medium with non-pretreated LDPE film. In this 

investigation, we have recorded a daily consumption rate of polymer 

strips as 0.0066±0.0023 g and a reduced half-life span of 105 ± 3.7 

days. Similarly, a recent scientific investigation using a novel bacterial 

consortium of three species of Brevibacillus and one species of 

Anerobacillus, isolated from Landfill soil, demonstrated a 58% weight 
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loss at 50℃ after 140 days of incubation (Skariyachan et al., 2018). 

The efficiencies of bacterial consortia in forming biofilm were studied 

using the BATH test, the FDA test, and the CO2 test.  

 The results of the BATH test demonstrated an increase in cell surface 

hydrophobicity in the bacterial strains of the consortium, as well as 

their ability to migrate to the surface of the hydrocarbon compound. 

Elevated cell surface hydrophobicity and favourable interactions of 

bacterial consortia at high pressure may facilitate their adaptation to 

the hostile environment of the polymer (Gaylarde et al., 2023). 

Consequently, the aqueous phase exhibited a decrease in 

hydrophobicity percentage or an enhancement in turbidity reduction. 

Several microbial strains with high cell surface hydrophobicity on 

LDPE films showed similar results (Deng et al., 2020; Soleimani et al., 

2021). Our FDA analysis demonstrated maximum cell viability and 

metabolic activity on the LDPE films inoculated in a carbon-free 

synthetic medium during a 30-day incubation period. In this test, the 

high metabolic activity of bacterial cells in consortium converted 3,6-

diacetyl fluorescein to fluorescein, a yellow-green-coloured compound 

(Ziegler et al., 1975). In addition, we conducted a gravimetric analysis 

of CO2 as an initial test to demonstrate the strains' capabilities to break 

the C-H bonds under pressurised aerobic conditions for 120 days 

(Pathak & Navneet, 2018). Our study reported that CO2 evolution rates 

were significantly higher than those in earlier similar reports (Ameen 

et al., 2015). Many researchers have illustrated that potential strains 

can utilise oxygen for metabolic activities and produce CO2 as end 

products (S. H. Ji et al., 2023; L et al., 2024).  
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The robust biofilm formation over an extended period of 120 days was 

studied using EPS production by bacterial strains, pH changes in the 

inoculation medium, protein estimation in the biofilm, and viability 

tests of the bacterial strains. The EPS analyses revealed the presence of 

polymeric substances secreted by bacterial colonies that adhere to solid 

surfaces (Costa et al., 2018). They constitute more than 50% of the 

biofilm’s total organic matter. It comprises water and polymeric 

substances, including polysaccharides, proteins, and DNA (Di Martino, 

2018). Several earlier investigations have demonstrated that firm 

biofilm formation on recalcitrant surfaces can lead to their effective 

degradation ((Orr) et al., 2004). Moreover, several recent analyses 

have demonstrated increased EPS production from bacterial 

attachment (Agarwal et al., 2024; Harrat et al., 2024). In addition, the 

medium's pH change results validated the strains' metabolic activities 

in carbon-depleted media on the polymer strips (Chigwada et al., 

2023). The significant reduction in pH in the current study may be due 

to the acidic metabolites produced by bacterial strains in the consortia, 

utilising LDPE strips as an energy source (Alamer et al., 2024). The 

previous work of (M. P. Das & Kumar, 2015) reported similar results 

in the carbon-free media inoculated with Bacillus amyloliquefaciens on 

LDPE strips for biodegradation. Protein estimation is an indirect 

method for identifying robust biofilm formation on polymer films. A 

few researchers have recently estimated the protein content of biofilms 

on LDPE strips inoculated in a carbon-free medium (Kavitha & 

Bhuvaneswari, 2021; Suresh et al., 2023). The bio-attachments on 

LDPE strips were further confirmed by viability tests (FDA test). This 
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test indirectly demonstrates the strain’s ability to produce hydrolytic 

enzymes for assimilating LDPE films (Sridharan et al., 2021).  

The consortia exhibited all the enzymes produced by individual 

bacterial strains, including lipases, proteases, laccases, lignin 

peroxidases, manganese peroxidases, and esterases. The consortium 

has shown a higher production of lipase enzymes. It indicates the 

efficacy of bacterial strains in breaking down long-chain insoluble 

substrates by hydrolysing ester bonds (Fojan et al., 2000). Numerous 

researchers have demonstrated that Bacillus and Pseudomonas species 

produce elevated lipase when exposed to LDPE-like hydrocarbons, 

facilitating their degradation (Abubakar et al., 2024; Restrepo-Florez et 

al., 2014).  

We conducted scanning electron microscopy (SEM) experiments to 

validate the preliminary analysis. Many collateral research activities 

have recently yielded similar SEM results, demonstrating surface 

morphological changes and microbial attachments in the internal layers 

of the polymer after treatment with natural or in vitro consortia 

(Mohammadi et al., 2022; Negi et al., 2011). SEM-EDAX analysis of 

the current study revealed the elemental differences in carbon and 

nitrogen between the control and consortia-treated film.  These 

changes may be due to the enzymatic activities of the biofilm or other 

chemical reactions induced by specific structural features on the LDPE 

films (Chen et al., 2022). FTIR analysis in this study further confirmed 

the presence of nitrogen elements, demonstrating the efficiency of the 

strains in the consortium.  
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Our current study demonstrates changes in surface roughness using 

AFM analysis. The topographic changes in LDPE films by the 

bacterial consortium after 120 days of incubation show their ability to 

attach to the compound and break down long hydrocarbon chains into 

simpler compounds (Kale et al., 2015). Although many previous 

studies have reported changes in surface roughness textures due to 

microbial attack (Gomez-Mendez et al., 2018), the current study 

provides a meticulous path to create biotechnological remediation for 

recalcitrant compounds, such as low-density polyethylene.  

Typically, a WCA below 900 implies that the solid surface is 

hydrophilic, whereas a WCA above 900 emphasises the polymer's 

hydrophobicity (Law, 2014). Compared to the control, the significant 

changes in the WCA of bacterial consortia-treated polymer pieces 

demonstrated the ability of bacterial strains to reduce the 

hydrophobicity of polymer surfaces. Several similar studies have 

validated our results (Lomwongsopon et al., 2025; P. Wang et al., 

2023).  

Beyond the surface changes, we observed a notable reduction in the 

mechanical strength of LDPE strips after 120 days of incubation. The 

results of our investigation suggested the strong depolymerisation of 

the polymer backbone by the catalytic activities of bacterial strains in 

our formulated consortia. Multiple earlier comparable results obtained 

by oxidising LDPE films using bacterial strains in a consortium helped 

validate our findings.  

Our study's FTIR examination showed several intermediates in the 

LDPE degradation process. The absorption spectra analysed by our 
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consortium revealed several O-H peaks (3835.11 cm-1, 3735.21 cm-1, 

and 3647.41 cm-1), indicating the oxidative breakdown of the polymer 

strips. The oxidation of LDPE films provides compelling evidence of 

the biodegradation of LDPE films (S. H. Ji et al., 2024). Bacterial 

enzymes can act on LDPE, potentially resulting in the oxidation or 

hydrolysis of long hydrocarbon chains and the creation of new 

functional groups. It enhances the hydrophilicity and degradability of 

the polymer (Nademo et al., 2023). In our work, we observed 

numerous new functional groups, including C=C, N-H, C≡N, and N-O 

bonds, as well as changes in the intensity of existing functional groups 

and variations in the position of these groups. The carbonyl groups 

may be either keto-carbonyl (1764 cm-1) or vinyl carbonyl (1715.46 

cm-1). The simplest form of carbonyl groups (C=O), such as aldehydes 

(1734.66 cm-1) and esters (1775.01 cm-1), indicates the consortium's 

efficacy in biodegrading the polymer compound. Several previous 

studies have demonstrated that these sites can be easily accessible to 

bacterial enzymes for further assimilation (Kopecká et al., 2022; 

Mohanan et al., 2020). The nitrogen-containing peaks in the FTIR 

fingerprint of the treated film (such as the peaks at 2310.07 cm-1 (C-N 

bending-amide group), 1634.4 cm-1 (N-H bending-amine group) and 

1216.58 cm-1 (C-N bending-amine group) may be due to the metabolic 

activities of strains attached to the polymer surface (Yao et al., 2022b). 

The peak between the 1025–1380 cm-1 absorption range indicates the 

presence of alcohol/ester functional groups (Gawali et al., 2025). It 

manifests the biodegradation of LDPE polymer through an enzymatic 

reaction. Our spectrum identified an O-H bending peak at 1376.39 cm-1 
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and two C-O stretching peaks at 1171.01 cm-1 and 1060.88 cm-1 (T. 

Zhang et al., 2025). These chemical changes demonstrated the 

presence of LDPE biodegradation intermediates, such as alcohols or 

esters (Tirkey & Upadhyay, 2025). The C=C peaks, located between 

715 cm-1 and 995 cm-1, signify the presence of alkene groups, 

indicating the breakdown of large polymers (Sathiyabama et al., 2024). 

In addition, spectral changes, such as C-H stretching and bending 

vibrations, were commonly observed in the FTIR fingerprints of LDPE 

strips without added bacterial strains. This FTIR result showed similar 

chemical modifications to those obtained by applying an individual 

bacterial strain in a consortium to the LDPE film for 120 days. The C-

Br peak in the 700-720 cm-1 range indicates that the same polymer 

films were used for control and consortium treating experiments. The 

overall chemical modifications on the films may further lead to 

compound degradation.  

The FTIR indices of consortia-attached LDPE films showed a marked 

increase in values compared to individual strains inoculated to LDPE 

films and control films without bacterial inoculation. The elevated 

FTIR values in our treated LDPE films indicate that the microbial 

strains in the consortium are catalysing the biodegradation of long-

chain hydrocarbons through robust biofilm formation. The rise in FTIR 

indices provides a precise measurement of oxidation processes that 

trigger the breaking of chemical bonds (Jebashalomi et al., 2024). 

Numerous preceding scientists have documented the enzymatic 

activities, including those of oxidoreductases, in synthesising keto and 

ester carbonyl compounds on LDPE films affixed to the polymer 
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substrate (Albertsson et al., 1998; Sudhakar et al., 2008). Moreover, 

bacterial adherence to LDPE films may cause terminal double bond 

formation (through the Norrish mechanism) or ester bond formation, 

thereby increasing the index values (Balasubramanian et al., 2010). 

The elevated vinyl bond indices in the FTIR data of bacterial-treated 

LDPE films may be attributed to the increased amount of proteins, 

lipids, and polysaccharides on the polymer surface, resulting from the 

formation of strong biofilms.  

FTIR-ATR confirms the introduction of alcohols, acids, esters, and 

aldehydes in the LDPE films. These compounds have been identified 

as intermediates in the biodegradation of LDPE (Llorente-García et al., 

2020). Moreover, the microbes' primary fragmentation of polymer 

chains is the most challenging and time-consuming stage in the 

decomposition process. Therefore, a longer incubation duration (120 

days in the current study) may result in substantial amounts of 

carbonyl, ester, vinyl, and other modifications on LDPE films, thereby 

increasing the degradation rate (Montazer et al., 2019). The FTIR and 

FTIR-ATR results were corroborated by FPA analysis, which 

facilitated the demonstration of the micrograph of the highly 

deteriorating region of LDPE film. Several subsequent researchers 

employed analogous strategies to facilitate the biodegradation of 

polymer surfaces (Chen et al., 2020).  

In the current investigation, the volatile compounds released from the 

control LDPE film without bacterial inoculation showed long-chain 

hydrocarbons and complex plasticisers. However, the chromatogram of 

the bacterial consortia-treated film displayed the medium-chain 
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alkanes (tetradecane, undecane, hexadecane, and octadecane) and 

methylated medium-chain volatile alkanes. Moreover, it consists of 

alcohols, acids and methyl ester derivatives. Previous studies 

demonstrated that methylated hydrocarbons can be oxidised to primary 

alcohol, aldehydes, secondary alcohols, and acids by following the 

sub-terminal oxidation pathway (Sowani et al., 2019). It can be 

accomplished with enzymes such as laccases, esterases, lipases, and 

alkane hydrolyses (Ndahebwa Muhonja et al., 2018). Since the 

production of branched hydrocarbon compounds is unusual, we 

hypothesise that they could have originated from the original structure 

of LDPE.  

5.7 Conclusion 

In our research, we developed an in vitro consortium utilising three 

potential bacterial strains, Bacillus cereus NJD1, Pseudomonas 

aeruginosa NJD2, and Micrococcus luteus NJD3, isolated from long-

term plastic waste sites in different parts of Kerala, for the 

bioremediation of low-density polyethylene strips in a carbon-free 

medium. This consortium was applied to LDPE strips under static 

culture conditions at room temperature for four months. This resulted 

in a substantial reduction in the weight of non-pre-treated polyethene 

films by approximately 55%. Moreover, we have assessed the daily 

consumption rate as 0.007 ± 0.002 g and the compound's half-life as 

105 ± 3.7 days. Preliminary confirmatory tests, including the BATH 

test, FDA test, CO2 evolution measurements, PH change estimations in 

media, and protein content assessment of strains on the polymer and 

EPS production analyses during incubation, were conducted to validate 
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dense biofilm formation under challenging conditions. Moreover, our 

research demonstrated the presence of enzymes such as laccases, 

lipases, proteases, manganese peroxidases, lignin peroxidases and 

esterases. It reflects the proliferation of all strains on the polymer 

surfaces by utilising it as an energy source. SEM, SEM-EDAX, and 

AFM analyses confirmed the alterations in the topography of LDPE 

strips in the CFLMSM during 120 days of incubation with the potential 

consortium. Further, the study of change in water contact angle 

enabled us to demonstrate the introduction of hydrophilicity on the 

surface of the polymer. It may be due to the catalytic activities of the 

biofilm attached to the LDPE compound. We also observed profound 

variations in mechanical strength measures in these bacterial consortia-

adhered LDPE films. Compared to the control LDPE films, the FTIR 

analysis of polyethylene films supplemented with a bacterial 

consortium helped identify chemical modifications in the polymer 

chain, such as oxidation, esterification, stretching in alkane or alkene 

bonds, and the introduction of novel bonds to the hydrocarbon chains. 

It suggests the possible mechanism by which bacterial strains form 

robust biofilms and break the polymer chain into smaller molecules, 

which are subsequently utilised for their metabolic processes. 

Moreover, we validated the FTIR spectrograph results for both sample 

and control LDPE films using FTIR-ATR coupled with FPA imaging. 

Furthermore, we conducted GC-MS analyses to identify the 

intermediate compounds, including short-chain alkanes, acids, 

alcohols, and other volatile intermediates, during the biodegradation of 

LDPE. All the validation experiments demonstrated that this 



Chapter 5 

 

 288 

artificially formulated consortium could be utilised for further research 

to develop a feasible bioprocess for degrading recalcitrant compounds, 

such as LDPE films.  
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6.1 Introduction.  

Conventional methods for extracting noxious components from 

recalcitrant compounds in our surroundings primarily suffer from 

inherent drawbacks, including high operational costs, the frequent 

generation of by-products, and the slow degradation of plasticisers. 

Therefore, many novel investigators have depicted the efficiencies of 

natural isolates or their consortia evolved in laboratory settings for 

biofilm formation and subsequent degradation under high-stress 

environments (Sanniyasi et al.,2021; Skariyachan et al.,2021).  

In situ bioremediation methods are considered environmentally 

beneficial, affordable, and sustainable among microbial remediation 

procedures. Two site-specific in-situ bioremediation mechanisms are 

involved in the bioremediation of recalcitrant compounds: 

bioaugmentation and biostimulation. The bioaugmentation process 

utilises specific strains to effectively address a naturally contaminated 

site. In contrast, biostimulation enriches indigenous strains by adding 

extra nutrients to the contaminated site, thereby bioremediating the 

polymeric compounds. Previous investigations demonstrated that the 

effects of bio-augmentation and bio-stimulation are case-specific, 

yielding results that may vary and are contingent upon the selection of 

inoculants and nutrients (Wu et al.,2019).  

Bio-augmentation is the most effective in-situ bioremediation 

technique for enhancing microcosm biomass in the soil where toxic 

polymer-contaminated soil disrupts the ecological balance. The 

fundamental idea behind this intervention is that an exogenously 

boosted genetic variety will enhance the metabolic capacities of the 

native microbial population already present in the biotope scheduled 
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for cleanup, resulting in a broader range of productive biodegradation 

reactions. The success of bioaugmentation depends on various factors, 

including strain characteristics, environmental conditions, and culture 

growth patterns (Tyagi et al.,2011). The most common form of 

bioaugmentation involves using enriched microbes or their consortia, 

genetically engineered microbes, and gene cloning mechanisms to 

convert non-potential strains into potential strains for biodegradation 

(El Fantroussi & Agathos,2005).  

Biostimulation is an equally vital technique to degrade polymeric 

compounds deposited in soil. Earlier research has demonstrated the 

enhanced ability of fungal strains to degrade polyurethane polymeric 

components buried in soil samples through biostimulation with 

aqueous yeast extract (Cosgrove et al.,2010). In addition, a recent 

investigation by (Kavitha & Bhuvaneswari,2021) demonstrated that the 

cumulative effect of bio-augmentation and bio-stimulation can enhance 

the microcosms of polyethylene-polluted garden soil.  

6.2 Aim and Objectives 

1.  Collect a garden soil sample and analyse its physical properties 

for use in bioaugmentation studies.  

2.  Set up garden soil-microcosm treatment set-ups.  

3.  Chemical analyses of soil collected from each experimental set 

after 120 days of incubation.  

4.  Total heterotrophic count of soil samples before and after soil 

treatments.  

5.  Demonstrate biofilm formation on LDPE films by calculating 

the total biomass count, performing the FAD test, estimating 

protein content, and conducting the CO2 evolution test.  
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6.  Demonstrate the efficacy of strains in adhering to LDPE film 

through a weight loss experiment.  

7.  Validate the biodegradation of LDPE films buried in garden 

soil for four months using SEM, AFM, FTIR, and GC-MS 

analysis.  

6.3 Review of Literature 

Research conducted at field and pilot scales on bio-augmentation for 

pollutant removal provides crucial information for addressing plastic 

waste removal from landfills. To enhance plastic breakdown, 

laboratory-scale research should evaluate the landfill plastisphere's 

capacity to absorb plastic waste using an experimental design that 

replicates field conditions, such as microcosm studies (Baskaran & 

Sathiavelu,2022). A few earlier studies proved the efficacy of bio-

augmentation for the degradation of polyethene compounds (Listed in 

Table 6.1). 

S. 

No 

Microbial strains used 

for augmentation 

Efficacies References 

1 Enterobacter cloacae Five-fold microcosms 

compared to non-bio-

augmented soil 

(Sarker et 

al.,2021) 

2 Pseudomonas sp.  Enhanced microcosms 

compared to non-bio-

augmented soil.  

(Tribedi & 

Sil,2013) 

3 Pseudomonas 

aeruginosa and 

Pseudomonas 

alloputida 

Increased microcosms 

in augmented soil 

(Salinas et 

al.,2023) 

 

Table 6.1 Bacterial strains isolated from the LDPE-polluted soil sample.  
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Bioaugmentation may increase biomass at the pollution site, which 

depends on various environmental factors, including the 

physicochemical properties of the dump site soil, the synergistic effects 

of microbial strains, the bioavailability of nutrients, predation, and 

contaminant concentrations (Saha et al.,2021). Adding organic or 

inorganic bio-stimulants, particularly those with high nitrogen or 

phosphorus content, may enhance the growth of indigenous strains, 

leading to improved biodegradation of polymers in the natural 

environment (Gaylarde et al.,2023). The cumulative or individual in-

situ bioremediation mechanism that has to be developed for better 

bioremediation is still under research. Many strains that exhibit better 

results in laboratory conditions do not show improved degradation in 

in situ conditions.  

6.4 Methodology 

6.4.1 Collection of Garden Soil 

The garden soil was collected 5cm below the surface and placed in a 

zip-lock polyethylene bag. It was mixed and thoroughly sieved to 

remove stones, gravel, soil macrofauna, large roots, and plant residues. 

The soil samples were brought to the lab in a polyethylene cover for 

further analysis. The physical parameters of the garden soil, including 

temperature, pH, and moisture content, were measured using a 

HASTHIP Professional Soil Meter 3-in-1 (India) at the sample 

collection site.  

6.4.2 Set-ups of Soil Microcosm Experiments 

Each soil microcosm treatment setup includes the following 

experiment sets,  
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Experiment set 1 

1. Garden soil sample mixed with LDPE films (Control 1-E1C1).  

2. A garden soil sample mixed with LDPE films and augmented 

with each bacterial strain (Bacillus cereus NJD1, Pseudomonas 

aeruginosa NJD2, Micrococcus luteus NJD3) or its consortium. 

The experiments were designated as E1T1, E1T2, E1T3, and 

E1T4.  

Experiment set 2 

1. Garden soil samples with LDPE film mixed with carbon-free 

liquid mineral salt medium (CFLMSM) (Control 2-E2C2).  

2. Garden soil samples supplemented with mineral salt and LDPE 

films (bio-stimulated) and augmented with each bacterial strain 

(T1, T2, and T3) or its consortium, T4. The experiments were 

represented as E2T1, E2T2, E2T3, and E2T4.  

The bacterial cultures (individually or as a consortium) for 

augmentation were previously enriched in mineral salt media for 2-5 

days to achieve a final optical density (OD) of 0.6-0.9.12 mL of 

enriched cultures were transferred into 6 Eppendorf tubes and spun at 

12,000 rpm for 7 minutes (Remi-CM-12-PLUS Microcentrifuge). The 

pellets were washed three times with distilled water, mixed in distilled 

water, and added to bio-augmenting and bio-stimulating setups. All the 

pellets were mixed with 1.5 mL of CFLMSM for the bio-stimulation 

set-up and added to the garden soil. Additionally,16 mL of CFLMSM 

was added to 100 g of soil. Then, all the soil samples (250 g each 

wrapped in aluminium foil) were mixed with 240 mg of LDPE films 
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and stored for four months. The LDPE films buried in the soil were 

surface-sterilised using an SDS solution and ethanol (Kyaw et 

al.,2012) before being added to each experiment setup.  

6.4.3 Chemical analysis of garden soil samples 

After 120 days, the chemical components, including available nitrogen, 

phosphorus, potassium, and organic content, of the collected soil and 

soil samples in the experiment setups, as outlined in sections 6.4.3.1, 

6.4.3.2, 6.4.3.3, and 6.4.3.4, were analysed.  

6.4.3.1 Available nitrogen in the soil estimation by following the 

protocol of (Prasad,1965) 

The available nitrogen in the garden soil collected can be estimated 

using alkaline potassium permanganate (KMnO4), a mild oxidising 

agent. This distillation method utilises a mixture of sodium hydroxide 

solution, potassium permanganate solution, and a soil sample. The 

liberated ammonia gas during heating is collected into the boric acid 

solution and converted into ammonium borate. Furthermore, the 

oxidised compound-containing solution is titrated against a standard 

H2SO4 solution, and the available amount of nitrogen is calculated.  
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Fig.6.1 Reactions involved in the estimation of available nitrogen in the 

garden soil collected for our study 

Reagents  

1. Potassium permanganate solution (0.32% KMnO4) 

2. Alkali solution (2.5% NaOH) 

3. Boric acid, H3BO3 (4%) 

4. Standard H2SO4 (N/50) 

5. Mixed indicator: bromocresol green powder (0.5g) and methyl 

red powder (0.1g) were dissolved in 100mL of ethyl alcohol.  
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 Procedure 

1. Weighed out 20 g of the garden soil sample after sieving and 

put it in a distillation flask.  

2. Moisten the sample with distilled water and secure the 

distillation assembly in place.  

3. The distillation flask was charged with 100 mL KMnO4 and 

100 mL NaOH solution.  

Precautions 

⮚ Before adding NaOH to the distillation, the delivery tube must 

be dipped in the receiver filled with boric acid to minimise the 

escape of ammonia gas.  

⮚ All the connections should be tight after adding NaOH to the 

distillation flask. Otherwise, the produced ammonia will not 

oxidise to ammonium borate.  

⮚ We can add a small quantity of liquid paraffin after adding the 

KMnO4 and NaOH solution to the distillation flask to prevent 

frothing and bumping during boiling.  

4. The complete contents of the distillation apparatus were 

distilled at a moderate rate, and the released ammonia was 

collected in a 250 mL conical flask. To this, 20 mL of boric 

acid and four drops of mixed indicator were added. The 

receiver flask is initially filled with a pinkish boric acid 

solution containing a mixed indicator solution that changes 
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colour from pink to green upon ammonia absorption. (Note: 

Shortly after an hour, the solution's colour turned blue).  

5. In about 30 minutes, nearly 100-150 mL of the distillate will be 

collected, and the distillation connection tubes will be 

disconnected.  

6. The boric acid solution was back-titrated with 0.02 N sulfuric 

acid.  

7.  At the endpoint, the solution's blue colour turns colourless, and 

one drop of excess turns pink.  

Blank correction should follow the above protocol without adding a 

garden soil sample to the distillation flask.  

Calculations 

1 mL of 0.01N H2SO4 can release 0.00014g of nitrogen 

Therefore,1 mL of 0.02N H2SO4 can release 0.00028g of nitrogen  

 

Available Nitrogen in 100gof soil

Z×0.00028×100
=

20

 
 
   

20 = Dry weight of garden soil 

Final titre value, Z = Y-X  

Where X Blank correction (Control) titer value (mL),  

Y = Titre value of test sample (mL) 
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6.4.3.2 Estimation of available phosphorus in Garden soil (De Silva 

et al.,2015) 

Phosphorus (P) in soil exists in organic and inorganic forms. The 

inorganic phosphorus forms are more readily accessible for organic 

and inorganic soil plant absorption than other forms. This approach 

quantifies the relative absorption of inorganic ortho-phosphate (PO4-P) 

in soils spanning a neutral to alkaline pH range. Hydroxide and 

bicarbonate molecules efficiently remove phosphate from soil particles 

by competing with other molecules. Additionally, elevated pH levels 

reduce the extent of secondary absorption. Under acidic conditions, the 

inorganic ion reacts with reagent A to form a complex. This intricate 

molecule is reduced by the reagent B in the presence of ascorbic acid, 

forming a blue-coloured compound measured at a wavelength of 660 

nm. The absorbance level is directly correlated with the 

orthophosphate content in the soil sample.  

Reagents for estimating inorganic orthophosphates in the soil 

sample 

1. 1.0 M Sodium bicarbonate solution with pH 8.6 (Olsen’s 

reagent): Prepare it by dissolving 46.2 grams of NaHCO3 in 

1,000 mL of deionised water and adjusting the pH with 1 M 

NaOH.  

2.  Darco G60 (activated charcoal) or activated carbon  

3.  Reagent A  

a. Component I (Ammonium Molybdate Solution): 12 grams 

of ammonium molybdate in 250 mL of deionised water.  
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b. Component II (Antimony potassium tartrate solution): Add 

0.3 grams of antimony potassium tartrate powder to 100 mL 

of the solution.  

c. Component III: Combine 5N H2SO4 with 30 mL of 

deionised water, mix thoroughly, and dilute to a final 

volume of 100 mL with deionised water.  

d. Mix the above three components to create a 2-litre solution 

using deionised water.  

Dissolve 1.1 grams of ascorbic acid in 200 mL of reagent A to make 

reagent B (Ernstberger et al.,2004).  

Reagents for the standard phosphate curve 

Stock solution for phosphate estimation: Prepare a 50ppm primary 

stock solution (Dissolve 0.22 g of K2H2PO4 in 400 mL of distilled 

water, then add 25 mL of 1 N sulfuric acid and dilute to 1000 mL). A 

5ppm solution was prepared from the stock to plot the phosphorus 

standard curve. Different volume of 5ppm stock, 5 ml Olsen’s reagent 

and 4 ml of reagent B were mixed and upon blue colour development, 

absorbance values at 660nm recorded to plot the standard curve. 

Procedure 

1. Weighed 5 g of the garden soil and transferred it to a 250 mL 

Erlenmeyer flask.  

2. To decolourise the extract, 60 mL of sodium bicarbonate 

(1.0M) and a pinch of Darco 60 were added to the Erlenmeyer 

flask.  
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3. Shook the flasks in a rotatory shaker at 250 rpm for 30 minutes.  

4. Filtered the contents (using Whatman No.40 filter paper) to 

obtain a colourless filtrate.  

5. Equal amounts of filtered solution and reagent B (5 mL each) 

were transferred to a 50 mL Erlenmeyer flask, and the total 

volume was adjusted to 25 mL with distilled water.  

6. Using a spectrophotometer, shake the contents for a few 

minutes to develop a blue colour and measure the absorbance at 

660 nm.  

Calculation 

( )Available Phosphorous in thegarden soil Kg / ha

X×total volumeof soilextractant in ×Final volumeof sample taken×2.24× ×2.29

×Weight of thegarden soil×Volumeof ali

6NaHC

quot

O 10
3

610

=

 
 
 
 

X = Concentration of phosphorus read from the standard curve 

6.4.3.3 Estimation of available potassium in garden soil (Stanford & 

English,1949) 

Principle 

 Alkali metals, such as potassium, in garden soil dissociate into atoms 

when introduced to a flame. In this technique, ammonium ions (NH4
+) 

are used to leach potassium ions (K+) that were previously present on 

exchange sites in the soil.  

 This process can be depicted as follows: 

 



Chapter 6 

 

 301 

 Reagents 

Ammonium acetate, pH 7.0 (Neutral NH4OAC) 

Standard potassium stock: Prepare a stock solution of 1000 ppm 

potassium by diluting the appropriate volumes to obtain working 

standards of 0, 2.5, 5, 7.5, 10, 12.5 and 15 ppm potassium in 100 mL 

volumes.  

Protocol 

Five grams of soil were taken from the garden, sieved to remove rocks, 

and then transferred to a 250 mL Erlenmeyer flask. Then, a 25-mL 

ammonium acetate solution was added to the soil sample, and it was 

shaken continuously with the help of a shaker at 250 rpm for 5 

minutes. The whole content was filtered successively using Whatman 

No.40 filter paper and collected in fresh tube, and it further used to test 

the potassium content with a flame photometer. The amount of 

potassium was determined using the potassium concentration obtained 

from the standard curve of the flame photometer reading (Systronic 

Flame Photometer 128). Blank ammonium acetate solution was 

analysed to record baseline potassium readings.  

Calculations 

( )

( )
( )

6

6

Available potassium in garden soil Kg / Ha

R × Volume of  extractant 25 ml  × 2.24 × 10

    10 ×Dry weight of  the garden soil

×1.2
=

 5g

 

 
 
 
 
 
 

 

R = Concentration of K from the standard graph 
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6.4.3.4 Evaluation of organic carbon by following the protocol of 

(Walkley & Black,1934) 

Potassium dichromate (K2Cr2O7) can oxidise organic carbon in garden 

soil when combined with concentrated sulfuric acid (H2SO4). 

Potassium dichromate generates nascent oxygen, which undergoes a 

series of chemical reactions with the organic carbon, resulting in the 

formation of CO2. In the presence of phosphoric acid (H3PO4), the 

excess amount of K2Cr2O7 is titrated with a standardised ferrous 

ammonium sulfate solution using a ferroin indicator or diphenylamine. 

The organic carbon content of the garden soil was calculated using the 

chromic acid titration method.  

Reagent used 

1. 1N Potassium dichromate: Prepare a K2Cr2O7 solution by 

dissolving 49 grams of potassium dichromate in 400 mL of 

distilled water, mixing well, and then diluting to 1000 mL with 

distilled water.  

2. Concentrated H2SO4 (99.5%) 

3. Ortho-phosphoric acid 

4. Sodium fluoride 

5. 0.5N Ferrous ammonium sulphate (FeSO4(NH4)2SO4.6H2O) 

6. Ferroin indicator 

Protocol 

1. A 500-mL round-bottom flask was filled with 1 g of sieved 

garden soil.  
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2. The soil sample was then vigorously spun five or six times after 

being combined with 15 millilitres of 1N K2Cr2O7 solution and 

25 millilitres of concentrated H2SO4 solution. The mixture was 

allowed to stand on an asbestos sheet for 30 minutes. (The 

asbestos sheets were used to prevent the table from burning due 

to the heat generated by H2SO4).  

3. Add 250 mL of distilled water to the mixture to dilute the 

solution.  

4. After adding 0.25 g of sodium fluoride and 12 mL of 80% 

orthophosphoric acid, the mixture was left to stand for 90 

minutes (Yadav et al.,2022).  

5. One mL of ferroin indicator was added to the conical flask 

before titration and mixed well.  

6. The excess K2Cr2O7 was titrated against a 0.5 N ferrous 

ammonium sulfate (FeSO4) solution until the colour 

transitioned from yellowish green to dark green and, ultimately, 

brownish red at the endpoint. Concurrently, blank titration was 

carried out without soil in the conical flask.  

Calculation 

( )

( )

Organic carbon percentage in the garden soil collected OC%

X - Y  × N × 0.003× 
=

100

W

 
 
   

 X and Y were mL of 0.5 N ferrous sulfate required for the blank and 

sample runs.  

 N = Normality of FeSO4 

 W = Dry weight of the garden soil sample  
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6.4.4 Microbial count in soil samples 

The heterotrophic microbial populations in the soil microcosms were 

quantified by taking a 1g soil sample from the control and treatment 

samples. To assess the total viability of microbes in the contaminated 

environment through microbial inoculation, soil samples were 

collected intermittently throughout 15 to 120 days from each soil 

treatment setup. For the total population count, soil aliquots in serial 

dilution set-ups of saline solution were spread onto Luria-Bertani agar 

for 24-hour incubation at 30 °C. Colony counts were performed, and 

CFU/g was calculated.  

6.4.5 Biofilm formation on LDPE films in soil samples 

6.4.5.1 Biomass count 

Quantified the microbial populations on the LDPE films buried in the 

soil by the protocol suggested by (Joseph et al.,2001). The LDPE films 

were collected from both the control and experimental setups after 120 

days of the experiment, placed in a saline solution, and then serially 

diluted. The remaining aliquots were plated on Luria-Bertani agar 

medium and incubated (at 37°C for 2 days). The total biomass count 

was calculated in colony-forming units (CFU) per square centimetre 

(cm²). Control LDPE films without bacterial inoculation were plated to 

account for background microbial growth.  

6.4.5.2 FDA test 

LDPE films were buried in the soil samples after 120 days, and their 

control without bacterial adhesion was solubilised in 60 mL of 

fluorescein diacetate sodium phosphate buffer (FDSPB) (15 mL). For 
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this analysis,0.1 mL of FDA (3 mg/mL in acetone) was added at room 

temperature. After incubation, a 2 mL solution of each sample was 

centrifuged, and the absorbance of the supernatants was recorded at 

494 nm. Control LDPE films without bacterial inoculation were 

incubated in FDSPB to baseline absorbance at 494 nm.  

6.4.5.3 Estimation of protein 

LDPE films from all the microcosm films and their control without any 

microbial addition were mixed with a saline solution and centrifuged 

(8,000 rpm for 16 minutes) to collect the supernatants. Then, each 

supernatant was mixed with Bradford reagent (at a 1:3 ratio) and 

incubated for 5 minutes. Thereafter, a spectrophotometric reading was 

taken at 595 nm, and the protein content of the biofilms on LDPE film 

was estimated using a Bovine serum albumin (BSA) standard curve. 

Control LDPE films without bacterial inoculation were assayed for 

baseline protein content.  

6.4.5.4 pH measurement  

The pH of the soil samples was tested before and after bacterial 

addition at 0, 30, 60, 90, and 120 days using a GroLine soil digital pH 

meter (HANNA, India, model H1981030). Before the analysis, the pH 

meter was standardised with pH 7 and pH 4 solutions. For this 

analysis,10 g of each soil sample was placed in sterile beakers, and the 

contents of each beaker were mixed with 40 mL of distilled water. The 

mixtures were then incubated for 5-7 minutes. The beaker was kept on 

the lab slab for 15 minutes without shaking, and then the pH of the soil 

sample was recorded.  
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6.4.5.5 CO2 evolution test 

Respirometric analyses were performed to evaluate CO2 evolution and 

investigate the metabolic activities induced in each microcosm using a 

modified protocol (Colla et al.,2014). For the study, carbon dioxide 

produced during microbial activities was captured in 50 mL flasks, the 

receiver flask of the respirometer setup, containing a 1M KOH solution 

(20 mL) in the respirometric flasks. Every 30 days of incubation, the 

KOH solution from the respirometer flask was replaced, and 1 mL of 

20% BaCl2 solution and four drops of 1% phenolphthalein solution 

were added. Then, a 1M HCl solution was taken in a burette and 

titrated against a white-coloured residual KOH solution. The carbon 

dioxide released can be found in the following equation: 

HCl
2

c

(B-T)×6×
generated(m

M
CO

M
g / Kg)=

 
 
   

 [B and T were mL of HCl used to titrate for blank and treatments;  

6 is the equivalent weight of carbon;  

MHCl = the molarity of HCl; and Mc = the dry weight of soil.  

In our analysis, to compare the CO2 evolution from all the soil 

experiment setups, we conducted CO2 evolution from four treatment 

setups (designated as Treatment Setup 1, Treatment Setup 2, Treatment 

Setup 3, and Treatment Setup 4) for 30 and 120 days of incubation. 

Each treatment set consists of a control soil sample mixed with garden 

soil only (C), garden soil mixed with LDPE films (C1), garden soil 

mixed with nutrients (C2), garden soil mixed with LDPE films 

augmented with one of the bacterial strain (Bacillus cereus NJD1, 
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Pseudomonas aeruginosa NJD2, and Micrococcus luteus NJD3) or its 

consortium, and garden soil mixed with LDPE films augmented with 

one of the bacterial strain or its consortium and stimulated with 

nutrients. Before commencing the experiment, the glassware used for 

the estimation was sterilised. We used soil samples from each 

treatment setup for titration during the experiment.  

6.4.6  Weight reduction of LDPE films buried in soil samples 

LDPE films were collected from each soil experiment setup, surface-

sterilised, and dried. Then, the LDPE films were weighed using a high-

precision balance (Shimadzu ATX224R), and the percentage of weight 

reduction was calculated (Dey et al.,2020). Additionally, we calculated 

the daily uptake of bacterial strains and the half-life of LDPE films. All 

the results were compared with the LDPE films without bacterial 

inoculation.  

6.4.7 Validation studies to demonstrate the efficacy of potential 

strains to attach to LDPE films, mixed in soil experiment 

setups 

6.4.7.1 Demonstration of biofilm formation using scanning electron 

microscopy 

For this analysis, surface-sterilised LDPE films were dried with hot air 

at 55℃ (overnight incubation), sliced into 1 cm × 1 cm films, and used 

for ZEISS-Sigma field-emission scanning electron microscope 

analysis. Both treated and untreated LDPE films in garden soil 

stimulated by nutrients for 120 days, either with or without bacterial 

inoculation, retrieved from CFLMSM, were used for this analysis.  
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6.4.7.2 Surface of alterations of the LDPE by atomic force electron 

microscopy technique 

The topographic alterations on LDPE films due to microbial biofilms 

were studied after 120 days of incubation of polymer films in soil 

samples with or without the addition of isolated strains. This analysis 

utilised surface-sterilised and dried films to capture 2D and 3D images 

of LDPE using the AFM instrument with WITec Project Plus software. 

The surface roughness parameters of LDPE films were calculated and 

plotted using OriginPro-2018.  

6.4.7.3 FTIR analysis to demonstrate chemical alterations by the 

biofilm on the surface of LDPE films 

FTIR spectrum analyses were performed on LDPE films mixed in soil 

samples after 120 days using a PerkinElmer two-spectrum FTIR 

spectrometer (L1600000A with LiTaO3 detector) with IR Spectrum 

10.6.0 version. The chemical modifications in the bacterial-treated 

films were compared to those in the LDPE films buried in the soil 

samples without bacterial adhesion (Control LDPE films were 

incubated in CFLMSM-augmented soil without bacteria for 120 days 

to check the baseline chemical alterations).  

6.4.7.4 GC-MS analyses of LDPE films buried in the soil samples 

LDPE films were harvested from the soil experiments (controls and 

treatments) and then surface-sterilised. The LDPE films were cut and 

introduced into chloroform solutions, which were then centrifuged and 

filtered for spectral analysis using a Shimadzu gas chromatography-

mass spectrometry instrument (model QP2010S). The instrument 
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features a column Rxi-5SilMS with helium as the carrier gas, and the 

in-built software GC-MS solution was utilised to visualise the 

metabolic products produced by microbes.  

6.4.8 Statistical analysis 

All the tests were analysed statistically significantly (p < 0.05) using 

ANOVA analysis in GraphPad Prism, and the graphs were plotted by 

OriginPro 2018.  

6.5 Result  

6.5.1  Soil samples collection and analysis of physical properties 

for the augmentation studies 

  We collected arable soil samples with a loamy sand texture 

from three different locations in our garden in the morning before 9 o' 

clock. We analysed their physical properties at the time of sample 

collection using a digital soil meter, which yielded the following 

results: pH - 7.52 ± 0.27, temperature - 28.5 °C ± 0.3 °C, and moisture 

content - 43.8% ± 1.2%.  

6.5.2 Microcosm developments in the experimental setup 

All the soil set-ups were incubated for four months at room 

temperature under static culture conditions. During incubation, the 

aluminium wraps were kept out of sunlight, and the soil samples were 

intermittently moistened (every 15 days) with distilled water to 

maintain microbial growth in the samples. Following the specified 

incubation time, soil samples and polymer films were extracted from 
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the microcosms independently to assess the level of biofilm formation 

and polymer degradation.  

6.5.3 Chemical properties of the collected soil samples 

We analysed the chemical properties of garden soil before and after 

bacterial inoculation, specifically after 120 days of inoculation. The 

chemical changes in the soil sample indirectly help us determine the 

development of the microcosm in the garden within the experimental 

setups of the soil. Due to these additions, the LDPE films in the soil 

experimental set-up showed an initial reduction and a slow increase in 

elements such as nitrogen and organic carbon in bio-augmenting and 

bio-stimulating experimental set-ups, resulting from microcosm 

development in the harsh environment. However, the elements such as 

phosphorus and potassium levels decrease in the bio-augmentation 

soil-experiment set-ups (due to the assimilation of such elements by 

the microbes growing in soil) and increase in bio-stimulation setups 

(may be due to the addition of minerals in such experimental setups) 

(see the chemical analysis report in Table 6.2.  
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S. 

No 

Chemical 

analysis 

(Kg/ha) 

Garden 

soil 

before 

the 

additio

n of 

bacteria

l species 

Soil experimental set-up after 120 days of 

bacterial inoculation 

Garden 

soil 

with 

LDPE 

films 

Bio-

augme

nted 

soil 

with 

LDPE 

films 

Stimula

ted 

garden 

soil 

with 

LDPE 

films 

Bio-

augmented 

and 

stimulated 

garden soil 

with LDPE 

films 

1 Available 

nitrogen 

  

229.81 

± 32.7 

175.12 

± 

11.68 

192.72 

± 

16.78 

197.68 

±  22.68 

252.62 ± 

26.71 

2 Available 

Phosphorous 

 

32.11 ± 

11.24 

28.34 ± 

8.08 

22.28 

± 

16.24 

30.85 ± 

8.81 

19.38 ±  

13.5 

3 Available 

potassium 

 

780 ± 

15.81 

779 ± 

21.28 

716.82 

± 

18.64 

784 ± 

17.28 

702.64 ± 

22.65 

4 Organic 

carbon % 

 

0.62 ± 

0.08 

0.48 ± 

0.02 

0.58 ±  

0.09 

0.53 ± 

0.06 

0.64 ±  

0.015 

 

Table 6.2 Chemical analyses in collected garden soil samples and soil 

samples in experimental setups. 

  

6.5.4  Heterotrophic count of microbial population in the soil 

samples in each soil treatment 

The increased degradation of LDPE by augmented microcosms (E1T1 

and E2T2) may be attributed to the higher abundance of 

microorganisms, which includes potential strains capable of LDPE 

degradation. To assess the increase in microcosms of soil samples 

collected from a semi-arid area under more severe summer conditions 

after bio-augmentation and bio-stimulation, we conducted a 

heterotrophic count test in all experimental setups.  
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S. No Soil setup Heterotrophic count (CFU/g) 

1 Garden soil 2.8 ×107 ± 1.852 

2 E1C1 1.37×104 ±2.671 

3 E1T1 2.2×105 ± 2.217 

4 E1T2 1.8×105 ± 1.418 

5 E1T3 2.0×105 ± 1.09 

6 E1T4 9.2×106 ± 3.11 

7 E2C2 1.78×105 ± 2.122 

8 E2T1 6.6×106 ± 1.452 

9 E2T2 5.3×106 ± 2.328 

10 E2T3 5.9×106 ± 1.688 

11 E2T4 9.9×107 ± 3.791 

 

Table 6.3 Increase microbial populations in the augmented and bio-

stimulated experiment setup.  

Our experiment found an initial decrease in microbial populations in 

the soil experiments after adding LDPE, a toxic material for the normal 

flora. However, the microbial population increased significantly due to 

bacterial augmentation and stimulation of mineral nutrients. This result 

showed that microbial populations added to the soil experiment setup 

multiplied steadily in the toxic environment.  

6.5.5 Demonstration of biofilm formations on the polymer films 

mixed in the soil samples of microcosm experiments after 

120 days 

6.5.5.1 Biomass count 

To identify the microbial biofilm formation on the LDPE film, the 

biomass on the surface of the LDPE film was counted. It represents the 
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total count of organisms in various stages of growth and their 

metabolically active stage.  

 

 Fig.6.2 Biomass count of LDPE films in all soil experiment setups.  

6.5.5.2 FDA Analysis Test 

The FDA analysis of the current study indicated the presence of living 

bacterial species on the LDPE films buried in soil experiments (E1 and 

E2). Many enzymes, including lipases, proteases, and esterases, can 

hydrolyse fluorescein diacetate. In our experiment, all the bacterial-

treated LDPE films, after 120 days, showed significantly higher 

absorbance values than the LDPE films in the control soil setup. It 

proved the efficacy of added bacterial strains in forming biofilms on 

the polymer films.  
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Fig.6.3 FDA analysis of LDPE films buried in soil samples for 120 days.  

Our analysis revealed that, among the potential individual strains, the 

Bacillus cereus NJD1-inoculated soil samples buried in LDPE films 

exhibited the highest number of living organisms in experiments 1 and 

2. Moreover, the LDPE films inoculated with the consortium showed 

the highest FDA values in the bio-augmented cum stimulated soil 

setups (E1T4 and E2T4). These results further confirmed the 

organisms' adherence to the LDPE films.  

6.5.5.3 Protein analysis on the biofilm  

Even after prolonged incubation, we got protein content in our 

analysis, indicating the potential of bacterial strains to adhere to LDPE 

films.  
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Fig.6.4. Estimation of protein using bacterial biofilms on polymer strips 

The protein content of LDPE-adhered microbes was highest in the 

Bacillus cereus NJD1-inoculated soil experiment compared to 

Micrococcus luteus NJD3 and Pseudomonas aeruginosa NJD3-

inoculated soil experiments. A previous study on the protein content 

assessment of bacterial biofilms on LDPE strips demonstrated 

comparable efficacy in degrading the polymer (Mehmood et al.,2016).  

6.5.5.4 pH measurements of the soil samples in each experiment set 

up to 120 days of incubation.  

The pH change of the soil samples inoculated with bacterial species 

and the uninoculated control soil samples indicates microbial activity 

in the soil samples mixed with LDPE films. Compared with other 

experiments in our analysis, the pH variations in control soil samples 

exhibited significant variations. Among the bacterial species, Bacillus 

cereus NJD1 inoculated soil samples showed the highest pH difference 

compared to other culture-inoculated soil experiments. Moreover, the 

bacterial consortium showed a pH below 5.5 in augmented cum 

stimulated soil experiments. The potential microbes in soil samples 
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may cause biofilm formation on LDPE films, which are incorporated 

into each soil experiment for biodegradation purposes.  

a. 

 
b. 

 
 

Fig.6.5 pH variation in the soil samples: a. Soil experiment setup-1, b. Soil 

experiment setup-2.  
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6.5.5.5 CO2 evolution 

The current test verified the CO2 evolution for 30- and 120-day 

incubations with bacterial species and stimulants. In all these 

experiment setups, we found an escalated rate of CO2 release due to the 

combined addition of bacterial strains and stimulants for degrading 

LDPE films. In our mesocosm experiments, among the individual 

strains, the Bacillus cereus NJD1-treated soil samples recorded the 

highest rate of CO2 in both 30-day (1117 ± 16.4 mg/Kg of soil) and 

120-day (548 ± 9.2 mg/Kg of soil) incubations compared to the 

control. Similarly, the consortium of isolated bacterial strains exhibited 

a significant increase in its rate of CO2 evolution at 30 (1386 ± 13.9 

mg/Kg of soil) and 120 days of incubation (615 ± 11.8 mg/Kg of soil) 

(see the results of treatment 4, Fig.6.6).  

a. 
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b. 

 
 

Fig.6.6 CO2 evolution from soil treatment sets incubated for (a) 30 days and 

(b) 120 days.  
 

The biodegradation of pollutants depends on the integrated activity of 

physical, chemical, and biological factors, whose specific regulation 

and kinetics vary with space and time (Bala et al.,2022). Hence, our 

analysis revealed a substantial decrease in CO2 production in all 

treatments for 30- and 120-day incubation periods with potential 

strains.  

6.5.6 Weight reduction experiment of LDPE films buried in soil 

samples 

Weight reduction experiments are a preliminary validation test for the 

degradation of LDPE films. It demonstrates the strain's efficacy in 

adhering to the polymer film and disrupting the hydrocarbon chain.  
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Table 6.4 Weight loss of LDPE films in augmented soil treatments (E1T1, 

E1T2, E1T3, and E1T4) and their control (E1C1) of experiment 1 and 

bacterial species augmented cum stimulated with mineral salt broth (E2T1, 

E2T2, E2T3, and E2T4) and control (E2C2) of experiment 2.  

 

Weight loss experiments of LDPE films mixed with garden soil 

treatments proved the efficacy of isolated strains for polymer 

biodegradation. It is a primary validation test. The test also 

demonstrated the potentialities of the combined effect of bio-

augmentation and stimulation with nutrients. Among the bacterial 

species, Bacillus cereus NJD1. Proved a maximum weight loss of 

S. 

No 

Name of 

the Soil 

treatments 

Weight drop 

percentage 

(W%) 

Daily consumption 

rate (g/day) (K 

rate) 

t 1/2 (half-life 

span of the 

polymer (in 

days) 

Experiment I (Bioaugmented treatments with their control) 

1 E1C1 2.23±0.393 0.0002±0.00001 3834.64±724.86 

2 E1T1 25.4±0.49 0.0024±0.00001 283.59±6.37 

3 E1T2 17.4±0.46 0.0016±0.00001 434.14±13.36 

4 E1T3 23.87±1.27 0.00228±0.00014 306.77±18.52 

5 E1T4 29.99±0.973 0.00297±0.0001 233.79±8.86 

Experiment 2 (Bioaugmented cum stimulant added treatments and their 

control) 

6 E2C2 4.7±0.88 0.00043±0.00001 1753.24±359.563 

7 E2T1 32.1±1.99 0.00327±0.0002 214.654±16.77 

8 E2T2 24.1±0.49 0.0025±0.00021 281.54±21.09 

9 E2T3 28.65±0.9 0.0029±0.0001 242.674±9.10 

10 E2T4 34.1±0.49 0.0035±0.00001 199.492±3.48 
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32.1±1.99%. Notably, the bacterial consortium induced the maximum 

degradation in the E2T4 treatment, with mineral-augmenting bacteria 

contributing to a 34.1 ± 0.49% reduction in weight.  

6.5.7 Validation of the efficacies of microbial strains and 

stimulants added to each soil experiment 

We collected LDPE films from augmented bacterial species and 

mineral-stimulant-added treatment setups for validation experiments.  

6.5.7.1 SEM analysis 

For this analysis, LDPE films were collected from soil samples treated 

with isolated potential bacterial strains, and a control LDPE film was 

sterilised without bacterial inoculation and then surface-sterilised. All 

the bacterial species inoculated in LDPE films showed robust biofilm 

formation compared with the control LDPE inoculated in a soil 

treatment setup without adding the isolated strain (Results displayed in 

Fig.6.7). The formulated bacterial consortia treated LDPE films 

showed biofilm formation and surface cracks on the polymer film after 

120 days of incubation. All the bacterial-treated LDPE films exhibited 

significant surface changes, including surface erosions, pits, and 

fissures. In our images, a few strains appeared in the inner layers of the 

polymer strips. Overall, the oxidative reactions and firm bacterial 

attachments, even after surface sterilisation, proved the inoculated 

strain’s ability to degrade the polymer for 120 days.  
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a. 

 
b. 
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c. 

 
d. 

 



Chapter 6 

 

 323 

e. 

 
 

Fig.6.7 SEM analysis of LDPE films in garden soil stimulated with mineral 

stimulants for 120 days of incubation, without or with bacterial species 

inoculation. a. Control. b. Bacillus cereus NJD1-treated c. Pseudomonas 

aeruginosa NJD2-treated d. Micrococcus luteus NJD3-treated e. Consortium 

of all isolated strains-treated.  
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Our current study reported significant biofilm formation by all isolated 

strains and ambient surface changes compared to previous studies 

conducted over 120 days of incubation without pre-treatments. 

Moreover, in the current study, all experiment setups were kept at 

room temperature under static culture conditions. Bacillus cereus 

NJD1 induced the most pronounced surface morphological alterations 

on LDPE films among the soil augmented bacterial strains stimulated 

with mineral salt broth. The isolated strain consortium showed several 

cracks and strong biofilm on the surface and inner layer of the 

polymer.  

6.5.7.2 AFM analysis  

The topographic analysis of LDPE films, studied by atomic force 

microscopy (AFM), revealed surface deterioration due to the cleavage 

of C-H bonds. It indicates the potentialities of microorganisms added 

to the soil setups of the enriched experiments. All the results were 

compared with control soil setups (garden soil mixed with mineral 

stimulants) that did not include bacterial addition. In addition to the 

topographic images (3D and 2D), the statistical values of roughness 

parameters obtained from the AFM instrument (using WITEC 

software) helped identify changes in the surface due to the catalytic 

activities of bacterial strains added to each microcosm setup enriched 

with mineral salt broth. All the isolated strain-treated microcosm 

mixed LDPE films showed a significant increase in roughness 

parameters, even after surface sterilisation (see Fig.6.8).  
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a. Control (Garden soil + stimulants) 

   

b. Bacillus cereus NJD1 – treated LDPE films in a soil sample with 

mineral stimulants.  

   

c. Pseudomonas aeruginosa NJD2-treated LDPE film mixed in a soil 

sample with mineral salt broth inoculation 
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d. Micrococcus luteus NJD3-treated LDPE films were buried in the 

garden soil sample with mineral stimulants.  

   

e. A consortium of isolated strains formulated in lab-treated LDPE 

films was buried in a soil sample mixed with mineral salt medium.  

   

 

Fig.6.8(a) AFM micrograph of surface sterilised LDPE films collected from 

various microcosm experiments with their control. The first column depicts 

3-D images, and the second shows 2D images.  
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Fig.6.8(b) Surface roughness parameters (Sa, roughness mean data; Sq, root 

mean square data; Sz, maximum height of surface; Sp, peak-maximum 

height; Sv, pit-maximum height) of surface-sterilised LDPE films collected 

from each soil microcosm enriched with mineral salt broth. Results were 

compared with the control.  

Among the individual strains, Bacillus cereus NJD1-treated LDPE 

films showed the highest roughness changes compared to 

Pseudomonas aeruginosa NJD2 and Micrococcus luteus NJD3-treated 

polymer strips. The consortium of all the strains showed the highest 

roughness parameter values compared to individual strains. It may be 

due to the strains' catalytic activities, which enable them to form robust 

biofilms on polymers and utilise the hydrocarbon chain as their carbon 

source.  
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6.5.7.3 FTIR analysis of LDPE films incubated in soil samples for 

four months  

a. Control  

 

b. Bacillus cereus NJD1-treated  
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c. Pseudomonas aeruginosa NJD2-treated 

 

d. Micrococcus luteus NJD3-treated 
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f. Consortium-treated 

 

Fig.6.9 FTIR chromatograph of LDPE films buried in stimulated soil 

samples: without (a) and with bacterial treatments (b, c, d, and e).  

 

Compared to control LDPE films without the addition of isolated 

bacterial species in the soil augmentation, the isolated strain-treated 

films showed many similar peaks in the 1200-1800 cm-1 range. The 

FTIR chromatograph confirmed the chemical changes in the LDPE 

films and the metabolic products on the polymer surface. The presence 

of the O-H group in all bacterial-treated LDPE films indicates the 

oxidation products due to bacterial attack. Moreover, all the peaks in 

the FTIR spectrum in the soil augmentation experiments were similar 

to the absorption bands in the LDPE strips treated with isolated 

bacterial species in the strenuous condition of a carbon-free medium.  
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S. 

No 

Stretching/bendi

ng peak with 

band range 

FTIR spectrum absorption peak at cm-1 

of each microcosm experiment 

Functional 

group 

Bacillus 

cereus 

NJD1-

treated 

Pseudo

monas 

aerugin

osa 

NJD2-

treated 

Microco

ccus 

luteus 

NJD3-

treated 

Consort

ium 

1 
C═O stretching 

(1734-1750 cm-1) 
1738.13 1737.81 1734.98 1734.6 Ester 

2 
C═C stretching 

(1626-1665 cm-1) 
1638.15 1624.15 1629.27 1630.04 Keto 

3 
N-O stretching 

(1500-1550 cm-1) 
- 1540.83 1546.17 1544.92 

Nitro-

group 

4 
C-H bendings 

(1365-1395 cm-1) 
1365.25 1365.33 1371.75 1376.39 

Alkane 

(Methyl) 

group 

5 
C-N Stretching 

(1020-1250 cm-1) 
1216.46 1216.55 1216.43 1216.58 

Amine 

group 

6 
C-Br stretching 

(400-600 cm-1) 

527.45 

414.58 

527.4 

417.45 

 

533.72 

438.34 

603.11 

471.05 

415.33 

Bromine-

substituted 

compounds 

 

Table 6.5 A few similar absorption peaks appeared in the FTIR spectrum of 

LDPE films buried in each garden soil experiment setup, incubated for 120 

days.  

In addition to the comparable peaks in bacterial fingerprints (Table 

6.5), each species-treated LDPE film exhibited distinct absorption 

bands. For instance, Bacillus cereus NJD1-treated LDPE films showed 

unique absorption peaks at 3725.21 cm-1 (hydroxyl group stretching), 

1716 cm-1 (carbonyl group stretching), and 908 cm-1 (alkene group 

bending), Pseudomonas aeruginosa NJD2-treated LDPE films in soil 

showed a specific peak at 3275 cm-1 (hydroxyl group stretching) and 

1079 cm-1 (Carbonyl group stretching). The Micrococcus luteus NJD3-

treated LDPE films in the soil microcosm exhibited a unique peak at 

3647.46 cm-1, corresponding to the N-H stretching vibration. The 
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pronounced peak in the bandwidth of 3200-3700 cm-1 manifests the 

hydroxyl group stretching, characteristic of alcohol groups. In contrast, 

the moderate peak in this region confirms the presence of N-H groups, 

corroborating the oxidative reactions on the polymer surface and the 

formation of a resilient biofilm (Zhang et al.,2022). Moreover, the 

bacterial consortium's FTIR spectrum demonstrated the efficacy of 

each bacterial strain in forming a biofilm on LDPE and imparting 

chemical alterations. All bacterial-treated LDPE films exhibit peaks at 

2910-2914 cm-1,2840-2850 cm-1,905-980 cm-1, and 410-610 cm-1. It 

indicates the backbone absorbance bands of LDPE film. As 

demonstrated in our study, these alterations in functional groups 

(stretching or bending), shifts in the intensities of the IR spectrum, the 

introduction of novel peaks, and differences in peak breadth signified 

degradation-induced transformations.  

The FTIR analysis of all isolated individual bacterial strain or their 

consortium-augmented LDPE films verifies the effective degradation 

of LDPE, with oxidative and microbial pathways yielding carbonyls, 

hydroxyls, and esters. These chemical alterations reduce the polymer's 

hydrophobicity and increase its biodegradability, facilitating its 

conversion into simpler, environmentally friendly compounds.  
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Fig.6.10 FTIR indices (carbonyl indices, KI; ester bond indices, ESI; vinyl 

bond indices, VBI; internal double bond indices, IDBI), calculated using 

FTIR data of LDPE films mixed in each soil experiment setup. The FTIR 

indices were computed using FTIR data of LDPE films mixed with potential 

strains screened from the long-run depot after 120 days of incubation.  

 

While calculating the FTIR indices using the FTIR data of LDPE films 

mixed with soil samples containing bacterial strains and stimulants, the 

carbonyl and ester carbonyl indices were higher for the Bacillus cereus 

NJD1-treated LDPE films compared to those of other isolated strains. 

However, the consortium showed broader-spectrum metabolic 

activities. It indicates its efficacy in biodegradation and bacterial 

transformation activities. Pseudomonas aeruginosa NJD2 and 

Micrococcus luteus NJD3 have a moderate effect on biodegradation in 

the soil-augmented scenario. The control films exhibited minimal 

chemical bonding or changes in functional groups.  
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6.5.7.4 GC-MS analysis 

a. Control 

 

Fig.6.11(a) GC-MS Spectrograph of control LDPE film. 

This profile of LDPE film indicates a chemically stable and intact 

structure. It includes long alkane chains (Heptadecane, nonadecane, 

pentacosane, and tricosane), additives (decane-2-methyl,2,3-dimethyl-

6-methylpyrazine), and plasticisers (phthalic acid esters).  
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b. Bacillus cereus NJD1 –treated 

 

Fig.6.11(b) GC-MS spectrometric analysis of Bacillus cereus NJD1-treated 

LDPE films.  

Compared to the control, the Bacillus cereus NJD1-treated LDPE films 

exhibited fewer peaks and more degradation by-products, indicating 

the formation of new metabolites. This spectrograph indicates the 

presence of degraded plasticiser, namely phthalic acid or 1,2-

benzenedicarboxylic acid, and plasticiser degradation products such as 

di-iso-butyl phthalates. Additionally, it reveals the presence of 

aliphatic hydrocarbons, including undecane-4,7-dimethyl, a by-product 

of alkane degradation.  
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c. Pseudomonas aeruginosa NJD2 -treated 

 

Fig.6.11(c) GC-MS analysis of Pseudomonas aeruginosa NJD2-treated 

LDPE film in a soil microcosm experiment after 120 days.  

The Pseudomonas aeruginosa NJD2-treated LDPE films consist of 

multiple media (tetradecane and n-octadecane) or branched 

hydrocarbons (5-ethyl-2-methyl octane and iso-tetradecane) in the GC-

MS spectrum, suggesting the fragmentation and formation of various 

degradation products of the polymer. The presence of a volatile 

compound, specifically nonane 4,5-dimethyl, indicates that the enzyme 

is acting on long-chain hydrocarbon chains. The presence of Di-n-octyl 
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phthalates demonstrated partial degradation of the plasticiser in the 

LDPE film by the bacterial action 

d. Micrococcus luteus NJD3-treated 

 

Fig.6.11(d) GC-MS image of Micrococcus luteus NJD3-treated LDPE film in 

a soil microcosm experiment after 120 days.  

Compared to the control, the Micrococcus luteus NJD3-treated LDPE 

films showed the presence of octadecane and iso-tetradecane in the 

spectrum, indicating the release of hydrocarbons, a robust sign of 

LDPE chain scission. In addition, detecting both intact esters (DBP, 

DEHP) and their acid counterparts (benzene dicarboxylic acid) 

indicated partial microbial degradation of plasticisers through 

oxidation or ester hydrolysis.  
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e. Consortia-treated 

 

`Fig.6.11(e) GC-MS spectra of LDPE films from consortia-treated LDPE 

films in mineral-stimulated soil samples incubated for four months.  

The consortia-treated LDPE film consists of several branched alkanes, 

long-chain alkane byproducts, plasticiser-degraded, and additive-

degraded products.  
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S.  

No 

Peak name Interpretation 

1 Hexane 3,3-dimethyl  Branched alkane- Possible LDPE  

breakdown product 

2 Sulfurous acid, 

2-Ethylhexyl nonyl ester 

Suggest the bio-surfactant  

degradation  

 

3 2-Bromotetradecane It may result from halogenated 

 degradation 

4 Hexadecane  

2,6,10,14-tetramethyl 

Branched long-chain hydrocarbons- 

Typical LDPE degradation products 

5 Eicosane, Octadecane,  

Nonadecane and  

Nonacosane 

Long-chain alkanes-LDPE polymer 

 backbone fragments  

6 Heptadecane  

2,6,10,15-tetramethyl 

Indicates the repeated presence of  

LDPE byproducts 

7 Hexatriacontane High molecular weight hydrocarbon- 

Slowly degraded LDPE fragment 

8 1,2-

Benzenedicarboxylic 

 acid, dioctyl ester 

Plasticiser leached or partially  

degraded 

9 Squalene Hydrocarbon is often obtained  

Through microbial biosynthesis 

 

Table 6.6 The list of GC-MS peaks depicts the degraded LDPE by-products 

by the action of bacterial consortia.  

 

6.6 Discussion 

The current investigation analysed the bioaugmentation potential of 

individual bacterial strains isolated or their consortium formulated in 

lab conditions in LDPE mixed garden soil. Bioremediation treatments 

can affect soil physicochemical properties differently (Thapliyal et 

al.,2024). Thus, we analysed the physical and chemical parameters of 

soil samples collected from garden soil before augmenting the isolated 
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strains. Many studies have demonstrated that microorganisms requiring 

carbon, hydrogen, nitrogen, oxygen, and phosphorus require additional 

components to synthesise macromolecules (Cai et al.,2023; Merchant 

& Helmann,2012). Fertilising facilitates the addition of critical 

components by these microbes in the soil, allowing them to reproduce 

and flourish (Ahmed et al.,2023). Subsequently, microorganisms in the 

soil may be unfavourably influenced by fluctuations in temperature, 

pH, nutrient availability, heavy metal contamination, oxygen 

saturation, and other variables, which can affect the significant 

ecological phenomena associated with nutrient cycling (Abdul Rahman 

et al.,2021; Stroud et al.,2007). It has been observed that, in severely 

contaminated environments, combining two or more remediation 

techniques is crucial for enhancing bioavailability and efficacy. The 

growth of potential individual microbes or their consortium is crucial 

in the treatment techniques.  

However, several microbial strains can be found naturally in 

contaminated soils and may not possess the appropriate metabolic 

capacities to degrade target pollutants. It may be due to the 

contaminant's overall toxicity. Numerous prior studies have shown that 

the breakdown of contaminants relies on the combined actions of 

organisms and diverse environmental conditions (Bhatt et al.,2021; 

Maglione et al.,2024). Thus, our current study incorporated 

biostimulants to sustain bioactivities (Jia et al.,2024) on polymer 

surfaces buried in soil samples.  

In the present investigation, we demonstrated biofilm formation and 

metabolic activities in all soil experiment setups (experiments 1 and 2) 
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using biomass count, FDA analysis, protein estimation tests, analysis 

of pH changes in the medium, and a CO2 evolution test.  

The rise in microbial populations on LDPE films buried in bio-

augmented and stimulated environments with nutrients can be 

attributed to their ability to facilitate strong biofilm formation, which 

may result in the depolymerisation of the polymer compounds. A 

recent scientific investigation of Enterobacter cloacae in soil samples 

yielded similar results, indicating strong biofilm formation on polymer 

strips (Sarker et al.,2020). A recent FDA analysis of LDPE films 

buried in agricultural soil revealed similar biofilm formation attributed 

to prolonged incubation with potential bacterial strains isolated from 

plastic dumpsites (Pathak & Navneet,2017).  

The protein estimation enabled us to determine the presence of 

bacterial cultures in the logarithmic phase on LDPE films buried in the 

soil samples (Ji et al.,2024). It complements the biomass count and 

FDA results.  

The pH change of the soil samples was an indirect measure of biofilm 

formation on the LDPE films mixed in each experimental setup. 

Compared to the control soil setup, the reduction in pH in other 

experiment setups indicates the catalytic activities of microbes utilising 

LDPE films as an energy source (Bhattacharya & Gupta,2021).  

Numerous scientific investigations have demonstrated that plastic 

components in the soil can affect the soil's organic carbon pool and 

accelerate its conversion to CO2, in addition to producing end products 

such as CH4 and H2O (Guo et al.,2023). Therefore, Scientists regarded 
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the rate of CO2 release as an indirect measure of LDPE degradation 

(Ali et al.,2016). This study assessed the metabolic activities of 

periodic soil microcosm studies by respirometric analyses. The CO2 

evolution in our research can be attributed to microbial activities on 

soil organic carbon (SOC) and inorganic carbon (SIC), or the microbial 

mineralisation of LDPE films mixed with the soil samples (Cao et 

al.,2022; Janzen,2004). Adding isolated microbes to the soil samples 

can also alter LDPE films buried in soil by modifying the soil structure 

and microbial interactions (Romano et al.,2024). Several earlier 

scientific reports have demonstrated that the mineral stimulation of soil 

samples can enhance the biodegradation of polymeric compounds 

(Escalante et al.,2015; Hou et al.,2019). Consequently, our study 

revealed the maximum CO2 generation in the soil experimental setup 

alongside LDPE sheets treated with simulated bacterial species and 

minerals. Several prior research studies have demonstrated that the 

CO2 emissions from LDPE films buried in soil are consistent with the 

findings of our microcosm experiment (Muliadi et al.,2021; Xiong et 

al.,2023).  

Another important analysis to establish the efficacy of bacterial strains 

in different soil experiment setups was the weight loss of LDPE film 

experiments after 120 days of incubation. Our soil mesocosm tests for 

weight loss produced far larger percentages than those documented in 

numerous prior studies (Montazer et al.,2020; Sarker et al.,2021).  

Later, the robust biofilm formation and biodegradation on LDPE films 

in the bacterial augmented cum mineral mineral-stimulated soil 

experiment were demonstrated through various validation experiments, 
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including SEM, AFM, FTIR, and GC-MS analyses. The scanning 

electron micrographs of LDPE films from each soil experiment 

revealed the exfoliation of LDPE films and the formation of biofilms 

on their inner surfaces, characterised by pits, cracks, grooves, and 

fissures. These can reduce the structural integrity of the polymer by 

exposing crystalline regions, thereby facilitating further microbial 

catalytic activities (Harrat et al.,2024). Multiple prior investigations 

have demonstrated that surface modifications caused by bacterial 

strains combined with soil samples persist for over six months (Basim 

et al.,2022). Conversely, a few studies have examined the effectiveness 

of microbial strains in soil biodegradation trials lasting 100 to 120 days 

(Barral & Stenson,2020; Nademo et al.,2023).  

The present study's AFM micrograph and surface parameter analyses 

proved the efficacy of isolated bacterial strains on the polymer surface. 

The current study yielded significantly higher roughness data than 

previous studies on LDPE films buried in soil (Hou et al.,2019; 

Sridharan et al.,2021).  

Many recent FTIR studies of LDPE films augmented with bacterial 

strains in soil and stimulated with mineral salt broth have revealed 

several chemical alterations on the polymer surface (Roy et al.,2021; 

Zhu et al.,2021). The production of carbonyl groups marks the initial 

stage in biodegradation, ultimately leading to the synthesis of 

carboxylic acid groups (Sharma & Neelam,2023). This compound can 

be broken down into simpler compounds through the citric acid cycle. 

Moreover, the peaks between 900 and 1350 cm-1 indicate the presence 

of oxygen functional groups, such as ethers, alcohols, or esters. It 
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manifests the bacterial enzymatic reaction on the LDPE films, and 

these moieties further degrade into new chemical compounds (Khan et 

al.,2023). The nitro and amine groups are novel functional groups in 

the polymer surface spectrum. It may be due to bio-adherence and its 

enzymatic reaction, which utilises the compound as its energy source.  

Carbonyl and internal double bonds on polymer surfaces indicate the 

catalytic activities of microbial strains (Lokesh et al.,2023; Moharir & 

Kumar,2021; Rong et al.,2024). The presence of oxidoreductase 

enzymes in the isolated strains may be the reason behind the formation 

of keto and ester bonds on the LDPE films (Albertsson et al.,1998). 

The significant changes in FTIR indices of LDPE films treated with 

bacterial strains, compared to those of control LDPE films, validate the 

disruption of the ordered arrangement of the polymer, which results in 

a reduction of its crystallinity. These high rates of chemical changes in 

LDPE films validate the robust biofilm formation and chemical 

reactions, such as oxidation, hydrolysis, internal bond formation, and 

esterification, which may eventually lead to the biodegradation of 

polymer films (Mohanan et al.,2020). The significant difference in the 

FTIR index value may be due to the increased bio-attachment of 

strains to the polymer surface.  

Chemical and molecular changes in polymer films can reduce 

crystallinity and introduce amorphous surfaces. These amorphous 

surfaces with unstable carbon chains have been proven to be specific 

targets for bacterial degradation (Lear et al.,2021). It severely affects 

the three-dimensional structures of LDPE film crystallinity.  
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All the GC-MS spectra of bacterial-treated films showed intermediates 

of polymer degradation, such as alkanes and fatty acid ester-degrading 

components. In contrast to the control spectrum, the Bacillus cereus 

NJD1-treated LDPE film showed a reduced number of peaks in its 

chromatogram. However, the other strains treated with LDPE films 

exhibited chemical changes resulting from the catalytic activities of the 

microbial strains. Moreover, the chromatograph of consortium-treated 

LDPE films revealed the presence of acid compounds and alkane 

intermediates involved in the biodegradation of the LDPE's essential 

chain and stabilisers. The intermediate compounds detected in the 

LDPE films in the soil microcosm experiments demonstrated an 

identical pathway to those generated by mixing the polymeric strips in 

the mineral salt media with the same bacterial strains or consortium for 

120 days of incubation. Similar intermediates have been identified in 

numerous earlier investigations as indicators of LDPE biodegradation 

(Mazaheri & Nazeri,2023; Redko et al.,2024; Sangale et al.,2019).  

6.7 Conclusion 

Our current analyses evaluated the efficacy of isolated strains from 

long-term depots in bio-augmenting LDPE films mixed into garden 

soil. The bacterial strains for the in situ studies were Bacillus cereus 

NJD1, Pseudomonas aeruginosa NJD2, and Micrococcus luteus NJD3. 

Moreover, we checked the potential of the consortium of these strains, 

formulated in laboratory conditions, on LDPE strips. Bacterial-

augmented soil microcosm setups, both with and without mineral 

stimulation, were evaluated for enhanced remediation of polymers. We 

observed improved bacterial biofilm formation in LDPE films 
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incorporated into a mineral-stimulated soil microcosm compared to a 

bacterial-augmented soil sample mixed with polymer strips. SEM, 

AFM, FTIR, and GC-MS analyses validated this. Hence, it has 

demonstrated the comprehending functions of isolated bacterial strains 

for a cost-effective, eco-friendly, and sustainable mechanism to bio-

remediate xenobiotic compounds, such as LDPE films, in mineral-

stimulated soils.  
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CHAPTER 7 

CONCLUSION AND MAJOR 

OUTCOMES 

 

White pollution due to plastic materials has become a daunting threat 

to our environment. Low-density polyethylene material, the most 

common plastic material in the packaging industry, after use ends up in 

plastic depots in the ecosystem. Now, the current world is struggling to 

properly manage and recover resources from such a huge amount of 

plastic waste. Primary contributing factors such as the absence of 

technical skills to manage toxic waste, deficient infrastructure for 

recycling and recovery, and a general unawareness of legal guidelines 

are fuelling the escalating plastic waste burden. The contemporary 

research by scientists for the cost-effective and environment-friendly 

degradation of LDPE-like plastic compounds proved the accelerated 

pace of microbial inocula.  Therefore, in our current study, we aimed 

to isolate and identify potential bacterial strains from the natural depot. 

Further, we tried to formulate an effective consortium in lab conditions 

for the enhanced breakdown of toxic and recalcitrant polymeric chains 

to non-toxic intermediate compounds, which can further mineralise to 

CO2 and H2O. Moreover, our study focused on to augmentation of the 

isolated strain or consortium in garden soil and enhancing its activities 

in the presence of nutrients. 

This study systematically evaluated the biodegradation potential of 

indigenous bacterial strains isolated from long-term landfill soils of 
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Kerala (Alathur, Laloor, and Bhramapuram). The key outcomes are as 

follows: 

1. Isolation and Identification of Bacterial Strains 

❖ From enriched landfill soils, three potent LDPE-degrading 

strains were identified: 

▪ Bacillus cereus NJD1 (OLA823002.1) 

▪ Pseudomonas aeruginosa NJD2 (OL823063) 

▪ Micrococcus luteus NJD3 (OL823065) 

❖ Identification was confirmed through morphological, 

biochemical, 16S rDNA sequencing, and MALDI-TOF 

analyses. 

2. LDPE Degradation Efficiency 

❖ Individual strains demonstrated significant LDPE 

biodegradation under static culture conditions in carbon-free 

mineral salt medium (CFLMSM). 

❖ Bacillus cereus NJD1 showed the highest degradation 

efficiency (42.73 ± 1.105%), followed by Micrococcus luteus 

NJD2 (40.22 ± 2.04%) and Pseudomonas aeruginosa NJD3 

(39.7 ± 1.27%) over 120 days. 

  



Conclusion and Major Outcomes 

 

 349 

3. Biofilm Formation and Enzymatic Support 

❖ All strains formed robust biofilms, confirmed by biomass 

quantification, viable counts, protein estimation, EPS analysis, 

and pH variation. 

❖ Enzyme assays revealed production of laccases, lipases, and 

proteases in all strains. Additionally, Pseudomonas biofilms 

exhibited lignin peroxidase and manganese peroxidase activity, 

while Micrococcus biofilms demonstrated esterase activity. 

❖ Biosurfactants were detected in all isolates and characterised as 

lipoproteins via FTIR analysis. 

❖ Among all strains, Bacillus cereus NJD1 consistently showed 

the highest degradation efficacy and strongest biofilm 

formation. 

4. Consortium Formulation and Synergistic Activity 

❖ An artificial consortium comprising the three strains 

demonstrated enhanced degradation performance. 

❖ The consortium achieved 54.67 ± 1.28% LDPE weight 

reduction, surpassing individual strain performance. 

❖ Degradation was supported by robust biofilm formation and 

multi-enzyme activity, validated through FTIR, AFM, SEM-

EDAX, UTM-tensile testing, and GC-MS analyses. 
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5. Soil Microcosm Experiments 

❖ Bioaugmentation and biostimulation strategies were tested in 

garden soil microcosms supplemented with LDPE films. 

❖ After 120 days, control setups with LDPE alone (ET1) showed 

nutrient depletion (N, P, K, organic carbon), while inoculated 

setups exhibited nutrient enrichment due to microbial activity. 

❖ Bacterial adherence to LDPE in soil was confirmed via biomass 

counts, protein estimation, pH changes, CO₂ evolution, and 

weight loss. 

❖ The environmental relevance of these bacterial strains was 

evaluated using bioaugmented cum biostimulated soil 

microcosm setups, with validation provided by SEM, AFM, 

FTIR, and GC-MS investigations. 

In conclusion, these strains—individually or as consortia—represent 

promising candidates for the eco-friendly bioremediation of LDPE 

plastic waste, offering a potential sustainable solution for mitigating 

plastic pollution in our ecosystem. 
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RECOMMENDATIONS 

 

This experiment effectively isolated indigenous bacterial strains from 

plastic landfill environments to break down LDPE films. In the current 

study, we demonstrated the catalytic activity of bacterial strains in a 

medium devoid of carbon sources under room-temperature static 

culture conditions. Through multiple preliminary analyses, we 

demonstrated the efficacy of bacterial strains in adhering to and 

degrading refractory substances such as LDPE strips. Additionally, we 

confirmed their degrading efficiency via weight loss, FTIR, SEM, 

AFM, WCA measurement, tensile testing, and GC-MS analysis. 

Furthermore, we utilised the most potent bacterial strains isolated from 

plastic landfill spots to formulate an effective bacterial consortium in 

lab conditions. Finally, we proved the efficacy of strains in garden soil 

mixed with LDPE strips to degrade the polymer pieces. This method 

demonstrated the eco-biotechnological utilisation of Indigenous 

bacteria to mitigate the dreadful effects of white pollution.  

Further, this detailed investigation proposes the following 

recommendations to extend our research to eradicate LDPE 

accumulation around the globe. 

• Genomic and Enzymatic Profiling: 

Future studies should focus on whole-genome sequencing and 

bioinformatics analysis of the most efficient bacterial strains to 

identify key genes and enzymes responsible for LDPE 

degradation. This can help understand the metabolic pathways 
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and aid in potential genetic engineering for enhanced 

degradation. 

• Enzyme Isolation and Characterisation: 

Isolate and purify LDPE-degrading enzymes from the effective 

strains. Characterising these enzymes under different 

environmental conditions can facilitate their direct application 

in waste treatment or industrial processes. 

• Scale-up and Pilot Studies: 

Implement pilot-scale biodegradation units using the selected 

strains or consortia in landfill-mimicking conditions to evaluate 

their practical applicability and scalability in real-world plastic 

waste management systems. 

• Bioreactor Design and Optimisation: 

Design bioreactors tailored for continuous or batch LDPE 

degradation, integrating optimal parameters such as 

temperature, pH, moisture, and aeration for maximum 

microbial activity. 

• Eco-Toxicological Assessment: 

Assess the environmental impact of biodegradation by-products 

to ensure that the process is eco-friendly and does not lead to 

secondary pollution. 

• Integration with Waste Management Systems: 

Collaborate with municipal waste management authorities to 

integrate microbial degradation with existing plastic recycling 

or disposal systems, especially in regions with high LDPE 

waste accumulation. 



Bibliography 

 353 

BIBLIOGRAPHY 

 

1. Abdul, B. A. A. (Ed.). (2020). Microbial Biofilms: Properties and 

Applications in the Environment, Agriculture, and Medicine (1st ed.). 

CRC Press. https://doi.org/10.1201/9780367415075 

2. Abdul Rahman, N. S. N., Abdul Hamid, N. W., & Nadarajah, K. 

(2021). Effects of Abiotic Stress on Soil Microbiome. Int J Mol Sci, 

22(16), 9036. https://doi.org/10.3390/ijms22169036 

3. Abe, M. M., Martins, J. R., Sanvezzo, P. B., Macedo, J. V., 

Branciforti, M. C., Halley, P., Botaro, V. R., & Brienzo, M. (2021). 

Advantages and Disadvantages of Bioplastics Production from Starch 

and Lignocellulosic Components. Polymers (Basel), 13(15), 2484. 

https://doi.org/10.3390/polym13152484 

4. Abo ElSouad, S. (2025). Biodegradation of Low-density 

Polyethylene LDPE) Strips from Waste Plastic Bags Using Marine-

derived Fungi. Journal of Applied Biotechnology Reports, 12(1). 

https://doi.org/10.30491/jabr.2024.455262.1727 

5. Abraham, J., Ghosh, E., Mukherjee, P., & Gajendiran, A. (2017). 

Microbial degradation of low density polyethylene. Environmental 

Progress & Sustainable Energy, 36(1), 147–154. https://doi.org/ 

10.1002/ep.12467 

6. Abubakar, A., Abioye, O. P., Aransiola, S. A., Maddela, N. R., & 

Prasad, R. (2024). Crude oil biodegradation potential of lipase 

produced by Bacillus subtilis and Pseudomonas aeruginosa isolated 

from hydrocarbon contaminated soil. Environmental Chemistry and 

Ecotoxicology, 6, 26–32. https://doi.org/10.1016 /j.enceco. 

2023.12.001 

7. Abusham, R. A., Rahman, R. N. Z. R., Salleh, A. B., & Basri, M. 

(2009). Optimization of physical factors affecting the production of 

thermo-stable organic solvent-tolerant protease from a newly isolated 

halo tolerant Bacillus subtilis strain Rand. Microb Cell Fact, 8, 20. 

https://doi.org/10.1186/1475-2859-8-20 

8. Achilias, D. S., Roupakias, C., Megalokonomos, P., Lappas, A. A., & 

Antonakou, Ε. V. (2007). Chemical recycling of plastic wastes made 

from polyethylene (LDPE and HDPE) and polypropylene (PP). 

Journal of Hazardous Materials, 149(3), 536–542. 

https://doi.org/10.1016/j.jhazmat.2007.06.076 



Bibliography 

 354 

9. Adithama, R. M., Munifah, I., Yanto, D. H. Y., & Meryandini, A. 

(2023). Biodegradation of low-density polyethylene microplastic by 

new halotolerant bacteria isolated from saline mud in Bledug Kuwu, 

Indonesia. Bioresource Technology Reports, 22, 101466. 

https://doi.org/10.1016/j.biteb.2023.101466 

10. Afonso, A. S., & Fidelis, L. (2023). The fate of plastic-wearing 

sharks: Entanglement of an iconic top predator in marine debris. 

Marine Pollution Bulletin, 194, 115326. https://doi.org/10.1016/ 

j.marpolbul.2023.115326 

11. Agamuthu, P., & Babel, S. (2023). Waste management developments 

in the last five decades: Asian perspective. Waste Management & 

Research, 41(12), 1699–1716. https://doi.org/10.1177/073424 

2X231199938 

12. Agarwal, T., Atray, N., & Sharma, J. G. (2024). A critical 

examination of advanced approaches in green chemistry: Microbial 

bioremediation strategies for sustainable mitigation of plastic 

pollution. Future Journal of Pharmaceutical Sciences, 10(1), 78. 

https://doi.org/10.1186/s43094-024-00645-x 

13. Ahmed, T., Noman, M., Qi, Y., Shahid, M., Hussain, S., Masood, H. 

A., Xu, L., Ali, H. M., Negm, S., El-Kott, A. F., Yao, Y., Qi, X., & 

Li, B. (2023). Fertilization of Microbial Composts: A Technology for 

Improving Stress Resilience in Plants. Plants, 12(20), Article 20. 

https://doi.org/10.3390/plants12203550 

14. Ahmed, T., Shahid, M., Azeem, F., Rasul, I., Shah, A. A., Noman, 

M., Hameed, A., Manzoor, N., Manzoor, I., & Muhammad, S. 

(2018). Biodegradation of plastics: Current scenario and future 

prospects for environmental safety. Environ Sci Pollut Res, 25(8), 

7287–7298. https://doi.org/10.1007/s11356-018-1234-9 

15. Akan, O. D., Udofia, G. E., Okeke, E. S., Mgbechidinma, C. L., 

Okoye, C. O., Zoclanclounon, Y. A. B., Atakpa, E. O., & Adebanjo, 

O. O. (2021). Plastic waste: Status, degradation and microbial 

management options for Africa. Journal of Environmental 

Management, 292, 112758. https://doi.org/10.1016/j.jenvman. 

2021.112758 

16. Akash, K., Parthasarathi, R., Elango, R., & Bragadeeswaran, S. 

(2025). Exploring the plastic-fed Indian mealworm (Tenebrio 

molitor) gut bacterial strain (Bacillus subtilis AP-04) – A potential 

driver of polyethylene degradation. Journal of Hazardous Materials, 

486, 137022. https://doi.org/10.1016/j.jhazmat.2024.137022 



Bibliography 

 355 

17. Akram, F., Ashraf, S., Haq, I. U., Shah, F. I., & Aqeel, A. (2022). 

Eminent Industrial and Biotechnological Applications of Laccases 

from Bacterial Source: A Current Overview. Appl Biochem 

Biotechnol, 194(5), 2336–2356. https://doi.org/10.1007/s12010-021-

03781-9 

18. Alaidaroos, B. A. (2023). Advancing Eco-Sustainable 

Bioremediation for Hydrocarbon Contaminants: Challenges and 

Solutions. Processes, 11(10), Article 10. https://doi.org/10.3390/ 

pr11103036 

19. Alamer, N. J., Aldayel, M. F., & Khalifa, A. (2023). Isolation and 

Characterization of Brucella spp., Low-Density Polyethylene (LDPE) 

Plastic Degrading Bacteria in Al-Ahsa Region, Saudi Arabia. Applied 

Sciences, 13(7), 4629. https://doi.org/10.3390/app13074629 

20. Alamer, N. J., Aldayel, Munirah. F., & Khalifa, A. (2024). 

Cytobacillus sp. Strain HMBC3 from Saudi Arabian Soil Degrades 

Low-Density Polyethylene. Journal of Microbiology and 

Biotechnology, 35, e2409023. https://doi.org/10.4014/jmb. 

2409.09023 

21. Alamri, M. S., Qasem, A. A. A., Mohamed, A. A., Hussain, S., 

Ibraheem, M. A., Shamlan, G., Alqah, H. A., & Qasha, A. S. (2021). 

Food packaging’s materials: A food safety perspective. Saudi J Biol 

Sci, 28(8), 4490–4499. https://doi.org/10.1016/j.sjbs.2021.04.047 

22. Albertsson, A.-C., Erlandsson, B., Hakkarainen, M., & Karlsson, S. 

(1998). Molecular Weight Changes and Polymeric Matrix Changes 

Correlated with the Formation of Degradation Products in 

Biodegraded Polyethylene. Journal of Polymers and the 

Environment, 6(4), 187–195. https://doi.org/10.1023/A:1021873 

631162 

23. Ali, N. S., Huang, F., Qin, W., & Yang, T. C. (2022). Identification 

and Characterization of a New Serratia proteamaculans Strain That 

Naturally Produces Significant Amount of Extracellular Laccase. 

Frontiers in Microbiology, 13. https://doi.org/10.3389/fmicb. 

2022.878360 

24. Ali, S. S., Elsamahy, T., Al-Tohamy, R., Zhu, D., Mahmoud, Y. A.-

G., Koutra, E., Metwally, M. A., Kornaros, M., & Sun, J. (2021). 

Plastic wastes biodegradation: Mechanisms, challenges and future 

prospects. Science of The Total Environment, 780, 146590. 

https://doi.org/10.1016/j.scitotenv.2021.146590 



Bibliography 

 356 

25. Ali, S. S., Elsamahy, T., Koutra, E., Kornaros, M., El-Sheekh, M., 

Abdelkarim, E. A., Zhu, D., & Sun, J. (2021). Degradation of 

conventional plastic wastes in the environment: A review on current 

status of knowledge and future perspectives of disposal. Sci Total 

Environ, 771, 144719. https://doi.org/10.1016/ j.scitotenv. 

2020.144719 

26. Ali, S. S., Elsamahy, T., Zhu, D., & Sun, J. (2023). Biodegradability 

of polyethylene by efficient bacteria from the guts of plastic-eating 

waxworms and investigation of its degradation mechanism. Journal 

of Hazardous Materials, 443, 130287. https://doi.org/10.1016 

/j.jhazmat.2022.130287 

27. Ali, S. S., Qazi, I. A., Arshad, M., Khan, Z., Voice, T. C., & 

Mehmood, Ch. T. (2016). Photocatalytic degradation of low density 

polyethylene (LDPE) films using titania nanotubes. Environmental 

Nanotechnology, Monitoring & Management, 5, 44–53. 

https://doi.org/10.1016/j.enmm.2016.01.001 

28. Ali Shah, A., Hasan, F., Shah, Z., Kanwal, N., & Zeb, S. (2013). 

Biodegradation of natural and synthetic rubbers: A review. 

International Biodeterioration & Biodegradation, 83, 145–157. 

https://doi.org/10.1016/j.ibiod.2013.05.004 

29. Alippi, A. M., & Abrahamovich, E. (2019). HiCrome Bacillus agar 

for presumptive identification of Bacillus and related species isolated 

from honey samples. International Journal of Food Microbiology, 

305, 108245. https://doi.org/10.1016/j.ijfoodmicro.2019.108245 

30. Allen, S., Allen, D., Karbalaei, S., Maselli, V., & Walker, T. R. 

(2022). Micro(nano)plastics sources, fate, and effects: What we know 

after ten years of research. Journal of Hazardous Materials 

Advances, 6, 100057. https://doi.org/10.1016/j.hazadv.2022.100057 

31. Alqasim, A., Jaffal, A. A., Almutairi, N., & Alyousef, A. A. (2021). 

Comparative phenotypic characterization identifies few differences in 

the metabolic capacity between Escherichia coli ST131 subclones. 

Saudi J Biol Sci, 28(1), 762–769. https://doi.org/10.1016/ 

j.sjbs.2020.11.008 

32. Amato-Lourenço, L. F., Carvalho-Oliveira, R., Júnior, G. R., dos 

Santos Galvão, L., Ando, R. A., & Mauad, T. (2021). Presence of 

airborne microplastics in human lung tissue. Journal of Hazardous 

Materials, 416, 126124. https://doi.org/10.1016/ j.jhazmat.2021. 

126124 



Bibliography 

 357 

33. Ameen, F., Moslem, M., Hadi, S., & Al-Sabri, A. E. (2015). 

Biodegradation of low density polyethylene (LDPE) by mangrove 

fungi from the red sea coast. Progress in Rubber, Plastics and 

Recycling Technology, 31(2), 125–144. https://doi.org/10.1177/ 

147776061503100204 

34. Amobonye, A., Bhagwat, P., Singh, S., & Pillai, S. (2021). Plastic 

biodegradation: Frontline microbes and their enzymes. Sci Total 

Environ, 759, 143536. https://doi.org/10.1016/j.scitotenv. 

2020.143536 

35. Anand, U., Dey, S., Bontempi, E., Ducoli, S., Vethaak, A. D., Dey, 

A., & Federici, S. (2023). Biotechnological methods to remove 

microplastics: A review. Environ Chem Lett, 21(3), 1787–1810. 

https://doi.org/10.1007/s10311-022-01552-4 

36. Andrade, M. C., Winemiller, K. O., Barbosa, P. S., Fortunati, A., 

Chelazzi, D., Cincinelli, A., & Giarrizzo, T. (2019). First account of 

plastic pollution impacting freshwater fishes in the Amazon: 

Ingestion of plastic debris by piranhas and other serrasalmids with 

diverse feeding habits. Environmental Pollution, 244, 766–773. 

https://doi.org/10.1016/j.envpol.2018.10.088 

37. Andrady, A. L., & Neal, M. A. (2009). Applications and societal 

benefits of plastics. Philos Trans R Soc Lond B Biol Sci, 364(1526), 

1977–1984. https://doi.org/10.1098/rstb.2008.0304 

38. Angnunavuri, P. N., Attiogbe, F., & Mensah, B. (2020). 

Consideration of emerging environmental contaminants in africa: 

Review of occurrence, formation, fate, and toxicity of plastic 

particles. Scientific African, 9, e00546. https://doi.org/ 

10.1016/j.sciaf.2020.e00546 

39. Archibald, F. S. (1992). A new assay for lignin-type peroxidases 

employing the dye azure B. Applied and Environmental 

Microbiology, 58(9), 3110–3116. https://doi.org/10.1128/aem. 

58.9.3110-3116.1992 

40. Asare, P. T., Lee, C.-H., Hürlimann, V., Teo, Y., Cuénod, A., 

Akduman, N., Gekeler, C., Afrizal, A., Corthesy, M., Kohout, C., 

Thomas, V., de Wouters, T., Greub, G., Clavel, T., Pamer, E. G., 

Egli, A., Maier, L., & Vonaesch, P. (2023). A MALDI-TOF MS 

library for rapid identification of human commensal gut bacteria 

from the class Clostridia. Front Microbiol, 14, 1104707. 

https://doi.org/10.3389/fmicb.2023.1104707 



Bibliography 

 358 

41. Asghari Ozma, M., Mahmoodzadeh Hosseini, H., Ataee, M. H., & 

Mirhosseini, S. A. (2024). Evaluating the antibacterial, antibiofilm, 

and anti-toxigenic effects of postbiotics from lactic acid bacteria on 

Clostridium difficile. Iranian Journal of Microbiology, 16(4), 497–

508. https://doi.org/10.18502/ijm.v16i4.16309 

42. Auta, H. S., Emenike, C. U., Jayanthi, B., & Fauziah, S. H. (2018). 

Growth kinetics and biodeterioration of polypropylene microplastics 

by Bacillus sp. And Rhodococcus sp. Isolated from mangrove 

sediment. Mar Pollut Bull, 127, 15–21. https://doi.org/10.1016/ 

j.marpolbul.2017.11.036 

43. Awasthi, S., Srivastava, N., Singh, T., Tiwary, D., & Mishra, P. K. 

(2017). Biodegradation of thermally treated low density polyethylene 

by fungus Rhizopus oryzae NS 5. 3 Biotech, 7(1), 73. 

https://doi.org/10.1007/s13205-017-0699-4 

44. Bala, S., Garg, D., Thirumalesh, B. V., Sharma, M., Sridhar, K., 

Inbaraj, B. S., & Tripathi, M. (2022). Recent Strategies for 

Bioremediation of Emerging Pollutants: A Review for a Green and 

Sustainable Environment. Toxics, 10(8), 484. 

https://doi.org/10.3390/toxics10080484 

45. Balasubramanian, V., Natarajan, K., Hemambika, B., Ramesh, N., 

Sumathi, C. S., Kottaimuthu, R., & Rajesh Kannan, V. (2010). High-

density polyethylene (HDPE)-degrading potential bacteria from 

marine ecosystem of Gulf of Mannar, India. Lett Appl Microbiol, 

51(2), 205–211. https://doi.org/10.1111/j.1472-765X.2010.02883.x 

46. Bandopadhyay, S., Martin-Closas, L., Pelacho, A. M., & DeBruyn, J. 

M. (2018). Biodegradable Plastic Mulch Films: Impacts on Soil 

Microbial Communities and Ecosystem Functions. Frontiers in 

Microbiology, 9. https://doi.org/10.3389/fmicb.2018.00819 

47. Bardaji, D. K. R., Furlan, J. P. R., & Stehling, E. G. (2019). Isolation 

of a polyethylene degrading Paenibacillus sp. From a landfill in 

Brazil. Arch Microbiol, 201(5), 699–704. 

https://doi.org/10.1007/s00203-019-01637-9 

48. Barone, G. D., Rodríguez-Seijo, A., Parati, M., Johnston, B., Erdem, 

E., Cernava, T., Zhu, Z., Liu, X., Axmann, I. M., Lindblad, P., & 

Radecka, I. (2024). Harnessing photosynthetic microorganisms for 

enhanced bioremediation of microplastics: A comprehensive review. 

Environmental Science and Ecotechnology, 20, 100407. 

https://doi.org/10.1016/j.ese.2024.100407 



Bibliography 

 359 

49. Barral, A. M., & Stenson, B. (2020). Enrichment of Microbes 

Potentially Degrading Polyethylene Using a Microcosm Approach. 

Fine Focus, 6, 84–101. https://doi.org/10.33043/FF.6.1.84-101 

50. Basaran, B., Yorgancioglu, A., & Onem, E. (2012). A novel 

approach in leather finishing: Surface modification with flock fibers. 

Textile Research Journal, 82(15), 1509–1516. https://doi.org/ 

10.1177/0040517512449048 

51. Basim, Y., Mohebali, G., Jorfi, S., Nabizadeh, R., Moghadam, M. A., 

Ghadiri, A., & Haghighi Fard, N. J. (2022). Bacterial strains diversity 

in contaminated soils and their potential for bioremediation of total 

petroleum hydrocarbons in south west of Iran. Journal of 

Environmental Health Science and Engineering, 20(2), 601–608. 

https://doi.org/10.1007/s40201-020-00592-8 

52. Baskaran, S., & Sathiavelu, M. (2022). Bioaugmentation and 

biostimulation of dumpsites for plastic degradation. In Cost Effective 

Technologies for Solid Waste and Wastewater Treatment (pp. 9–23). 

Elsevier. https://doi.org/10.1016/B978-0-12-822933-0.00015-2 

53. Bautista-Zamudio, P. A., Flórez-Restrepo, M. A., López-Legarda, X., 

Monroy-Giraldo, L. C., & Segura-Sánchez, F. (2023). 

Biodegradation of plastics by white-rot fungi: A review. Science of 

The Total Environment, 901, 165950. https://doi.org/ 

10.1016/j.scitotenv.2023.165950 

54. Beaussart, A., Baker, A. E., Kuchma, S. L., El-Kirat-Chatel, S., 

O’Toole, G. A., & Dufrêne, Y. F. (2014). Nanoscale Adhesion 

Forces of Pseudomonas aeruginosa Type IV Pili. ACS Nano, 8(10), 

10723–10733. https://doi.org/10.1021/nn5044383 

55. Behuria, P. (2021). Ban the (plastic) bag? Explaining variation in the 

implementation of plastic bag bans in Rwanda, Kenya and Uganda. 

Environment and Planning C: Politics and Space, 39(8), 1791–1808. 

https://doi.org/10.1177/2399654421994836 

56. Ben Said, S., & Or, D. (2017). Synthetic Microbial Ecology: 

Engineering Habitats for Modular Consortia. Front. Microbiol., 8. 

https://doi.org/10.3389/fmicb.2017.01125 

57. Benson, N. U., Bassey, D. E., & Palanisami, T. (2021). COVID 

pollution: Impact of COVID-19 pandemic on global plastic waste 

footprint. Heliyon, 7(2). https://doi.org/10.1016/j.heliyon. 

2021.e06343 



Bibliography 

 360 

58. Berry, K. L. E., Epstein, H. E., Lewis, P. J., Hall, N. M., & Negri, A. 

P. (2019). Microplastic Contamination Has Limited Effects on Coral 

Fertilisation and Larvae. Diversity, 11(12), 228. https://doi.org/ 

10.3390/d11120228 

59. Bhadra, U., & Mishra, P. P. (2021). Extended Producer 

Responsibility in India: Evidence from Recykal, Hyderabad. Journal 

of Urban Management, 10(4), 430–439. https://doi.org/ 

10.1016/j.jum.2021.07.003 

60. Bhagwat, G., O’Connor, W., Grainge, I., & Palanisami, T. (2021). 

Understanding the Fundamental Basis for Biofilm Formation on 

Plastic Surfaces: Role of Conditioning Films. Front Microbiol, 12, 

687118. https://doi.org/10.3389/fmicb.2021.687118 

61. Bhardwaj, H., Gupta, R., & Tiwari, A. (2013). Communities of 

Microbial Enzymes Associated with Biodegradation of Plastics. J 

Polym Environ, 21(2), 575–579. https://doi.org/10.1007/s10924-012-

0456-z 

62. Bhardwaj, K. K., Dogra, A., Kapoor, S., Mehta, A., & Gupta, R. 

(2020). Purification and Properties of an Esterase from Bacillus 

licheniformis and it’s Application in Synthesis of Octyl Acetate. The 

Open Microbiology Journal, 14(1), 113–121. 

https://doi.org/10.2174/1874285802014010113 

63. Bhatia, S. K., Bhatia, R. K., Choi, Y.-K., Kan, E., Kim, Y.-G., & 

Yang, Y.-H. (2018). Biotechnological potential of microbial 

consortia and future perspectives. Crit Rev Biotechnol, 38(8), 1209–

1229. https://doi.org/10.1080/07388551.2018.1471445 

64. Bhatt, P., Gangola, S., Bhandari, G., Zhang, W., Maithani, D., 

Mishra, S., & Chen, S. (2021). New insights into the degradation of 

synthetic pollutants in contaminated environments. Chemosphere, 

268, 128827. https://doi.org/10.1016/j.chemosphere.2020.128827 

65. Bhattacharya, R. P., & Gupta, H. A. S. (2021). A Study on 

Comparison of Efficiency of Low-Density Polythene (LDPE) 

Degradation Under Aerobic and Anaerobic Conditions by 

Microorganisms Isolated from Soil. International Journal of 

Scientific Research in Science and Technology, 326–334. 

https://doi.org/10.32628/IJSRST218249 

66. Bhinge, S. D., Nayakal, P. D., Bhutkar, M. A., Jagtap, A., Gade, V., 

Jadhav, N. R., & Jadhav, S. T. (2025). Synergistic anti-inflammatory 

effects of curcumin and ginger oil: A potential alternative to steroid 



Bibliography 

 361 

therapy. South African Journal of Botany, 180, 369–377. 

https://doi.org/10.1016/j.sajb.2025.03.006 

67. Bidashimwa, D., Hoke, T., Huynh, T. B., Narkpitaks, N., 

Priyonugroho, K., Ha, T. T., Burns, A., & Weissman, A. (2023). 

Plastic pollution: How can the global health community fight the 

growing problem? BMJ Glob Health, 8(Suppl 3), e012140. 

https://doi.org/10.1136/bmjgh-2023-012140 

68. Bijesh, K., Thomas, S., & Sebastian, D. (2015). Co-production of 

Pectinase and Biosurfactant by the Newly Isolated Strain Bacillus 

subtilis BKDS1. British Microbiology Research Journal, 10, 1–12. 

https://doi.org/10.9734/BMRJ/2015/19627 

69. Biki, S. P., Mahmud, S., Akhter, S., Rahman, Md. J., Rix, J. J., Al 

Bachchu, Md. A., & Ahmed, M. (2021). Polyethylene degradation by 

Ralstonia sp. Strain SKM2 and Bacillus sp. Strain SM1 isolated from 

land fill soil site. Environmental Technology & Innovation, 22, 

101495. https://doi.org/10.1016/j.eti.2021.101495 

70. Biko, O. D. V., Viljoen-Bloom, M., & van Zyl, W. H. (2020). 

Microbial lignin peroxidases: Applications, production challenges 

and future perspectives. Enzyme Microb Technol, 141, 109669. 

https://doi.org/10.1016/j.enzmictec.2020.109669 

71. Bîrcă, A., Gherasim, O., Grumezescu, V., & Grumezescu, A. M. 

(2019). Introduction in thermoplastic and thermosetting polymers. In 

Materials for Biomedical Engineering (pp. 1–28). Elsevier. 

https://doi.org/10.1016/B978-0-12-816874-5.00001-3 

72. Bockhorn, H., Hornung, A., Hornung, U., & Schawaller, D. (1999). 

Kinetic study on the thermal degradation of polypropylene and 

polyethylene. Journal of Analytical and Applied Pyrolysis, 48(2), 93–

109. https://doi.org/10.1016/S0165-2370(98)00131-4 

73. Bohutskyi, P., Ketter, B., Chow, S., Adams, K. J., Betenbaugh, M. J., 

Allnutt, F. C. T., & Bouwer, E. J. (2015). Anaerobic digestion of 

lipid-extracted Auxenochlorella protothecoides biomass for methane 

generation and nutrient recovery. Bioresource Technology, 183, 229–

239. https://doi.org/10.1016/j.biortech.2015.02.012 

74. Bolan, N. S., Kirkham, M. B., Halsband, C., Nugegoda, D., & Ok, Y. 

S. (Eds.). (2020). Particulate Plastics in Terrestrial and Aquatic 

Environments (1st ed.). CRC Press. https://doi.org/10.1201/ 

9781003053071 



Bibliography 

 362 

75. Bolan, S., Padhye, L. P., Jasemizad, T., Govarthanan, M., 

Karmegam, N., Wijesekara, H., Amarasiri, D., Hou, D., Zhou, P., 

Biswal, B. K., Balasubramanian, R., Wang, H., Siddique, K. H. M., 

Rinklebe, J., Kirkham, M. B., & Bolan, N. (2024). Impacts of climate 

change on the fate of contaminants through extreme weather events. 

Science of The Total Environment, 909, 168388. 

https://doi.org/10.1016/j.scitotenv.2023.168388 

76. Boonmak, C., Takahashi, Y., & Morikawa, M. (2014). Cloning and 

expression of three ladA-type alkane monooxygenase genes from an 

extremely thermophilic alkane-degrading bacterium Geobacillus 

thermoleovorans B23. Extremophiles, 18(3), 515–523. 

https://doi.org/10.1007/s00792-014-0636-y 

77. Boschi, A., Scieuzo, C., Salvia, R., Arias, C. F., Perez, R. P., 

Bertocchini, F., & Falabella, P. (2024). Beyond Microbial 

Biodegradation: Plastic Degradation by Galleria mellonella. J Polym 

Environ, 32(5), 2158–2177. https://doi.org/10.1007/s10924-023-

03084-6 

78. Bosco, F., & Mollea, C. (2021). Biodegradation of Natural Rubber: 

Microcosm Study. Water Air Soil Pollut, 232(6), 227. 

https://doi.org/10.1007/s11270-021-05171-7 

79. Boukherroub, R., & Szunerits, S. (2009). Wet Chemical Approaches 

for Chemical Functionalization of Semiconductor Nanostructures. In 

P. Schmuki & S. Virtanen (Eds.), Electrochemistry at the Nanoscale 

(pp. 183–248). Springer New York. https://doi.org/10.1007/978-0-

387-73582-5_5 

80. Bowman, J. S., & Deming, J. W. (2014). Alkane hydroxylase genes 

in psychrophile genomes and the potential for cold active catalysis. 

BMC Genomics, 15(1), 1120. https://doi.org/10.1186/1471-2164-15-

1120 

81. Boyer, R. F. (1981). Anecdotal History of Styrene and Polystyrene. 

Journal of Macromolecular Science: Part A - Chemistry, 15(7), 

1411–1434. https://doi.org/10.1080/00222338108056791 

82. Bradford, M. M. (1976). A rapid and sensitive method for the 

quantitation of microgram quantities of protein utilizing the principle 

of protein-dye binding. Analytical Biochemistry, 72(1), 248–254. 

https://doi.org/10.1016/0003-2697(76)90527-3 

83. Brady, P. N., & Macnaughtan, M. A. (2015). Evaluation of 

Colorimetric Assays for Analyzing Reductively Methylated Proteins: 



Bibliography 

 363 

Biases and Mechanistic Insights. Anal Biochem, 491, 43–51. 

https://doi.org/10.1016/j.ab.2015.08.027 

84. Brooks, A. L., Wang, S., & Jambeck, J. R. (2018). The Chinese 

import ban and its impact on global plastic waste trade. Science 

Advances, 4(6), eaat0131. https://doi.org/10.1126/sciadv.aat0131 

85. Buhori, A., Lee, J., Cha, M. J., Ahn, J. H., Han, S. O., Choi, J.-W., 

Kim, K. H., Ha, J.-M., Gong, G., & Yoo, C.-J. (2024). Synthesis of 

biosurfactants from polyethylene waste via an integrated chemical 

and biological process. Journal of Environmental Chemical 

Engineering, 12(5), 113322. https://doi.org/10.1016/j.jece. 

2024.113322 

86. Cabanes, A., Valdés, F. J., & Fullana, A. (2020). A review on VOCs 

from recycled plastics. Sustainable Materials and Technologies, 25, 

e00179. https://doi.org/10.1016/j.susmat.2020.e00179 

87. Cabigliera, S. B., Gaudioso, D., Chelazzi, D., Conti, L., Muzzi, B., 

Cantagalli, D., Cincinelli, A., Tegli, S., Jenkins, A., & Martellini, T. 

(2025). Isolation of a novel microplastic-degrading bacterial strain: A 

promising agent for low-density polyethylene remediation. 

Chemosphere, 379, 144400. https://doi.org/10.1016/j.chemosphere. 

2025.144400 

88. Cai, Z., Li, M., Zhu, Z., Wang, X., Huang, Y., Li, T., Gong, H., & 

Yan, M. (2023). Biological Degradation of Plastics and 

Microplastics: A Recent Perspective on Associated Mechanisms and 

Influencing Factors. Microorganisms, 11(7), 1661. 

https://doi.org/10.3390/microorganisms11071661 

89. Caldas, H., Jiang, Y., Holloway, M. P., Fangusaro, J., Mahotka, C., 

Conway, E. M., & Altura, R. A. (2005). Survivin splice variants 

regulate the balance between proliferation and cell death. Oncogene, 

24(12), 1994–2007. https://doi.org/10.1038/sj.onc.1208350 

90. Campanale, C., Massarelli, C., Savino, I., Locaputo, V., & Uricchio, 

V. F. (2020). A Detailed Review Study on Potential Effects of 

Microplastics and Additives of Concern on Human Health. Int J 

Environ Res Public Health, 17(4), E1212. https://doi.org/10.3390/ 

ijerph17041212 

91. Campen, M., Nihart, A., Garcia, M., Liu, R., Olewine, M., Castillo, 

E., Bleske, B., Scott, J., Howard, T., Gonzalez-Estrella, J., Adolphi, 

N., Gallego, D., & Hayek, E. E. (2024). Bioaccumulation of 

Microplastics in Decedent Human Brains Assessed by Pyrolysis Gas 



Bibliography 

 364 

Chromatography-Mass Spectrometry. Res Sq, rs.3.rs-4345687. 

https://doi.org/10.21203/rs.3.rs-4345687/v1 

92. Canopoli, L., Coulon, F., & Wagland, S. T. (2020). Degradation of 

excavated polyethylene and polypropylene waste from landfill. 

Science of The Total Environment, 698, 134125. 

https://doi.org/10.1016/j.scitotenv.2019.134125 

93. Cao, Z., Yan, W., Ding, M., & Yuan, Y. (2022). Construction of 

microbial consortia for microbial degradation of complex 

compounds. Front. Bioeng. Biotechnol., 10. https://doi.org/10.3389/ 

fbioe.2022.1051233 

94. Carpenter, E., & Wolverton, S. (2017). Plastic litter in streams: The 

behavioral archaeology of a pervasive environmental problem. 

Applied Geography, 84, 93–101. https://doi.org/10.1016/ 

j.apgeog.2017.04.010 

95. Caruso, G., Corsi, I., Wu, C., Bergami, E., Corami, F., & Azevedo-

Santos, V. M. (2024). Plastic pollution in marine and freshwater 

biota. Water Biology and Security, 3(2), 100247. https://doi.org/10 

.1016/j.watbs.2024.100247 

96. Cassone, B. J., Grove, H. C., Elebute, O., Villanueva, S. M. P., & 

LeMoine, C. M. R. (2020). Role of the intestinal microbiome in low-

density polyethylene degradation by caterpillar larvae of the greater 

wax moth, Galleria mellonella. Proc. R. Soc. B-Biol. Sci., 287(1922), 

20200112. https://doi.org/10.1098/rspb.2020.0112 

97. Catto, A. L., Rosseto, E. S., Reck, M. A., Rossini, K., da Silveira, R. 

M. B., & Santana, R. M. C. (2014). Growth of White Rot Fungi in 

Composites Produced from Urban Plastic Waste and Wood. 

Macromolecular Symposia, 344(1), 33–38. https://doi.org/ 

10.1002/masy.201300216 

98. Cavallo, E., He, X., Luzi, F., Dominici, F., Cerrutti, P., Bernal, C., 

Foresti, M. L., Torre, L., & Puglia, D. (2020). UV Protective, 

Antioxidant, Antibacterial and Compostable Polylactic Acid 

Composites Containing Pristine and Chemically Modified Lignin 

Nanoparticles. Molecules, 26(1), 126. https://doi.org/10.3390/ 

molecules26010126 

99. Ceretti, D. V. A., Edeleva, M., Cardon, L., & D’hooge, D. R. (2023). 

Molecular Pathways for Polymer Degradation during Conventional 

Processing, Additive Manufacturing, and Mechanical Recycling. 

Molecules, 28(5), 2344. https://doi.org/10.3390/molecules28052344 



Bibliography 

 365 

100. Chahinian, H., & Sarda, L. (2009). Distinction between esterases and 

lipases: Comparative biochemical properties of sequence-related 

carboxylesterases. Protein Pept Lett, 16(10), 1149–1161. 

https://doi.org/10.2174/092986609789071333 

101. Chamas, A., Moon, H., Zheng, J., Qiu, Y., Tabassum, T., Jang, J. H., 

Abu-Omar, M., Scott, S. L., & Suh, S. (2020). Degradation Rates of 

Plastics in the Environment. ACS Sustainable Chem. Eng., 8(9), 

3494–3511. https://doi.org/10.1021/acssuschemeng.9b06635 

102. Chanda, M. (2021). Chemical aspects of polymer recycling. 

Advanced Industrial and Engineering Polymer Research, 4(3), 133–

150. https://doi.org/10.1016/j.aiepr.2021.06.002 

103. Chandra, R., Kumar, V., & Yadav, S. (2017). Extremophilic 

Ligninolytic Enzymes. In R. K. Sani & R. N. Krishnaraj (Eds.), 

Extremophilic Enzymatic Processing of Lignocellulosic Feedstocks to 

Bioenergy (pp. 115–154). Springer International Publishing. 

https://doi.org/10.1007/978-3-319-54684-1_8 

104. Chaudhary, A. K., Chaitanya, K., Dalmia, R., & Vijayakumar, R. P. 

(2021). Synergistic effect of UV, thermal, and chemical treatment on 

biological degradation of low-density polyethylene (LDPE) by 

Thermomyces lanuginosus. Environ. Monit. Assess., 193(8), 513. 

https://doi.org/10.1007/s10661-021-09296-4 

105. Chen, J.-Q., Rong, Z., Zheng, D.-Q., Wu, Y.-H., & Xu, X.-W. 

(2025). Degradation of polyethylene by three bacteria isolated from 

coastal beach. Environmental Research, 278, 121603. 

https://doi.org/10.1016/j.envres.2025.121603 

106. Chen, Y., Wang, X., Wang, X., Cheng, T., Fu, K., Qin, Z., & Feng, 

K. (2022). Biofilm Structural and Functional Features on 

Microplastic Surfaces in Greenhouse Agricultural Soil. 

Sustainability, 14(12), 7024. https://doi.org/10.3390/su14127024 

107. Chen, Y., Wen, D., Pei, J., Fei, Y., Ouyang, D., Zhang, H., & Luo, Y. 

(2020). Identification and quantification of microplastics using 

Fourier-transform infrared spectroscopy: Current status and future 

prospects. Current Opinion in Environmental Science & Health, 18, 

14–19. https://doi.org/10.1016/j.coesh.2020.05.004 

108. Chigwada, A. D., Ogola, H. J. O., & Tekere, M. (2023). Multivariate 

analysis of enriched landfill soil consortia provide insight on the 

community structural perturbation and functioning during low-



Bibliography 

 366 

density polyethylene degradation. Microbiol Res, 274, 127425. 

https://doi.org/10.1016/j.micres.2023.127425 

109. Cholewinski, A., Dadzie, E., Sherlock, C., Anderson, W. A., Charles, 

T. C., Habib, K., Young, S. B., & Zhao, B. (2022). A critical review 

of microplastic degradation and material flow analysis towards a 

circular economy. Environmental Pollution, 315, 120334. 

https://doi.org/10.1016/j.envpol.2022.120334 

110. Colla, T. S., Andreazza, R., Bücker, F., de Souza, M. M., Tramontini, 

L., Prado, G. R., Frazzon, A. P. G., Camargo, F. A. de O., & Bento, 

F. M. (2014). Bioremediation assessment of diesel–biodiesel-

contaminated soil using an alternative bioaugmentation strategy. 

Environ Sci Pollut Res, 21(4), 2592–2602. https://doi.org/10.1007/ 

s11356-013-2139-2 

111. Compa, M., Wilcox, C., Hardesty, B. D., Alomar, C., March, D., & 

Deudero, S. (2022). Quantifying the risk of plastic ingestion by 

ichthyofauna in the Balearic Islands (western Mediterranean Sea). 

Marine Pollution Bulletin, 183, 114075. https://doi.org/10.1016/ 

j.marpolbul.2022.114075 

112. Cooper, D. G., & Goldenberg, B. G. (1987). Surface-active agents 

from two bacillus species. Appl Environ Microbiol, 53(2), 224–229. 

https://doi.org/10.1128/aem.53.2.224-229.1987 

113. Corradini, P. (2004). The discovery of isotactic polypropylene and its 

impact on pure and applied science. Journal of Polymer Science Part 

A: Polymer Chemistry, 42(3), 391–395. https://doi.org/ 

10.1002/pola.10857 

114. Cosgrove, L., McGeechan, P. L., Handley, P. S., & Robson, G. D. 

(2010). Effect of Biostimulation and Bioaugmentation on 

Degradation of Polyurethane Buried in Soil. Appl Environ Microbiol, 

76(3), 810–819. https://doi.org/10.1128/AEM.00534-09 

115. Costa, O. Y. A., Raaijmakers, J. M., & Kuramae, E. E. (2018). 

Microbial Extracellular Polymeric Substances: Ecological Function 

and Impact on Soil Aggregation. Front. Microbiol., 9. 

https://doi.org/10.3389/fmicb.2018.01636 

116. Crystal Thew, X. E., Lo, S. C., Ramanan, R. N., Tey, B. T., Huy, N. 

D., & Chien Wei, O. (2024). Enhancing plastic biodegradation 

process: Strategies and opportunities. Critical Reviews in 

Biotechnology, 44(3), 477–494. https://doi.org/10.1080/07388551. 

2023.2170861 



Bibliography 

 367 

117. Cui, X., Bai, Q., Ma, K., Yang, M., & Liu, B. (2017). MgCl2-

Supported Titanium Ziegler-Natta Catalyst Using Carbon Dioxide-

Based Poly(propylene ether carbonate) Diols as Internal Electron 

Donor for 1-Butene Polymerization. Polymers, 9(11), Article 11. 

https://doi.org/10.3390/polym9110627 

118. Cupp-Enyard, C. (2008). Sigma’s Non-specific Protease Activity 

Assay—Casein as a Substrate. Journal of Visualized Experiments : 
JoVE, 19, 899. https://doi.org/10.3791/899 

119. Czaczyk, K., Białas, W., & Myszka, K. (2008). Cell surface 

hydrophobicity of Bacillus spp. As a function of nutrient supply and 

lipopeptides biosynthesis and its role in adhesion. Polish Journal of 

Microbiology, 57(4), 313–319. 

120. Czajczyńska, D., Anguilano, L., Ghazal, H., Krzyżyńska, R., 

Reynolds, A. J., Spencer, N., & Jouhara, H. (2017). Potential of 

pyrolysis processes in the waste management sector. Thermal 

Science and Engineering Progress, 3, 171–197. 

https://doi.org/10.1016/j.tsep.2017.06.003 

121. da Luz, J. M. R., Paes, S. A., Bazzolli, D. M. S., Tótola, M. R., 

Demuner, A. J., & Kasuya, M. C. M. (2014). Abiotic and biotic 

degradation of oxo-biodegradable plastic bags by Pleurotus ostreatus. 

PLoS One, 9(11), e107438. 

https://doi.org/10.1371/journal.pone.0107438 

122. Daniel, Sihaloho, O., Saleh, C., & Magdaleni, A. R. (2018). 

Synthesis of N-oleyl O-sulfate chitosan from methyl oleate with O-

sulfate chitosan as edible film material. IOP Conference Series: 

Earth and Environmental Science, 144, 012038. 

https://doi.org/10.1088/1755-1315/144/1/012038 

123. Das, D., & Dutta, R. K. (2022). Ethylene glycol and alanine 

anhydride based nitrogen doped fluorescent carbon nanoparticles as 

probe for detection of epinephrine, nor-epinephrine and dopamine. 

Dyes and Pigments, 203, 110314. https://doi.org/10.1016 

/j.dyepig.2022.110314 

124. Das, M. P., & Kumar, S. (2015). An approach to low-density 

polyethylene biodegradation by Bacillus amyloliquefaciens. 3 

Biotech, 5(1), 81–86. https://doi.org/10.1007/s13205-014-0205-1 

125. Davey, H. M. (2011). Life, Death, and In-Between: Meanings and 

Methods in Microbiology▿. Applied and Environmental 



Bibliography 

 368 

Microbiology, 77(16), 5571–5576. https://doi.org/10.1128/ 

AEM.00744-11 

126. de França, J. O. C., da Silva Valadares, D., Paiva, M. F., Dias, S. C. 

L., & Dias, J. A. (2022). Polymers Based on PLA from Synthesis 

Using D,L-Lactic Acid (or Racemic Lactide) and Some Biomedical 

Applications: A Short Review. Polymers (Basel), 14(12), 2317. 

https://doi.org/10.3390/polym14122317 

127. De Jesus, R., & Alkendi, R. (2023). A minireview on the 

bioremediative potential of microbial enzymes as solution to 

emerging microplastic pollution. Frontiers in Microbiology, 13. 

https://doi.org/10.3389/fmicb.2022.1066133 

128. de Oliveira, P. L., Duarte, M. C. T., Ponezi, A. N., & Durrant, L. R. 

(2009). Purification and Partial characterization of manganese 

peroxidase from Bacillus pumilus AND Paenibacillus sp. Braz J 

Microbiol, 40(4), 818–826. https://doi.org/10.1590/S1517-

838220090004000012 

129. Delacuvellerie, A., Cyriaque, V., Gobert, S., Benali, S., & Wattiez, 

R. (2019). The plastisphere in marine ecosystem hosts potential 

specific microbial degraders including Alcanivorax borkumensis as a 

key player for the low-density polyethylene degradation. Journal of 

Hazardous Materials, 380, 120899. https://doi.org/10.1016/ 

j.jhazmat.2019.120899 

130. Demarche, P., Junghanns, C., Nair, R. R., & Agathos, S. N. (2012). 

Harnessing the power of enzymes for environmental stewardship. 

Biotechnol Adv, 30(5), 933–953. https://doi.org/10.1016/ 

j.biotechadv.2011.05.013 

131. Demissie, M. S., Legesse, N. H., & Tesema, A. A. (2024). Isolation 

and characterization of cellulase producing bacteria from forest, cow 

dung, Dashen brewery and agro-industrial waste. PLoS One, 19(4), 

e0301607. https://doi.org/10.1371/journal.pone.0301607 

132. Deng, Z., Jiang, Y., Chen, K., Li, J., Zheng, C., Gao, F., & Liu, X. 

(2020). One Biosurfactant-Producing Bacteria Achromobacter sp. A-

8 and Its Potential Use in Microbial Enhanced Oil Recovery and 

Bioremediation. Front. Microbiol., 11. https://doi.org/10.3389/ 

fmicb.2020.00247 

133. Deopura, B. L. (2008). Polyamide fibers. In Polyesters and 

Polyamides (pp. 41–61). Elsevier. https://doi.org/10.1533/ 

9781845694609.1.41 



Bibliography 

 369 

134. Depan, D., Chirdon, W., & Khattab, A. (2021). Morphological and 

Chemical Analysis of Low-Density Polyethylene Crystallized on 

Carbon and Clay Nanofillers. Polymers, 13(10), 1558. 

https://doi.org/10.3390/polym13101558 

135. Derewenda, U., Brzozowski, A. M., Lawson, D. M., & Derewenda, 

Z. S. (1992). Catalysis at the interface: The anatomy of a 

conformational change in a triglyceride lipase. Biochemistry, 31(5), 

1532–1541. https://doi.org/10.1021/bi00120a034 

136. Desai, S. M., & Singh, R. P. (2004). Surface Modification of 

Polyethylene. In A.-C. Albertsson (Ed.), Long Term Properties of 

Polyolefins (Vol. 169, pp. 231–294). Springer Berlin Heidelberg. 

https://doi.org/10.1007/b13524 

137. Desalegn, G., & Tangl, A. (2022). Banning Vs Taxing, Reviewing 

the Potential Opportunities and Challenges of Plastic Products. 

Sustainability, 14(12), Article 12. https://doi.org/ 

10.3390/su14127189 

138. Desoky, E.-S. M., Rady, M. M., Nader, M. M., Mostafa, N. G., Elrys, 

A. S., Mathai, A., AbuQamar, S. F., El-Tarabily, K. A., & El-

Saadony, M. T. (2022). Integrated application of bacterial carbonate 

precipitation and silicon nanoparticles enhances productivity, 

physiological attributes, and antioxidant defenses of wheat (Triticum 

aestivum L.) under semi-arid conditions. Frontiers in Plant Science, 

13, 947949. https://doi.org/10.3389/fpls.2022.947949 

139. Devi, D., Gupta, K. K., Chandra, H., Sharma, K. K., Sagar, K., Mori, 

E., de Farias, P. A. M., Coutinho, H. D. M., & Mishra, A. P. (2023). 

Biodegradation of low-density polyethylene (LDPE) through 

application of indigenous strain Alcaligenes faecalis ISJ128. Environ 

Geochem Health, 45(12), 9391–9409. https://doi.org/ 

10.1007/s10653-023-01590-z 

140. Dey, A. S., Bose, H., Mohapatra, B., & Sar, P. (2020). 

Biodegradation of Unpretreated Low-Density Polyethylene (LDPE) 

by Stenotrophomonas sp. And Achromobacter sp., Isolated From 

Waste Dumpsite and Drilling Fluid. Frontiers in Microbiology, 11. 

https://doi.org/10.3389/fmicb.2020.603210 

141. Dhiman, S., Sharma, C., Kumar, A., Pathak, P., & Purohit, S. D. 

(2023). Microplastics in Aquatic and Food Ecosystems: Remediation 

Coupled with Circular Economy Solutions to Create Resource from 

Waste. Sustainability, 15(19), 14184. https://doi.org/ 

10.3390/su151914184 



Bibliography 

 370 

142. Di Giulio, T., De Benedetto, G. E., Ditaranto, N., Malitesta, C., & 

Mazzotta, E. (2024). Insights into Plastic Degradation Processes in 

Marine Environment by X-ray Photoelectron Spectroscopy Study. 

International Journal of Molecular Sciences, 25(10), 5060. 

https://doi.org/10.3390/ijms25105060 

143. Di Martino, P. (2018). Extracellular polymeric substances, a key 

element in understanding biofilm phenotype. AIMS Microbiol, 4(2), 

274–288. https://doi.org/10.3934/microbiol.2018.2.274 

144. Di Napoli, M., Silvestri, B., Castagliuolo, G., Carpentieri, A., 

Luciani, G., Di Maro, A., Sorbo, S., Pezzella, A., Zanfardino, A., & 

Varcamonti, M. (2023). High density polyethylene (HDPE) 

biodegradation by the fungus Cladosporium halotolerans. FEMS 

Microbiol Ecol, 99(2), fiac148. https://doi.org/ 

10.1093/femsec/fiac148 

145. Di Pippo, F., Bocci, V., Amalfitano, S., Crognale, S., Levantesi, C., 

Pietrelli, L., Di Lisio, V., Martinelli, A., & Rossetti, S. (2023). 

Microbial colonization patterns and biodegradation of petrochemical 

and biodegradable plastics in lake waters: Insights from a field 

experiment. Frontiers in Microbiology, 14, 1290441. 

https://doi.org/10.3389/fmicb.2023.1290441 

146. Di Vaio, A., Hasan, S., Palladino, R., & Hassan, R. (2023). The 

transition towards circular economy and waste within accounting and 

accountability models: A systematic literature review and conceptual 

framework. Environment, Development and Sustainability, 25(1), 

734–810. https://doi.org/10.1007/s10668-021-02078-5 

147. Dimassi, S. N., Hahladakis, J. N., Yahia, M. N. D., Ahmad, M. I., 

Sayadi, S., & Al-Ghouti, M. A. (2022). Degradation-fragmentation of 

marine plastic waste and their environmental implications: A critical 

review. Arabian Journal of Chemistry, 15(11), 104262. 

https://doi.org/10.1016/j.arabjc.2022.104262 

148. Dokl, M., Copot, A., Krajnc, D., Fan, Y. V., Vujanović, A., Aviso, K. 

B., Tan, R. R., Kravanja, Z., & Čuček, L. (2024). Global projections 

of plastic use, end-of-life fate and potential changes in consumption, 

reduction, recycling and replacement with bioplastics to 2050. 

Sustainable Production and Consumption, 51, 498–518. 

https://doi.org/10.1016/j.spc.2024.09.025 

149. Dorairaj, A., Issac, R., & Prabha, M. (2021). Bio Efficacy Assay of 

Laccase Isolated and Characterized from Trichoderma viride in 

Biodegradation of Low Density Polyethylene (LDPE) and Textile 



Bibliography 

 371 

Industrial Effluent Dyes. Journal of Pure and Applied Microbiology, 

15. https://doi.org/10.22207/JPAM.15.1.38 

150. Dorey, S., Gaston, F., Marque, S. R. A., Bortolotti, B., & Dupuy, N. 

(2018). XPS analysis of PE and EVA samples irradiated at different 

γ-doses. Applied Surface Science, 427, 966–972. 

https://doi.org/10.1016/j.apsusc.2017.09.001 

151. DSouza, G. C., Sheriff, R. S., Ullanat, V., Shrikrishna, A., Joshi, A. 

V., Hiremath, L., & Entoori, K. (2021). Fungal biodegradation of 

low-density polyethylene using consortium of Aspergillus species 

under controlled conditions. Heliyon, 7(5), e07008. 

https://doi.org/10.1016/j.heliyon.2021.e07008 

152. Du, H., & Wang, J. (2021). Characterization and environmental 

impacts of microplastics. Gondwana Research, 98, 63–75. 

https://doi.org/10.1016/j.gr.2021.05.023 

153. Dubdub, I., & Al-Yaari, M. (2020). Pyrolysis of Low Density 

Polyethylene: Kinetic Study Using TGA Data and ANN Prediction. 

Polymers, 12(4), 891. https://doi.org/10.3390/polym12040891 

154. Dube, E., & Okuthe, G. E. (2023). Plastics and Micro/Nano-Plastics 

(MNPs) in the Environment: Occurrence, Impact, and Toxicity. 

International Journal of Environmental Research and Public Health, 

20(17), 6667. https://doi.org/10.3390/ijerph20176667 

155. DuBois, Michel., Gilles, K. A., Hamilton, J. K., Rebers, P. A., & 

Smith, Fred. (1956). Colorimetric Method for Determination of 

Sugars and Related Substances. Anal. Chem., 28(3), 350–356. 

https://doi.org/10.1021/ac60111a017 

156. Dufrêne, Y. F. (2002). Atomic Force Microscopy, a Powerful Tool in 

Microbiology. J Bacteriol, 184(19), 5205–5213. 

https://doi.org/10.1128/JB.184.19.5205-5213.2002 

157. Duncker, K. E., Holmes, Z. A., & You, L. (2021). Engineered 

microbial consortia: Strategies and applications. Microbial Cell 

Factories, 20(1), 211. https://doi.org/10.1186/s12934-021-01699-9 

158. Dwicania, E., Rinanti, A., & Fachrul, M. (2019). Biodegradation of 

LLDPE plastic by mixed bacteria culture of Pseudomonas aeruginosa 

and Brevibacterium sp. Journal of Physics: Conference Series, 1402, 

022105. https://doi.org/10.1088/1742-6596/1402/2/022105 

159. Dwivedi, U. N., Singh, P., Pandey, V. P., & Kumar, A. (2011). 

Structure–function relationship among bacterial, fungal and plant 



Bibliography 

 372 

laccases. Journal of Molecular Catalysis B: Enzymatic, 68(2), 117–

128. https://doi.org/10.1016/j.molcatb.2010.11.002 

160. Dybka-Stępień, K., Antolak, H., Kmiotek, M., Piechota, D., & 

Koziróg, A. (2021). Disposable Food Packaging and Serving 

Materials—Trends and Biodegradability. Polymers, 13(20), 3606. 

https://doi.org/10.3390/polym13203606 

161. E, K., K, S., U, G., & B, D.-B. (2013). Cell surface properties and 

fatty acids composition of Stenotrophomonas maltophilia under the 

influence of hydrophobic compounds and surfactants. New 

Biotechnology, 30(2). https://doi.org/10.1016/j.nbt.2012.09.003 

162. Eastman, C. B., Farrell, J. A., Whitmore, L., Rollinson Ramia, D. R., 

Thomas, R. S., Prine, J., Eastman, S. F., Osborne, T. Z., Martindale, 

M. Q., & Duffy, D. J. (2020). Plastic Ingestion in Post-hatchling Sea 

Turtles: Assessing a Major Threat in Florida Near Shore Waters. 

Frontiers in Marine Science, 7. https://doi.org/10.3389/ 

fmars.2020.00693 

163. El Fantroussi, S., & Agathos, S. N. (2005). Is bioaugmentation a 

feasible strategy for pollutant removal and site remediation? Curr 

Opin Microbiol, 8(3), 268–275. https://doi.org/10.1016/ 

j.mib.2005.04.011 

164. Elsamahy, T., Sun, J., Elsilk, S. E., & Ali, S. S. (2023). 

Biodegradation of low-density polyethylene plastic waste by a 

constructed tri-culture yeast consortium from wood-feeding termite: 

Degradation mechanism and pathway. Journal of Hazardous 

Materials, 448, 130944. https://doi.org/10.1016/ j.jhazmat. 

2023.130944 

165. El-Sayed, M. T., Rabie, G. H., & Hamed, E. A. (2021). 

Biodegradation of low-density polyethylene (LDPE) using the mixed 

culture of Aspergillus carbonarius and A. fumigates. Environ. Dev. 

Sustain., 23(10), 14556–14584. https://doi.org/10.1007/s10668-021-

01258-7 

166. Emami, E., Zolfaghari, P., Golizadeh, M., Karimi, A., Lau, A., 

Ghiasi, B., & Ansari, Z. (2020). Effects of stabilizers on 

sustainability, activity and decolorization performance of Manganese 

Peroxidase enzyme produced by Phanerochaete chrysosporium. 

Journal of Environmental Chemical Engineering, 8(6), 104459. 

https://doi.org/10.1016/j.jece.2020.104459 



Bibliography 

 373 

167. Eras-Muñoz, E., Farré, A., Sánchez, A., Font, X., & Gea, T. (2022). 

Microbial biosurfactants: A review of recent environmental 

applications. Bioengineered, 13(5), 12365–12391. 

https://doi.org/10.1080/21655979.2022.2074621 

168. Eregie, S. B., & Jamal-Ally, S. F. (2023). Comparison of 

biodegradative efficiency of wildtype versus mutagenised 

Scenedesmus vacuolatus of spent coolant waste: Dehydrogenase 

activity and total petroleum degradation studies. International 

Journal of Environmental Analytical Chemistry, 103(18), 6996–

7022. https://doi.org/10.1080/03067319.2021.1965593 

169. Eriksen, M., Cowger, W., Erdle, L. M., Coffin, S., Villarrubia-

Gómez, P., Moore, C. J., Carpenter, E. J., Day, R. H., Thiel, M., & 

Wilcox, C. (2023). A growing plastic smog, now estimated to be over 

170 trillion plastic particles afloat in the world’s oceans—Urgent 

solutions required. PLOS ONE, 18(3), e0281596. 

https://doi.org/10.1371/journal.pone.0281596 

170. Eriksen, M., Mason, S., Wilson, S., Box, C., Zellers, A., Edwards, 

W., Farley, H., & Amato, S. (2013). Microplastic pollution in the 

surface waters of the Laurentian Great Lakes. Marine Pollution 

Bulletin, 77(1), 177–182. https://doi.org/10.1016/j.marpolbul. 

2013.10.007 

171. Ernstberger, H., Edwards, A. C., & Balls, P. W. (2004). The 

distribution of phosphorus between soluble and particulate phases for 

seven Scottish East Coast rivers. Biogeochemistry, 67(1), 93–111. 

https://doi.org/10.1023/B:BIOG.0000015319.82299.83 

172. Escalante, A. E., Rebolleda-Gómez, M., Benítez, M., & Travisano, 

M. (2015). Ecological perspectives on synthetic biology: Insights 

from microbial population biology. Front. Microbiol., 6. 

https://doi.org/10.3389/fmicb.2015.00143 

173. Esmaeili, A., Pourbabaee, A. A., Alikhani, H. A., Shabani, F., & 

Esmaeili, E. (2013). Biodegradation of low-density polyethylene 

(LDPE) by mixed culture of Lysinibacillus xylanilyticus and 

Aspergillus niger in soil. PLoS One, 8(9), e71720. 

https://doi.org/10.1371/journal.pone.0071720 

174. Evode, N., Qamar, S. A., Bilal, M., Barceló, D., & Iqbal, H. M. N. 

(2021). Plastic waste and its management strategies for 

environmental sustainability. Case Studies in Chemical and 

Environmental Engineering, 4, 100142. https://doi.org/10.1016/ 

j.cscee.2021.100142 



Bibliography 

 374 

175. Fachrul, M. F., Fulazzaky, M. A., Rinanti, A., Muda, K., 

Tazkiaturrizki, T., & Sunaryo, T. (2024). Mass transfer kinetics of 

polyethylene degradation by bacterial-fungal consortium. Cleaner 

Waste Systems, 7, 100136. https://doi.org/10.1016/ 

j.clwas.2024.100136 

176. Falade, A. O., Nwodo, U. U., Iweriebor, B. C., Green, E., Mabinya, 

L. V., & Okoh, A. I. (2016). Lignin peroxidase functionalities and 

prospective applications. Microbiologyopen, 6(1), e00394. 

https://doi.org/10.1002/mbo3.394 

177. Fang, X., Cai, Z., Wang, X., Liu, Z., Lin, Y., Li, M., Gong, H., & 

Yan, M. (2024). Isolation and Identification of Four Strains of 

Bacteria with Potential to Biodegrade Polyethylene and 

Polypropylene from Mangrove. Microorganisms, 12(10), 2005. 

https://doi.org/10.3390/microorganisms12102005 

178. Fattouh, N., Cazevieille, C., & Landmann, F. (2019). Wolbachia 

endosymbionts subvert the endoplasmic reticulum to acquire host 

membranes without triggering ER stress. PLOS Neglected Tropical 

Diseases, 13(3), e0007218. https://doi.org/10.1371/ 

journal.pntd.0007218 

179. Faure, F., Demars, C., Wieser, O., Kunz, M., Alencastro, L. F. de, 

Faure, F., Demars, C., Wieser, O., Kunz, M., & Alencastro, L. F. de. 

(2015). Plastic pollution in Swiss surface waters: Nature and 

concentrations, interaction with pollutants. Environ. Chem., 12(5), 

582–591. https://doi.org/10.1071/EN14218 

180. Fayshal, M. A. (2024). Current practices of plastic waste 

management, environmental impacts, and potential alternatives for 

reducing pollution and improving management. Heliyon, 10(23), 

e40838. https://doi.org/10.1016/j.heliyon.2024.e40838 

181. Febria, F. A., Syafrita, A., Putra, A., Hidayat, H., & Febrion, C. 

(2024). Degradation of low-density polyethylene by a novel strain of 

bacteria isolated from the plastisphere of marine ecosystems. Global 

J. Environ. Sci. Manage., Online First. https://doi.org/10.22034/ 

gjesm.2024.02.24 

182. Fecker, T., Galaz-Davison, P., Engelberger, F., Narui, Y., 

Sotomayor, M., Parra, L. P., & Ramírez-Sarmiento, C. A. (2018). 

Active Site Flexibility as a Hallmark for Efficient PET Degradation 

by I. sakaiensis PETase. Biophysical Journal, 114(6), 1302–1312. 

https://doi.org/10.1016/j.bpj.2018.02.005 



Bibliography 

 375 

183. Fernandez-Lopez, L., Roda, S., Robles-Martín, A., Muñoz-Tafalla, 

R., Almendral, D., Ferrer, M., & Guallar, V. (2023). Enhancing the 

Hydrolytic Activity of a Lipase towards Larger Triglycerides through 

Lid Domain Engineering. Int J Mol Sci, 24(18), 13768. 

https://doi.org/10.3390/ijms241813768 

184. Ferreira, E. S. B., Gros, D., Wyss, K., Scherrer, N. C., Zumbühl, S., 

& Marone, F. (2015). Faded shine…. The degradation of brass 

powder in two nineteenth century paintings. Heritage Science, 3(1), 

24. https://doi.org/10.1186/s40494-015-0052-3 

185. Ferronato, N., & Torretta, V. (2019). Waste Mismanagement in 

Developing Countries: A Review of Global Issues. International 

Journal of Environmental Research and Public Health, 16(6), 1060. 

https://doi.org/10.3390/ijerph16061060 

186. Firrincieli, A., Grigoriev, B., Dostálová, H., & Cappelletti, M. 

(2022). The Complete Genome Sequence and Structure of the 

Oleaginous Rhodococcus opacus Strain PD630 Through Nanopore 

Technology. Frontiers in Bioengineering and Biotechnology, 9. 

https://doi.org/10.3389/fbioe.2021.810571 

187. Floudas, G., Higgins, J. S., Meier, G., Kremer, F., & Fischer, E. W. 

(1993). Dynamics of bisphenol A polycarbonate in the glassy and 

rubbery states as studied by neutron scattering and complementary 

techniques. Macromolecules, 26(7), 1676–1682. 

https://doi.org/10.1021/ma00059a029 

188. Fojan, P., Jonson, P. H., Petersen, M. T., & Petersen, S. B. (2000). 

What distinguishes an esterase from a lipase: A novel structural 

approach. Biochimie, 82(11), 1033–1041. https://doi.org/10.1016/s 

0300-9084(00)01188-3 

189. Fox, D. W. (1986). History. In R. B. Seymour & G. S. Kirshenbaum 

(Eds.), High Performance Polymers: Their Origin and Development 

(pp. 67–70). Springer Netherlands. https://doi.org/10.1007/978-94-

011-7073-4_6 

190. Froese, R. D., Arriola, D. J., Den Doelder, J., Hou, J., Kashyap, T., 

Lu, K., Martinetti, L., & Stubbert, B. D. (2024). A commercially 

viable solution process to control long-chain branching in 

polyethylene. Science, 383(6688), 1223–1228. https://doi.org/ 

10.1126/science.adn3067 

191. Fu, Y., Lin, Y., Deng, Z., Chen, M., Yu, G., Jiang, P., Zhang, X., Liu, 

J., & Yang, X. (2024). Transcriptome and metabolome analysis 



Bibliography 

 376 

reveal key genes and metabolic pathway responses in Leersia 

hexandra Swartz under Cr and Ni co-stress. Journal of Hazardous 

Materials, 473, 134590. https://doi.org/10.1016/ j.jhazmat. 

2024.134590 

192. Fujii, K., Uemura, M., Hayakawa, C., Funakawa, S., & Kosaki, T. 

(2013). Environmental control of lignin peroxidase, manganese 

peroxidase, and laccase activities in forest floor layers in humid Asia. 

Soil Biology and Biochemistry, 57, 109–115. https://doi.org/ 

10.1016/j.soilbio.2012.07.007 

193. Fürst, K., & Feng, Y. (2022). China’s regulatory respond to plastic 

pollution: Trends and trajectories. Frontiers in Marine Science, 9. 

https://doi.org/10.3389/fmars.2022.982546 

194. Gad, S., Ayakar, S., & Adivarekar, R. (2024). Formulation and 

characterization of bacterial consortium for efficient lignocellulosic 

waste degradation. Journal of Environmental Chemical Engineering, 

12(3), 112619. https://doi.org/10.1016/j.jece.2024.112619 

195. Gajendiran, A., Krishnamoorthy, S., & Abraham, J. (2016). 

Microbial degradation of low-density polyethylene (LDPE) by 

Aspergillus clavatus strain JASK1 isolated from landfill soil. 3 

Biotech, 6(1), 52. https://doi.org/10.1007/s13205-016-0394-x 

196. Gall, S. C., & Thompson, R. C. (2015). The impact of debris on 

marine life. Marine Pollution Bulletin, 92(1), 170–179. 

https://doi.org/10.1016/j.marpolbul.2014.12.041 

197. Gao, R., Liu, R., & Sun, C. (2022). A marine fungus Alternaria 

alternata FB1 efficiently degrades polyethylene. Journal of 

Hazardous Materials, 431, 128617. https://doi.org/10.1016/ 

j.jhazmat.2022.128617 

198. Gao, R., & Sun, C. (2021). A marine bacterial community capable of 

degrading poly(ethylene terephthalate) and polyethylene. Journal of 

Hazardous Materials, 416, 125928. https://doi.org/10.1016/ 

j.jhazmat.2021.125928 

199. Gawali, S., Alam, S. N., Tilva, J., Jagadale, K., Singh, B., & Guldhe, 

A. (2025). Development of scalable cultivation strategy for 

microalgal biomass generation using wastewater and integrated 

biorefinery approach for biofuel production. Journal of 

Environmental Chemical Engineering, 13(2), 115441. 

https://doi.org/10.1016/ j.jece.2025.115441 



Bibliography 

 377 

200. Gaylarde, C. C., De Almeida, M. P., Neves, C. V., Neto, J. A. B., & 

Da Fonseca, E. M. (2023). The Importance of Biofilms on 

Microplastic Particles in Their Sinking Behavior and the Transfer of 

Invasive Organisms between Ecosystems. Micro, 3(1), 320–337. 

https://doi.org/10.3390/micro3010022 

201. George, J., Nath, G. R., Lekha, V. S., & Rajesh, K. (2022). Zinc 

Complex of Cyclododecanone Thiosemicarbazone as Single Source 

Precursor for ZnS Nanoparticles by Polyol Method. Asian Journal of 

Chemistry, 34(8), 2055–2060. 

https://doi.org/10.14233/ajchem.2022.23742 

202. Geyer, R., Jambeck, J. R., & Law, K. L. (2017). Production, use, and 

fate of all plastics ever made. Sci Adv, 3(7), e1700782. 

https://doi.org/10.1126/sciadv.1700782 

203. Ghatge, S., Yang, Y., Ahn, J.-H., & Hur, H.-G. (2020). 

Biodegradation of polyethylene: A brief review. Applied Biological 

Chemistry, 63(1), 27. https://doi.org/10.1186/s13765-020-00511-3 

204. Ghosh, S. K., Ghosh, S. K., & Baidya, R. (2021). Circular Economy 

in India: Reduce, Reuse, and Recycle Through Policy Framework. In 

S. K. Ghosh & S. K. Ghosh (Eds.), Circular Economy: Recent 

Trends in Global Perspective (pp. 183–217). Springer Nature 

Singapore. https://doi.org/10.1007/978-981-16-0913-8_6 

205. Gkoutselis, G., Rohrbach, S., Harjes, J., Obst, M., Brachmann, A., 

Horn, M. A., & Rambold, G. (2021). Microplastics accumulate 

fungal pathogens in terrestrial ecosystems. Sci Rep, 11(1), 13214. 

https://doi.org/10.1038/s41598-021-92405-7 

206. Gomez-Mendez, L. D., Moreno-Bayona, D. A., Poutou-Pinales, R. 

A., Salcedo-Reyes, J. C., Pedroza-Rodriguez, A. M., Vargas, A., & 

Bogoya, J. M. (2018). Biodeterioration of plasma pretreated LDPE 

sheets by Pleurotus ostreatus. PLoS One, 13(9), e0203786. 

https://doi.org/10.1371/journal.pone.0203786 

207. Gong, Z., Jin, L., Yu, X., Wang, B., Hu, S., Ruan, H., Sung, Y.-J., 

Lee, H.-G., & Jin, F. (2023). Biodegradation of Low Density 

Polyethylene by the Fungus Cladosporium sp. Recovered from a 

Landfill Site. Journal of Fungi, 9(6), 605. 

https://doi.org/10.3390/jof9060605 

208. Gonzalez-Gil, G., Behzad, A. R., Farinha, A. S. F., Zhao, C., Bucs, S. 

S., Nada, T., Das, R., Altmann, T., Buijs, P. J., & Vrouwenvelder, J. 

S. (2021). Clinical Autopsy of a Reverse Osmosis Membrane 



Bibliography 

 378 

Module. Frontiers in Chemical Engineering, 3. 

https://doi.org/10.3389/fceng.2021.683379 

209. Gowthami, A., Syed Marjuk, M., Raju, P., Nanthini Devi, K., 

Santhanam, P., Dinesh Kumar, S., & Perumal, P. (2023). 

Biodegradation efficacy of selected marine microalgae against Low-

Density Polyethylene (LDPE): An environment friendly green 

approach. Marine Pollution Bulletin, 190, 114889. 

https://doi.org/10.1016/j.marpolbul.2023.114889 

210. Gravouil, K., Ferru-Clement, R., Colas, S., Helye, R., Kadri, L., 

Bourdeau, L., Moumen, B., Mercier, A., & Ferreira, T. (2017). 

Transcriptomics and Lipidomics of the Environmental Strain 

Rhodococcus ruber Point out Consumption Pathways and Potential 

Metabolic Bottlenecks for Polyethylene Degradation. Environ. Sci. 

Technol., 51(9), 5172–5181. https://doi.org/10.1021/acs.est.7b00846 

211. Green, V. S., Stott, D. E., & Diack, M. (2006). Assay for fluorescein 

diacetate hydrolytic activity: Optimization for soil samples. Soil 

Biology and Biochemistry, 38(4), 693–701. 

https://doi.org/10.1016/j.soilbio.2005.06.020 

212. Gregory, M. R. (2009). Environmental implications of plastic debris 

in marine settings—Entanglement, ingestion, smothering, hangers-

on, hitch-hiking and alien invasions. Philosophical Transactions of 

the Royal Society B: Biological Sciences, 364(1526), 2013–2025. 

https://doi.org/10.1098/rstb.2008.0265 

213. Grima, S., Bellon-Maurel, V., Feuilloley, P., & Silvestre, F. (2000). 

Aerobic Biodegradation of Polymers in Solid-State Conditions: A 

Review of Environmental and Physicochemical Parameter Settings in 

Laboratory Simulations. Journal of Polymers and the Environment, 

8(4), 183–195. https://doi.org/10.1023/A:1015297727244 

214. Gunaalan, K., Fabbri, E., & Capolupo, M. (2020). The hidden threat 

of plastic leachates: A critical review on their impacts on aquatic 

organisms. Water Research, 184, 116170. 

https://doi.org/10.1016/j.watres.2020.116170 

215. Guo, Z., Li, P., Yang, X., Wang, Z., Wu, Y., Li, G., Liu, G., Ritsema, 

C. J., Geissen, V., & Xue, S. (2023). Effects of Microplastics on the 

Transport of Soil Dissolved Organic Matter in the Loess Plateau of 

China. Environmental Science and Technology, 57(48), 20138–

20147. https://doi.org/10.1021/acs.est.3c04023 



Bibliography 

 379 

216. Gupta, K. K., & Devi, D. (2020). Characteristics investigation on 

biofilm formation and biodegradation activities of Pseudomonas 

aeruginosa strain ISJ14 colonizing low density polyethylene (LDPE) 

surface. Heliyon, 6(7). https://doi.org/10.1016/j.heliyon.2020.e04398 

217. Gupta, P. P., Bankar, N. J., Mishra, V. H., Sanghavi, S., & Badge, A. 

K. (2023). The Efficient Disposal of Biomedical Waste Is Critical to 

Public Health: Insights from the Central Pollution Control Board 

Guidelines in India. Cureus. https://doi.org/10.7759/cureus.47303 

218. Gupta, P., Sarkar, S., Das, B., Bhattacharjee, S., & Tribedi, P. (2016). 

Biofilm, pathogenesis and prevention—a journey to break the wall: A 

review. Arch Microbiol, 198(1), 1–15. 

https://doi.org/10.1007/s00203-015-1148-6 

219. Gyung Yoon, M., Jeong Jeon, H., & Nam Kim, M. (2012). 

Biodegradation of Polyethylene by a Soil Bacterium and AlkB 

Cloned Recombinant Cell. J Bioremed Biodegrad, 03(4). 

https://doi.org/10.4172/2155-6199.1000145 

220. Hahladakis, J. N., Velis, C. A., Weber, R., Iacovidou, E., & Purnell, 

P. (2018). An overview of chemical additives present in plastics: 

Migration, release, fate and environmental impact during their use, 

disposal and recycling. J Hazard Mater, 344, 179–199. 

https://doi.org/10.1016/j.jhazmat.2017.10.014 

221. Hakuzimana, J. (2021). Break free from Plastics: Environmental 

perspectives and Evidence from Rwanda. Environment & Ecosystem 

Science, 5(1), 27–36. https://doi.org/10.26480/ees.01.2021.27.36 

222. Han, Y.-N., Wei, M., Han, F., Fang, C., Wang, D., Zhong, Y.-J., 

Guo, C.-L., Shi, X.-Y., Xie, Z.-K., & Li, F.-M. (2020). Greater 

Biofilm Formation and Increased Biodegradation of Polyethylene 

Film by a Microbial Consortium of Arthrobacter sp. And 

Streptomyces sp. Microorganisms, 8(12), E1979. 

https://doi.org/10.3390/microorganisms8121979 

223. Haney, E. F., Trimble, M. J., Cheng, J. T., Vallé, Q., & Hancock, R. 

E. W. (2018). Critical Assessment of Methods to Quantify Biofilm 

Growth and Evaluate Antibiofilm Activity of Host Defence Peptides. 

Biomolecules, 8(2), 29. https://doi.org/10.3390/biom8020029 

224. Harrat, R., Bourzama, G., Burgaud, G., Coton, E., Bourezgui, A., & 

Soumati, B. (2024). Assessing the Biodegradation of Low-Density 

Polyethylene Films by Candida tropicalis SLNEA04 and 



Bibliography 

 380 

Rhodotorula mucilaginosa SLNEA05. Diversity, 16(12), Article 12. 

https://doi.org/10.3390/d16120759 

225. Harrison, J. P., Schratzberger, M., Sapp, M., & Osborn, A. M. 

(2014). Rapid bacterial colonization of low-density polyethylene 

microplastics in coastal sediment microcosms. BMC Microbiology, 

14(1), 232. https://doi.org/10.1186/s12866-014-0232-4 

226. Harshvardhan, K., & Jha, B. (2013). Biodegradation of low-density 

polyethylene by marine bacteria from pelagic waters, Arabian Sea, 

India. Marine Pollution Bulletin, 77(1), 100–106. 

https://doi.org/10.1016/j.marpolbul.2013.10.025 

227. Hasan, M. M., & Tarannum, M. N. (2025). Adverse impacts of 

microplastics on soil physicochemical properties and crop health in 

agricultural systems. Journal of Hazardous Materials Advances, 17, 

100528. https://doi.org/10.1016/j.hazadv.2024.100528 

228. He, Q., Liu, J., Liu, X., Li, G., Chen, D., Deng, P., & Liang, J. 

(2018). Fabrication of Amine-Modified Magnetite-Electrochemically 

Reduced Graphene Oxide Nanocomposite Modified Glassy Carbon 

Electrode for Sensitive Dopamine Determination. Nanomaterials, 

8(4), Article 4. https://doi.org/10.3390/nano8040194 

229. He, W., Liu, R., Fei, F., Xi, S., Du, Z., Luan, Z., Sun, C., & Zhang, 

X. (2024). In situ real-time pathway to study the polyethylene long-

term degradation process by a marine fungus through confocal 

Raman quantitative imaging. Science of The Total Environment, 939, 

173582. https://doi.org/10.1016/j.scitotenv.2024.173582 

230. Hedir, A., Slimani, F., Moudoud, M., Lamrous, O., Touam, T., 

Teguar, M., Haddad, A., & Durmus, A. (2022). Quantifying time-

dependent structural and mechanical properties of UV-aged LDPE 

power cables insulations. Turkish Journal of Chemistry, 46(4), 956. 

https://doi.org/10.55730/1300-0527.3407 

231. Hendrickson, T. P., Bose, B., Vora, N., Huntington, T., Nordahl, S. 

L., Helms, B. A., & Scown, C. D. (2024). Paths to circularity for 

plastics in the United States. One Earth, 7(3), 520–531. 

https://doi.org/10.1016/j.oneear.2024.02.005 

232. Heris, Y. S. (2024). Bacterial biodegradation of synthetic plastics: A 

review. Bulletin of the National Research Centre, 48(1), 87. 

https://doi.org/10.1186/s42269-024-01241-y 



Bibliography 

 381 

233. Horodytska, O., Valdés, F. J., & Fullana, A. (2018). Plastic flexible 

films waste management – A state of art review. Waste Management, 

77, 413–425. https://doi.org/10.1016/j.wasman.2018.04.023 

234. Horton, A. A. (2022). Plastic pollution: When do we know enough? 

Journal of Hazardous Materials, 422, 126885. 

https://doi.org/10.1016/j.jhazmat.2021.126885 

235. Hoseini, M., & Bond, T. (2022). Predicting the global environmental 

distribution of plastic polymers. Environmental Pollution, 300, 

118966. https://doi.org/10.1016/j.envpol.2022.118966 

236. Hou, L., Xi, J., Chen, X., Li, X., Ma, W., Lu, J., Xu, J., & Lin, Y. B. 

(2019). Biodegradability and ecological impacts of polyethylene-

based mulching film at agricultural environment. J Hazard Mater, 

378, 120774. https://doi.org/10.1016/j.jhazmat.2019.120774 

237. Hou, L., Xi, J., Liu, J., Wang, P., Xu, T., Liu, T., Qu, W., & Lin, Y. 

B. (2022). Biodegradability of polyethylene mulching film by two 

Pseudomonas bacteria and their potential degradation mechanism. 

Chemosphere, 286, 131758. 

https://doi.org/10.1016/j.chemosphere.2021.131758 

238. Hou, Y., Vocadlo, D. J., Leung, A., Withers, S. G., & Mahuran, D. 

(2001). Characterization of the Glu and Asp residues in the active site 

of human beta-hexosaminidase B. Biochemistry, 40(7), 2201–2209. 

https://doi.org/10.1021/bi002018s 

239. Howard, G. T., & Hilliard, N. P. (1999). Use of Coomassie blue-

polyurethane interaction inscreening of polyurethanase proteins 

andpolyurethanolytic bacteria. International Biodeterioration & 

Biodegradation, 43(1), 23–30. https://doi.org/10.1016/S0964-

8305(98)00062-6 

240. Hughes, P. T., Kristen, A. D., Sean, C. R., Scott, H. F., Kerry, J. T., 

Lough, J. M., Baird, A. H., Baum, J. K., Berumen, M., Bridge, T. C., 

Clarr, D., Eakin, C. M., Gilmour, J. P., Graham, N. A. J., Harrison, 

H., Hobbis, J. P. A., & Hoey, A. (2018). Spatial and temporal 

patterns of mass bleaching of corals in the Anthropocene. Science, 

359(6371), 80–83. https://doi.org/10.1126/science.aan8048 

241. Hurley, R. R., & Nizzetto, L. (2018). Fate and occurrence of 

micro(nano)plastics in soils: Knowledge gaps and possible risks. 

Current Opinion in Environmental Science & Health, 1, 6–11. 

https://doi.org/10.1016/j.coesh.2017.10.006 



Bibliography 

 382 

242. Hwang, J., Choi, D., Han, S., Jung, S. Y., Choi, J., & Hong, J. 

(2020). Potential toxicity of polystyrene microplastic particles. Sci 

Rep, 10, 7391. https://doi.org/10.1038/s41598-020-64464-9 

243. Iaculli, F., Di Filippo, E. S., Piattelli, A., Mancinelli, R., & Fulle, S. 

(2017). Dental pulp stem cells grown on dental implant titanium 

surfaces: An in vitro evaluation of differentiation and microRNAs 

expression: MicroRNAS EXPRESSION DURING OSTEOBLASTS 

DIFFERENTIATION. Journal of Biomedical Materials Research 

Part B: Applied Biomaterials, 105(5), 953–965. 

https://doi.org/10.1002/jbm.b.33628 

244. Ibrahim, M. L., Ijah, U. J. J., Manga, S. B., Bilbis, L. S., & Umar, S. 

(2013). Production and partial characterization of biosurfactant 

produced by crude oil degrading bacteria. International 

Biodeterioration & Biodegradation, 81, 28–34. 

https://doi.org/10.1016/j.ibiod.2012.11.012 

245. Iiyoshi, Y., Tsutsumi, Y., & Nishida, T. (1998). Polyethylene 

degradation by lignin-degrading fungi and manganese peroxidase. 

Journal of Wood Science, 44(3), 222–229. 

https://doi.org/10.1007/BF00521967 

246. Jahangiri, R., Mosaffa, F., Emami Razavi, A., Teimoori-Toolabi, L., 

& Jamialahmadi, K. (2022). PAX2 promoter methylation and AIB1 

overexpression promote tamoxifen resistance in breast carcinoma 

patients. J Oncol Pharm Pract, 28(2), 310–325. 

https://doi.org/10.1177/1078155221989404 

247. Jaiswal, P. B., Pushkar, B. K., Maikap, K., & Mahanwar, P. A. 

(2022). Abiotic aging assisted bio-oxidation and degradation of 

LLDPE/LDPE packaging polyethylene film by stimulated 

enrichment culture. Polymer Degradation and Stability, 206, 110156. 

https://doi.org/10.1016/j.polymdegradstab.2022.110156 

248. Jambeck, J. R., & Walker-Franklin, I. (2023). The impacts of 

plastics’ life cycle. One Earth, 6(6), 600–606. 

https://doi.org/10.1016/j.oneear.2023.05.015 

249. Janzen, H. H. (2004). Carbon cycling in earth systems—A soil 

science perspective. Agriculture, Ecosystems & Environment, 104(3), 

399–417. https://doi.org/10.1016/j.agee.2004.01.040 

250. Jasmin Vijitha, S. K., Mohanraj, K., & Jebin, R. P. (2023). Spray 

Deposited Ni Doped Co3O4 Thin Films for Electrochemical 



Bibliography 

 383 

Applications. Asian Journal of Chemistry, 35(1), 239–246. 

https://doi.org/10.14233/ajchem.2023.23991 

251. Jayan, N., Skariyachan, S., & Sebastian, D. (2023). The escalated 

potential of the novel isolate Bacillus cereus NJD1 for effective 

biodegradation of LDPE films without pre-treatment. Journal of 

Hazardous Materials, 455, 131623. 

https://doi.org/10.1016/j.jhazmat.2023.131623 

252. Jebashalomi, V., Emmanuel Charles, P., & Rajaram, R. (2024). 

Microbial degradation of low-density polyethylene (LDPE) and 

polystyrene using Bacillus cereus (OR268710) isolated from plastic-

polluted tropical coastal environment. Science of The Total 

Environment, 924, 171580. 

https://doi.org/10.1016/j.scitotenv.2024.171580 

253. Jeon, H. J., & Kim, M. N. (2015). Functional analysis of alkane 

hydroxylase system derived from Pseudomonas aeruginosa E7 for 

low molecular weight polyethylene biodegradation. International 

Biodeterioration & Biodegradation, 103, 141–146. 

https://doi.org/10.1016/j.ibiod.2015.04.024 

254. Jeon, J.-M., Park, S.-J., Choi, T.-R., Park, J.-H., Yang, Y.-H., & 

Yoon, J.-J. (2021). Biodegradation of polyethylene and 

polypropylene by Lysinibacillus species JJY0216 isolated from soil 

grove. Polymer Degradation and Stability, 191, 109662. 

https://doi.org/10.1016/j.polymdegradstab.2021.109662 

255. Ji, J., Zhang, Y., Liu, Y., Zhu, P., & Yan, X. (2020). Biodegradation 

of plastic monomer 2,6-dimethylphenol by Mycobacterium 

neoaurum B5-4. Environmental Pollution, 258, 113793. 

https://doi.org/10.1016/j.envpol.2019.113793 

256. Ji, S. H., Seok, D. C., & Yoo, S. (2023). Improved biodegradability 

of low-density polyethylene using plasma pretreatment and plastic-

degrading bacteria. Environmental Technology & Innovation, 32, 

103449. https://doi.org/10.1016/j.eti.2023.103449 

257. Ji, S. H., Yoo, S., Park, S., & Lee, M. J. (2024). Biodegradation of 

low-density polyethylene by plasma-activated Bacillus strain. 

Chemosphere, 349, 140763. 

https://doi.org/10.1016/j.chemosphere.2023.140763 

258. Ji, Y., Mao, G., Wang, Y., & Bartlam, M. (2013). Structural insights 

into diversity and n-alkane biodegradation mechanisms of alkane 



Bibliography 

 384 

hydroxylases. Front. Microbiol., 4, 58. https://doi.org/10.3389/ 

fmicb.2013.00058 

259. Jia, X., Yao, Y., Tan, G., Xue, S., Liu, M., Tang, D. W. S., Geissen, 

V., & Yang, X. (2024). Effects of LDPE and PBAT plastics on soil 

organic carbon and carbon-enzymes: A mesocosm experiment under 

field conditions. Environmental Pollution, 362, 124965. 

https://doi.org/10.1016/j.envpol.2024.124965 

260. Jiang, Q., Li, Z., Cui, Z., Wei, R., Nie, K., Xu, H., & Liu, L. (2021). 

Quantum Mechanical Investigation of the Oxidative Cleavage of the 

C–C Backbone Bonds in Polyethylene Model Molecules. Polymers, 

13(16), 2730. https://doi.org/10.3390/polym13162730 

261. Jiang, S., Ren, D., Wang, Z., Zhang, S., Zhang, X., & Chen, W. 

(2022). Improved stability and promoted activity of laccase by One-

Pot encapsulation with Cu (PABA) nanoarchitectonics and its 

application for removal of Azo dyes. Ecotoxicology and 

Environmental Safety, 234, 113366. https://doi.org/10.1016/ 

j.ecoenv.2022.113366 

262. Jiang, Y., Pang, X., Deng, Y., Sun, X., Zhao, X., Xu, P., Shao, P., 

Zhang, L., Li, Q., & Li, Z. (2019). An Alginate Hybrid Sponge with 

High Thermal Stability: Its Flame Retardant Properties and 

Mechanism. Polymers, 11(12), 1973. https://doi.org/10.3390/ 

polym11121973 

263. Jiang, Z., Chen, H., Zhao, M., McCarney, J., De Schryver, D., Aplin, 

T., & Sue, H.-J. (2023). Toughening of linear low-density 

polyethylene/brominated polystyrene blend by styrene-

ethylene/butylene-styrene elastomer. Polymer, 272, 125859. 

https://doi.org/10.1016/j.polymer.2023.125859 

264. Jiao, H., Ali, S. S., Alsharbaty, M. H. M., Elsamahy, T., Abdelkarim, 

E., Schagerl, M., Al-Tohamy, R., & Sun, J. (2024). A critical review 

on plastic waste life cycle assessment and management: Challenges, 

research gaps, and future perspectives. Ecotoxicology and 

Environmental Safety, 271, 115942. https://doi.org/10.1016/ 

j.ecoenv.2024.115942 

265. Jin, J., Arciszewski, J., Auclair, K., & Jia, Z. (2023). Enzymatic 

polyethylene biorecycling: Confronting challenges and shaping the 

future. Journal of Hazardous Materials, 460, 132449. 

https://doi.org/10.1016/j.jhazmat.2023.132449 



Bibliography 

 385 

266. Jones, B. V., Sun, F., & Marchesi, J. R. (2007). Using skimmed milk 

agar to functionally screen a gut metagenomic library for proteases 

may lead to false positives. Lett Appl Microbiol, 45(4), 418–420. 

https://doi.org/10.1111/j.1472-765X.2007.02202.x 

267. Jones, J. A., & Wang, X. (2018). Use of bacterial co-cultures for the 

efficient production of chemicals. Curr Opin Biotechnol, 53, 33–38. 

https://doi.org/10.1016/j.copbio.2017.11.012 

268. Joseph, B., James, J., Kalarikkal, N., & Thomas, S. (2021). Recycling 

of medical plastics. Advanced Industrial and Engineering Polymer 

Research, 4(3), 199–208. https://doi.org/10.1016/j.aiepr.2021.06.003 

269. Joseph, B., Otta, S. K., Karunasagar, I., & Karunasagar, I. (2001). 

Biofilm formation by salmonella spp. On food contact surfaces and 

their sensitivity to sanitizers. Int J Food Microbiol, 64(3), 367–372. 

https://doi.org/10.1016/s0168-1605(00)00466-9 

270. Joshi, G., Goswami, P., Verma, P., Prakash, G., Simon, P., 

Vinithkumar, N. V., & Dharani, G. (2022). Unraveling the plastic 

degradation potentials of the plastisphere-associated marine bacterial 

consortium as a key player for the low-density polyethylene 

degradation. J Hazard Mater, 425, 128005. 

https://doi.org/10.1016/j.jhazmat.2021.128005 

271. Kabir, M. S., Wang, H., Luster-Teasley, S., Zhang, L., & Zhao, R. 

(2023). Microplastics in landfill leachate: Sources, detection, 

occurrence, and removal. Environ Sci Ecotechnol, 16, 100256. 

https://doi.org/10.1016/j.ese.2023.100256 

272. Kale, S. K., Kale, S. K., Deshmukh, A. G., Dudhare, M. S., & Patil, 

V. B. (2015). Microbial Degradation Of Plastic—A Review. 

International Journal of Pharmaceutical Research, 13(1), 952–961. 

https://doi.org/10.31838/ijpr/2021.13.01.245 

273. Kameshwar, A. K. S., & Qin, W. (2017). Qualitative and 

Quantitative Methods for Isolation and Characterization of Lignin-

Modifying Enzymes Secreted by Microorganisms. Bioenerg. Res., 

10(1), 248–266. https://doi.org/10.1007/s12155-016-9784-5 

274. Kang, B. R., Kim, S. B., Song, H. A., & Lee, T. K. (2019). 

Accelerating the Biodegradation of High-Density Polyethylene 

(HDPE) Using Bjerkandera adusta TBB-03 and Lignocellulose 

Substrates. Microorganisms, 7(9), 304. https://doi.org/10.3390/ 

microorganisms7090304 



Bibliography 

 386 

275. Kang, M.-K., & Nielsen, J. (2017). Biobased production of alkanes 

and alkenes through metabolic engineering of microorganisms. J Ind 

Microbiol Biotechnol, 44(4), 613–622. https://doi.org/10.1007/ 

s10295-016-1814-y 

276. Karmakar, G. P. (2022). Regeneration and Recovery of Plastics. 

Encyclopedia of Materials: Plastics and Polymers, 634–651. 

https://doi.org/10.1016/B978-0-12-820352-1.00045-6 

277. Kasana, R. C., Salwan, R., Dhar, H., Dutt, S., & Gulati, A. (2008). A 

rapid and easy method for the detection of microbial cellulases on 

agar plates using gram’s iodine. Curr Microbiol, 57(5), 503–507. 

https://doi.org/10.1007/s00284-008-9276-8 

278. Katemai, W., Maneerat, S., Kawai, F., Kanzaki, H., Nitoda, T., & H-

Kittikun, A. (2008). Purification and characterization of a 

biosurfactant produced by Issatchenkia orientalis SR4. J Gen Appl 

Microbiol, 54(1), 79–82. https://doi.org/10.2323/jgam.54.79 

279. Katnic, S. P., & Gupta, R. K. (2025). From biofilms to biocatalysts: 

Innovations in plastic biodegradation for environmental 

sustainability. Journal of Environmental Management, 374, 124192. 

https://doi.org/10.1016/j.jenvman.2025.124192 

280. Kavitha, R., & Bhuvaneswari, V. (2021). Assessment of polyethylene 

degradation by biosurfactant producing ligninolytic bacterium. 

Biodegradation. https://doi.org/10.1007/s10532-021-09949-8 

281. Khampratueng, P., & Anal, A. K. (2025). Enhancing the 

biodegradation of low-density polyethylene (LDPE) using novel 

bacterial consortia: Bacillus sp. AS3 and Sphingobacterium sp. AS8. 

Journal of Environmental Sciences, S1001074225001895. 

https://doi.org/10.1016/j.jes.2025.04.007 

282. Khampratueng, P., Rice, D., & Anal, A. K. (2024). Biodegradation of 

low-density polyethylene by the bacterial strains isolated from the 

dumping site community. Discov Appl Sci, 6(7), 348. 

https://doi.org/10.1007/s42452-024-06052-4 

283. Khan, S., Ali, S. A., & Ali, A. S. (2023). Biodegradation of low 

density polyethylene (LDPE) by mesophilic fungus ‘ Penicillium 

citrinum ’ isolated from soils of plastic waste dump yard, Bhopal, 

India. Environmental Technology, 44(15), 2300–2314. 

https://doi.org/10.1080/09593330.2022.2027025 

284. Khandare, S. D., Agrawal, D., Mehru, N., & Chaudhary, D. R. 

(2022). Marine bacterial based enzymatic degradation of low-density 



Bibliography 

 387 

polyethylene (LDPE) plastic. Journal of Environmental Chemical 

Engineering, 10(3), 107437. https://doi.org/10.1016/ j.jece.2022. 

107437 

285. Khandare, S. D., Chaudhary, D. R., & Jha, B. (2021). Marine 

bacterial biodegradation of low-density polyethylene (LDPE) plastic. 

Biodegradation, 32(2), 127–143. https://doi.org/10.1007/s10532-021-

09927-0 

286. Khruengsai, S., Sripahco, T., & Pripdeevech, P. (2021). Low-Density 

Polyethylene Film Biodegradation Potential by Fungal Species from 

Thailand. J. Fungi, 7(8), 594. https://doi.org/10.3390/jof7080594 

287. Khruengsai, S., Sripahco, T., & Pripdeevech, P. (2023). Microbial 

degradation of low-density polyethylene by Neopestalotiopsis 

phangngaensis. J Gen Appl Microbiol, 68(6), 287–294. 

https://doi.org/10.2323/jgam.2022.07.001 

288. Kibria, Md. G., Masuk, N. I., Safayet, R., Nguyen, H. Q., & 

Mourshed, M. (2023). Plastic Waste: Challenges and Opportunities 

to Mitigate Pollution and Effective Management. Int J Environ Res, 

17(1), 20. https://doi.org/10.1007/s41742-023-00507-z 

289. Kichu, A., & Devi, N. (2021). Utilization of Plastic Wastes and Its 

Technologies: An Overview. In C. Baskar, S. Ramakrishna, S. 

Baskar, R. Sharma, A. Chinnappan, & R. Sehrawat (Eds.), Handbook 

of Solid Waste Management (pp. 1–22). Springer Singapore. 

https://doi.org/10.1007/978-981-15-7525-9_50-1 

290. Kida, M., Ziembowicz, S., & Koszelnik, P. (2023). Decomposition of 

microplastics: Emission of harmful substances and greenhouse gases 

in the environment. Journal of Environmental Chemical Engineering, 

11(1), 109047. https://doi.org/10.1016/j.jece.2022.109047 

291. Kiessling, T., Hinzmann, M., Mederake, L., Dittmann, S., Brennecke, 

D., Böhm-Beck, M., Knickmeier, K., & Thiel, M. (2023). What 

potential does the EU Single-Use Plastics Directive have for reducing 

plastic pollution at coastlines and riversides? An evaluation based on 

citizen science data. Waste Management, 164, 106–118. 

https://doi.org/10.1016/j.wasman.2023.03.042 

292. Kijchavengkul, T., & Auras, R. (2008). Compostability of polymers. 

Polymer International, 57, 793–804. https://doi.org/10.1002/pi.2420 

293. Kim, D.-W., Lim, E. S., Lee, G. H., Son, H. F., Sung, C., Jung, J.-H., 

Park, H. J., Gong, G., Ko, J. K., Um, Y., Han, S. O., & Ahn, J. H. 

(2024). Biodegradation of oxidized low density polyethylene by 



Bibliography 

 388 

Pelosinus fermentans lipase. Bioresource Technology, 403, 130871. 

https://doi.org/10.1016/j.biortech.2024.130871 

294. Kim, M. (2003). Evaluation of degradability of hydroxypropylated 

potato starch/polyethylene blend films. Carbohydrate Polymers, 

54(2), 173–181. https://doi.org/10.1016/s0144-8617(03)00169-3 

295. Kiran, G. S., Sabarathnam, B., & Selvin, J. (2010). Biofilm 

disruption potential of a glycolipid biosurfactant from marine 

Brevibacterium casei. FEMS Immunology & Medical Microbiology, 

59(3), 432–438. https://doi.org/10.1111/j.1574-695X.2010.00698.x 

296. Klein, S., Dimzon, I. K., Eubeler, J., & Knepper, T. P. (2018). 

Analysis, Occurrence, and Degradation of Microplastics in the 

Aqueous Environment. In M. Wagner & S. Lambert (Eds.), 

Freshwater Microplastics (Vol. 58, pp. 51–67). Springer 

International Publishing. https://doi.org/10.1007/978-3-319-61615-

5_3 

297. Klotz, M., & Haupt, M. (2022). A high-resolution dataset on the 

plastic material flows in Switzerland. Data Brief, 41, 108001. 

https://doi.org/10.1016/j.dib.2022.108001 

298. Knoblauch, D., & Mederake, L. (2021). Government policies 

combatting plastic pollution. Current Opinion in Toxicology, 28, 87–

96. https://doi.org/10.1016/j.cotox.2021.10.003 

299. Koirala, N., Khanal, S., Chaudhary, S., Gautam, S., Nandan Sah, S., 

Subba, P., Marraiki, N., & El-Saber Batiha, G. (2021). Potential 

surface active agent production using very low grade and cheap 

substrate by Bacillus subtilis as microbial cell factory. Nepal Journal 

of Biotechnology, 9(2), 21–28. https://doi.org/10.54796/ 

njb.v9i2.41910 

300. Kojnoková, T., Markovičová, L., & Nový, F. (2021). Application of 

thermal gravimetric analysis and comparison of polyethylene films 

before and after exposure in various chemical solutions. IOP 

Conference Series: Materials Science and Engineering, 1178(1), 

012029. https://doi.org/10.1088/1757-899X/1178/1/012029 

301. Kong, Y., Wang, R., Zhou, Q., Li, J., Fan, Y., & Chen, Q. (2025). 

Recent progresses and perspectives of polyethylene biodegradation 

by bacteria and fungi: A review. Journal of Contaminant Hydrology, 

269, 104499. https://doi.org/10.1016/j.jconhyd.2025.104499 

302. Kopecká, R., Kubínová, I., Sovová, K., Mravcová, L., Vítěz, T., & 

Vítězová, M. (2022). Microbial degradation of virgin polyethylene 



Bibliography 

 389 

by bacteria isolated from a landfill site. SN Appl. Sci., 4(11), 302. 

https://doi.org/10.1007/s42452-022-05182-x 

303. Kounina, A., Daystar, J., Chalumeau, S., Devine, J., Geyer, R., Pires, 

S. T., Sonar, S. U., Venditti, R. A., & Boucher, J. (2024). The global 

apparel industry is a significant yet overlooked source of plastic 

leakage. Nature Communications, 15(1), 5022. https://doi.org/ 

10.1038/s41467-024-49441-4 

304. Kowalczyk, A., Chyc, M., Ryszka, P., & Latowski, D. (2016). 

Achromobacter xylosoxidans as a new microorganism strain 

colonizing high-density polyethylene as a key step to its 

biodegradation. Environ Sci Pollut Res, 23(11), 11349–11356. 

https://doi.org/10.1007/s11356-016-6563-y 

305. Krantzberg, G., Jetoo, S., Grover, V. I., & Babel, S. (2023). Plastic 

Pollution: Nature Based Solutions and Effective Governance (1st 

ed.). CRC Press. https://doi.org/10.1201/9781003137740 

306. Krishnaswamy, V. G., Sridharan, R., Kumar, P. S., & Fathima, M. J. 

(2022). Cellulase enzyme catalyst producing bacterial strains from 

vermicompost and its application in low-density polyethylene 

degradation. Chemosphere, 288, 132552. https://doi.org/ 

10.1016/j.chemosphere.2021.132552 

307. Kučić Grgić, D., Miloloža, M., Ocelić Bulatović, V., Ukić, Š., Slouf, 

M., & Gajdosova, V. (2023). Screening the Efficacy of a Microbial 

Consortium of Bacteria and Fungi Isolated from Different 

Environmental Samples for the Degradation of LDPE/TPS Films. 

Separations, 10(2), 79. https://doi.org/10.3390/separations10020079 

308. Kumar, A., & Arora, P. K. (2022). Biotechnological Applications of 

Manganese Peroxidases for Sustainable Management. Front. 

Environ. Sci., 10. https://doi.org/10.3389/fenvs.2022.875157 

309. Kumar, A., & Chandra, R. (2020). Ligninolytic enzymes and its 

mechanisms for degradation of lignocellulosic waste in environment. 

Heliyon, 6(2), e03170. https://doi.org/10.1016/j.heliyon.2020.e03170 

310. Kumar, R., Verma, A., Shome, A., Sinha, R., Sinha, S., Jha, P. K., 

Kumar, P., Kumar, R., . S., Das, S., Sharma, P., & Prasad, P. V. V. 

(2021). Impacts of Plastic Pollution on Ecosystem Services, 

Sustainable Development Goals, and Need to Focus on Circular 

Economy and Policy Interventions. Sustainability, 13, 9963. 

https://doi.org/10.3390/su13179963 



Bibliography 

 390 

311. Kumar, S., Smith, S. R., Fowler, G., Velis, C., Kumar, S. J., Arya, S., 

Rena, Kumar, R., & Cheeseman, C. (2017). Challenges and 

opportunities associated with waste management in India. R Soc 

Open Sci, 4(3), 160764. https://doi.org/10.1098/rsos.160764 

312. Kumar Sen, S., & Raut, S. (2015). Microbial degradation of low 

density polyethylene (LDPE): A review. Journal of Environmental 

Chemical Engineering, 3(1), 462–473. https://doi.org/10.1016/ 

j.jece.2015.01.003 

313. Kundungal, H., Gangarapu, M., Saran, Patchaiyappan, A., & 

Devipriya, S. P. (2021). Role of pretreatment and evidence for the 

enhanced biodegradation and mineralization of low-density 

polyethylene films by greater waxworm. Environ. Technol., 42(5), 

717–730. https://doi.org/10.1080/09593330.2019.1643925 

314. Kwiecińska, B., Pusz, S., & Valentine, B. J. (2019). Application of 

electron microscopy TEM and SEM for analysis of coals, organic-

rich shales and carbonaceous matter. International Journal of Coal 

Geology, 211, 103203. https://doi.org/10.1016/j.coal.2019.05.010 

315. Kyaw, B. M., Champakalakshmi, R., Sakharkar, M. K., Lim, C. S., & 

Sakharkar, K. R. (2012). Biodegradation of Low Density Polythene 

(LDPE) by Pseudomonas Species. Indian J Microbiol, 52(3), 411–

419. https://doi.org/10.1007/s12088-012-0250-6 

316. Kyriacos, D. (2017). Polycarbonates. In Brydson’s Plastics Materials 

(pp. 457–485). Elsevier. https://doi.org/10.1016/B978-0-323-35824-

8.00017-7 

317. L, E., Wilfred, N., S, K., Halder, G., Haldar, D., Patel, A. K., 

Singhania, R. R., & Pandey, A. (2024). Biodegradation of 

microplastics: Advancement in the strategic approaches towards 

prevention of its accumulation and harmful effects. Chemosphere, 

346, 140661. https://doi.org/10.1016/j.chemosphere.2023.140661 

318. Lacalle, R. G., Gómez-Sagasti, M. T., Garbisu, C., & Becerril. 

(2021). The degradation of fatty acid methyl esters improved the 

health of soils simultaneously polluted with metals and biodiesel 

blends. Fuel, 291, 120158. https://doi.org/10.1016/ 

j.fuel.2021.120158 

319. Lacsado, M. F. Y., Batawan, J. L., Apalacio, H., & Sultan, K. H. 

(2023). Utilization of Ethylene-Vinyl Acetate (EVA) Waste from 

Footwear Industry as Partial Replacement of Aggregates for Concrete 



Bibliography 

 391 

Roof Tile. Key Engineering Materials, 953, 99–104. 

https://doi.org/10.4028/p-DT0XBa 

320. Lam, H. T., Zupančič, O., Laffleur, F., & Bernkop-Schnürch, A. 

(2021). Mucoadhesive properties of polyacrylates: Structure – 

Function relationship. International Journal of Adhesion and 

Adhesives, 107, 102857. https://doi.org/10.1016/ j.ijadhadh. 

2021.102857 

321. Lattuati, A., Metzger, P., Acquaviva, M., Bertrand, J.-C., & Largeau, 

C. (2002). n-Alkane degradation by Marinobacter 

hydrocarbonoclasticus strain SP 17: Long chain β-hydroxy acids as 

indicators of bacterial activity. Organic Geochemistry, 33(1), 37–45. 

https://doi.org/10.1016/S0146-6380(01)00126-7 

322. Law, K. L., & Narayan, R. (2022). Reducing environmental plastic 

pollution by designing polymer materials for managed end-of-life. 

Nature Reviews Materials, 7(2), 104–116. https://doi.org/10.1038/ 

s41578-021-00382-0 

323. Law, K. L., Starr, N., Siegler, T. R., Jambeck, J. R., Mallos, N. J., & 

Leonard, G. H. (2020). The United States’ contribution of plastic 

waste to land and ocean. Science Advances, 6(44), eabd0288. 

https://doi.org/10.1126/sciadv.abd0288 

324. Law, K.-Y. (2014). Definitions for Hydrophilicity, Hydrophobicity, 

and Superhydrophobicity: Getting the Basics Right. J. Phys. Chem. 

Lett., 5(4), 686–688. https://doi.org/10.1021/jz402762h 

325. Lawson, C. E., Harcombe, W. R., Hatzenpichler, R., Lindemann, S. 

R., Löffler, F. E., O’Malley, M. A., García Martín, H., Pfleger, B. F., 

Raskin, L., Venturelli, O. S., Weissbrodt, D. G., Noguera, D. R., & 

McMahon, K. D. (2019). Common principles and best practices for 

engineering microbiomes. Nat Rev Microbiol, 17(12), 725–741. 

https://doi.org/10.1038/s41579-019-0255-9 

326. Le, D. K., Leung, R. I. H., Er, A. S. R., Zhang, X., Tay, X. J., Thai, 

Q. B., Phan-Thien, N., & Duong, H. M. (2019). Applications of 

functionalized polyethylene terephthalate aerogels from plastic bottle 

waste. Waste Management, 100, 296–305. 

https://doi.org/10.1016/j.wasman.2019.09.031 

327. Lear, G., Kingsbury, J. M., Franchini, S., Gambarini, V., Maday, S. 

D. M., Wallbank, J. A., Weaver, L., & Pantos, O. (2021). Plastics and 

the microbiome: Impacts and solutions. Environ Microbiome, 16(1), 

2. https://doi.org/10.1186/s40793-020-00371-w 



Bibliography 

 392 

328. Lebreton, L., & Andrady, A. (2019). Future scenarios of global 

plastic waste generation and disposal. Palgrave Commun, 5(1), 1–11. 

https://doi.org/10.1057/s41599-018-0212-7 

329. Lee, C., Jang, Y.-C., Choi, K., Kim, B., Song, H., & Kwon, Y. 

(2024). Recycling, Material Flow, and Recycled Content Demands of 

Polyethylene Terephthalate (PET) Bottles towards a Circular 

Economy in Korea. Environments, 11(2), Article 2. 

https://doi.org/10.3390/environments11020025 

330. Lee, G. H., Kim, D.-W., Jin, Y. H., Kim, S. M., Lim, E. S., Cha, M. 

J., Ko, J. K., Gong, G., Lee, S.-M., Um, Y., Han, S. O., & Ahn, J. H. 

(2023). Biotechnological Plastic Degradation and Valorization Using 

Systems Metabolic Engineering. International Journal of Molecular 

Sciences, 24(20), 15181. https://doi.org/10.3390/ijms242015181 

331. Lehtiniemi, M., Hartikainen, S., Näkki, P., Engström-Öst, J., 

Koistinen, A., & Setälä, O. (2018). Size matters more than shape: 

Ingestion of primary and secondary microplastics by small predators. 

Food Webs, 17, e00097. 

https://doi.org/10.1016/j.fooweb.2018.e00097 

332. Lennox, V. A., & Ackerman, V. P. (1984). Biochemical 

identification of bacteria by replicator methods on agar plates. 

Pathology, 16(4), 434–440. https://doi.org/10.3109/00313028 

409084736 

333. LeNoir, R. T. (2022). Plastics. In Global Legislation for Food 

Contact Materials (pp. 1–50). Elsevier. https://doi.org/10.1016/B978-

0-12-821181-6.00008-9 

334. Leslie, H. A., van Velzen, M. J. M., Brandsma, S. H., Vethaak, A. D., 

Garcia-Vallejo, J. J., & Lamoree, M. H. (2022). Discovery and 

quantification of plastic particle pollution in human blood. Environ 

Int, 163, 107199. https://doi.org/10.1016/j.envint.2022.107199 

335. Li, K., Ward, H., Lin, H. X., & Tukker, A. (2024). Economic 

viability requires higher recycling rates for imported plastic waste 

than expected. Nature Communications, 15(1), 7578. 

https://doi.org/10.1038/s41467-024-51923-4 

336. Li, S., He, L., Shi, N., Ni, Z., Bu, Q., Zhu, D., & Chen, H. (2024). 

Display of Lignin Peroxidase on the Surface of Bacillus subtilis. 

Applied Biochemistry and Biotechnology, 196(10), 6849–6863. 

https://doi.org/10.1007/s12010-024-04869-8 



Bibliography 

 393 

337. Li, Y., Liu, L., Du, Y., Yin, Z., Zhao, Y., Feng, G., & Zeng, M. 

(2025). Composite solutions of Phycocyanin and chitosan extend 

oyster shelf life. Food Chemistry: X, 27, 102456. 

https://doi.org/10.1016/j.fochx.2025.102456 

338. Li, Z., Wei, R., Gao, M., Ren, Y., Yu, B., Nie, K., Xu, H., & Liu, L. 

(2020). Biodegradation of low-density polyethylene by Microbulbifer 

hydrolyticus IRE-31. Journal of Environmental Management, 263, 

110402. https://doi.org/10.1016/j.jenvman.2020.110402 

339. Liang, Y., Ma, A., & Zhuang, G. (2022). Construction of 

Environmental Synthetic Microbial Consortia: Based on Engineering 

and Ecological Principles. Frontiers in Microbiology, 13, 829717. 

https://doi.org/10.3389/fmicb.2022.829717 

340. Lin, Y., Bilotti, E., Bastiaansen, C. W. M., & Peijs, T. (2020). 

Transparent semi-crystalline polymeric materials and their 

nanocomposites: A review. Polymer Engineering & Science, 60(10), 

2351–2376. https://doi.org/10.1002/pen.25489 

341. Lingaraj, K., Morris, H., & Bartlett, J. (2011). Polyethylene thickness 

in unicompartmental knee arthroplasty. Knee, 18(3), 165–167. 

https://doi.org/10.1016/j.knee.2010.04.012 

342. Lin-Vien, D., Colthup, N. B., Fateley, W. G., & Grasselli, J. G. 

(1991). Aromatic and Heteroaromatic Rings. In The Handbook of 

Infrared and Raman Characteristic Frequencies of Organic 

Molecules (pp. 277–306). Elsevier. https://doi.org/10.1016/B978-0-

08-057116-4.50023-7 

343. Liu, F., Zhang, N., Shang, Y., Yao, M., Ding, M., & Yuan, Y. 

(2025). Construction of Yarrowia lipolytica for degradation of low-

density polyethylene. Process Safety and Environmental Protection, 

195, 106818. https://doi.org/10.1016/j.psep.2025.106818 

344. Liu, Q., Subhash, G., & Gao, X.-L. (2005). A Parametric Study on 

Crushability of Open-Cell Structural Polymeric Foams. Journal of 

Porous Materials, 12(3), 233–248. https://doi.org/10.1007/s10934-

005-1652-1 

345. Liu, S., Wang, C., Yang, Y., Du, Z., Li, L., Zhang, M., Ni, S., Yue, 

Z., Yang, K., Wang, Y., Li, X., Yang, Y., Qin, Y., Li, J., Yang, Y., & 

Zhang, M. (2024). Microplastics in three types of human arteries 

detected by pyrolysis-gas chromatography/mass spectrometry (Py-

GC/MS). Journal of Hazardous Materials, 469, 133855. 

https://doi.org/10.1016/j.jhazmat.2024.133855 



Bibliography 

 394 

346. Liu, X., Lei, T., Boré, A., Lou, Z., Abdouraman, B., & Ma, W. 

(2022). Evolution of global plastic waste trade flows from 2000 to 

2020 and its predicted trade sinks in 2030. Journal of Cleaner 

Production, 376, 134373. https://doi.org/10.1016/j.jclepro. 2022. 

134373 

347. Liu, X., Zhou, M., Xing, S., Wu, T., He, H., Bielicki, J. K., & Chen, 

J. (2021). Identification and Biochemical Characterization of a Novel 

Hormone-Sensitive Lipase Family Esterase Est19 from the Antarctic 

Bacterium Pseudomonas sp. E2-15. Biomolecules, 11(11), 1552. 

https://doi.org/10.3390/biom11111552 

348. Liu, Y. A., & Sharma, N. (2023). Integrated Process Modeling, 

Advanced Control and Data Analytics for Optimizing Polyolefin 

Manufacturing (1st ed.). Wiley. https://doi.org/10.1002/ 

9783527843831 

349. Liyana Bekri, N., Idris, I., Md Som, A., Nazri Murat, M., Sholahudin 

Rohman, F., Ahmad Ilyas, R., & Azmi, A. (2023). Study of input 

parameter changes toward low density polyethylene’s product 

properties. Materials Today: Proceedings, 74, 425–432. 

https://doi.org/ 10.1016/j.matpr.2022.11.140 

350. Llorente-García, B. E., Hernández-López, J. M., Zaldívar-Cadena, A. 

A., Siligardi, C., & Cedillo-González, E. I. (2020). First Insights into 

Photocatalytic Degradation of HDPE and LDPE Microplastics by a 

Mesoporous N–TiO2 Coating: Effect of Size and Shape of 

Microplastics. Coatings, 10(7), 658. https://doi.org/10.3390/ 

coatings10070658 

351. Lokesh, P., Shobika, R., Omer, S., Reddy, M., Saravanan, P., 

Rajeshkannan, R., Saravanan, V., & Venkatkumar, S. (2023). 

Bioremediation of plastics by the help of microbial tool: A way for 

control of plastic pollution. Sustainable Chemistry for the 

Environment, 3, 100027. https://doi.org/10.1016/j.scenv.2023.100027 

352. Lomwongsopon, P., Martínez, B. M., Jiménez, A. B., Bardenstein, A. 

L., Kusano, Y., de Claville Christiansen, J., & Varrone, C. (2025). 

Enhancing biodegradation of polyolefins and real mixed plastic waste 

by combination of pretreatment and mixed microbial consortia. 

Chemosphere, 373, 144151. https://doi.org/10.1016/ 

j.chemosphere.2025.144151 

353. Lou, H., Fu, R., Long, T., Fan, B., Guo, C., Li, L., Zhang, J., & 

Zhang, G. (2022). Biodegradation of polyethylene by Meyerozyma 

guilliermondii and Serratia marcescens isolated from the gut of 



Bibliography 

 395 

waxworms (larvae of Plodia interpunctella). Science of The Total 

Environment, 853, 158604. https://doi.org/10.1016/ 

j.scitotenv.2022.158604 

354. Lou, Y., Ekaterina, P., Yang, S.-S., Lu, B., Liu, B., Ren, N., Corvini, 

P. F.-X., & Xing, D. (2020). Biodegradation of Polyethylene and 

Polystyrene by Greater Wax Moth Larvae ( Galleria mellonella L.) 

and the Effect of Co-diet Supplementation on the Core Gut 

Microbiome. Environmental Science & Technology, 54(5), 2821–

2831. https://doi.org/10.1021/acs.est.9b07044 

355. Lv, S., Li, Y., Zhao, S., & Shao, Z. (2024). Biodegradation of 

Typical Plastics: From Microbial Diversity to Metabolic 

Mechanisms. International Journal of Molecular Sciences, 25(1), 

593. https://doi.org/10.3390/ijms25010593 

356. Lyu, X., Nuhu, M., Candry, P., Wolfanger, J., Betenbaugh, M., 

Saldivar, A., Zuniga, C., Wang, Y., & Shrestha, S. (2024). Top-down 

and bottom-up microbiome engineering approaches to enable 

biomanufacturing from waste biomass. Journal of Industrial 

Microbiology and Biotechnology, 51, kuae025. 

https://doi.org/10.1093/jimb/kuae025 

357. Ma, Y., Wu, S., Xu, Y., Zhou, X., & Ruan, A. (2023). Degradation 

characteristics of polyethylene film by microorganisms from lake 

sediments. Environmental Pollution, 333, 122115. 

https://doi.org/10.1016/j.envpol.2023.122115 

358. Macali, A., Semenov, A., Venuti, V., Crupi, V., D’Amico, F., Rossi, 

B., Corsi, I., & Bergami, E. (2018). Episodic records of jellyfish 

ingestion of plastic items reveal a novel pathway for trophic 

transference of marine litter. Sci Rep, 8(1), 6105. 

https://doi.org/10.1038/s41598-018-24427-7 

359. Maddela, N. R., Kakarla, D., Venkateswarlu, K., & Megharaj, M. 

(2023). Additives of plastics: Entry into the environment and 

potential risks to human and ecological health. Journal of 

Environmental Management, 348, 119364. 

https://doi.org/10.1016/j.jenvman.2023.119364 

360. Maglione, G., Zinno, P., Tropea, A., Mussagy, C. U., Dufossé, L., 

Giuffrida, D., & Mondello, A. (2024). Microbes’ role in 

environmental pollution and remediation: A bioeconomy focus 

approach. AIMS Microbiology, 10(3), 723–755. 

https://doi.org/10.3934/microbiol.2024033 



Bibliography 

 396 

361. Mahadevan, G., & Valiyaveettil, S. (2021). Comparison of 

Genotoxicity and Cytotoxicity of Polyvinyl Chloride and 

Poly(methyl methacrylate) Nanoparticles on Normal Human Lung 

Cell Lines. Chem Res Toxicol, 34(6), 1468–1480. 

https://doi.org/10.1021/acs.chemrestox.0c00391 

362. Maisto, M., Zuzolo, D., Tartaglia, M., Prigioniero, A., Ranauda, M. 

A., Germinario, C., Falzarano, A., Castelvetro, V., Sciarrillo, R., & 

Guarino, C. (2024). Advances in plastic mycoremediation: Focus on 

the isoenzymes of the lignin degradation complex. Science of The 

Total Environment, 948, 174554. 

https://doi.org/10.1016/j.scitotenv.2024.174554 

363. Maitlo, G., Ali, I., Maitlo, H. A., Ali, S., Unar, I. N., Ahmad, M. B., 

Bhutto, D. K., Karmani, R. K., Naich, S. U. R., Sajjad, R. U., Ali, S., 

& Afridi, M. N. (2022). Plastic Waste Recycling, Applications, and 

Future Prospects for a Sustainable Environment. Sustainability, 

14(18), 11637. https://doi.org/10.3390/su141811637 

364. Malachová, K., Novotný, Č., Adamus, G., Lotti, N., Rybková, Z., 

Soccio, M., Šlosarčíková, P., Verney, V., & Fava, F. (2020). Ability 

of Trichoderma hamatum Isolated from Plastics-Polluted 

Environments to Attack Petroleum-Based, Synthetic Polymer Films. 

Processes, 8(4), Article 4. https://doi.org/10.3390/pr8040467 

365. Maleki Rad, M., Moghimi, H., & Azin, E. (2022). Biodegradation of 

thermo-oxidative pretreated low-density polyethylene (LDPE) and 

polyvinyl chloride (PVC) microplastics by Achromobacter 

denitrificans Ebl13. Marine Pollution Bulletin, 181, 113830. 

https://doi.org/10.1016/j.marpolbul.2022.113830 

366. Mallisetty, R., Veluru, S., Talib Hamzah, H., Hamem, M. N. K., 

Tukarambai, M., Rao Poiba, V., Srikanth, R., & Salah Mahdi, H. 

(2023). Biodegradation of low density polyethylene (LDPE) by 

Paenibacillus Sp. And Serratia Sp. Isolated from marine soil sample. 

Materials Today: Proceedings. 

https://doi.org/10.1016/j.matpr.2023.05.639 

367. Mandal, S. M., Sharma, S., Pinnaka, A. K., Kumari, A., & Korpole, 

S. (2013). Isolation and characterization of diverse antimicrobial 

lipopeptides produced by Citrobacter and Enterobacter. BMC 

Microbiology, 13(1), 152. https://doi.org/10.1186/1471-2180-13-152 

368. Mansoor, Z., Tchuenbou-Magaia, F., Kowalczuk, M., Adamus, G., 

Manning, G., Parati, M., Radecka, I., & Khan, H. (2022). Polymers 

Use as Mulch Films in Agriculture—A Review of History, Problems 



Bibliography 

 397 

and Current Trends. Polymers, 14(23), Article 23. 

https://doi.org/10.3390/polym14235062 

369. Marmara, D., Katsanevakis, S., Brundo, M.-V., Tiralongo, F., Ignoto, 

S., & Krasakopoulou, E. (2023). Microplastics ingestion by marine 

fauna with a particular focus on commercial species: A systematic 

review. Frontiers in Marine Science, 10. https://doi.org/10.3389/ 

fmars.2023.1240969 

370. Maroof, L., Khan, I., Hassan, H., Azam, S., & Khan, W. (2022). 

Microbial degradation of low density polyethylene by 

Exiguobacterium sp. Strain LM-IK2 isolated from plastic dumped 

soil. World J Microbiol Biotechnol, 38(11), 197. 

https://doi.org/10.1007/s11274-022-03389-z 

371. Maroof, L., Khan, I., Yoo, H. S., Kim, S., Park, H.-T., Ahmad, B., & 

Azam, S. (2021). Identification and characterization of low density 

polyethylene-degrading bacteria isolated from soils of waste disposal 

sites. Environmental Engineering Research, 26(3). 

https://doi.org/10.4491/eer.2020.167 

372. Martínez, M. J., Ruiz-Dueñas, F. J., Guillén, F., & Martínez, Á. T. 

(1996). Purification and Catalytic Properties of Two Manganese 

Peroxidase Isoenzymes from Pleurotus eryngii. European Journal of 

Biochemistry, 237(2), 424–432. https://doi.org/10.1111/j.1432-

1033.1996.0424k.x 

373. Matjašič, T., Simčič, T., Medvešček, N., Bajt, O., Dreo, T., & Mori, 

N. (2021). Critical evaluation of biodegradation studies on synthetic 

plastics through a systematic literature review. Science of The Total 

Environment, 752, 141959. 

https://doi.org/10.1016/j.scitotenv.2020.141959 

374. Matsuo, S., Takahashi, S., & Ito, S. (1999). Acrylic polymer, process 

for the production of the same, biodegradable builder, detergent 

composition and dispersant (European Union Patent EP0891992A1). 

https://patents.google.com/patent/EP0891992A1/en 

375. Mazaheri, H., & Nazeri, S. (2023). Biodegradation and 

Detoxification of Low-Density Polyethylene (LDPE) by 

Stenotrophomonas sp. And Alcaligenaceae bacterium. Bull Environ 

Contam Toxicol, 112(1), 19. https://doi.org/10.1007/s00128-023-

03836-z 

376. McFall, A., Coughlin, S. A., Hardiman, G., & Megaw, J. (2024). 

Strategies for biofilm optimization of plastic-degrading 



Bibliography 

 398 

microorganisms and isolating biofilm formers from plastic-

contaminated environments. Sustainable Microbiology, 1(1), 

qvae012. https://doi.org/10.1093/sumbio/qvae012 

377. Meaza, I., Toyoda, J. H., & Wise Sr, J. P. (2021). Microplastics in 

Sea Turtles, Marine Mammals and Humans: A One Environmental 

Health Perspective. Frontiers in Environmental Science, 8. 

https://doi.org/10.3389/fenvs.2020.575614 

378. Medić, A., Lješević, M., Inui, H., Beškoski, V., Kojić, I., Stojanović, 

K., & Karadžić, I. (2020). Efficient biodegradation of petroleum n-

alkanes and polycyclic aromatic hydrocarbons by polyextremophilic 

Pseudomonas aeruginosa san ai with multidegradative capacity. RSC 

Adv, 10(24), 14060–14070. https://doi.org/10.1039/c9ra10371f 

379. Mehmood, Ch. T., Qazi, I. A., Hashmi, I., Bhargava, S., & Deepa, S. 

(2016). Biodegradation of low density polyethylene (LDPE) 

modified with dye sensitized titania and starch blend using 

Stenotrophomonas pavanii. International Biodeterioration & 

Biodegradation, 113, 276–286. https://doi.org/10.1016/ j.ibiod. 

2016.01.025 

380. Melchor-Martínez, E. M., Macías-Garbett, R., Alvarado-Ramírez, L., 

Araújo, R. G., Sosa-Hernández, J. E., Ramírez-Gamboa, D., Parra-

Arroyo, L., Alvarez, A. G., Monteverde, R. P. B., Cazares, K. A. S., 

Reyes-Mayer, A., Yáñez Lino, M., Iqbal, H. M. N., & Parra-Saldívar, 

R. (2022). Towards a Circular Economy of Plastics: An Evaluation of 

the Systematic Transition to a New Generation of Bioplastics. 

Polymers, 14(6), 1203. https://doi.org/10.3390/polym14061203 

381. Mendoza, J. E., Tineo, D., Chuquibala-Checan, B., Atalaya-Marin, 

N., Taboada-Mitma, V. H., Tafur-Culqui, J., Tarrillo, E., Gómez-

Fernández, D., Goñas, M., & Reyes-Reyes, M. A. (2025). Global 

perspectives on the biodegradation of LDPE in agricultural systems. 

Frontiers in Microbiology, 15, 1510817. https://doi.org/ 

10.3389/fmicb.2024.1510817 

382. Mentis, C., Maroulis, G., Latinopoulos, D., & Bithas, K. (2022). The 

effects of environmental information provision on plastic bag use and 

marine environment status in the context of the environmental levy in 

Greece. Environment, Development and Sustainability, 1–22. 

https://doi.org/10.1007/s10668-022-02465-6 

383. Menzel, T., Meides, N., Mauel, A., Mansfeld, U., Kretschmer, W., 

Kuhn, M., Herzig, E. M., Altstädt, V., Strohriegl, P., Senker, J., & 

Ruckdäschel, H. (2022). Degradation of low-density polyethylene to 



Bibliography 

 399 

nanoplastic particles by accelerated weathering. Science of The Total 

Environment, 826, 154035. https://doi.org/10.1016/ j.scitotenv. 

2022.154035 

384. Merchant, S. S., & Helmann, J. D. (2012). Elemental Economy: 

Microbial strategies for optimizing growth in the face of nutrient 

limitation. Advances in Microbial Physiology, 60, 91–210. 

https://doi.org/10.1016/B978-0-12-398264-3.00002-4 

385. Mihai, F.-C., Gündoğdu, S., Markley, L. A., Olivelli, A., Khan, F. R., 

Gwinnett, C., Gutberlet, J., Reyna-Bensusan, N., Llanquileo-

Melgarejo, P., Meidiana, C., Elagroudy, S., Ishchenko, V., Penney, 

S., Lenkiewicz, Z., & Molinos-Senante, M. (2021). Plastic Pollution, 

Waste Management Issues, and Circular Economy Opportunities in 

Rural Communities. Sustainability, 14(1), 20. https://doi.org/ 

10.3390/su14010020 

386. Miloloža, M., Cvetnić, M., Kučić Grgić, D., Ocelić Bulatović, V., 

Ukić, Š., Rogošić, M., Dionysiou, D. D., Kušić, H., & Bolanča, T. 

(2022). Biotreatment strategies for the removal of microplastics from 

freshwater systems. A review. Environ Chem Lett, 20(2), 1377–1402. 

https://doi.org/10.1007/s10311-021-01370-0 

387. Mir, R. A., Mantoo, A. G., Sofi, Z. A., Bhat, D. A., Bashir, A., & 

Bashir, S. (2023). Types of Environmental Pollution and Its Effects 

on the Environment and Society. In F. Mushtaq, M. Farooq, A. B. 

Mukherjee, & M. Ghosh Nee Lala (Eds.), Geospatial Analytics for 

Environmental Pollution Modeling (pp. 1–31). Springer Nature 

Switzerland. https://doi.org/10.1007/978-3-031-45300-7_1 

388. Mishra, R., Chavda, P., Kumar, R., Pandit, R., Joshi, M., Kumar, M., 

& Joshi, C. (2024). Exploring genetic landscape of low-density 

polyethylene degradation for sustainable troubleshooting of plastic 

pollution at landfills. Science of The Total Environment, 912, 

168882. https://doi.org/10.1016/j.scitotenv.2023.168882 

389. Mohammadi, S., Moussavi, G., & Rezaei, M. (2022). Enhanced 

peroxidase-mediated biodegradation of polyethylene using the 

bacterial consortia under H2O2-biostimulation. Polymer, 240, 

124508. https://doi.org/10.1016/j.polymer.2021.124508 

390. Mohanan, N., Montazer, Z., Sharma, P. K., & Levin, D. B. (2020). 

Microbial and Enzymatic Degradation of Synthetic Plastics. 

Frontiers in Microbiology, 11, 580709. https://doi.org/10.3389 

/fmicb.2020.580709 



Bibliography 

 400 

391. Mohanan, N., Wong, C. H., Budisa, N., & Levin, D. B. (2022). 

Characterization of Polymer Degrading Lipases, LIP1 and LIP2 

From Pseudomonas chlororaphis PA23. Front Bioeng Biotechnol, 10, 

854298. https://doi.org/10.3389/fbioe.2022.854298 

392. Moharir, R., & Kumar, S. (2021). Structural characterization of 

LDPE films to analyse the impact of heavy metals and effect of UV 

pre-treatment on polymer degradation. J. Clean Prod., 298. 

https://doi.org/10.1016/j.jclepro.2021.126670 

393. Moharir, R. V., & Kumar, S. (2019). Challenges associated with 

plastic waste disposal and allied microbial routes for its effective 

degradation: A comprehensive review. J. Clean Prod., 208, 65–76. 

https://doi.org/10.1016/j.jclepro.2018.10.059 

394. Mondal, S., Das, P., Mondal, A., Paul, S., Pandey, J. K., & Das, T. K. 

(2023). Remediation of Plastic and Microplastic Waste (1st ed.). 

CRC Press. https://doi.org/10.1201/9781003449133 

395. Montazer, Z., Habibi Najafi, M. B., & Levin, D. B. (2019). Microbial 

degradation of low-density polyethylene and synthesis of 

polyhydroxyalkanoate polymers. Can J Microbiol, 65(3), 224–234. 

https://doi.org/10.1139/cjm-2018-0335 

396. Montazer, Z., Habibi Najafi, M. B., & Levin, D. B. (2020). 

Challenges with Verifying Microbial Degradation of Polyethylene. 

Polymers (Basel), 12(1). https://doi.org/10.3390/polym12010123 

397. Morales Ramos, J. G., Fernández Tarrillo, L. M., Guevara Bravo, A. 

X., Sánchez-Purihuamán, M., Carreño Farfán, C. R., Loayza Estrada, 

C. S., Llontop Ynga, E. G., & De La Cruz Silva, H. (2024). 

Efficiency of Microorganisms and Effectiveness of Biodegradation 

Techniques on LDPE Plastics: A Systematic Review. F1000Res, 13, 

745. https://doi.org/10.12688/f1000research.151338.2 

398. More, S. S., P. S., R., K., P., M., S., Malini, S., & S. M., V. (2011). 

Isolation, Purification, and Characterization of Fungal Laccase from 

Pleurotus sp. Enzyme Res, 2011, 248735. https://doi.org/10.4061/ 

2011/248735 

399. Morikawa, M., Daido, H., Takao, T., Murata, S., Shimonishi, Y., & 

Imanaka, T. (1993). A new lipopeptide biosurfactant produced by 

Arthrobacter sp. Strain MIS38. J Bacteriol, 175(20), 6459–6466. 

https://doi.org/10.1128/jb.175.20.6459-6466.1993 

400. Morrison, M., Trevisan, R., Ranasinghe, P., Merrill, G. B., Santos, J., 

Hong, A., Edward, W. C., Jayasundara, N., & Somarelli, J. A. 



Bibliography 

 401 

(2022). A growing crisis for One Health: Impacts of plastic pollution 

across layers of biological function. Frontiers in Marine Science, 9. 

https://doi.org/10.3389/fmars.2022.980705 

401. Mouafo Tamnou, E. B., Tamsa Arfao, A., Nougang, M. E., 

Metsopkeng, C. S., Noah Ewoti, O. V., Moungang, L. M., Nana, P. 

A., Atem Takang-Etta, L.-R., Perrière, F., Sime-Ngando, T., & Nola, 

M. (2021). Biodegradation of polyethylene by the bacterium 

Pseudomonas aeruginosa in acidic aquatic microcosm and effect of 

the environmental temperature. Environmental Challenges, 3, 

100056. https://doi.org/10.1016/j.envc.2021.100056 

402. Muangchinda, C., & Pinyakong, O. (2024). Enrichment of LDPE-

degrading bacterial consortia: Community succession and enhanced 

degradation efficiency through various pretreatment methods. Sci 

Rep, 14(1), 28795. https://doi.org/10.1038/s41598-024-80306-4 

403. Mufarrij, F., Ashrafi, O., Navarri, P., & Khojasteh, Y. (2023). 

Development and lifecycle assessment of various low- and high-

density polyethylene production processes based on CO2 capture and 

utilization. Journal of Cleaner Production, 414, 137624. 

https://doi.org/10.1016/j.jclepro.2023.137624 

404. Muhonja, C. N., Makonde, H., Magoma, G., & Imbuga, M. (2018). 

Biodegradability of polyethylene by bacteria and fungi from Dandora 

dumpsite Nairobi-Kenya. PLOS ONE, 13(7), e0198446. 

https://doi.org/10.1371/journal.pone.0198446 

405. Mukherjee, S., RoyChaudhuri, U., & Kundu, P. P. (2018). 

Biodegradation of polyethylene via complete solubilization by the 

action of Pseudomonas fluorescens, biosurfactant produced by 

Bacillus licheniformis and anionic surfactant. Journal of Chemical 

Technology & Biotechnology, 93(5), 1300–1311. https://doi.org/ 

10.1002/jctb.5489 

406. Muliadi, F. N. A., Halmi, M. I. E., Wahid, S. B. A., Gani, S. S. A., 

Zaidan, U. H., Mahmud, K., & Abd Shukor, M. Y. (2021). 

Biostimulation of Microbial Communities from Malaysian 

Agricultural Soil for Detoxification of Metanil Yellow Dye; a 

Response Surface Methodological Approach. Sustainability, 13(1), 

138. https://doi.org/10.3390/su13010138 

407. Muposhi, A., Mpinganjira, M., & Wait, M. (2022). Considerations, 

benefits and unintended consequences of banning plastic shopping 

bags for environmental sustainability: A systematic literature review. 



Bibliography 

 402 

Waste Manag Res, 40(3), 248–261. https://doi.org/10.1177/ 

0734242X211003965 

408. Nadeem, H., Alia, K. B., Muneer, F., Rasul, I., Siddique, M. H., 

Azeem, F., & Zubair, M. (2021). Isolation and identification of low-

density polyethylene degrading novel bacterial strains. Arch. 

Microbiol. https://doi.org/10.1007/s00203-021-02521-1 

409. Nademo, Z. M., Shibeshi, N. T., & Gemeda, M. T. (2023). Isolation 

and screening of low-density polyethylene (LDPE) bags degrading 

bacteria from Addis Ababa municipal solid waste disposal site 

“Koshe.” Annals of Microbiology, 73(1), 6. 

https://doi.org/10.1186/s13213-023-01711-0 

410. Naidu, Y., Siddiqui, Y., Rafii, M. Y., Saud, H. M., & Idris, A. S. 

(2017). Investigating the effect of white-rot hymenomycetes 

biodegradation on basal stem rot infected oil palm wood blocks: 

Biochemical and anatomical characterization. Industrial Crops and 

Products, 108, 872–882. https://doi.org/10.1016/ j.indcrop. 

2017.08.064 

411. Najam, M., Javaid, S., Iram, S., Pasertsakoun, K., Oláh, M., Székács, 

A., & Aleksza, L. (2025). Microbial Biodegradation of Synthetic 

Polyethylene and Polyurethane Polymers by Pedospheric Microbes: 

Towards Sustainable Environmental Management. Polymers, 17(2), 

169. https://doi.org/10.3390/polym17020169 

412. Nakata, R., Sato, M., & Tomonaga, S. (2020). Effects of Dietary 

Defatted Meat Species on Metabolomic Profiles of Murine Liver, 

Gastrocnemius Muscle, and Cecal Content. Metabolites, 10(12), 

Article 12. https://doi.org/10.3390/metabo10120503 

413. Narayana, T. (2009). Municipal solid waste management in India: 

From waste disposal to recovery of resources? Waste Management, 

29(3), 1163–1166. https://doi.org/10.1016/j.wasman.2008.06.038 

414. Navas, L. E., Martínez, F. D., Taverna, M. E., Fetherolf, M. M., Eltis, 

L. D., Nicolau, V., Estenoz, D., Campos, E., Benintende, G. B., & 

Berretta, M. F. (2019). A thermostable laccase from Thermus sp. 2.9 

and its potential for delignification of Eucalyptus biomass. AMB 

Express, 9(1), 24. https://doi.org/10.1186/s13568-019-0748-y 

415. Nawani, N., Khurana, J., & Kaur, J. (2006). A thermostable lipolytic 

enzyme from a thermophilic Bacillus sp.: Purification and 

characterization. Mol Cell Biochem, 290(1), 17–22. 

https://doi.org/10.1007/s11010-005-9076-4 



Bibliography 

 403 

416. Nayanashree, G., & Thippeswamy, B. (2015). Biodegradation of 

Natural Rubber by Laccase and Manganese Peroxidase Enzyme of 

Bacillus subtilis. Environmental Processes, 2(4), 761–772. 

https://doi.org/10.1007/s40710-015-0118-y 

417. Nayanathara Thathsarani Pilapitiya, P. G. C., & Ratnayake, A. S. 

(2024). The world of plastic waste: A review. Cleaner Materials, 11, 

100220. https://doi.org/10.1016/j.clema.2024.100220 

418. Nayarisseri, A., Singh, P., & Singh, S. K. (2018). Screening, isolation 

and characterization of biosurfactant producing Bacillus subtilis 

strain ANSKLAB03. Bioinformation, 14(6), 304–314. 

https://doi.org/10.6026/97320630014304 

419. Ndahebwa Muhonja, C., Magoma, G., Imbuga, M., & Makonde, H. 

M. (2018). Molecular Characterization of Low-Density Polyethene 

(LDPE) Degrading Bacteria and Fungi from Dandora Dumpsite, 

Nairobi, Kenya. Int J Microbiol, 2018, 4167845. 

https://doi.org/10.1155/2018/4167845 

420. Nedi, E. G., Ebu, S. M., & Somboo, M. (2024). Identification and 

molecular characterization of Polyethylene degrading bacteria from 

garbage dump sites in Adama, Ethiopia. Environmental Technology 

& Innovation, 33, 103441. https://doi.org/10.1016/j.eti.2023.103441 

421. Negi, H., Gupta, S., Zaidi, M. G. H., & Goel, R. (2011). Studies on 

biodegradation of LDPE film in the presence of potential bacterial 

consortia enriched soil. Biologija, 57(4), 141–147. 

https://doi.org/10.6001/biologija.v57i4.1925 

422. Nguyen, T., Merna, J., Kysor, E., Kohlmann, O., & Levin, D. B. 

(2024). Bacterial Degradation of Low-Density Polyethylene 

Preferentially Targets the Amorphous Regions of the Polymer. 

Polymers, 16(20), Article 20. https://doi.org/10.3390/ 

polym16202865 

423. Niaounakis, M. (2017). Degradation of Plastics in the Marine 

Environment. In Management of Marine Plastic Debris (pp. 127–

142). Elsevier. https://doi.org/10.1016/B978-0-323-44354-8.00003-3 

424. Nie, Y., Chi, C. Q., Fang, H., Liang, J. L., Lu, S. L., Lai, G. L., Tang, 

Y. Q., & Wu, X. L. (2014). Diverse alkane hydroxylase genes in 

microorganisms and environments. Sci Rep, 4, 4968. 

https://doi.org/10.1038/srep04968 

425. Nirosha, M., Kalainathan, S., Sarveswari, S., Vijayakumar, V., & 

Srikanth, A. (2015). Growth, spectral, optical, thermal, surface 



Bibliography 

 404 

analysis and third order nonlinear optical properties of an organic 

single crystal: 1-(2-Methyl-6-nitro-4-phenyl-3-quinolyl) ethanone. 

Spectrochimica Acta Part A: Molecular and Biomolecular 

Spectroscopy, 137, 23–28. https://doi.org/10.1016/j.saa.2014.07.090 

426. Nøklebye, E., Adam, H. N., Roy-Basu, A., Bharat, G. K., & Steindal, 

E. H. (2023). Plastic bans in India – Addressing the socio-economic 

and environmental complexities. Environmental Science & Policy, 

139, 219–227. https://doi.org/10.1016/j.envsci.2022.11.005 

427. Noormohamadi, R., Tabandeh, F., Shariati, P., & Otadi, M. (2013). 

Characterization of a lipase from a newly isolated Pseudomonas sp. 

Iran J Microbiol, 5(4), 422–427. https://www.ncbi.nlm.nih.gov/ 

pmc/articles/PMC4385172/ 

428. Nowak, B., Pająk, J., Drozd-Bratkowicz, M., & Rymarz, G. (2011). 

Microorganisms participating in the biodegradation of modified 

polyethylene films in different soils under laboratory conditions. 

International Biodeterioration & Biodegradation, 65(6), 757–767. 

https://doi.org/10.1016/j.ibiod.2011.04.007 

429. Nunes, P. S. O., Lacerda-Junior, G. V., Mascarin, G. M., Guimarães, 

R. A., Medeiros, F. H. V., Arthurs, S., & Bettiol, W. (2024). 

Microbial consortia of biological products: Do they have a future? 

Biological Control, 188, 105439. https://doi.org/10.1016/ 

j.biocontrol.2024.105439 

430. Nuripuoh, J. G., Duwiejuah, A. B., & Bakobie, N. (2022). Awareness 

and health risk protection behaviours of scavengers in the Gbalahi 

landfill site, Ghana, in the era of sustainable development. Discover 

Sustainability, 3(1), 1. https://doi.org/10.1007/s43621-021-00070-7 

431. Nwuzor, I. C., Oyeoka, H. C., Nwanonenyi, S. C., & Ihekweme, G. 

O. (2023). Biodegradation of low-density polyethylene 

film/plasticized cassava starch blends with central composite design 

for optimal environmental pollution control. Journal of Hazardous 

Materials Advances, 9, 100251. https://doi.org/10.1016 

/j.hazadv.2023.100251 

432. Nzimande, M. C., Mtibe, A., Tichapondwa, S., & John, M. J. (2024). 

A Review of Weathering Studies in Plastics and Biocomposites—

Effects on Mechanical Properties and Emissions of Volatile Organic 

Compounds (VOCs). Polymers (Basel), 16(8), 1103. https://doi.org/ 

10.3390/polym16081103 



Bibliography 

 405 

433. OECD. (2022). Global Plastics Outlook: Economic Drivers, 

Environmental Impacts and Policy Options. OECD. https://doi.org/ 

10.1787/de747aef-en 

434. Ojha, M. D., & Skariyachan, S. (2024). Degradation of Low-Density 

Polyethylene by Physical, Chemical, and Microbial-Based 

Approaches. In A. P. Das, I. D. Behera, & D. Bhanja (Eds.), 

Sustainable Microbial Technology for Synthetic and Cellulosic 

Microfiber Bioremediation (pp. 259–274). Springer Nature 

Switzerland. https://doi.org/10.1007/978-3-031-62600-5_14 

435. Ojo, O. S., & Bugarin, A. (2021). One-Pot Synthesis of α-Alkyl 

Styrene Derivatives. ACS Omega, 6(31), 20619–20628. 

https://doi.org/10.1021/acsomega.1c02801 

436. Okal, E. J., Heng, G., Magige, E. A., Khan, S., Wu, S., Ge, Z., 

Zhang, T., Mortimer, P. E., & Xu, J. (2023). Insights into the 

mechanisms involved in the fungal degradation of plastics. 

Ecotoxicology and Environmental Safety, 262, 115202. 

https://doi.org/10.1016/j.ecoenv.2023.115202 

437. Okamura, T. (2015). Polyethylene (PE; Low Density and High 

Density). In S. Kobayashi & K. Müllen (Eds.), Encyclopedia of 

Polymeric Nanomaterials (pp. 1826–1829). Springer Berlin 

Heidelberg. https://doi.org/10.1007/978-3-642-29648-2_252 

438. Oliveira, J., Almeida, P. L., Sobral, R. G., Lourenço, N. D., & 

Gaudêncio, S. P. (2022). Marine-Derived Actinomycetes: 

Biodegradation of Plastics and Formation of PHA Bioplastics—A 

Circular Bioeconomy Approach. Mar Drugs, 20(12), 760. 

https://doi.org/10.3390/md20120760 

439. Oliveira, J., Belchior, A., da Silva, V. D., Rotter, A., Petrovski, Ž., 

Almeida, P. L., Lourenço, N. D., & Gaudêncio, S. P. (2020). Marine 

Environmental Plastic Pollution: Mitigation by Microorganism 

Degradation and Recycling Valorization. Frontiers in Marine 

Science, 7. https://doi.org/10.3389/fmars.2020.567126 

440. Oluwole, O. A., Oluyege, J. O., & Olowomofe, T. O. (2022). 

Biodegradation of polyethylene based films used in water packaging 

by dumpsite bacteria. Bioremediation Journal, 0(0), 1–13. 

https://doi.org/10.1080/10889868.2022.2087591 

441. O’Rourke, K., Wurzer, C., Murray, J., Doyle, A., Doyle, K., Griffin, 

C., Christensen, B., Brádaigh, C. M. Ó., & Ray, D. (2022). Diverted 



Bibliography 

 406 

from Landfill: Reuse of Single-Use Plastic Packaging Waste. 

Polymers, 14(24), 5485. https://doi.org/10.3390/polym14245485 

442. (Orr), I. G., Hadar, Y., & Sivan, A. (2004). Colonization, biofilm 

formation and biodegradation of polyethylene by a strain of 

Rhodococcus ruber. Appl Microbiol Biotechnol, 65(1), 97–104. 

https://doi.org/10.1007/s00253-004-1584-8 

443. Ozbay, G., Jones, M., Gadde, M., Isah, S., & Attarwala, T. (2021). 

Design and Operation of Effective Landfills with Minimal Effects on 

the Environment and Human Health. J Environ Public Health, 2021, 

6921607. https://doi.org/10.1155/2021/6921607 

444. Ozger, O. B., Girardi, F., Giannuzzi, G. M., Salomoni, V. A., 

Majorana, C. E., Fambri, L., Baldassino, N., & Di Maggio, R. (2013). 

Effect of nylon fibres on mechanical and thermal properties of 

hardened concrete for energy storage systems. Materials & Design, 

51, 989–997. https://doi.org/10.1016/j.matdes.2013.04.085 

445. Paço, A., Duarte, K., da Costa, J. P., Santos, P. S. M., Pereira, R., 

Pereira, M. E., Freitas, A. C., Duarte, A. C., & Rocha-Santos, T. A. 

P. (2017). Biodegradation of polyethylene microplastics by the 

marine fungus Zalerion maritimum. Sci Total Environ, 586, 10–15. 

https://doi.org/10.1016/j.scitotenv.2017.02.017 

446. Pandey, P., Dhiman, M., Kansal, A., & Subudhi, S. P. (2023). Plastic 

waste management for sustainable environment: Techniques and 

approaches. Waste Disposal & Sustainable Energy, 5(2), 205–222. 

https://doi.org/10.1007/s42768-023-00134-6 

447. Pang, J., Zheng, M., Sun, R., Wang, A., Wang, X., & Zhang, T. 

(2016). Synthesis of ethylene glycol and terephthalic acid from 

biomass for producing PET. Green Chem., 18(2), 342–359. 

https://doi.org/10.1039/C5GC01771H 

448. Park, S. Y., & Kim, C. G. (2019). Biodegradation of micro-

polyethylene particles by bacterial colonization of a mixed microbial 

consortium isolated from a landfill site. Chemosphere, 222, 527–533. 

https://doi.org/10.1016/j.chemosphere.2019.01.159 

449. Parthipan, P., Preetham, E., Machuca, L. L., Rahman, P. K., 

Murugan, K., & Rajasekar, A. (2017). Biosurfactant and Degradative 

Enzymes Mediated Crude Oil Degradation by Bacterium Bacillus 

subtilis A1. Front Microbiol, 8, 193. https://doi.org/10.3389/ 

fmicb.2017.00193 



Bibliography 

 407 

450. Pathak, V. M. & Navneet. (2017). Review on the current status of 

polymer degradation: A microbial approach. Bioresources and 

Bioprocessing, 4(1), 15. https://doi.org/10.1186/s40643-017-0145-9 

451. Pathak, V. M. & Navneet (Eds.). (2018). Handbook of Research on 

Microbial Tools for Environmental Waste Management: IGI Global. 

https://doi.org/10.4018/978-1-5225-3540-9 

452. Patowary, K., Patowary, R., Kalita, M. C., & Deka, S. (2016). 

Development of an Efficient Bacterial Consortium for the Potential 

Remediation of Hydrocarbons from Contaminated Sites. Frontiers in 

Microbiology, 7, 1092. https://doi.org/10.3389/fmicb.2016.01092 

453. Pattnaik, S., & Sutar, M. K. (2022). Investigation on the Influence of 

Polyethylene Wax Powder on the Characteristics of Ceramic Shells 

Used for Investment Casting. Silicon, 14(11), 6089–6096. 

https://doi.org/10.1007/s12633-021-01386-9 

454. Paulraj, V. D., & Narayanasamy, S. (2025). Biofilm-mediated low-

density polyethylene degradation by Gordonia sp. isolated from 

plastic contaminated municipal waste dumping site: An optimization 

study. Journal of Environmental Chemical Engineering, 13(3), 

117091. https://doi.org/10.1016/j.jece.2025.117091 

455. Paxton, N. C., Allenby, M. C., Lewis, P. M., & Woodruff, M. A. 

(2019). Biomedical applications of polyethylene. European Polymer 

Journal, 118, 412–428. https://doi.org/10.1016/ j.eurpolymj. 

2019.05.037 

456. Payne, D. E., & Boles, B. R. (2016). Emerging interactions between 

matrix components during biofilm development. Curr Genet, 62(1), 

137–141. https://doi.org/10.1007/s00294-015-0527-5 

457. Peixoto, J., Silva, L. P., & Krüger, R. H. (2017). Brazilian Cerrado 

soil reveals an untapped microbial potential for unpretreated 

polyethylene biodegradation. J Hazard Mater, 324(Pt B), 634–644. 

https://doi.org/10.1016/j.jhazmat.2016.11.037 

458. Pencreac’h, G., & Baratti, J. C. (1996). Hydrolysis of p-nitrophenyl 

palmitate in n-heptane by the Pseudomonas cepacia lipase: A simple 

test for the determination of lipase activity in organic media. Enzyme 

and Microbial Technology, 18(6), 417–422. https://doi.org/10.1016/ 

0141-0229(95)00120-4 

459. Peng, B.-Y., Sun, Y., Wu, Z., Chen, J., Shen, Z., Zhou, X., Wu, W.-

M., & Zhang, Y. (2022). Biodegradation of polystyrene and low-

density polyethylene by Zophobas atratus larvae: Fragmentation into 



Bibliography 

 408 

microplastics, gut microbiota shift, and microbial functional 

enzymes. Journal of Cleaner Production, 367, 132987. 

https://doi.org/10.1016/j.jclepro.2022.132987 

460. Peng, Y., Wu, P., Schartup, A. T., & Zhang, Y. (2021). Plastic waste 

release caused by COVID-19 and its fate in the global ocean. Proc 

Natl Acad Sci U S A, 118(47), e2111530118. 

https://doi.org/10.1073/pnas.2111530118 

461. Perera, P., Herath, H., Paranagama, P. A., Wijesinghe, P., & 

Attanayake, R. N. (2023). Wood decay fungi show enhanced 

biodeterioration of low-density polyethylene in the absence of wood 

in culture media. PLoS One, 18(7), e0288133. 

https://doi.org/10.1371/journal.pone.0288133 

462. Phelan, A. (Anya), Meissner, K., Humphrey, J., & Ross, H. (2022). 

Plastic pollution and packaging: Corporate commitments and actions 

from the food and beverage sector. Journal of Cleaner Production, 

331, 129827. https://doi.org/10.1016/j.jclepro.2021.129827 

463. Pinto, M., Zhao, Z., Klun, K., Libowitzky, E., & Herndl, G. J. (2022). 

Microbial Consortiums of Putative Degraders of Low-Density 

Polyethylene-Associated Compounds in the Ocean. mSystems, 7(2), 

e01415-21. https://doi.org/10.1128/msystems.01415-21 

464. Politakos, N., & Avgeropoulos, A. (2023). Advances and 

Applications of Block Copolymers. Polymers, 15(13), 2930. 

https://doi.org/10.3390/polym15132930 

465. Prabhawathi, V., Thirunavukarasu, K., & Doble, M. (2014). A study 

on the long term effect of biofilm produced by biosurfactant 

producing microbe on medical implant. Mater Sci Eng C Mater Biol 

Appl, 40, 212–218. https://doi.org/10.1016/j.msec.2014.03.050 

466. Pramila, R. (2011). Biodegradation of low density polyethylene 

(LDPE) by fungi isolated from marine water– a SEM analysis. Afr. J. 

Microbiol. Res., 5(28), 5013–5018. https://doi.org/10.5897/ 

ajmr11.670 

467. Prasad, R. (1965). Determination of potentially available nitrogen in 

soils—A rapid procedure. Plant Soil, 23(2), 261–264. 

https://doi.org/10.1007/BF01358352 

468. Putcha, J. P., & Kitagawa, W. (2024). Polyethylene Biodegradation 

by an Artificial Bacterial Consortium: Rhodococcus as a Competitive 

Plastisphere Species. Microbes and Environments, 39(3), ME24031. 

https://doi.org/10.1264/jsme2.ME24031 



Bibliography 

 409 

469. Rai, M., Pant, G., Pant, K., Aloo, B. N., Kumar, G., Singh, H. B., & 

Tripathi, V. (2023). Microplastic Pollution in Terrestrial Ecosystems 

and Its Interaction with Other Soil Pollutants: A Potential Threat to 

Soil Ecosystem Sustainability. Resources, 12(6), 67. 

https://doi.org/10.3390/resources12060067 

470. Ram, A., & Miltz, J. (1972). Structure–Property Relationships in 

Low-Density Polyethylene. International Journal of Polymeric 

Materials. https://doi.org/10.1080/00914037208075298 

471. Rani, M., Weadge, J. T., & Jabaji, S. (2020). Isolation and 

Characterization of Biosurfactant-Producing Bacteria From Oil Well 

Batteries With Antimicrobial Activities Against Food-Borne and 

Plant Pathogens. Frontiers in Microbiology, 11. 

https://doi.org/10.3389/fmicb.2020.00064 

472. Rani, R., Rathee, J., Singh, N., & Santal, A. (2021). Isolation, 

characterization and optimization of bacterial isolate SARR1 for 

biodegradation of pretreated low density polyethylene. Journal of 

Applied and Natural Science, 13, 561–570. 

https://doi.org/10.31018/jans.v13i2.2663 

473. Rath, S., Paul, M., Behera, H. K., & Thatoi, H. (2022). Response 

surface methodology mediated optimization of Lignin peroxidase 

from Bacillus mycoides isolated from Simlipal Biosphere Reserve, 

Odisha, India. Journal of Genetic Engineering and Biotechnology, 

20(1), 2. https://doi.org/10.1186/s43141-021-00284-2 

474. Raut, S., Raut, S., Sharma, M., Srivastav, C., Adhikari, B., & Sen, S. 

K. (2015). Enhancing Degradation of Low Density Polyethylene 

Films by Curvularia lunata SG1 Using Particle Swarm Optimization 

Strategy. Indian J. Microbiol., 55(3), 258–268. 

https://doi.org/10.1007/s12088-015-0522-z 

475. Re, R., Pellegrini, N., Proteggente, A., Pannala, A., Yang, M., & 

Rice-Evans, C. (1999). Antioxidant activity applying an improved 

ABTS radical cation decolorization assay. Free Radical Biology and 

Medicine, 26(9), 1231–1237. https://doi.org/10.1016/S0891-

5849(98)00315-3 

476. Reasoner, D. J., & Geldreich, E. E. (1985). A new medium for the 

enumeration and subculture of bacteria from potable water. Appl 

Environ Microbiol, 49(1), 1–7. https://doi.org/10.1128/aem.49.1.1-

7.1985 



Bibliography 

 410 

477. Redko, V., Wolska, L., Olkowska, E., Tankiewicz, M., & 

Cieszyńska-Semenowicz, M. (2024). Long-Term Polyethylene 

(Bio)Degradation in Landfill: Environmental and Human Health 

Implications from Comprehensive Analysis. Molecules, 29(11), 

2499. https://doi.org/10.3390/molecules29112499 

478. Reichert, J., Arnold, A. L., Hoogenboom, M. O., Schubert, P., & 

Wilke, T. (2019). Impacts of microplastics on growth and health of 

hermatypic corals are species-specific. Environmental Pollution, 254, 

113074. https://doi.org/10.1016/j.envpol.2019.113074 

479. Réjasse, A., Waeytens, J., Deniset-Besseau, A., Crapart, N., Nielsen-

Leroux, C., & Sandt, C. (2022). Plastic biodegradation: Do Galleria 

mellonella Larvae Bioassimilate Polyethylene? A Spectral Histology 

Approach Using Isotopic Labeling and Infrared Microspectroscopy. 

Environ. Sci. Technol., 56(1), 525–534. 

https://doi.org/10.1021/acs.est.1c03417 

480. Ren, L., Men, L., Zhang, Z., Guan, F., Tian, J., Wang, B., Wang, J., 

Zhang, Y., & Zhang, W. (2019). Biodegradation of Polyethylene by 

Enterobacter sp. D1 from the Guts of Wax Moth Galleria mellonella. 

Int J Environ Res Public Health, 16(11), E1941. 

https://doi.org/10.3390/ijerph16111941 

481. Restrepo-Florez, J.-M., Bassi, A., & Thompson, M. R. (2014). 

Microbial degradation and deterioration of polyethylene—A review. 

Int. Biodeterior. Biodegrad., 88, 83–90. https://doi.org/10.1016/ 

j.ibiod.2013.12.014 

482. Rex, W. J., & Tennant, D. J. (1949). Polymeric linear terephthalic 

esters (United States Patent US2465319A). 

https://patents.google.com/patent/US2465319/en 

483. Rhodes, C. J. (2018). Plastic pollution and potential solutions. Sci 

Prog, 101(3), 207–260. https://doi.org/10.3184/0036 

85018X15294876706211 

484. Ritu, R., Rathee, J., Poonam, K., Singh, N., & Santal, A. (2022). 

Biodegradation and detoxification of low-density polyethylene by an 

indigenous strain Bacillus licheniformis SARR1. Journal of Applied 

Biology & Biotechnology. https://doi.org/10.7324/JABB. 

2021.100102 

485. Rivers-Auty, J., Bond, A. L., Grant, M. L., & Lavers, J. L. (2023). 

The one-two punch of plastic exposure: Macro- and micro-plastics 

induce multi-organ damage in seabirds. Journal of Hazardous 



Bibliography 

 411 

Materials, 442, 130117. https://doi.org/10.1016/j.jhazmat. 

2022.130117 

486. Roberts, C., Edwards, S., Vague, M., León-Zayas, R., Scheffer, H., 

Chan, G., Swartz, N. A., & Mellies, J. L. (2020). Environmental 

Consortium Containing Pseudomonas and Bacillus Species 

Synergistically Degrades Polyethylene Terephthalate Plastic. 

mSphere, 5(6), e01151-20. https://doi.org/10.1128/mSphere.01151-

20 

487. Rodriguez, E. (2004). Degradation of phenolic and non-phenolic 

aromatic pollutants by four Pleurotus species: The role of laccase and 

versatile peroxidase. Soil Biology and Biochemistry, 36, 909–916. 

https://doi.org/10.1016/S0038-0717(04)00055-0 

488. Roiron, C., Lainé, E., Grandidier, J.-C., Garois, N., & Vix-Guterl, C. 

(2021). A Review of the Mechanical and Physical Properties of 

Polyethylene Fibers. Textiles, 1(1), 86–151. 

https://doi.org/10.3390/textiles1010006 

489. Romano, I., Ventorino, V., Schettino, M., Magaraci, G., & Pepe, O. 

(2024). Changes in Soil Microbial Communities Induced by 

Biodegradable and Polyethylene Mulch Residues Under Three 

Different Temperatures. Microbial Ecology, 87(1), 101. 

https://doi.org/10.1007/s00248-024-02420-0 

490. Romero-Hernández, L., Velez, P., Betanzo-Gutiérrez, I., Camacho-

López, M. D., Vázquez-Duhalt, R., & Riquelme, M. (2021). Extra-

Heavy Crude Oil Degradation by Alternaria sp. Isolated from Deep-

Sea Sediments of the Gulf of Mexico. Applied Sciences, 11(13), 

6090. https://doi.org/10.3390/app11136090 

491. Ron, E. Z., & Rosenberg, E. (2002). Biosurfactants and oil 

bioremediation. Current Opinion in Biotechnology, 13(3), 249–252. 

https://doi.org/10.1016/s0958-1669(02)00316-6 

492. Ronca, S. (2017). Polyethylene. In Brydson’s Plastics Materials (pp. 

247–278). Elsevier. https://doi.org/10.1016/B978-0-323-35824-

8.00010-4 

493. Rong, Z., Ding, Z.-H., Wu, Y.-H., & Xu, X.-W. (2024). Degradation 

of low-density polyethylene by the bacterium Rhodococcus sp. C-2 

isolated from seawater. Science of The Total Environment, 907, 

167993. https://doi.org/10.1016/j.scitotenv.2023.167993 

494. Roohi,  null, Bano, K., Kuddus, M., Zaheer, M. R., Zia, Q., Khan, M. 

F., Ashraf, G. M., Gupta, A., & Aliev, G. (2017). Microbial 



Bibliography 

 412 

Enzymatic Degradation of Biodegradable Plastics. Curr Pharm 

Biotechnol, 18(5), 429–440. https://doi.org/10.2174/138920101866 

6170523165742 

495. Rosenberg, M., Gutnick, D., & Rosenberg, E. (1980). Adherence of 

bacteria to hydrocarbons: A simple method for measuring cell-

surface hydrophobicity. FEMS Microbiology Letters, 9(1), 29–33. 

https://doi.org/10.1111/j.1574-6968.1980.tb05599.x 

496. Rostami, M., Ghorbani, A., & Shahbazi, S. (2024). Gamma radiation-

induced enhancement of biocontrol agents for plant disease 

management. Current Research in Microbial Sciences, 7, 100308. 

https://doi.org/10.1016/j.crmicr.2024.100308 

497. Roy, H., Alam, S. R., Bin-Masud, R., Prantika, T. R., Pervez, M. N., 

Islam, M. S., & Naddeo, V. (2022). A Review on Characteristics, 

Techniques, and Waste-to-Energy Aspects of Municipal Solid Waste 

Management: Bangladesh Perspective. Sustainability, 14(16), 10265. 

https://doi.org/10.3390/su141610265 

498. Roy, R., Mukherjee, G., Das Gupta, A., Tribedi, P., & Sil, A. K. 

(2021). Isolation of a soil bacterium for remediation of polyurethane 

and low-density polyethylene: A promising tool towards sustainable 

cleanup of the environment. 3 Biotech, 11(1), 29. 

https://doi.org/10.1007/s13205-020-02592-9 

499. Russell, J. R., Huang, J., Anand, P., Kucera, K., Sandoval, A. G., 

Dantzler, K. W., Hickman, D., Jee, J., Kimovec, F. M., Koppstein, 

D., Marks, D. H., Mittermiller, P. A., Núñez, S. J., Santiago, M., 

Townes, M. A., Vishnevetsky, M., Williams, N. E., Vargas, M. P. N., 

Boulanger, L.-A., … Strobel, S. A. (2011). Biodegradation of 

polyester polyurethane by endophytic fungi. Appl Environ Microbiol, 

77(17), 6076–6084. https://doi.org/10.1128/AEM.00521-11 

500. Rüthi, J., Rast, B. M., Qi, W., Perez-Mon, C., Pardi-Comensoli, L., 

Brunner, I., & Frey, B. (2023). The plastisphere microbiome in alpine 

soils alters the microbial genetic potential for plastic degradation and 

biogeochemical cycling. Journal of Hazardous Materials, 441, 

129941. https://doi.org/10.1016/j.jhazmat.2022.129941 

501. Saeed, A., Akhtar, M. F., Saleem, A., Akhtar, B., & Sharif, A. 

(2023). Reproductive and metabolic toxic effects of polystyrene 

microplastics in adult female Wistar rats: A mechanistic study. 

Environ Sci Pollut Res Int, 30(22), 63185–63199. 

https://doi.org/10.1007/s11356-023-26565-6 



Bibliography 

 413 

502. Safdar, A., Ismail, F., & Imran, M. (2024). Biodegradation of 

synthetic plastics by the extracellular lipase of Aspergillus niger. 

Environmental Advances, 17, 100563. https://doi.org/10.1016 

/j.envadv.2024.100563 

503. Sah, A., Negi, H., Kapri, A., Anwar, M. S., & Goel, R. (2011). 

Comparative shelf life and efficacy of LDPE and PVC degrading 

bacterial consortia under bioformulation. Ekologija, 57. 

https://doi.org/10.6001/ekologija.v57i2.1885 

504. Saha, L., Tiwari, J., Bauddh, K., & Ma, Y. (2021). Recent 

Developments in Microbe–Plant-Based Bioremediation for Tackling 

Heavy Metal-Polluted Soils. Front Microbiol, 12, 731723. 

https://doi.org/10.3389/fmicb.2021.731723 

505. Saha, S. C., & Saha, G. (2024). Effect of microplastics deposition on 

human lung airways: A review with computational benefits and 

challenges. Heliyon, 10(2), e24355. https://doi.org/10.1016/ 

j.heliyon.2024.e24355 

506. Sahoo, H., Kisku, K., & Naik, U. C. (2021). Application of Omics 

Tools for Microbial Community Structure and Function Analysis. In 

Wastewater Treatment (pp. 433–456). Elsevier. 

https://doi.org/10.1016/B978-0-12-821881-5.00021-0 

507. Sai Latha, S., Shivanna, N., Naika, M., Anilakumar, K. R., Kaul, A., 

& Mittal, G. (2020). Toxic metabolite profiling of Inocybe virosa. 

Scientific Reports, 10(1), 13669. https://doi.org/10.1038/s41598-020-

70196-7 

508. Sajjad, M., Huang, Q., Khan, S., Khan, M. A., Liu, Y., Wang, J., 

Lian, F., Wang, Q., & Guo, G. (2022). Microplastics in the soil 

environment: A critical review. Environmental Technology & 

Innovation, 27, 102408. https://doi.org/10.1016/j.eti.2022.102408 

509. Sakao, T., Bocken, N., Nasr, N., & Umeda, Y. (2024). Implementing 

circular economy activities in manufacturing for environmental 

sustainability. CIRP Annals, 73(2), 457–481. https://doi.org/10.1016/ 

j.cirp.2024.06.002 

510. Sakellariou, V. I., Sculco, P., Poultsides, L., Wright, T., & Sculco, T. 

P. (2013). Highly Cross-Linked Polyethylene May Not Have an 

Advantage in Total Knee Arthroplasty. HSS Journal, 9(3), 264–269. 

https://doi.org/10.1007/s11420-013-9352-x 

511. Salakhov, I. I., Shaidullin, N. M., Chalykh, A. E., Matsko, M. A., 

Shapagin, A. V., Batyrshin, A. Z., Shandryuk, G. A., & Nifant’ev, I. 



Bibliography 

 414 

E. (2021). Low-Temperature Mechanical Properties of High-Density 

and Low-Density Polyethylene and Their Blends. Polymers, 13(11), 

1821. https://doi.org/10.3390/polym13111821 

512. Saleh, M., Isik, Z., Belibagli, P., Arslan, H., Gonca, S., Özdemir, S., 

Kudaibergenov, N., Khataee, A., & Dizge, N. (2023). Fabrication of 

Ag nanoparticles coated leonardite basalt ceramic membrane with 

improved antimicrobial properties for DNA cleavage, E. coli removal 

and antibiofilm effects. Journal of Industrial and Engineering 

Chemistry, 128, 532–541. https://doi.org/10.1016/j.jiec.2023.08.018 

513. Salinas, J., Carpena, V., Martínez-Gallardo, M. R., Segado, M., 

Estrella-González, M. J., Toribio, A. J., Jurado, M. M., López-

González, J. A., Suárez-Estrella, F., & López, M. J. (2023). 

Development of plastic-degrading microbial consortia by induced 

selection in microcosms. Front. Microbiol., 14. https://doi.org/ 

10.3389/fmicb.2023.1143769 

514. Salinas, J., Martínez-Gallardo, M. R., Jurado, M. M., Suárez-Estrella, 

F., López-González, J. A., Estrella-González, M. J., Toribio, A. J., 

Carpena-Istán, V., Barbani, N., Cappello, M., Cinelli, P., & López, 

M. J. (2024). Microbial consortia for multi-plastic waste 

biodegradation: Selection and validation. Environmental Technology 

& Innovation, 36, 103887. https://doi.org/10.1016/j.eti.2024.103887 

515. Salum, T. F. C., Baron, A. M., Zago, E., Turra, V., Baratti, J., 

Mitchell, D. A., & Krieger, N. (2008). An efficient system for 

catalyzing ester synthesis using a lipase from a newly isolated 

Burkholderia cepacia strain. Biocatalysis and Biotransformation, 

26(3), 197–203. https://doi.org/10.1080/10242420701568674 

516. Samanta, S., Datta, D., & Halder, G. (2020). Biodegradation efficacy 

of soil inherent novel sp. Bacillus tropicus (MK318648) onto low 

density polyethylene matrix. J Polym Res, 27(10), 324. 

https://doi.org/10.1007/s10965-020-02296-x 

517. Samanta, S., Datta, D., Tiwari, O. N., & Halder, G. (2022). Microbial 

enhancement of biodegradability inoculating Bacillus tropicus and 

Staphylococcus cohnii onto LDPE/starch blended films. Biomass 

Conv. Bioref. https://doi.org/10.1007/s13399-022-03478-x 

518. Sánchez, C. (2020). Fungal potential for the degradation of 

petroleum-based polymers: An overview of macro- and microplastics 

biodegradation. Biotechnology Advances, 40, 107501. 

https://doi.org/10.1016/j.biotechadv.2019.107501 



Bibliography 

 415 

519. Sanchis, M. R., Blanes, V., Blanes, M., Garcia, D., & Balart, R. 

(2006). Surface modification of low density polyethylene (LDPE) 

film by low pressure O-2 plasma treatment. Eur. Polym. J., 42(7), 

1558–1568. https://doi.org/10.1016/j.eurpolymj.2006.02.001 

520. Sangale, M. K., Shahnawaz, M., & Ade, A. B. (2019). Gas 

chromatography-Mass Spectra analysis and deleterious potential of 

fungal based polythene-degradation products. Scientific Reports, 

9(1), 1599. https://doi.org/10.1038/s41598-018-37738-6 

521. Sangale, M., Shahnawaz, M., & Ade, A. (2019). Potential of fungi 

isolated from the dumping sites mangrove rhizosphere soil to degrade 

polythene. Scientific Reports, 9, 1–11. https://doi.org/10.1038/ 

s41598-019-41448-y 

522. Sangkham, S., Aminul Islam, Md., Adhikari, S., Kumar, R., Sharma, 

P., Sakunkoo, P., Bhattacharya, P., & Tiwari, A. (2023). Evidence of 

microplastics in groundwater: A growing risk for human health. 

Groundwater for Sustainable Development, 23, 100981. 

https://doi.org/10.1016/j.gsd.2023.100981 

523. Sanniyasi, E., Gopal, R. K., Gunasekar, D. K., & Raj, P. P. (2021). 

Biodegradation of low-density polyethylene (LDPE) sheet by 

microalga, Uronema africanum Borge. Sci Rep, 11(1), 17233. 

https://doi.org/10.1038/s41598-021-96315-6 

524. Santo, M., Weitsman, R., & Sivan, A. (2013). The role of the copper-

binding enzyme – laccase – in the biodegradation of polyethylene by 

the actinomycete Rhodococcus ruber. International Biodeterioration 

& Biodegradation, 84, 204–210. https://doi.org/10.1016/ 

j.ibiod.2012.03.001 

525. Santos, D. K. F., Rufino, R. D., Luna, J. M., Santos, V. A., & 

Sarubbo, L. A. (2016). Biosurfactants: Multifunctional Biomolecules 

of the 21st Century. Int J Mol Sci, 17(3), 401. 

https://doi.org/10.3390/ijms17030401 

526. Sarker, R. K., Chakraborty, P., Paul, P., Chatterjee, A., & Tribedi, P. 

(2020). Degradation of low-density poly ethylene (LDPE) by 

Enterobacter cloacae AKS7: A potential step towards sustainable 

environmental remediation. Arch Microbiol, 202(8), 2117–2125. 

https://doi.org/10.1007/s00203-020-01926-8 

527. Sarker, R. K., Chakraborty, P., Sarkar, S., Ghosh, M. M., & Tribedi, 

P. (2021). Bioaugmentation of Enterobacter cloacae AKS7 causes an 

enhanced degradation of low-density polyethylene (LDPE) in soil: A 



Bibliography 

 416 

promising approach for the sustainable management of LDPE waste. 

Arch Microbiol, 204(1), 74. https://doi.org/10.1007/s00203-021-

02645-4 

528. Sarker, R., Paul, P., Das, S., Chatterjee, S., Chakraborty, P., & 

Tribedi, P. (2021). Exploration of Strategies for the Enhanced 

Biodegradation of Low-Density Polyethylene (LDPE) by A Soil 

Bacterium Enterobacter Cloacae AKS7. Journal of Pure and Applied 

Microbiology, 15. https://doi.org/10.22207/JPAM.15.3.16 

529. Sathish, M. N., Jeyasanta, I., & Patterson, J. (2020). Microplastics in 

Salt of Tuticorin, Southeast Coast of India. Archives of 

Environmental Contamination and Toxicology, 79(1), 111–121. 

https://doi.org/10.1007/s00244-020-00731-0 

530. Sathiyabama, M., Boomija, R. V., Sathiyamoorthy, T., Mathivanan, 

N., & Balaji, R. (2024). Mycodegradation of low-density 

polyethylene by Cladosporium sphaerospermum, isolated from 

platisphere. Sci Rep, 14, 8351. https://doi.org/10.1038/s41598-024-

59032-4 

531. Satlewal, A., Soni, R., Zaidi, M., Shouche, Y., & Goel, R. (2008). 

Comparative biodegradation of HDPE and LDPE using an 

indigenously developed microbial consortium. Journal of 

Microbiology and Biotechnology, 18(3), 477–482. 

532. Sauter, D. W., Taoufik, M., & Boisson, C. (2017). Polyolefins, a 

Success Story. Polymers, 9(6), Article 6. 

https://doi.org/10.3390/polym9060185 

533. Scally, L., Gulan, M., Weigang, L., Cullen, P. J., & Milosavljevic, V. 

(2018). Significance of a Non-Thermal Plasma Treatment on LDPE 

Biodegradation with Pseudomonas Aeruginosa. Materials, 11(10), 

1925. https://doi.org/10.3390/ma11101925 

534. Schnürer, J., & Rosswall, T. (1982). Fluorescein Diacetate 

Hydrolysis as a Measure of Total Microbial Activity in Soil and 

Litter. Appl Environ Microbiol, 43(6), 1256–1261. 

https://doi.org/doi.org/10.1128/aem.43.6.1256-1261.1982 

535. Schober, L., Dobiašová, H., Jurkaš, V., Parmeggiani, F., Rudroff, F., 

& Winkler, M. (2023). Enzymatic reactions towards aldehydes: An 

overview. Flavour and Fragrance Journal, 38(4), 221–242. 

https://doi.org/10.1002/ffj.3739 

536. Schultz, F. C., & Reinhardt, R. J. (2023). Technological Challenges 

and Opportunities to Plastics Valorization in the Context of a 



Bibliography 

 417 

Circular Economy in Europe. Sustainability, 15(4), 3741. 

https://doi.org/10.3390/su15043741 

537. Schwab, S. T., Baur, M., Nelson, T. F., & Mecking, S. (2024). 

Synthesis and Deconstruction of Polyethylene-type Materials. 

Chemical Reviews, 124(5), 2327–2351. https://doi.org/10.1021/ 

acs.chemrev.3c00587 

538. Semon, W. L., & Stahl, G. A. (1981). History of Vinyl Chloride 

Polymers. Journal of Macromolecular Science: Part A - Chemistry, 

15(6), 1263–1278. https://doi.org/10.1080/00222338108066464 

539. Senousy, H. H., Khairy, H. M., El-Sayed, H. S., Sallam, E. R., El-

Sheikh, M. A., & Elshobary, M. E. (2023). Interactive adverse effects 

of low-density polyethylene microplastics on marine microalga 

Chaetoceros calcitrans. Chemosphere, 311, 137182. 

https://doi.org/10.1016/j.chemosphere.2022.137182 

540. Senthivelan, T., Kanagaraj, J., Panda, R. C., & Narayani, T. (2019). 

Screening and production of a potential extracellular fungal laccase 

from Penicillium chrysogenum: Media optimization by response 

surface methodology (RSM) and central composite rotatable design 

(CCRD). Biotechnol Rep (Amst), 23, e00344. 

https://doi.org/10.1016/j.btre.2019.e00344 

541. Shahnawaz, M., Sangale, M. K., & Ade, A. B. (2016). Bacteria-based 

polythene degradation products: GC-MS analysis and toxicity testing. 

Environmental Science and Pollution Research International, 23(11), 

10733–10741. https://doi.org/10.1007/s11356-016-6246-8 

542. Shaikh, I. A., Turakani, B., Malpani, J., Goudar, S. V., Mahnashi, M. 

H., Hamed Al-Serwi, R., Ghoneim, M. M., El-Sherbiny, M., 

Abdulaziz Mannasaheb, B., Alsaikhan, F., Sindagimath, V., Khan, A. 

A., Muddapur, U. M., Azzouz, S., Mohammed, T., & Shakeel Iqubal, 

S. M. (2023). Extracellular Protease Production, Optimization, and 

Partial Purification from Bacillus nakamurai PL4 and its 

Applications. Journal of King Saud University - Science, 35(1), 

102429. https://doi.org/10.1016/j.jksus.2022.102429 

543. Shamsuyeva, M., & Endres, H.-J. (2021). Plastics in the context of 

the circular economy and sustainable plastics recycling: 

Comprehensive review on research development, standardization and 

market. Composites Part C: Open Access, 6, 100168. 

https://doi.org/10.1016/j.jcomc.2021.100168 



Bibliography 

 418 

544. Shanmugam, V., Das, O., Neisiany, R. E., Babu, K., Singh, S., 

Hedenqvist, M. S., Berto, F., & Ramakrishna, S. (2020). Polymer 

Recycling in Additive Manufacturing: An Opportunity for the 

Circular Economy. Materials Circular Economy, 2(1), 11. 

https://doi.org/10.1007/s42824-020-00012-0 

545. Sharma, A. K., Sharma, V., Saxena, J., Yadav, B., Alam, A., & 

Prakash, A. (2015). Isolation and Screening of Extracellular Protease 

Enzyme from Bacterial and Fungal Isolates of Soil. IJSRES, 3(9), 

334–340. https://doi.org/10.12983/ijsres-2015-p0334-0340 

546. Sharma, B., & Jain, P. (2020). Deciphering the advances in 

bioaugmentation of plastic wastes. Journal of Cleaner Production, 

275, 123241. https://doi.org/10.1016/j.jclepro.2020.123241 

547. Sharma, H., & Neelam, D. K. (2023). Understanding challenges 

associated with plastic and bacterial approach toward plastic 

degradation. Journal of Basic Microbiology, 63(3), 292–307. 

https://doi.org/10.1002/jobm.202200428 

548. Sharma, S., Sharma, V., & Chatterjee, S. (2023). Contribution of 

plastic and microplastic to global climate change and their conjoining 

impacts on the environment—A review. Science of The Total 

Environment, 875, 162627. https://doi.org/10.1016/j.scitotenv. 

2023.162627 

549. Sheikhi, F., Roayaei Ardakani, M., Enayatizamir, N., & Rodriguez-

Couto, S. (2012). The Determination of Assay for Laccase of 

Bacillus subtilis WPI with Two Classes of Chemical Compounds as 

Substrates. Indian J Microbiol, 52(4), 701–707. https://doi.org/ 

10.1007/s12088-012-0298-3 

550. Shen, Y.-P., Niu, F.-X., Yan, Z.-B., Fong, L. S., Huang, Y.-B., & 

Liu, J.-Z. (2020). Recent Advances in Metabolically Engineered 

Microorganisms for the Production of Aromatic Chemicals Derived 

From Aromatic Amino Acids. Frontiers in Bioengineering and 

Biotechnology, 8, 407. https://doi.org/10.3389/fbioe.2020.00407 

551. Shetty, S. S., D, D., S, H., Sonkusare, S., Naik, P. B., Kumari N, S., 

& Madhyastha, H. (2023). Environmental pollutants and their effects 

on human health. Heliyon, 9(9), e19496. https://doi.org/10.1016/ 

j.heliyon.2023.e19496 

552. Shilpa, Basak, N., & Meena, S. S. (2022). Microbial biodegradation 

of plastics: Challenges, opportunities, and a critical perspective. 



Bibliography 

 419 

Front Environ Sci Eng, 16(12), 161. https://doi.org/10.1007/s11783-

022-1596-6 

553. Shilpa, Basak, N., & Meena, S. S. (2023). Biodegradation of low-

density polythene (LDPE) by a novel strain of Pseudomonas 

aeruginosa WD4 isolated from plastic dumpsite. Biodegradation. 

https://doi.org/10.1007/s10532-023-10061-2 

554. Shraddha,  null, Shekher, R., Sehgal, S., Kamthania, M., & Kumar, 

A. (2011). Laccase: Microbial sources, production, purification, and 

potential biotechnological applications. Enzyme Res, 2011, 217861. 

https://doi.org/10.4061/2011/217861 

555. Siddiqua, A., Hahladakis, J. N., & Al-Attiya, W. A. K. A. (2022). An 

overview of the environmental pollution and health effects associated 

with waste landfilling and open dumping. Environ Sci Pollut Res, 

29(39), 58514–58536. https://doi.org/10.1007/s11356-022-21578-z 

556. Sikarwar, V. S., Reichert, A., Jeremias, M., & Manovic, V. (2021). 

COVID-19 pandemic and global carbon dioxide emissions: A first 

assessment. The Science of the Total Environment, 794, 148770. 

https://doi.org/10.1016/j.scitotenv.2021.148770 

557. Simon. (1839). Ueber den flüssigen Storax (Styrax liquidus)—

Demselben—1839—Annalen der Pharmacie—Wiley Online Library. 

https://chemistry-

europe.onlinelibrary.wiley.com/doi/10.1002/jlac.18390310306 

558. Singh Jadaun, J., Bansal, S., Sonthalia, A., Rai, A. K., & Singh, S. P. 

(2022). Biodegradation of plastics for sustainable environment. 

Bioresour Technol, 347, 126697. https://doi.org/10.1016/j.biortech. 

2022.126697 

559. Singh, M. J., & Sedhuraman, P. (2015). Biosurfactant, polythene, 

plastic, and diesel biodegradation activity of endophytic Nocardiopsis 

sp. Mrinalini9 isolated from Hibiscus rosasinensis leaves. Bioresour. 

Bioprocess., 2(1), 2. https://doi.org/10.1186/s40643-014-0034-4 

560. Singh, N., Hui, D., Singh, R., Ahuja, I. P. S., Feo, L., & Fraternali, F. 

(2017). Recycling of plastic solid waste: A state of art review and 

future applications. Composites Part B: Engineering, 115, 409–422. 

https://doi.org/10.1016/j.compositesb.2016.09.013 

561. Singh, P., Lau, C. S. S., Siah, S. Y., Chua, K. O., & Ting, A. S. Y. 

(2024). Microbial degradation of low-density polyethylene, 

polyethylene terephthalate, and polystyrene by novel isolates from 



Bibliography 

 420 

plastic-polluted environment. Arch Microbiol, 206(4), 188. 

https://doi.org/10.1007/s00203-024-03895-8 

562. Siracusa, V. (2019). Microbial Degradation of Synthetic Biopolymers 

Waste. Polymers (Basel), 11(6), 1066. https://doi.org/10.3390/polym 

11061066 

563. Siroosi, M., Amoozegar, M. A., & Khajeh, K. (2016). Purification 

and characterization of an alkaline chloride-tolerant laccase from a 

halotolerant bacterium, Bacillus sp. Strain WT. Journal of Molecular 

Catalysis B: Enzymatic, 134, 89–97. https://doi.org/10.1016 

/j.molcatb.2016.10.001 

564. Skariyachan, S., Manjunatha, V., Sultana, S., Jois, C., Bai, V., & 

Vasist, K. S. (2016). Novel bacterial consortia isolated from plastic 

garbage processing areas demonstrated enhanced degradation for low 

density polyethylene. Environ Sci Pollut Res, 23(18), 18307–18319. 

https://doi.org/10.1007/s11356-016-7000-y 

565. Skariyachan, S., Patil, A. A., Shankar, A., Manjunath, M., 

Bachappanavar, N., & Kiran, S. (2018). Enhanced polymer 

degradation of polyethylene and polypropylene by novel 

thermophilic consortia of Brevibacillus sps. And Aneurinibacillus sp. 

Screened from waste management landfills and sewage treatment 

plants. Polymer Degradation and Stability, 149, 52–68. 

https://doi.org/10.1016/j.polymdegradstab.2018.01.018 

566. Skariyachan, S., Setlur, A. S., Naik, S. Y., Naik, A. A., Usharani, M., 

& Vasist, K. S. (2017). Enhanced biodegradation of low and high-

density polyethylene by novel bacterial consortia formulated from 

plastic-contaminated cow dung under thermophilic conditions. 

Environ Sci Pollut Res Int, 24(9), 8443–8457. 

https://doi.org/10.1007/s11356-017-8537-0 

567. Skariyachan, S., Taskeen, N., Kishore, A. P., & Krishna, B. V. 

(2022). Recent advances in plastic degradation – From microbial 

consortia-based methods to data sciences and computational biology 

driven approaches. Journal of Hazardous Materials, 426, 128086. 

https://doi.org/10.1016/j.jhazmat.2021.128086 

568. Skariyachan, S., Taskeen, N., Kishore, A. P., Krishna, B. V., & 

Naidu, G. (2021). Novel consortia of enterobacter and pseudomonas 

formulated from cow dung exhibited enhanced biodegradation of 

polyethylene and polypropylene. J Environ Manage, 284, 112030. 

https://doi.org/10.1016/j.jenvman.2021.112030 



Bibliography 

 421 

569. Smits, T. H. M., Witholt, B., & van Beilen, J. B. (2003). Functional 

characterization of genes involved in alkane oxidation by 

Pseudomonas aeruginosa. Antonie Van Leeuwenhoek, 84(3), 193–

200. https://doi.org/10.1023/a:1026000622765 

570. Soares, S., Serralha, F., Paz, M. C., Carriço, N., & Galatanu, S.-V. 

(2024). Unveiling the data: An analysis of plastic waste with 

emphasis on the countries of the E3UDRES2 alliance. Heliyon, 10(7), 

e28375. https://doi.org/10.1016/j.heliyon.2024.e28375 

571. Soleimani, Z., Gharavi, S., Soudi, M., & Moosavi-Nejad, Z. (2021). 

A survey of intact low-density polyethylene film biodegradation by 

terrestrial Actinobacterial species. Int. Microbiol., 24(1), 65–73. 

https://doi.org/10.1007/s10123-020-00142-0 

572. Somlai, C., Bullock, C., & Gallagher, J. (2023). Plastic packaging 

waste in Europe: Addressing methodological challenges in recording 

and reporting. Waste Manag Res, 41(6), 1134–1143. 

https://doi.org/10.1177/0734242X221142192 

573. Somoza-Tornos, A., Gonzalez-Garay, A., Pozo, C., Graells, M., 

Espuña, A., & Guillén-Gosálbez, G. (2020). Realizing the Potential 

High Benefits of Circular Economy in the Chemical Industry: 

Ethylene Monomer Recovery via Polyethylene Pyrolysis. ACS 

Sustainable Chem. Eng., 8(9), 3561–3572. 

https://doi.org/10.1021/acssuschemeng.9b04835 

574. Song, Y., Guan, Z., Merkerk, R. van, Pramastya, H., Abdallah, I. I., 

Setroikromo, R., & Quax, W. J. (2020). Production of Squalene in 

Bacillus subtilis by Squalene Synthase Screening and Metabolic 

Engineering. Journal of Agricultural and Food Chemistry, 68(15), 

4447. https://doi.org/10.1021/acs.jafc.0c00375 

575. Soni, N., Kumarasamy, V., Gupta, P., Singh, S. D. K., Kamaraj, C., 

Subramaniyan, V., Selvan, S. T., Velu, R. K., & Velramar, B. (2025). 

Enhancement of low-density polyethylene biodegradation through 

the production of surface-active compounds by Pluralibacter 

gergoviae TYB1. Scientific Reports, 15, 23270. 

https://doi.org/10.1038/s41598-025-04163-5 

576. Sonnendecker, C., Oeser, J., Richter, P. K., Hille, P., Zhao, Z., 

Fischer, C., Lippold, H., Blázquez-Sánchez, P., Engelberger, F., 

Ramírez-Sarmiento, C. A., Oeser, T., Lihanova, Y., Frank, R., 

Jahnke, H.-G., Billig, S., Abel, B., Sträter, N., Matysik, J., & 

Zimmermann, W. (2022). Low Carbon Footprint Recycling of Post-

Consumer PET Plastic with a Metagenomic Polyester Hydrolase. 



Bibliography 

 422 

ChemSusChem, 15(9), e202101062. https://doi.org/10.1002/cssc. 

202101062 

577. Sooriyakumar, P., Bolan, N., Kumar, M., Singh, L., Yu, Y., Li, Y., 

Weralupitiya, C., Vithanage, M., Ramanayaka, S., Sarkar, B., Wang, 

F., Gleeson, D. B., Zhang, D., Kirkham, M. B., Rinklebe, J., & M 

Siddique, K. H. (2022). Biofilm formation and its implications on the 

properties and fate of microplastics in aquatic environments: A 

review. Journal of Hazardous Materials Advances, 6, 100077. 

https://doi.org/10.1016/j.hazadv.2022.100077 

578. Sowani, H., Deshpande, A., Gupta, V., Kulkarni, M., & Zinjarde, S. 

(2019). Biodegradation of squalene and n-hexadecane by Gordonia 

amicalis HS-11 with concomitant formation of biosurfactant and 

carotenoids. International Biodeterioration & Biodegradation, 142, 

172–181. https://doi.org/10.1016/j.ibiod.2019.05.005 

579. Sowmya, H. V., Bellibatlu, R., Nayanashree, G., Basaiah, T., & 

Krishnappa, M. (2015). Polyethylene Degradation by Fungal 

Consortium. International Journal of Environmental Research, 9, 

823–830. 

580. Sowmya, H. V., Ramalingappa, Krishnappa, M., & Thippeswamy, B. 

(2015). Degradation of polyethylene by Penicillium simplicissimum 

isolated from local dumpsite of Shivamogga district. Environ Dev 

Sustain, 17(4), 731–745. https://doi.org/10.1007/s10668-014-9571-4 

581. Speight, J. G. (2020). Petrochemicals. In Handbook of Industrial 

Hydrocarbon Processes (pp. 511–552). Elsevier. 

https://doi.org/10.1016/B978-0-12-809923-0.00012-6 

582. Sridharan, R., Krishnaswamy, V. G., & Kumar, P. S. (2021). 

Analysis and microbial degradation of Low-Density Polyethylene 

(LDPE) in Winogradsky column. Environ Res, 201, 111646. 

https://doi.org/10.1016/j.envres.2021.111646 

583. Srikanth, M., Sandeep, T. S. R. S., Sucharitha, K., & Godi, S. (2022). 

Biodegradation of plastic polymers by fungi: A brief review. 

Bioresources and Bioprocessing, 9(1), 42. 

https://doi.org/10.1186/s40643-022-00532-4 

584. Stalder, T., Barraud, O., Jové, T., Casellas, M., Gaschet, M., Dagot, 

C., & Ploy, M.-C. (2013). Quantitative and qualitative impact of 

hospital effluent on dissemination of the integron pool. The ISME 

Journal, 8. https://doi.org/10.1038/ismej.2013.189 



Bibliography 

 423 

585. Stanford, G., & English, L. (1949). Use of the Flame Photometer in 

Rapid Soil Tests for K and Ca. Agronomy Journal, 41(9), 446–447. 

https://doi.org/10.2134/agronj1949.00021962004100090012x 

586. Stanley, J., Culliton, D., Jovani-Sancho, A.-J., & Neves, A. C. 

(2025). The Journey of Plastics: Historical Development, 

Environmental Challenges, and the Emergence of Bioplastics for 

Single-Use Products. Eng, 6(1), Article 1. 

https://doi.org/10.3390/eng6010017 

587. Stanzione, I., Pitocchi, R., Pennacchio, A., Cicatiello, P., Piscitelli, 

A., & Giardina, P. (2022). Innovative surface bio-functionalization 

by fungal hydrophobins and their engineered variants. Front. Mol. 

Biosci., 9. https://doi.org/10.3389/fmolb.2022.959166 

588. Statista. (2025, June 19). Global plastic production. Statista. 

https://www.statista.com/statistics/282732/global-production-of-

plastics-since-1950/ 

589. Stoett, P., Scrich, V. M., Elliff, C. I., Andrade, M. M., de M. Grilli, 

N., & Turra, A. (2024). Global plastic pollution, sustainable 

development, and plastic justice. World Development, 184, 106756. 

https://doi.org/10.1016/j.worlddev.2024.106756 

590. Stoodley, P., Sauer, K., Davies, D. G., & Costerton, J. W. (2002). 

Biofilms as Complex Differentiated Communities. Annual Review of 

Microbiology, 56(Volume 56, 2002), 187–209. 

https://doi.org/10.1146/annurev.micro.56.012302.160705 

591. Strippoli, R., Gallucci, T., & Ingrao, C. (2024). Circular economy 

and sustainable development in the tourism sector – An overview of 

the truly-effective strategies and related benefits. Heliyon, 10(17), 

e36801. https://doi.org/10.1016/j.heliyon.2024.e36801 

592. Strobel, R., Hagedorn, T., & Lopes, A. do C. P. (2023). Potential 

environmental impacts of a plastic waste export ban in Germany. 

Frontiers in Manufacturing Technology, 3. 

https://doi.org/10.3389/fmtec.2023.1077313 

593. Strom, E. T., & Rasmussen, S. C. (Eds.). (2011). 100+ Years of 

Plastics. Leo Baekeland and Beyond (Vol. 1080). American 

Chemical Society. https://doi.org/10.1021/bk-2011-1080 

594. Stroud, J. l., Paton, G. i., & Semple, K. t. (2007). Microbe-aliphatic 

hydrocarbon interactions in soil: Implications for biodegradation and 

bioremediation. Journal of Applied Microbiology, 102(5), 1239–

1253. https://doi.org/10.1111/j.1365-2672.2007.03401.x 



Bibliography 

 424 

595. Sudhakar, M., Doble, M., Murthy, P. S., & Venkatesan, R. (2008). 

Marine microbe-mediated biodegradation of low- and high-density 

polyethylenes. International Biodeterioration & Biodegradation, 

61(3), 203–213. https://doi.org/10.1016/j.ibiod.2007.07.011 

596. Suleman, R., Amjad, A., Ismail, A., Javed, S., Ghafoor, U., & Fahad, 

S. (2022). Impact of plastic bags usage in food commodities: An 

irreversible loss to environment. Environ Sci Pollut Res Int, 29(33), 

49483–49489. https://doi.org/10.1007/s11356-022-21091-3 

597. Sumpavapol, P., Tongyonk, L., Tanasupawat, S., Chokesajjawatee, 

N., Luxananil, P., & Visessanguan, W. (2010). Bacillus siamensis sp. 

Nov., isolated from salted crab (poo-khem) in Thailand. Int J Syst 

Evol Microbiol, 60(Pt 10), 2364–2370. https://doi.org/10.1099/ 

ijs.0.018879-0 

598. Sun, J., Zhu, H., Yang, X., Zheng, Y., Sun, T., Xu, H., Meng, J., & 

Zhang, A. (2022). Carboxylesterase and lipase-catalyzed degradation 

of phthalate esters in soil and water: Congener structure selectivity 

and specificity. Environmental Technology & Innovation, 28, 

102571. https://doi.org/10.1016/j.eti.2022.102571 

599. Sun, Y., & He, H. (2023). Understanding consumers’ purchase 

intentions of single-use plastic products. Frontiers in Psychology, 14, 

1105959. https://doi.org/10.3389/fpsyg.2023.1105959 

600. Sun, Y., Liu, S., Wang, P., Jian, X., Liao, X., & Chen, W.-Q. (2022). 

China’s roadmap to plastic waste management and associated 

economic costs. Journal of Environmental Management, 309, 

114686. https://doi.org/10.1016/j.jenvman.2022.114686 

601. Suresh, A., Sharma, J., Kumar, A., Raj, A., & Abraham, J. (2023). 

Biodegradation of LDPE (low density polyethylene) using bacterial 

strain. Research Journal of Biotechnology, 18, 205–215. 

https://doi.org/10.25303/1810rjbt2050215 

602. Suresh, V., Shams, R., Dash, K. K., Shaikh, A. M., & Béla, K. 

(2025). Comprehensive review on enzymatic polymer degradation: A 

sustainable solution for plastics. Journal of Agriculture and Food 

Research, 20, 101788. https://doi.org/10.1016/j.jafr.2025.101788 

603. Sutkar, P. R., Hadkar, S. S., Kamble, S. A., & Dhulap, V. P. (2025). 

Biodegradation potential of low-density polyethylene (LDPE) using 

Aspergillus niger and Phanerochaete chrysosporium. Discover 

Environment, 3(1), 7. https://doi.org/10.1007/s44274-025-00188-9 



Bibliography 

 425 

604. Syranidou, E., Karkanorachaki, K., Amorotti, F., Avgeropoulos, A., 

Kolvenbach, B., Zhou, N.-Y., Fava, F., Corvini, P. F.-X., & 

Kalogerakis, N. (2019). Biodegradation of mixture of plastic films by 

tailored marine consortia. Journal of Hazardous Materials, 375, 33–

42. https://doi.org/10.1016/j.jhazmat.2019.04.078 

605. Szlachetka, O., Witkowska-Dobrev, J., Baryła, A., & Dohojda, M. 

(2021). Low-density polyethylene (LDPE) building films – Tensile 

properties and surface morphology. Journal of Building Engineering, 

44, 103386. https://doi.org/10.1016/j.jobe.2021.103386 

606. Szmigiel, I., Konkol, D., Korczyński, M., Łukaszewicz, M., & 

Krasowska, A. (2021). Changes in the Microbial Composition of the 

Cecum and Histomorphometric Analysis of Its Epithelium in Broilers 

Fed with Feed Mixture Containing Fermented Rapeseed Meal. 

Microorganisms, 9(2), Article 2. https://doi.org/10.3390/ 

microorganisms9020360 

607. Tagg, A. S., Sapp, M., Harrison, J. P., & Ojeda, J. J. (2015). 

Identification and Quantification of Microplastics in Wastewater 

Using Focal Plane Array-Based Reflectance Micro-FT-IR Imaging. 

Analytical Chemistry, 87(12), 6032–6040. https://doi.org/10.1021/ 

acs.analchem.5b00495 

608. Taghavi, N., Zhuang, W.-Q., & Baroutian, S. (2022). Effect of 

rhamnolipid biosurfactant on biodegradation of untreated and UV-

pretreated non-degradable thermoplastics: Part 2. Journal of 

Environmental Chemical Engineering, 10(1), 107033. https://doi.org/ 

10.1016/j.jece.2021.107033 

609. Talkad, M. (2018). Plastic (LDPE) Degradation by Induced 

Mutations In Pseudomonas Putida. 34–40. https://doi.org/ 

10.9790/2402-1209033440 

610. Tamura, K., Stecher, G., & Kumar, S. (2021). MEGA11: Molecular 

Evolutionary Genetics Analysis Version 11. Mol Biol Evol, 38(7), 

3022–3027. https://doi.org/10.1093/molbev/msab120 

611. Tantawi, O., Joo, W., E. Martin, E., M. Av-Ron, S. H., R. Bannister, 

K., J. Prather, K. L., D. Olsen, B., & L. Plata, D. (2025). Designing 

for degradation: The importance of considering biotic and abiotic 

polymer degradation. Environmental Science: Processes & Impacts, 

27(5), 1303–1316. https://doi.org/10.1039/D5EM00079C 

612. Tao, J., Zhang, G., Jiang, Z., Cheng, Y., Feng, J., & Chen, Z. (2009). 

Detection of pathogenic Verticillium spp. Using matrix‐assisted laser 



Bibliography 

 426 

desorption/ionization time‐of‐flight mass spectrometry. Rapid 

Communications in Mass Spectrometry, 23(23), 3647–3654. 

https://doi.org/10.1002/rcm.4296 

613. Tao, K., Tian, H., Fan, J., Li, D., Liu, C., Megharaj, M., Li, H., Hu, 

M., Jia, H., & He, W. (2021). Kinetics and catalytic efficiency of soil 

fluorescein diacetate hydrolase under the pesticide parathion stress. 

Science of The Total Environment, 771, 144835. 

https://doi.org/10.1016/j.scitotenv.2020.144835 

614. Tao, X., Ouyang, H., Zhou, A., Wang, D., Matlock, H., Morgan, J. 

S., Ren, A. T., Mu, D., Pan, C., Zhu, X., Han, A., & Zhou, J. (2023). 

Polyethylene Degradation by a Rhodococcous Strain Isolated from 

Naturally Weathered Plastic Waste Enrichment. Environmental 

Science & Technology, 57(37), 13901–13911. 

https://doi.org/10.1021/acs.est.3c03778 

615. Tarafdar, A., Lee, J.-U., Jeong, J.-E., Lee, H., Jung, Y., Oh, H. B., 

Woo, H. Y., & Kwon, J.-H. (2021). Biofilm development of Bacillus 

siamensis ATKU1 on pristine short chain low-density polyethylene: 

A case study on microbe-microplastics interaction. J Hazard Mater, 

409, 124516. https://doi.org/10.1016/j.jhazmat.2020.124516 

616. Tareen, A., Saeed, S., Iqbal, A., Batool, R., & Jamil, N. (2022). 

Biodeterioration of Microplastics: A Promising Step towards Plastics 

Waste Management. Polymers (Basel), 14(11), 2275. 

https://doi.org/10.3390/polym14112275 

617. Taurozzi, D., Cesarini, G., & Scalici, M. (2023). New ecological 

frontiers in the plastisphere: Diatoms and macroinvertebrates 

turnover assessment by a traits-based approach. Science of The Total 

Environment, 887, 164186. https://doi.org/10.1016/ 

j.scitotenv.2023.164186 

618. Taurozzi, D., & Scalici, M. (2024). Seabirds from the poles: 

Microplastics pollution sentinels. Frontiers in Marine Science, 11. 

https://doi.org/10.3389/fmars.2024.1343617 

619. Taxeidis, G., Nikolaivits, E., Siaperas, R., Gkountela, C., Vouyiouka, 

S., Pantelic, B., Nikodinovic-Runic, J., & Topakas, E. (2023). 

Triggering and identifying the polyurethane and polyethylene-

degrading machinery of filamentous fungi secretomes. 

Environmental Pollution, 325, 121460. 

https://doi.org/10.1016/j.envpol.2023.121460 



Bibliography 

 427 

620. Temporiti, M. E. E., Nicola, L., Nielsen, E., & Tosi, S. (2022). 

Fungal Enzymes Involved in Plastics Biodegradation. 

Microorganisms, 10(6), 1180. https://doi.org/10.3390/ 

microorganisms10061180 

621. Thakore, I. M., Desai, S., Sarawade, B. D., & Devi, S. (2001). 

Studies on biodegradability, morphology and thermomechanical 

properties of LDPE/modified starch blends. Eur. Polym. J., 37(1), 

151–160. https://doi.org/10.1016/S0014-3057(00)00086-0 

622. Thakur, S., Chaudhary, J., Sharma, B., Verma, A., Tamulevicius, S., 

& Thakur, V. K. (2018). Sustainability of bioplastics: Opportunities 

and challenges. Current Opinion in Green and Sustainable 

Chemistry, 13, 68–75. https://doi.org/10.1016/j.cogsc.2018.04.013 

623. Thapliyal, C., Priya, A., Singh, S. B., Bahuguna, V., & Daverey, A. 

(2024). Potential strategies for bioremediation of microplastic 

contaminated soil. Environmental Chemistry and Ecotoxicology, 6, 

117–131. https://doi.org/10.1016/j.enceco.2024.05.001 

624. Thavasi, R., Subramanyam Nambaru, V. R. M., Jayalakshmi, S., 

Balasubramanian, T., & Banat, I. M. (2011). Biosurfactant 

Production by Pseudomonas aeruginosa from Renewable Resources. 

Indian J Microbiol, 51(1), 30–36. https://doi.org/10.1007/s12088-

011-0076-7 

625. Thiel, M., Luna-Jorquera, G., Álvarez-Varas, R., Gallardo, C., 

Hinojosa, I. A., Luna, N., Miranda-Urbina, D., Morales, N., Ory, N., 

Pacheco, A. S., Portflitt-Toro, M., & Zavalaga, C. (2018). Impacts of 

Marine Plastic Pollution From Continental Coasts to Subtropical 

Gyres—Fish, Seabirds, and Other Vertebrates in the SE Pacific. 

Frontiers in Marine Science, 5. https://doi.org/10.3389/ 

fmars.2018.00238 

626. Thrift, E., Porter, A., Galloway, T. S., Coomber, F. G., & Mathews, 

F. (2022). Ingestion of plastics by terrestrial small mammals. Sci 

Total Environ, 842, 156679. https://doi.org/10.1016/ 

j.scitotenv.2022.156679 

627. Thushari, G. G. N., & Senevirathna, J. D. M. (2020). Plastic pollution 

in the marine environment. Heliyon, 6(8), e04709. 

https://doi.org/10.1016/j.heliyon.2020.e04709 

628. Tiago, G. A. O., Mariquito, A., Martins-Dias, S., & Marques, A. C. 

(2023). The problem of polyethylene waste – recent attempts for its 



Bibliography 

 428 

mitigation. Science of The Total Environment, 892, 164629. 

https://doi.org/10.1016/j.scitotenv.2023.164629 

629. Tien, M., & Kirk, T. K. (1983). Lignin-Degrading Enzyme from the 

Hymenomycete Phanerochaete chrysosporium Burds. Science, 

221(4611), 661–663. https://doi.org/10.1126/science.221.4611.661 

630. Timucin, E., Cousido-Siah, A., Mitschler, A., Podjarny, A., & 

Sezerman, O. U. (2016). Probing the roles of two tryptophans 

surrounding the unique zinc coordination site in lipase family I.5. 

Proteins: Structure, Function, and Bioinformatics, 84(1), 129–142. 

https://doi.org/10.1002/prot.24961 

631. Tirkey, A., & Upadhyay, L. S. B. (2025). Introducing the LDPE 

degrading microbes of sedimentary systems: From dumpsite to 

laboratory. Environmental Science: Advances, 4(6), 952–963. 

https://doi.org/10.1039/D5VA00058K 

632. Tiwari, N., Santhiya, D., & Sharma, J. G. (2024). Significance of 

landfill microbial communities in biodegradation of polyethylene and 

nylon 6,6 microplastics. Journal of Hazardous Materials, 462, 

132786. https://doi.org/10.1016/j.jhazmat.2023.132786 

633. Tiwari, R., Azad, N., Dutta, D., Yadav, B. R., & Kumar, S. (2023). A 

critical review and future perspective of plastic waste recycling. 

Science of The Total Environment, 881, 163433. 

https://doi.org/10.1016/j.scitotenv.2023.163433 

634. Tofa, T. S., Kunjali, K. L., Paul, S., & Dutta, J. (2019). Visible light 

photocatalytic degradation of microplastic residues with zinc oxide 

nanorods. Environ Chem Lett, 17(3), 1341–1346. 

https://doi.org/10.1007/s10311-019-00859-z 

635. Tokiwa, Y., & Calabia, B. P. (2004). Review Degradation of 

microbial polyesters. Biotechnology Letters, 26(15), 1181–1189. 

https://doi.org/10.1023/B:BILE.0000036599.15302.e5 

636. Tribedi, P., & Dey, S. (2017). Pre-oxidation of low-density 

polyethylene (LDPE) by ultraviolet light (UV) promotes enhanced 

degradation of LDPE in soil. Environ. Monit. Assess., 189(12), 624. 

https://doi.org/10.1007/s10661-017-6351-2 

637. Tribedi, P., Gupta, A. D., & Sil, A. K. (2015). Adaptation of 

Pseudomonas sp. AKS2 in biofilm on low-density polyethylene 

surface: An effective strategy for efficient survival and polymer 

degradation. Bioresources and Bioprocessing, 2(1), 14. 

https://doi.org/10.1186/s40643-015-0044-x 



Bibliography 

 429 

638. Tribedi, P., & Sil, A. K. (2013). Low-density polyethylene 

degradation by Pseudomonas sp. AKS2 biofilm. Environ Sci Pollut 

Res, 20(6), 4146–4153. https://doi.org/10.1007/s11356-012-1378-y 

639. Tripathi, A., & Melo, J. S. (Eds.). (2017). Advances in Biomaterials 

for Biomedical Applications (Vol. 66). Springer Singapore. 

https://doi.org/10.1007/978-981-10-3328-5 

640. Tsuchida, O., Yamagata, Y., Ishizuka, T., Arai, T., Yamada, J.-I., 

Takeuchi, M., & Ichishima, E. (1986). An alkaline proteinase of an 

alkalophilicBacillus sp. Current Microbiology, 14(1), 7–12. 

https://doi.org/10.1007/BF01568094 

641. Tumu, K., Vorst, K., & Curtzwiler, G. (2023). Global plastic waste 

recycling and extended producer responsibility laws. Journal of 

Environmental Management, 348, 119242. https://doi.org/ 

10.1016/j.jenvman.2023.119242 

642. Twala, P. P., Mitema, A., Baburam, C., & Feto, N. A. (2020). 

Breakthroughs in the discovery and use of different peroxidase 

isoforms of microbial origin. AIMS Microbiol, 6(3), 330–349. 

https://doi.org/10.3934/microbiol.2020020 

643. Tyagi, M., da Fonseca, M. M., & de Carvalho, C. C. (2011). 

Bioaugmentation and biostimulation strategies to improve the 

effectiveness of bioremediation processes. Biodegradation, 22(2), 

231–241. https://doi.org/10.1007/s10532-010-9394-4 

644. Uddin, M., Venkatesan, S. K., Pal, S. K., Vinu, R., Sekar, K., & 

Kandasamy, R. (2025). Accelerating biodegradation efficiency of 

low-density polyethylene and its hazardous dissolved organic matter 

using unexplored polyolefin-respiring bacteria: New insights on 

degradation characterization, biomolecule influence and 

biotransformation pathways. Journal of Hazardous Materials, 492, 

138144. https://doi.org/10.1016/j.jhazmat.2025.138144 

645. Uzamurera, A. G., Wang, P.-Y., Zhao, Z.-Y., Tao, X.-P., Zhou, R., 

Wang, W.-Y., Xiong, X.-B., Wang, S., Wesly, K., Tao, H.-Y., & 

Xiong, Y.-C. (2023). Thickness-dependent release of microplastics 

and phthalic acid esters from polythene and biodegradable residual 

films in agricultural soils and its related productivity effects. Journal 

of Hazardous Materials, 448, 130897. https://doi.org/ 

10.1016/j.jhazmat.2023.130897 

646. V. L. Leonard, S., Liddle, C. R., Atherall, C. A., Chapman, E., 

Watkins, M., D. J. Calaminus, S., & Rotchell, J. M. (2024). 



Bibliography 

 430 

Microplastics in human blood: Polymer types, concentrations and 

characterisation using μFTIR. Environment International, 188, 

108751. https://doi.org/10.1016/j.envint.2024.108751 

647. van Beilen, J. B., Neuenschwander, M., Smits, T. H., Roth, C., 

Balada, S. B., & Witholt, B. (2002). Rubredoxins involved in alkane 

oxidation. J. Bacteriol., 184(6), 1722–1732. https://doi.org/ 

10.1128/JB.184.6.1722-1732.2002 

648. van Emmerik, T., & Schwarz, A. (2020). Plastic debris in rivers. 

WIREs Water, 7(1), e1398. https://doi.org/10.1002/wat2.1398 

649. van Franeker, J. A., Jensen, J.-K., Simonsen, P. J., Bravo Rebolledo, 

E. L., & Kühn, S. (2022). Plastics in stomachs of northern fulmars 

Fulmarus glacialis collected at sea off east Greenland: Latitude, age, 

sex and season. Mar Biol, 169(4), 45. https://doi.org/10.1007/s00227-

022-04029-8 

650. Varadavenkatesan, T., & Murty, V. R. (2013). Production of a 

Lipopeptide Biosurfactant by a Novel Bacillus sp. And Its 

Applicability to Enhanced Oil Recovery. ISRN Microbiol, 2013, 

621519. https://doi.org/10.1155/2013/621519 

651. Vargas-Suárez, M., Fernández-Cruz, V., & Loza-Tavera, H. (2019). 

Biodegradation of polyacrylic and polyester polyurethane coatings by 

enriched microbial communities. Applied Microbiology and 

Biotechnology, 103. https://doi.org/10.1007/s00253-019-09660-y 

652. Veethahavya, K. S., Rajath, B. S., Noobia, S., & Kumar, B. M. 

(2016). Biodegradation of Low Density Polyethylene in Aqueous 

Media. Procedia Environmental Sciences, 35, 709–713. 

https://doi.org/10.1016/j.proenv.2016.07.072 

653. Veit, D. (2022). History. In D. Veit, Fibers (pp. 9–39). Springer 

International Publishing. https://doi.org/10.1007/978-3-031-15309-

9_2 

654. Velis, C. A., Wilson, D. C., Gavish, Y., Grimes, S. M., & Whiteman, 

A. (2023). Socio-economic development drives solid waste 

management performance in cities: A global analysis using machine 

learning. Science of The Total Environment, 872, 161913. 

https://doi.org/10.1016/j.scitotenv.2023.161913 

655. Vera, P., Canellas, E., Su, Q.-Z., Mercado, D., & Nerín, C. (2023). 

Migration of volatile substances from recycled high density 

polyethylene to milk products. Food Packaging and Shelf Life, 35, 

101020. https://doi.org/10.1016/j.fpsl.2022.101020 



Bibliography 

 431 

656. Verma, R., Vinoda, K. S., Papireddy, M., & Gowda, A. N. S. (2016). 

Toxic Pollutants from Plastic Waste- A Review. Procedia 

Environmental Sciences, 35, 701–708. https://doi.org/10.1016/ 

j.proenv.2016.07.069 

657. Vimal Kumar, R., Rajesh Kanna, G., & Elumalai, S. (2017). 

Biodegradation of Polyethylene by Green Photosynthetic Microalgae. 

Journal of Bioremediation & Biodegradation, 8. https://doi.org/ 

10.4172/2155-6199.1000381 

658. Vimala, P. P., & Mathew, L. (2016). Biodegradation of Polyethylene 

Using Bacillus Subtilis. Procedia Technology, 24, 232–239. 

https://doi.org/10.1016/j.protcy.2016.05.031 

659. Volke-Sepulveda, T., Saucedo-Castaneda, G., Gutierrez-Rojas, M., 

Manzur, A., & Favela-Torres, E. (2002). Thermally treated low 

density polyethylene biodegradation by Penicillium pinophilum and 

Aspergillus niger. J. Appl. Polym. Sci., 83(2), 305–314. 

https://doi.org/10.1002/app.2245 

660. Wafaa, D. M., Sadik, M. W., Eissa, H. F., & Tonbol, K. (2025). 

Biodegradation of low-density polyethylene LDPE by marine 

bacterial strains Gordonia alkanivorans PBM1 and PSW1 isolated 

from Mediterranean Sea, Alexandria, Egypt. Scientific Reports, 

15(1), 16769. https://doi.org/10.1038/s41598-025-96811-z 

661. Walker, T. R., & Fequet, L. (2023). Current trends of unsustainable 

plastic production and micro(nano)plastic pollution. TrAC Trends in 

Analytical Chemistry, 160, 116984. https://doi.org/10.1016/ 

j.trac.2023.116984 

662. Walkley, A., & Black, I. A. (1934). An Examination of the Degtjareff 

Method for Determining Soil Organic Matter, and a Proposed 

Modification of the Chromic Acid Titration Method. Soil Science, 37, 

29–38. https://doi.org/10.1097/00010694-193401000-00003 

663. Wang, J., Liu, X., Li, Y., Powell, T., Wang, X., Wang, G., & Zhang, 

P. (2019). Microplastics as contaminants in the soil environment: A 

mini-review. Sci Total Environ, 691, 848–857. https://doi.org/ 

10.1016/j.scitotenv.2019.07.209 

664. Wang, J., Zhou, N., Xu, B., Hao, H., Kang, L., Zheng, Y., Jiang, Y., 

& Jiang, H. (2012). Identification and Cluster Analysis of 

Streptococcus pyogenes by MALDI-TOF Mass Spectrometry. PLoS 

ONE, 7(11), e47152. https://doi.org/10.1371/journal.pone.0047152 



Bibliography 

 432 

665. Wang, P., Gao, J., Zhao, Y., Zhang, M., & Zhou, S. (2021). 

Biodegradability of di-(2-ethylhexyl) phthalate by a newly isolated 

bacterium Achromobacter sp. RX. Science of The Total Environment, 

755, 142476. https://doi.org/10.1016/j.scitotenv.2020.142476 

666. Wang, P., Liu, J., Han, S., Wang, Y., Duan, Y., Liu, T., Hou, L., 

Zhang, Z., Li, L., & Lin, Y. (2023). Polyethylene mulching film 

degrading bacteria within the plastisphere: Co-culture of plastic 

degrading strains screened by bacterial community succession. 

Journal of Hazardous Materials, 442, 130045. https://doi.org/ 

10.1016/j.jhazmat.2022.130045 

667. Wang, Y., Feng, G., Lin, N., Lan, H., Li, Q., Yao, D., & Tang, J. 

(2023). A Review of Degradation and Life Prediction of 

Polyethylene. Applied Sciences, 13(5), 3045. https://doi.org/1 

0.3390/app13053045 

668. Wang, Y., Hui, W., Zhang, D., Chen, X., Wang, R., Xu, Y., Wang, 

L., & He, G. (2025). Absorption and transport of different ZnO 

nanoparticles sizes in Agrostis stolonifera: Impacts on physiological, 

biochemical responses, root exudation, and microbial community 

structure. Plant Physiology and Biochemistry, 219, 109369. 

https://doi.org/10.1016/j.plaphy.2024.109369 

669. Wang, Y., Zhang, Y., Zuo, H., Wang, X., Hao, Y., Liu, M., Gong, G., 

& Hu, Y. (2024). Enhancing the permeability and selectivity of 

graphene oxide membrane through polyhedral oligomeric 

silsesquioxane intercalation for textile wastewater treatment. 

Desalination, 587, 117933. https://doi.org/10.1016/j.desal. 

2024.117933 

670. Waqas, M., Haris, M., Asim, N., Islam, H. U., Abdullah, A., Khan, 

A., Khattak, H., Waqas, M., & Ali, S. (2021). Biodegradable 

Potential of Bacillus amyloliquefaciens and Bacillus safensis Using 

Low Density Polyethylene Thermoplastic (LDPE) Substrate. 

EUROPEAN J ENV PUBLI, 5(2), em0069. https://doi.org/ 

10.21601/ejeph/9370 

671. Watanabe, T., Ohtake, Y., Asabe, H., Murakami, N., & Furukawa, 

M. (2009). Biodegradability and degrading microbes of low-density 

polyethylene. Journal of Applied Polymer Science, 111(1), 551–559. 

https://doi.org/10.1002/app.29102 

672. Welden, N. A. (2020). Chapter 8—The environmental impacts of 

plastic pollution. In T. M. Letcher (Ed.), Plastic Waste and Recycling 



Bibliography 

 433 

(pp. 195–222). Academic Press. https://doi.org/10.1016/B978-0-12-

817880-5.00008-6 

673. Wen, Z., Xie, Y., Chen, M., & Dinga, C. D. (2021). China’s plastic 

import ban increases prospects of environmental impact mitigation of 

plastic waste trade flow worldwide. Nat Commun, 12(1), 425. 

https://doi.org/10.1038/s41467-020-20741-9 

674. Whitfield, G. B., Marmont, L. S., & Howell, P. L. (2015). Enzymatic 

modifications of exopolysaccharides enhance bacterial persistence. 

Frontiers in Microbiology, 6, 471. https://doi.org/10.3389/ 

fmicb.2015.00471 

675. Wiesinger, H., Wang, Z., & Hellweg, S. (2021). Deep Dive into 

Plastic Monomers, Additives, and Processing Aids. Environ. Sci. 

Technol., 55(13), 9339–9351. https://doi.org/10.1021/acs.est.1c00976 

676. Wilkes, R. A., & Aristilde, L. (2017). Degradation and metabolism of 

synthetic plastics and associated products by Pseudomonas sp.: 

Capabilities and challenges. J Appl Microbiol, 123(3), 582–593. 

https://doi.org/10.1111/jam.13472 

677. Williams, A. T., & Rangel-Buitrago, N. (2022). The past, present, 

and future of plastic pollution. Marine Pollution Bulletin, 176, 

113429. https://doi.org/10.1016/j.marpolbul.2022.113429 

678. Williams, S. C., & Austin, R. N. (2022). An Overview of the 

Electron-Transfer Proteins That Activate Alkane Monooxygenase 

(AlkB). Frontiers in Microbiology, 13, 845551. https://doi.org/ 

10.3389/fmicb.2022.845551 

679. Windsor, F. M., Tilley, R. M., Tyler, C. R., & Ormerod, S. J. (2019). 

Microplastic ingestion by riverine macroinvertebrates. Science of The 

Total Environment, 646, 68–74. https://doi.org/10.1016/ 

j.scitotenv.2018.07.271 

680. Wojnowska-Baryła, I., Bernat, K., & Zaborowska, M. (2022). Plastic 

Waste Degradation in Landfill Conditions: The Problem with 

Microplastics, and Their Direct and Indirect Environmental Effects. 

Int J Environ Res Public Health, 19(20), 13223. 

https://doi.org/10.3390/ijerph192013223 

681. Wright, R. J., Bosch, R., Langille, M. G. I., Gibson, M. I., & 

Christie-Oleza, J. A. (2021). A multi-OMIC characterisation of 

biodegradation and microbial community succession within the PET 

plastisphere. Microbiome, 9(1), 141. https://doi.org/10.1186/s40168-

021-01054-5 



Bibliography 

 434 

682. Wróbel, M., Szymańska, S., Kowalkowski, T., & Hrynkiewicz, K. 

(2023). Selection of microorganisms capable of polyethylene (PE) 

and polypropylene (PP) degradation. Microbiological Research, 267, 

127251. https://doi.org/10.1016/j.micres.2022.127251 

683. Wu, M., Wu, J., Zhang, X., & Ye, X. (2019). Effect of 

bioaugmentation and biostimulation on hydrocarbon degradation and 

microbial community composition in petroleum-contaminated loessal 

soil. Chemosphere, 237, 124456. https://doi.org/10.1016/ 

j.chemosphere.2019.124456 

684. Xiong, X.-B., Zhao, Z.-Y., Wang, P.-Y., Zhou, R., Cao, J., Wang, J., 

Wesly, K., Wang, W.-L., Wang, N., Hao, M., Wang, Y.-B., Tao, H.-

Y., & Xiong, Y.-C. (2023). In situ degradation of low-density 

polyethylene film in irrigation maize field: Thickness-dependent 

effect. Science of The Total Environment, 858, 159999. 

https://doi.org/10.1016/j.scitotenv.2022.159999 

685. Xu, W., Yin, Z.-Y., Wang, H.-L., & Wang, X. (2022). Experimental 

study on the monotonic mechanical behavior of completely 

decomposed granite soil reinforced by disposable face-mask chips. 

Journal of Cleaner Production, 352, 131528. https://doi.org/10.1016/ 

j.jclepro.2022.131528 

686. Yadav, S., Pandey, V. C., Kumar, M., & Singh, L. (2022). Plant 

diversity and ecological potential of naturally colonizing vegetation 

for ecorestoration of fly ash disposal area. Ecological Engineering, 

176, 106533. https://doi.org/10.1016/j.ecoleng.2021.106533 

687. Yadav, V., Sherly, M. A., Ranjan, P., Prasad, V., Tinoco, R. O., & 

Laurent, A. (2022). Risk of plastics losses to the environment from 

Indian landfills. Resources, Conservation and Recycling, 187, 

106610. https://doi.org/10.1016/j.resconrec.2022.106610 

688. Yan, N., Fan, C., Chen, Y., & Hu, Z. (2016). The Potential for 

Microalgae as Bioreactors to Produce Pharmaceuticals. International 

Journal of Molecular Sciences, 17(6), 962. https://doi.org/10.3390/ 

ijms17060962 

689. Yang, E., Amenyogbe, E., Zhang, J., Wang, W., Huang, J., & Chen, 

G. (2022). Integrated transcriptomics and metabolomics analysis of 

the intestine of cobia (Rachycentron canadum) under hypoxia stress. 

Aquaculture Reports, 25, 101261. https://doi.org/10.1016/ 

j.aqrep.2022.101261 



Bibliography 

 435 

690. Yang, H., Ma, M., Thompson, J. R., & Flower, R. J. (2018). Waste 

management, informal recycling, environmental pollution and public 

health. J Epidemiol Community Health, 72(3), 237–243. 

https://doi.org/10.1136/jech-2016-208597 

691. Yang, J., Yang, Y., & Wu, W. (2015). Biodegradation of petroleum-

based plastics (20150247018A1). https://patents.google. com/patent/ 

US20150247018A1/en 

692. Yang, J., Yang, Y., Wu, W.-M., Zhao, J., & Jiang, L. (2014). 

Evidence of polyethylene biodegradation by bacterial strains from the 

guts of plastic-eating waxworms. Environ Sci Technol, 48(23), 

13776–13784. https://doi.org/10.1021/es504038a 

693. Yang, W.-K., Gong, Z., Wang, B.-T., Hu, S., Zhuo, Y., Jin, C.-Z., 

Jin, L., Lee, H.-G., & Jin, F.-J. (2024). Biodegradation of low-density 

polyethylene by mixed fungi composed of Alternaria sp. And 

Trametes sp. Isolated from landfill sites. BMC Microbiology, 24(1), 

321. https://doi.org/10.1186/s12866-024-03477-0 

694. Yang, Z., Xiu, Q., & Chen, D. (2019). Historical changes in the port 

and shipping industry in Hong Kong and the underlying policies. 

Transport Policy, 82, 138–147. https://doi.org/10.1016/ 

j.tranpol.2018.03.007 

695. Yang, Z., Yin, G., Sun, S., & Xu, P. (2024). Medical applications and 

prospects of polylactic acid materials. iScience, 27(12), 111512. 

https://doi.org/10.1016/j.isci.2024.111512 

696. Yao, C., Xia, W., Dou, M., Du, Y., & Wu, J. (2022). Oxidative 

degradation of UV-irradiated polyethylene by laccase-mediator 

system. Journal of Hazardous Materials, 440, 129709. 

https://doi.org/10.1016/j.jhazmat.2022.129709 

697. Yao, Z., Seong, H. J., & Jang, Y.-S. (2022a). Degradation of low 

density polyethylene by Bacillus species. Applied Biological 

Chemistry, 65(1), 84. https://doi.org/10.1186/s13765-022-00753-3 

698. Yao, Z., Seong, H. J., & Jang, Y.-S. (2022b). Environmental toxicity 

and decomposition of polyethylene. Ecotoxicology and 

Environmental Safety, 242, 113933. https://doi.org/10.1016 

/j.ecoenv.2022.113933 

699. Yilmaz, F., Ergene, A., Yalcin, E., & Tan, S. (2009). Production and 

characterization of biosurfactants produced by microorganisms 

isolated from milk factory waste waters. Environmental Technology, 

30, 1397–1404. https://doi.org/10.1080/09593330903164528 



Bibliography 

 436 

700. Yin, C., Xu, Y., & Zhou, N.-Y. (2020). Biodegradation of 

polyethylene mulching films by a co-culture of Acinetobacter sp. 

Strain NyZ450 and Bacillus sp. Strain NyZ451 isolated from 

Tenebrio molitor larvae. International Biodeterioration & 

Biodegradation, 155, 105089. https://doi.org/10.1016/j.ibiod. 

2020.105089 

701. Yin, W., Wang, Y., Liu, L., & He, J. (2019). Biofilms: The Microbial 

“Protective Clothing” in Extreme Environments. International 

Journal of Molecular Sciences, 20(14), 3423. https://doi.org/ 

10.3390/ijms20143423 

702. Yoon, Y., & Jang, Y.-S. (2021). Potential of Baeyer-Villiger 

monooxygenases as an enzyme for polyethylene decomposition. 

Journal of Applied Biological Chemistry, 64, 433–438. 

https://doi.org/10.3839/jabc.2021.058 

703. Yu, F., Wu, Z., Wang, J., Li, Y., Chu, R., Pei, Y., & Ma, J. (2022). 

Effect of landfill age on the physical and chemical characteristics of 

waste plastics/microplastics in a waste landfill sites. Environmental 

Pollution, 306, 119366. https://doi.org/10.1016/j.envpol.2022.119366 

704. Yu, Y., Kumar, M., Bolan, S., Padhye, L. P., Bolan, N., Li, S., Wang, 

L., Hou, D., & Li, Y. (2024). Various additive release from 

microplastics and their toxicity in aquatic environments. 

Environmental Pollution, 343, 123219. https://doi.org/ 

10.1016/j.envpol.2023.123219 

705. Yuan, Y., Liu, P., Zheng, Y., Li, Q., Bian, J., Liang, Q., Su, T., Dian, 

L., & Qi, Q. (2023). Unique Raoultella species isolated from 

petroleum contaminated soil degrades polystyrene and polyethylene. 

Ecotoxicology and Environmental Safety, 263, 115232. 

https://doi.org/10.1016/j.ecoenv.2023.115232 

706. Yuan, Z., & Xu, X.-R. (2023). Surface characteristics and biotoxicity 

of airborne microplastics. In Comprehensive Analytical Chemistry 

(Vol. 100, pp. 117–164). Elsevier. https://doi.org/10.1016/b 

s.coac.2022.07.006 

707. Yusoff, D. F., Raja Abd Rahman, R. N. Z., Masomian, M., Ali, M. S. 

M., & Leow, T. C. (2020). Newly Isolated Alkane Hydroxylase and 

Lipase Producing Geobacillus and Anoxybacillus Species Involved 

in Crude Oil Degradation. Catalysts, 10(8), 851. 

https://doi.org/10.3390/catal10080851 



Bibliography 

 437 

708. Zadjelovic, V., Erni-Cassola, G., Obrador-Viel, T., Lester, D., Eley, 

Y., Gibson, M. I., Dorador, C., Golyshin, P. N., Black, S., 

Wellington, E. M. H., & Christie-Oleza, J. A. (2022). A mechanistic 

understanding of polyethylene biodegradation by the marine 

bacterium Alcanivorax. Journal of Hazardous Materials, 436, 

129278. https://doi.org/10.1016/j.jhazmat.2022.129278 

709. Zahra, S., Abbas, S. S., Mahsa, M. T., & Mohsen, N. (2010). 

Biodegradation of low-density polyethylene (LDPE) by isolated 

fungi in solid waste medium. Waste Management, 30(3), 396–401. 

https://doi.org/10.1016/j.wasman.2009.09.027 

710. Zampolli, J., Mangiagalli, M., Vezzini, D., Lasagni, M., Ami, D., 

Natalello, A., Arrigoni, F., Bertini, L., Lotti, M., & Di Gennaro, P. 

(2023a). Oxidative degradation of polyethylene by two novel 

laccase-like multicopper oxidases from Rhodococcus opacus R7. 

Environmental Technology & Innovation, 32, 103273. 

https://doi.org/10.1016/j.eti.2023.103273 

711. Zampolli, J., Mangiagalli, M., Vezzini, D., Lasagni, M., Ami, D., 

Natalello, A., Arrigoni, F., Bertini, L., Lotti, M., & Di Gennaro, P. 

(2023b). Oxidative degradation of polyethylene by two novel 

laccase-like multicopper oxidases from Rhodococcus opacus R7. 

Environmental Technology & Innovation, 32, 103273. 

https://doi.org/10.1016/j.eti.2023.103273 

712. Zampolli, J., Orro, A., Manconi, A., Ami, D., Natalello, A., & Di 

Gennaro, P. (2021). Transcriptomic analysis of Rhodococcus opacus 

R7 grown on polyethylene by RNA-seq. Sci Rep, 11(1), 21311. 

https://doi.org/10.1038/s41598-021-00525-x 

713. Zerbi, G., Gallino, G., Del Fanti, N., & Baini, L. (1989). Structural 

depth profiling in polyethylene films by multiple internal reflection 

infra-red spectroscopy. Polymer, 30(12), 2324–2327. 

https://doi.org/10.1016/0032-3861(89)90269-3 

714. Zhai, X., Zhang, X.-H., & Yu, M. (2023). Microbial colonization and 

degradation of marine microplastics in the plastisphere: A review. 

Frontiers in Microbiology, 14, 1127308. 

https://doi.org/10.3389/fmicb.2023.1127308 

715. Zhang, C., Mu, Y., Li, T., Jin, F.-J., Jin, C.-Z., Oh, H.-M., Lee, H.-

G., & Jin, L. (2023). Assembly strategies for polyethylene-degrading 

microbial consortia based on the combination of omics tools and the 

“Plastisphere.” Front. Microbiol., 14. https://doi.org/10.3389/ 

fmicb.2023.1181967 



Bibliography 

 438 

716. Zhang, N., Ding, M., & Yuan, Y. (2022). Current Advances in 

Biodegradation of Polyolefins. Microorganisms, 10(8), 1537. 

https://doi.org/10.3390/microorganisms10081537 

717. Zhang, T., Pei, Z., Wang, H., Zhao, J., Chen, W., & Lu, W. (2025). 

Combined Analysis of Transcriptomes and Metabolomes Reveals 

Key Genes and Substances That Affect the Formation of a Multi-

Species Biofilm by Nine Gut Bacteria. Microorganisms, 13(2), 234. 

https://doi.org/10.3390/microorganisms13020234 

718. Zhang, Y., Lin, Y., Gou, H., Feng, X., Zhang, X., & Yang, L. (2022). 

Screening of Polyethylene-Degrading Bacteria from Rhyzopertha 

Dominica and Evaluation of Its Key Enzymes Degrading 

Polyethylene. Polymers (Basel), 14(23), 5127. 

https://doi.org/10.3390/polym14235127 

719. Zhang, Y., Pedersen, J. N., Eser, B. E., & Guo, Z. (2022). 

Biodegradation of polyethylene and polystyrene: From microbial 

deterioration to enzyme discovery. Biotechnology Advances, 60, 

107991. https://doi.org/10.1016/j.biotechadv.2022.107991 

720. Zhang, Y., Plesner, T. J., Ouyang, Y., Zheng, Y.-C., Bouhier, E., 

Berentzen, E. I., Zhang, M., Zhou, P., Zimmermann, W., Andersen, 

G. R., Eser, B. E., & Guo, Z. (2023). Computer-aided discovery of a 

novel thermophilic laccase for low-density polyethylene degradation. 

Journal of Hazardous Materials, 458, 131986. 

https://doi.org/10.1016/j.jhazmat.2023.131986 

721. Zhao, J., Ma, M., Zeng, Z., Yu, P., Gong, D., & Deng, S. (2021). 

Production, purification and biochemical characterisation of a novel 

lipase from a newly identified lipolytic bacterium Staphylococcus 

caprae NCU S6. J Enzyme Inhib Med Chem, 36(1), 248–256. 

https://doi.org/10.1080/14756366.2020.1861607 

722. Zhu, W., Papadaki, M. I., Han, Z., & Mashuga, C. V. (2017). Effect 

of temperature and selected additives on the decomposition “onset” 

of 2-nitrotoluene using Advanced Reactive System Screening Tool. 

Journal of Loss Prevention in the Process Industries, 49, 630–635. 

https://doi.org/10.1016/j.jlp.2017.05.021 

723. Zhu, W., Sieradzki, K., Albrecht, V., McAllister, S., Lin, W., 

Stuchlik, O., Limbago, B., Pohl, J., & Kamile Rasheed, J. (2015). 

Evaluation of the Biotyper MALDI-TOF MS system for 

identification of Staphylococcus species. Journal of Microbiological 

Methods, 117, 14–17. https://doi.org/10.1016/j.mimet.2015.07.014 



Bibliography 

 439 

724. Zhu, Y., Zhang, Y., Luo, D., Chong, Z., Li, E., & Kong, X. (2021). A 

review of municipal solid waste in China: Characteristics, 

compositions, influential factors and treatment technologies. Environ 

Dev Sustain, 23(5), 6603–6622. https://doi.org/10.1007/s10668-020-

00959-9 

725. Ziegler, G. B., Ziegler, E., & Witzenhausen, R. (1975). [Vital 

fluorescent staining of microorganisms by 3’,6’-diacetyl-fluoresceine 

for determination of their metabolic activity (author’s transl)]. 

Zentralblatt Fur Bakteriologie, Parasitenkunde, 

Infektionskrankheiten Und Hygiene. Erste Abteilung Originale. Reihe 

A: Medizinische Mikrobiologie Und Parasitologie, 230(2), 252–264. 

726. Ziegler, K., Holzkamp, E., Breil, H., & Martin, H. (1955). Das 

Mülheimer Normaldruck-Polyäthylen-Verfahren. Angewandte 

Chemie, 67(19), 541–547. https://doi.org/10.1002/ange.19550671902 

727. Zineba, G., Hassan, L., Mostafa, M., Abdellah, H., Mohammed, T., 

& El Mostafa, M. (2015). Virulence phenotype, physicochemical 

properties, and biofilm formation of Pseudomonas aeruginosa on 

polyethylene used in drinking water distribution systems. Water 

Resour, 42(1), 98–107. https://doi.org/10.1134/S0097807815010042 

728. Zolotova, N., Kosyreva, A., Dzhalilova, D., Fokichev, N., & 

Makarova, O. (2022). Harmful effects of the microplastic pollution 

on animal health: A literature review. PeerJ, 10, e13503. 

https://doi.org/10.7717/peerj.13503 

 

 

 



 

                                             

 

                                          

 

 

 

 

 

 

 



Appendices 

 441 

APPENDICES 

a.

 

b.

 

16S rDNA sequence chromatogram of Bacillus cereus NJD1. a. 

Forward sequence b. Reverse sequence. 

  



Appendices 

 442 

a. 

 

b. 

 

16S rDNA sequence chromatogram of Pseudomonas aeruginosa 

NJD2. a. Forward sequence b. Reverse sequence. 

  



Appendices 

 443 

a. 

 

b.

 

16S rDNA sequence chromatogram of Micrococcus luteus NJD3. a. 

Forward sequence b. Reverse sequence.



 

 

 

 



DETAILS OF PUBLICATIONS 

 

Research Paper 

1. Nithya Jayan, Sinosh Skariyachan, Denoj Sebastian. The escalated 

potential of the novel isolate Bacillus cereus NJD1 for effective 

biodegradation of LDPE films without pre-treatment. Journal of 

Hazardous Materials. https://doi.org/10.1016/j.jhazmat. 

2023.131623. 

Oral Presentation 

1. Nithya Jayan, Dr.Denoj Sebastian. ‘Microbial biodegradation of 

LDPE film using Bacillus sp.’ in the International seminar on 

Global warming vs Alternative Development strategies on 5th and 

6th May, 2022, organised by Fathima Arts and Science College, 

Moothedam, Nilambur, Kerala, in collaboration with ARIO 

(Association of International Researchers of Indian Origin). 

2. Nithya Jayan, Dr.Denoj Sebastian. ‘Mysterious ability of fungal 

species to degrade low-density polyethylene bags’: Two-days 

National seminar on ‘Recent trends in Microbiology’ conducted by 

the Department of Life Sciences, University of Calicut on 26-27th 

September 2017. 

3. Nithya Jayan, Dr.Denoj Sebastian. ‘Can a microbe eat plastic?’: 

National seminar on Go Green with Microbes held on 11th and 12th 

October 2017, at Govt Arts and Science College, Kozhijampara, 

Palakkad, organised by the Department of Microbiology. 

Best oral presentation award 

1.  Nithya Jayan is conferred the best oral presentation award for the 

paper entitled ‘Mysterious ability of fungal species to degrade low-

density polyethylene bags’ presented at the Two-days National 

seminar on ‘Recent trends in Microbiology’ conducted by the 

Department of Life Sciences, University of Calicut on 26-27th 

September 2017 

 

 

https://pubmed.ncbi.nlm.nih.gov/?term=Jayan+N&cauthor_id=37207482
https://pubmed.ncbi.nlm.nih.gov/?term=Skariyachan+S&cauthor_id=37207482
https://pubmed.ncbi.nlm.nih.gov/?term=Sebastian+D&cauthor_id=37207482
https://doi.org/10.1016/j.jhazmat.%202023.131623
https://doi.org/10.1016/j.jhazmat.%202023.131623

