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Abstract
Plastic disposal is one of the most serious environmental issues today, as it is getting accumulated in our environment, being non-biodegradable. Due to the extensive usage of plastics and growing pressure on available resources for disposing of plastic waste, the necessity for biodegradable polymers has gained significance during the past few years. The need for utilization of biological approaches to improve the current, existing plastic degradation processes is of vital importance, since the natural process of plastic degradation is extremely slow. The conventional methods for removing plastic from the environment (incineration and land filling) are costly, unsustainable, limited to recycling, thereby placing additional burden on the environment.  As a result, a growing emphasis has risen on the potential role of biological systems in the breakdown of synthetic plastics. The classification of plastics, the mechanism of plastic biodegradation, the involved microorganisms with the recent developments associated with biodegradable plastics, is highlighted in this review.
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1. INTRODUCTION
Plastics are high molecular weight organic polymers synthesized artificially from nonrenewable petrochemicals such as natural gas, coal and fossil oil. They are made up of a large number of organic subunits ("monomers") that are held together by strong covalent bonds[1]. Petro-derived plastics have numerous advantageous properties including stable chemical and physical properties, being lightweight thereby imparting durability. The production methods are well-known and have a greater throughput, yielding inexpensive costs. As a result, they've gained prevalence in the global economy[2][3][4].These materials are resistant to normal processes of biodegradation, leading to the accumulation of petro-plastic pollutants in the environment as a serious comprehensive problem. Micro- and nano-sized plastic particles have become ubiquitous in both terrestrial and aquatic ecosystems as a result of their substantial deposition in municipal waste systems[5][6]. With increased plastic production and use, it is approximated that 5 to 13 million metric tons of plastic ends up in the ocean each year, with harmful implications for various ecosystems as well as human and animal health[7]. Carbon-based polymers such as polyethene PE, polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), and polyethylene terephthalate (PET) are the most  widely used in various  industrial and domestic applications [8][9]. The ever-increasing volume of plastic waste has become a global challenge. Despite increased attempts to limit plastic waste through separated collection and recycling, a significant proportion of plastic solid waste still continues to be landfilled. At the moment, less than 10% of all plastics are recycled and segregated, the next 24% is incinerated for fuel and energy production, and the left over ~60% is never recovered out of the total plastic production. About  8,300 million tons of plastic was left in the environment, with 95% in landfills and 5% in the oceans and some terrestrial areas[7][10]. By 2050, the global buildup of plastic waste in landfills and the natural environment is supposed to surpass over 12,000 Mt at present growth rates[7][11]. This persistent plastic pollution is caused by illegal dumping of industrial or domestic waste, as well as inappropriate waste storage and further transportation. Poor recycling of plastic, little repetitive use, and high resistance to environmental and microbiological activity are all additional factors that direct their amassing in the environment. Plastic pollution is well recognized to have negative consequences for many ecosystems, soil fertility, the visual appearance of places and the environment, along with certain implications on human and animal health[12]. Plastic dumping has been found to have negative effects on a wide range of biological species, including cetaceans, marine birds, fur seals, sharks, and sea turtles,  among others. The accumulation of dumped plastic in the environment has increased social awareness of the effects of land degradation. As a result, since 2006, the amount of packaging waste transported to recycling has increased by 92%; nonetheless, this is still insufficient, especially given the annual increase in plastic manufacture[13].
Plastic accumulation is slowed by environmental degradation, known as "ageing." It encompasses a variety of mechanical and chemical treatment processes and is dependent on a number of parameters. Mechanical ageing is influenced by temperature, solar light, and moisture, and results in cracking, discoloration, changes in form or optical properties, and flaking in the mass structure of plastic. Chemical effects pertain to molecular changes caused by chemically oxidizing or breaking the large polymer chain, resulting in new molecules with considerably shorter chain lengths. Mechanical or chemical man-made recycling is a key strategy for waste remediation because environmental degradation is a slow process[10]. Mechanical recycling, on the other hand, introduces organic and inorganic pollutants into the waste stream, while chemical recycling involves the employment of hazardous and expensive chemicals[14]. Biodegradation tends to be the most suitable waste disposal method, providing specificity in targeting plastics while also being a cost-effective and effective method that generates no secondary pollutants[15].
The synthetic plastics have been split into two classes based on their degradation pathways: plastics with a carbon-carbon backbone (PE, PS, PP, and PVC polymers) and the ones with heteroatom in the main chain (PET and PU)[16]. Many biodegradable aliphatic polyesters, such as polyhydroxyalkanoate (PHA) and polylactic acid (PLA), have been developed as potential replacements for various petro-plastics[17][18]. Due to their predicted high biodegradability in many environments, biocompatibility, chemical diversification, manufacturing from renewable carbon resources, and liberation of non-polluting and non-toxic compounds following degradation, polyhydroxyalkanoates (PHAs) have evolved as a safe choice[17][18]. When a key non-carboneous nutrient (e.g., nitrogen or phosphorus) is limited, many prokaryotic bacteria synthesis and accumulate PHAs as carbon and energy storage essentials. The accumulation of these polymers allows for better survival in adverse environmental conditions. The most widely used plastics, however, are still synthetic polymers obtained from petroleum based hydrocarbons[7].
2. MICROBIAL DEGRADATION OF PLASTIC
Biodegradation is the process by which large polymer molecules are degraded by living organisms into oligomers and monomers. Plastic degradation by microbial and/or enzymatic methods is a useful approach for depolymerizing waste petro-plastics into smaller units (monomers) for the purpose of recycling or mineralizing them into water, carbon dioxide, and new biomass, at the same time also producing higher-value bioproducts[19][20]. Plastic biodegradation involves the microbe excreting extracellular enzymes, attaching the enzyme to the surface of the plastic, and hydrolysis to short polymer intermediates, which are then ingested by microbial cells as a carbon source, releasing CO2. Petroleum-based polymers have been known to breakdown in vitro by over 90 microorganisms, notably by bacteria and fungi[21]. They enhance soil fertility, limit plastic deposition in the environment, and lower waste management costs in this way. Biodegradable polymers may also be useful in the generation of important metabolites (monomers and oligomers)[22]. Numerous polymer characteristics, like the presence of branching and additional functional groups that enhance greater hydrophilicity; the relative share of both crystalline and amorphous regions; the involvement of polar covalent bonds, like ester or amide bonds, rather than carbon–carbon bonds; the length and molecular weight of the given carbon chain; the size and form of the given substrate (fibers, films pellets, powder,); and environmental factors such as pH,  moisture, UV, and temperature; and enzyme characteristics all have a strong influence on the rate of biodegradation[23].
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Fig 2: Overview of plastic degradation
Bio-deterioration occurs when microbial metabolic activity causes plastic cracks and intensifies physical properties, or when the pH of the matrix changes due to released acid or biofilm formation.
Bio-fragmentation of the long polymer chain—the release of oligomers is caused by the activity of enzymes produced by microbes.
Degradation of oligomers to monomers—oligomers enter cells and are assimilated as a carbon source by secondary degraders, increasing microbial biomass.
Assimilation of oligomers and excretion of metabolites (oxidized) to H2O, CO2, N2, and CH4[24]
Initial microbial biodegradation research aimed to show that microbial activity might cause changes in plastics' physical properties, such as crystallinity, tensile strength and water uptake[25]. The first review of microbial biodegradation of plastics was compiled in 1980[26]. In 1990, Albertsson and Karlsson observed a 0.2 percent weight loss of PE after ten years[25]. Otake et al. (1995) studied surface changes in PE polymers that had been buried in soil for about 10 to 32 years. For LDPE thin films, a high degree of degradation was observed. Even after years of contact to soil bacteria, portions of the PE films with severe deterioration were characterized by whitening with small holes, and the overall rate of degradation was relatively low[27].



Table 1: Plastic degradation by some isolated strains.
	Strain
	Plastic ( type)
	Duration (days)
	Biodegradation result
	Reference

	Acinetobacter
bumannii
	PE
	30
	Biomass production
	[28]

	Arthobacter defluvii
	PE
	30
	20-30% W.L.*
	[29]

	Aspergillus flavus
	PE
	28
	3.9% W.L.
	[30]

	Aspergillus niger
	PE
	30
	4.32%W.L.
	[31]

	Aspergillus fumigates
	PE
	30
	2.49%W.L.
	[31]

	Bacillus pumilus
Bacillus subtillis
	PE
	30
	1.5-1.75%W.L.
	[32]

	Bacillus ssp.
	PE
	225
	Reduction by 98%in mechanical properties. 
	[33]

	Bacillus cereus
	PET
	40
	6.6% W.L.
	[34]

	Bacillus gottheilii
	PET
	40
	3% W.L.
	[34]

	Bacillus amyloliquefaciens
	LDPE
	60
	11-16% W.L.
	[35]

	Enterobacter asburiae YT1
	PE
	28
	6.1% W.L.
	[36]

	Microbacterium paraoxydans
	Pre-treated LDPE
	60
	61% W.L.
	[37]

	Pseudomonas sp.
	PE
	30
	20.54% W.L.
	[38]

	Pseudomonas citronellolis
	LDPE
	4
	17.8% W.L.
	[39]

	Pseudomonas aeroginosa
Pseudomonas putida
Pseudomonas siringae
	PE
	120
	9-20% W.L
	[40]

	Penicillium simplicissimum
	PE
	90
	7.7% W.L.
	[41]

	Penicillium funiculosum
	PET
	84
	0.21% W.L.
	[42]

	Rhodococcus ruber
	LDPE
	60
	0.86% W.L./ week
	[43]

	Staphylococcus arlettae
	PE
	30
	13.6% W.L.
	[44]

	Stentrophomonas sp.
	LDPE
	90
	Changes in chemical properties
	

[45]


	Trichoderma harzianum
	PE
	60
	2.26% W.L.
	[31]



3. Standard Testing Methods
Standard testing techniques for identifying microbial activity include
1. Evaluation of plastics that have undergone observable modifications, such as the development of biofilms, the occurrence of holes or cracks, or differences in surface view or color. For more complex observations, scanning electron microscopy (SEM) and atomic force microscopy (AFM) are both effective methods.
2. Monitoring changes in both chemical and physical polymer properties, such as molecular weight and loss of mass and tensile strength.
3. Measurement of utilization and consumption rates of carbon dioxide and oxygen respectively.
4. Growth is assessed by:
- Measuring the total biomass, typically in minimum media with a polymer serving as the   only carbon source;
 -Formation of an evident halo around the colonies, depolymerizing the polymer
       5.  Depolymerization products are detected and characterised using an enzyme assay.
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Abbreviations- GPC-gel permeation chromatography; XRD- X-ray diffraction; FTIR-Fourier transform infrared spectroscopy; NMR- Nuclear magnetic resonance; TLC- thin layer chromatography; GC-MS- gas chromatography/ mass spectrometry; ESCA- electron spectroscopy for chemical analysis; SEM- scanning electron microscopy; MALDI-TOF- matrix-assisted laser desorption/ ionization time of flight.
Fig 3: Analytical techniques for monitoring the extent and nature of plastic degradation.
3.2 Characterization of degraded plastic
The oxidation and chain scission of polymers caused by degradation alters the chemical composition, physical, chemical, and mechanical properties of the plastics. As a result of degradation changes in these properties can be used to interpret the degree of plastic degradation[46]. Furthermore, the degradation of plastics can also result in weight loss and gas evolution (e.g., CO2 and CH4), which can be used to determine their biodegradability[47].
3.3 Chemical composition
The chemical composition of monomers and the level of polymerization influence the chemical composition of plastics. Certain chemical additives including plasticizers, stabilisers, antioxidants, pigments, and flame retardants are frequently added to plastics to enhance their performance and to make manufacturing more convenient[48][49]. Polymers undergo chain scission and cross-linking during degradation, both of which directly affect the molecular weight. 
Size-exclusion gel permeation chromatography (GPC), which separates polymer molecules based on their size as they travel through a column packed with porous resin beads, which is frequently used to assess the molecular weight distribution of polymers. Elemental analyzers and X-ray fluorescence spectrometry (XRF) can be used to determine the elementary composition of polymers. XRF is a simple, accurate, and non-destructive technique for analysing the elements of a wide range of materials. When excited by an external energy source, individual atoms emit X-ray photons of a characteristic wavelength. By counting the number of photons emitted by a sample, the elements can be quantified[50]. By coupling liquid chromatography (LC) and mass spectrometry (MS) or GC can be used to examine released additives and small molecular breakdown products (MS). GC/MS can be used to examine non polar and volatile substances. When derivatized into volatile products, polar and non-volatile chemicals can also be studied using GC/MS in addition to being typically evaluated using LC/MS[51].
3.4 Appearance and texture
Plastics' appearance characteristics, such as their colour, gloss, haze, and yellowness, can be measured objectively using standard techniques created primarily by standard organizations like the International Organization for Standardization (ISO) and American Society for Testing and Materials (ASTM)[52]. Usually, colorimeters or spectrophotometers are used to measure colour. With the aid of a glossmeter, the amount of light reflected from a surface at an equal but opposite angle can be measured in order to estimate the gloss of the surface. When light enters a transparent object, there is a certain degree of light scattering known as haze, which reflects the intrinsic bulk property of plastics. To quantify the amount of haze, haze metres and spectrophotometers can be used. The degree of colour transition from white to yellow or from transparency to dark yellow is indicated by the yellowness. A spectrophotometer can be used to collect spectrophotometric data from which the yellowness index can be determined.
With the help of optical microscopes, scanning electron microscopes (SEMs), and atomic force microscopes (AFMs), the surface textures (cracks, flakes, pits, and grooves) can be observed[53]. The maximum resolution of optical microscopes, which magnify objects using visible light and a set of lenses, is between 200-250 nm. SEM produces images of a sample by scanning the material surface with a focussed stream of electrons acting as a probe, and its resolution can reach below 10 nm. AFM can assess surface roughness and provide high resolution images at the nanoscale scale[54].
3.5 Physiochemical properties
The physiochemical properties of plastics, including their crystallinity, thermal and surface properties, can change as they degrade. The polymer chains of plastics are either crystalline or amorphous forms. Crystalline polymer chains contain short-range order and align themselves to form ordered structures, whereas amorphous chains have no order, with random arrangements. When analysing polymer crystallinity, which measures intermolecular order based on chain packing, XRD is a fairly accurate technique[8]. In most cases, along with X-ray diffraction (XRD), differential scanning calorimetry (DSC) and FTIR is also used to assess the crystallinity of plastics[55].
The ability of a plastic material to resist the effects of heat while maintaining its chemical composition and mechanical qualities is known as thermal stability. The chemical structure, crystallinity, and molecular weight affect the thermal stability of a polymer, which can be altered by adding plastic additives[56]. Thermogravimetric analysis (TGA), combined with FTIR and MS, can be used to quantify the thermal stability of polymers and characterise the various degraded products from the different stages thermal degradation process[57].
 Surface properties including hydrophobicity, surface charge, surface area, and porosity are linked to the interaction of plastic with pollutants and microbes present in the environment[58][59].
3.6 Mechanical properties
The chemical and physicochemical properties of plastics, like molecular weight, crystallinity, cross-linking, and additives, affect the mechanical properties of plastic. As a result, due to the decline in the mentioned properties causes direct deterioration of mechanical properties as well[60][61]. Typically, mechanical qualities are assessed using an Instron universal materials testing machine in accordance with ASTM and ISO standards[52].
3.7 Weight loss and gas evolution
Under various environmental conditions, plastics can degrade and lose all of their mass, converting into CO2 or CH4. Additionally, total organic organic carbon (TOC) measurement using a TOC analyzer, which detects the concentration of organic carbon in a sample by analysing CO2 produced by combustion, can represent weight loss indirectly. Mineralization of plastics and the release of additives both have the potential to cause weight loss. Weight loss may not be sufficient to demonstrate mineralization[62]. While CH4 is often studied using GC, CO2 can be detected using GC or a respirometry device with an infrared detector.
4. BIODEGRADATION OF PLASTIC
Biodegradation is the term for any physical and chemical modification of a material brought on by the activity of microorganisms. Bacteria, actinomycetes, and fungi, among other microorganisms, degrade natural and synthetic plastics. The polymer's origin, chemical structure, and environmental conditions all have an impact on how quickly it degrades. Chemical composition, generation, storage and processing characteristics, ageing, and application conditions all affect the mechanical nature of biodegradable substances. Plastics are usually aerobically degraded in nature, anaerobically degraded in sediments and landfills, and partially aerobically degraded in compost and soil. Aerobic biodegradation produces carbon dioxide and water, whereas anaerobic biodegradation generates carbon dioxide, water, and methane[63].
4.1 Aerobic biodegradation
Aerobic biodegradation, also known as aerobic respiration, is an important part of the natural attenuation of contaminants in many hazardous waste sites. Aerobic microbes break down organic chemicals into smaller organic compounds by using oxygen as an electron acceptor. This process produces CO2 and water as by products[64].
4.2 Anaerobic biodegradation
Oxygen is not required for the breakdown of compounds by microorganisms in anaerobic biodegradation.   In place of oxygen, anaerobic bacteria use nitrate, iron, sulphate, manganese, and CO2 as electron acceptors to disaggregate organic compounds into simpler molecules.
Since polymer molecules are long and insoluble in water, microorganisms are unable to transport them directly through their outer cell membranes into the cells (where most biochemical processes occur). Microbes developed a strategy to use such materials as a carbon and energy source by excreting extracellular enzymes that help depolymerize these polymers outside the cells[65]. Depolymerize enzymes, both extracellular and intracellular, play an active role in the biological degradation of polymers. Microbial exoenzymes degrade complex polymers, producing short chains or smaller molecules such as dimers, monomers and oligomers. These molecules can be employed as carbon and energy sources because they soluble in water, being small and passes through semi-permeable bacterial outer membranes. Depolymerization is the preliminary step in the breakdown of polymers, while mineralization is the final step in the breakdown when the end products are inorganic species (such as CO2, H2O, or CH4)[65].CO2, H2O, other metabolic products
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Fig 4: Mechanism of plastic degradation under aerobic conditions
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Fig 5- Reaction pathways during biodegradation of polymer
5. Classification of plastic based on biodegradability
In terms of biodegradability, plastics can be divided into two categories: non-biodegradable plastics and biodegradable plastics.
5.1 Non- biodegradable plastics
Polymers that are either bio-based or derived from fossil fuels are non-biodegradable plastics. The majority of commonly used non-biodegradable plastics are synthetic, fossil-based polymers obtained from hydrocarbon and petroleum derivatives (petrochemicals). Because of the extensive repetition of small monomer units, the molecular weight is high[66]. These plastics are extremely stable and do not promptly enter the biosphere's degradation cycles[67]. The majority of polymers used nowadays are either non-biodegradable or degrade at such a slow rate that they cannot be completely disintegrated. Many commonly used plastics are non-biodegradable, including PVC, PP, PS, PET, PUR, and PE. They have accumulated in large quantities in the environment as a result of poor waste management and littering, and have become a threat to the earth[68]. Furthermore, some of these polymers intentionally reduce their inertness and resistance to microbial attack by incorporating starch and prooxidants to facilitate fragmentation. Nonetheless, due to a major lack of concrete evidence of degradation, oxo-biodegradable plastics are considered non-biodegradable[69].
5.2 Biodegradable plastics
Depending on the level of biodegradability and microbial assimilation, biodegradable plastics can incorporate both bio-based and fossil-based polymers. Plastic biodegradation involves both enzymatic and non-enzymatic hydrolysis[70]. Some of the factors influencing biodegradation process efficiency include organism type, pretreatment nature, and polymer properties. Furthermore, chemical components, crystallinity, functional group type, mobility, molecular weight, tactility and additives present in polymers are important characteristics for plastic degradation[71].
6. Classification of plastic based on thermal properties
Plastics are classified into two types based on their thermal properties: thermoplastics and thermosetting polymers. Plastics can be produced by polymerizing small molecules.
6.1 Thermoplastics
The kind of plastic that can be moulded several times but cannot undergo any chemical changes in its composition when heated. Polypropylene (PP), polystyrene (PS), polyethylene (PE), polyvinyl chloride (PVC), and polytetrafluoroethylene (PTFE) are examples of thermoplastics. They are also known as common plastics, have molecular weights ranging from 20,000 to 500,000 AMU, and have varying numbers of repeating units derived from a simple monomer unit[72].
6.2 Thermosetting plastics 
The type of plastic, that once melted and cast into a specific shape, cannot be modified again by heat. These plastics cannot be recycled due of the irreversible chemical change[73] and their extremely cross-linked structure, whereas thermoplastics have a linear structure[74].
7. Types of degradable plastic
There are four categories of easily biodegradable plastics: photodegradable bioplastics, biobased bioplastics, compostable bioplastics, and biodegradable bioplastics.
7.1 Photodegradable bioplastics
The groups that are joined to the polymer backbone in this kind of plastic are light-sensitive. The polymeric structure can be destroyed by prolonged exposure to UV light. When the supply of radiation is cut off, degradation is likely not possible. Since landfills have little or no sunlight, plastics in landfill spaces are not degradable[75]. The release of harmful volatile organic compounds (VOCs), which are potentially dangerous and linked to the environmental weathering of plastic debris, can result from artificial photo-degradation[76].
7.2 Compostable bioplastic
In contrast to biodegradable products, which degrade naturally and without any hazardous residue, composting requires a specialised environment for the materials to degrade[77]. This plastic decomposes at a similar rate to other compostable materials. Plastic is classified as biodegradable after standardised testing of its total biodegradability, ecological toxicology, and disintegration degree.

7.3 Bio-based bioplastics
Bio-based plastics are types of polymers in which all of the carbon is derived from renewable resources, such as forestry and agricultural resources. These resources include cellulose, starch, corn, soybeans, and corn[78][79][80]. The most often utilised bio-based polymer for the creation of biodegradable polymers is starch. Starch is often used to create bio-based, biodegradable plastics because of its availability, affordability, abundance, and ability to degrade in specific environmental circumstances[81][82]. Since starch is made up of amylopectin and amylase polymers, it can serve as a suitable replacement. Starch-based polymers, like other bio-based biodegradable materials utilised for packaging, are divided into two types: (a) Starch-filled polymer and (b) Starch-based polymer[83]. It has been reported that a number of soil-isolated microbes (including Aspergillus fumigatus, Acidovorax faecilis, Comamonas sp., P. lemoignei and Variovorax paradoxus) can breakdown bio-based polymers in both anaerobic and aerobic environments[9]. PHA and PLA are the two most common forms of bio-based biodegradable plastics[84].
7.4 Polyhydroxyalkanoates
It is a bio-based biodegradable polyester that is naturally produced through bacterial fermentation of sugars and lipids[85]. Because of their biodegradability, PHA polymers can be used in the packaging, medical, and pharmaceutical industries[86]. PHA microbial biodegradation varies depending on soil and environmental conditions. Microorganisms can degrade PHA and use it as a carbon and energy source when energy and carbon sources are limited[87]. Bacillus, Burkholderia, Cupriavidus, and Nocardiopsis are some prominent bacterial genera for PHA biodegradation[88]. Similarly, fungal genera such as Mycobacterium and Micromycetes are known to use both aerobic and anaerobic mechanisms to assimilate PHA[88].
7.5 Polylactic acid
Polylactic acid is a bio-based biodegradable plastic made from renewable resources such as corn starch, tapioca roots, and sugarcane. Due of the polymer's capacity to integrate with both human and animal bodies, it has seen widespread usage in medicine[89]. It has been confirmed that the products of PLA hydrolysis can be completely digested by microorganisms[90]. Another bio-based biodegradable polymer used in food and drug delivery to host microorganisms is poly(lactic-co-glycolic acid)[91].
7.6 Fossil based biodegradable plastic
Biodegradable polymers derived from fossil fuels have been used for various prospects, particularly in the packaging sector. However, because most fossil-based plastics are nonbiodegradable, they present a significant challenge to the management of their waste[92]. Non-biodegradable polymers derived from fossil fuels degrade very slowly. The process of degradation is influenced by a variety of environmental factors, including bacteria and their enzymes[9][93][94]. Research on the breakdown of plastics is currently concentrated on the identification of microbes that can break down fossil-based polymers in the environment, the development of innovative enzyme-based degradation techniques, and the manufacture of enzyme-encoding genes[95].
7.7 Polyethylene succinate
One of the thermoplastic polyesters, polyethylene succinate (PES), is produced either by copolymerizing ethylene oxide and succinic anhydride or by poly-condensation of ethylene glycol and succinic acid[96]. PES is a material that the plastics industry utilises to make agricultural films, paper coating agents, and shopping bags. It has been observed that the mesophilic bacterial strain Pseudomonas sp. AKS2 can breakdown this polymer effectively[97]. Additionally, a number of mesophilic microorganisms that have been identified and have the innate ability to breakdown PES phylogenetically belong to the genera Bacillus and Paenibacillus[98][22].
7.8 Polycaprolactone
Aerobic and anaerobic bacteria may quickly break down the biodegradable polymer polycaprolactone, which is derived from fossil fuels. Along with being utilised in packaging materials, biomedical products, catheters, and blood bags, this partly crystalline polyester can also be coupled with other copolymers[99]. It has drawn interest despite being expensive because of its flexibility and biodegradability[99]. Microbial lipases and esterases can degrade PCL[100]. Aspergillussp. ST-01, a fungus strain, has been shown to effectively break down PCL into a variety of compounds, including butyric, succinic, caproic, and valeric acids[101].

8. Polyethylene degradation
PE is hydrophobic and chemically inert, and microorganisms lack the necessary mechanisms to digest the synthetic plastics[102]. Microorganisms use PE polymers as a substrate for growth. PE degradation is indicated by erosion, discoloration, cracking, and phase separation[103][104]. PE degradation is further divided into two categories: abiotic and biotic. In abiotic degradation, all natural factors such as temperature and ultraviolet rays cause the degradation of PE, whereas in biotic degradation, microorganisms consume the plastics by changing their properties[105]. PE is one of the polymers that are most commonly used worldwide because it is durable, cheap, safe, and stable in the environment. It is also simple to manufacture. The two methods for maintaining PE's utility in nature involve using bacteria to break down either PE or polymers. The second is to create synthetic polymers that are susceptible to microbial breakdown[106]. Low-density polyethylene (LDPE) has a range of qualities due to its partial or incomplete crystallinity, which is between 50 and 60 %, including rigidity, tensile strength, flexibility, and tear strength[107]. Microorganisms use the carbonyl group formed during polyethylene oxidation to degrade it[108]. The oxidative degradation mechanism, which is used for non-hydrolyzable polymers such as polyethylene and polypropylene, causes molecular weight loss of polymers. The oxidation of ethylenic groups is mediated by several oxidative enzymes, including dehydrogenase, manganese peroxidise, monooxygenase, peroxidase, and oxidase[109]. β-oxidation of fatty acids  in animals and humans shows characteristic similarities with β-oxidation of polyethylene[110].
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Fig 6: Factors affecting the rate of Biodegradation of plastics

9. Factors affecting biodegradation
The physical and chemical properties of plastics can be used to determine their biodegradability. The following factors influence the microbial degradation of plastic.
9.1 Exposure conditions
· Moisture
Due to water's crucial role in the growth and proliferation of microorganisms, moisture can have a variety of effects on polymer biodegradation. As a result of quick microbial action, polymer degradation speed is increased in the presence of enough moisture. Furthermore, moisture-rich circumstances encourage the hydrolysis process by increasing the number of chain scission processes[111].


· Temperature and pH
The softening temperature of the polymer has a considerable impact on enzymatic degradability. Polyester with a higher melting point is less likely to biodegrade. The potential enzymatic degradability decreases as temperature rises. For example, R. delemar purified lipase effectively degraded polyesters like PCL, which have low melting points[112][22]. By adjusting the acidic or basic conditions, the pH can alter the rate of hydrolysis reactions. For instance, the rate of PLA capsule hydrolysis is best at pH 5[113][114]. The pH conditions that are followed by the rate of the degradation process and microbial growth are altered by the degradation products of different polymers.
· Biotic factors
Due to their solid form, conventional plastics often have a very poor bioavailability since only a very small portion of the polymer is exposed to possible degraders[115]. Furthermore, extracellular enzymes are needed to first break down macromolecule polymers into tiny molecular products for cellular uptake and further metabolization because macromolecule polymers could not be utilised directly by microbes[116].
According to the presence or absence of ester or amide groups, which can be attacked by a variety of extracellular hydrolases, plastics can be classified as hydrolysable or non-hydrolysable. Extracellular enzyme degradation of non-hydrolysable polymers including PE, PP, and PVC can be more challenging. Non-hydrolysable polymers are comparable structurally to lignin. Consequently, the biodegradation of non-hydrolyzable polymers may also be aided by the lignin biodegradation enzymes. Laccase was previously discovered to play a significant role in the biodegradation of PE by the actinomycete Rhodococcus ruber[117]. It has also been proposed that several enzymes excreted by fungi are capable of reducing PE polymer chains[118].
 The known existing biodegradation pathways, such as extracellular hydrolases involved in the degradation of cellulose and proteins, hydrolysable polymers like PET, PA, and polyurethane (PUR), are typically more susceptible to biodegradation[116]. PET can also be hydrolyzed by enzymes such cutinase, lipase, serine esterase, and nitro-benzyl-esterase, whereas PA can be hydrolyzed by protease, cutinase, amidase, and hydrolase[119]. Enzymatic oxidation, in addition to hydrolysis, may assist to the oxidative degradation of hydrolysable polymers[120]. Different extracellular enzymes break down plastics by hydrolytic and oxidative processes, forming short-chain polymers and tiny molecular fragments (such as monomers, dimers, and oligomers,). The breakdown products can be consumed by microorganisms when their molecular weight is low enough[116]. The bacteria have the ability to assimilate small molecular breakdown products and subject them to intracellular metabolism[121].


· Size and shape
The polymer's characteristics, such as its size and form, are crucial to the process of deterioration. Polymers with a large surface area degrade more quickly than those with a small surface area[122].
 All PE materials have the same microstructure, which is made up of linear carbon chains attached together by hydrogen bonds. Polyethylene polymers can have different densities and 3-dimensional (3-D) structures depending on the manufacturing process and the physical arrangement of the linear chains: LMWPE (low molecular weight polyethylene); LLDPE (linear low-density polyethylene); LDPE (low-density polyethylene); HDPE (high-density polyethylene). Furthermore, PE has a semi-crystalline structure. LDPE crystallinity ranges between 45 and 65 % depending on the process method. Amorphous LDPE sections typically have short branches, approximately10-30 CH3 groups per 1000 C-atoms. The LDPE chains near the surface are made more accessible by the branching system's prevention of the PE molecules from stacking closely together, and the tertiary carbon atoms at the branch sites are left more exposed to attack. Additionally, amorphous regions are more likely to contain impurities[105].
High density polyethylene (HDPE) is another widely used petro-plastic waste that is non- biodegrade[123]. Due to the closer packing of LDPE's polymer chains compared to HDPE's and the smaller proportion of vinylidene defects, that have been proved to be directly connected with polymer oxidation, LDPE degrades more quickly than HDPE. Additionally, HPDE has a larger molar mass and fewer tertiary carbons than other polymers, which may make it harder for microbes and/or their oxidising enzymes to enter the polymer chains[124][125].
· Molecular weight
In terms of biodegradability, molecular weight is a key factor in determining many polymer qualities.As molecular weight increases, degradability decreases. When compared to low molecular weight polymer, higher molecular weight PCL (> 4000) was slowly destroyed by a strain of R. delemar's lipase[126]. Microbiological enzymes find it easier to attack a substrate with a low molecular weight[113].
Weight-averaged Molar Mass (Mw) and Number-average Molar Mass (Mn) are two additional crucial variables that should be recorded in PE biodegradation research. Although polymers are all made of long carbon chains, their lengths can differ by thousands of monomer units. Polymer molecular weights are typically provided as averages. There are two common empirically obtained values: the number average Molar mass, Mn, is computed from the mole fraction distribution of various sized molecules in a sample; Mw, the weight average Molar mass, is the overall weight of the polymer divided by the number of polymer molecules in the sample. Typically, the main polymer chain has a Mw of greater than 30,000 g/mol[127].
Some researchers have screened for and isolated the microorganisms active in PE biodegradation experiments using polyethylene powder in enriched media or synthetic media[128][129][130][131]. Typically, a solvent such as xylene is used to cleave the polyethylene structure while boiling, and it is then crushed and heated till 60 °C to make sure the solvent evaporates and produce recrystallized polyethylene powder or pieces. When physical damage to the PE structure is done with solvents or liquid nitrogen to produce polyethylene powder, changes in the Mw and Mn occur due to PE structure fragmentation[132].
· Additives and bio-surfactants
Degradable PE(s) are forms of polyethylene that contain additives like starch or polyvalent ions to enhance environmental degradation. When a polyester is created with a small number of ester groups and has characteristics similar to PE[133], degradable PE may also be used to achieve various objectives, such as sterilising the PE surface or simplifying the powder preparation. These treatments may involve UV light, heat, chemical oxidising agents, liquid nitrogen, and/or chemical solvents. The primary goal of LDPE modification is to cause the polyethylene structure to deteriorate, allowing more access to the enzymes released by microorganisms during the biodegradation stage.
For example, combining natural polymers like starch with PE polymers can improve their biodegradability. Karimi and Bitia [134]showed that the enzyme α -amylase was capable of degrading LDPE-starch blend samples in an aqueous solution. Following enzyme treatment, the polymer samples' weight and tensile strength were reduced by 48% and 87%, respectively. The molar mass and viscosity of the LDPE were significantly reduced by more than 70% and 60%, respectively, according to gel permeation chromatography (GPC). The results of these tests showed that the enzyme had cleaved both the main backbone and the side branches of the polymer, indicating that α -amylase has a promiscuous co-metabolic effect on the biodegradation of LDPE in polymer-starch blends.
Several recent findings addressed the microbial breakdown of untreated polyethylene, although the majority of the early studies of microbial polyethylene degradation utilised PE that had undergone some sort of pre-treatment. For example recently it was shown that all strains of bacteria belonging to the genera Cocomonas, Delftia, and Stentrophomonas were capable of degrading ultra-high molar mass polyethylene with a molar mass up to 191,000 g/mol without the use of additives or pre-treatments. These bacteria were isolated from plastic debris found in the soil of the Brazilian Cerrado[45].
Amphiphilic substances known as biosurfactants are mostly formed on living surfaces. Due to their low toxicity and high biodegradability, the inclusion of a biosurfactant accelerates the biodegradation of polymers (both fossil and biobased)[135]. Due to the presence of particular functional groups, biosurfactants aid in the biodegradation process, enabling activity under situations of high salinity, pH, and temperature[136][137].
Conclusions
Plastic degradation is critical in determining their fate and implications in the environment. Biodegradation occurs in four stages: biodeterioration, biofragmentation, bioassimilation, and mineralization. Complete biodegradation necessitates a decrease in polymer molar and molecular mass as a result of fragmentation into smaller molecules, which are then catabolized by microorganisms. Plastic demand and use are rising continuously. The non biodegradable petrochemical materials used for manufacturing plastics create a serious threat to the environment, especially in the absence of waste management systems and littering preventive strategies. For sustainable environmental safety, this process must be positively associated with proper waste management, along with the use of biobased and fossil-based biodegradable materials.
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