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Abstract 

Background The escalating concern regarding the environmental impact of plastic waste necessitates the adoption 
of biodegradable methodologies to curtail its adverse effects. A profound comprehension of the intricate interplay 
between bacteria and polymers becomes imperative for devising effective solutions to address plastic-induced envi-
ronmental challenges.

Main body of the abstract Numerous microorganisms have evolved specialized mechanisms for the degrada-
tion of plastics, rendering them amenable to application in green chemistry for the elimination of hazardous plas-
tics from the ecosystem. This article offers a comprehensive survey of contemporary microbial bioremediation 
approaches geared towards augmenting plastic waste management and ameliorating plastic pollution. Emphasis 
is placed on elucidating the potential of microorganisms in mitigating the deleterious repercussions of plastics 
on ecosystems and human health, underscoring the significance of advanced strategies in green chemistry for sus-
tainable plastic pollution mitigation.

Short conclusion Current research emphasizes the effectiveness of naturally occurring soil microorganisms, particu-
larly fungi like Aspergillus and bacteria like Bacillus, in breaking down plastics. To harness this potential on a broader 
scale, optimization of microbial activity conditions and pre-treatment with environmentally beneficial compounds are 
essential.
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Background
According to recent statistics, the world’s industries 
produce roughly 140 million tonnes of plastic annually, 
with a more significant proportion of that amount 
being released into the environment as garbage [1–4]. 

The use of chemicals, detergents, cosmetics, medicines, 
and food packaging accounts for thirty percent of these 
tonnes [5]. Approximately 64% of synthetic plastics 
are made of polyethylene, which has a high molecular 
weight and hydrophobicity. A considerable amount 
of the 500 billion to 1 trillion polythene materials 
manufactured annually worldwide end up in the 
natural environment (land and water) [6–9]. This raises 
serious environmental concerns. Approximately 10% of 
municipal garbage produced worldwide is attributed to 
packaging materials like polythene [10–12]. However, 
only 5% of the trash is recycled, and the remainder is 
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buried underground, where it takes roughly 100  years 
for the material to decompose naturally without 
the aid of bacteria [13–15]. This results from their 
resistance, perseverance, and inability to degrade 
[16–18]. Humans may be subjected to severe health 
and ecological stresses as a result of this pollution. 
Particularly worrying microplastics have been linked 
to instantaneous mortality when ingested by aquatic 
creatures [19–22].

Due to the rise in environmental issues caused by 
plastics, the usage of physical [23, 24], and chemical 
[25–27] methods to break down plastic garbage has been 
condemned. The biological destruction (Biodegradation) 
of plastic using bacteria and fungus [28–30] has gained 
popularity recently owing to their efficacy, affordability, 
environmental friendliness, and sustainability. Multiple 
factors, including substrate accessibility, polymer surface 
area, shape, and molecular weight, all play a role in the 
biodegradation process [31, 32]. One may use a variety 
of metrics to assess this deterioration, including by the 
amount of carbon dioxide released into the atmosphere, 
the percentage change in the mechanical characteristics 
and/or chemical structure of the polymer, and the 
amount by which the substrate itself degrades. At the 
beginning of research into microbial biodegradation, 
scientists looked into how microbes may affect the 
physical qualities of plastics, such as water absorption, 
crystallinity, and tensile strength. Plastic waste may 
be assimilated into carbon sources or degraded 
into important alkane compounds using microbial 
biotechnology. This offers a promising possibility to 
increase plastic recycling and, by extension, to minimize 
environmental plastic pollution [33–35].

Microbes may break down plastics by first produc-
ing extracellular enzymes, then attaching those enzymes 
to the surface of the plastic, then hydrolyzing the plas-
tic into short polymer intermediates, and finally ingest-
ing those intermediates as a carbon source in order to 
produce carbon dioxide (Fig. 1). In recent years, several 
bacteria capable of degrading these polymers have been 
found, despite the synthetic nature of these polymers. 
Together with the bacterial consortia, abiotic factors 
facilitate the mineralization, assimilation, depolymeriza-
tion, and fragmentation of environmental plastic wastes 
into carbon dioxide, nitrogen, methane, and water mol-
ecules, monomers, dimers, and oligomers [36–38]. Since 
the 1970s, certain strains of bacteria from the genera 
Aspergillus [39–41], Penicillium [42–44], Streptomyces 
[45–47], Pseudomonas [48–50], and Bacillus [51–53] 
have been utilized to break down plastic trash. Though 
the microorganisms responsible for plastic breakdown 
have been narrowed down, further study is required to 
confirm the identities of the specific causes.

Global concern has been raised about the enormous 
amount of poly(ethylene terephthalate) (PET) [54–56], 
polyvinyl chloride (PVC) [51, 57], polyamide (PA), 
polyethylene (PE), polypropylene (PP) that appears 
to take centuries to break down in the environment. 
Moreover, the COVID-19 pandemic has amplified 
the already alarming issue of plastic pollution, driving 
an unprecedented surge in the demand for single-
use plastics such as personal protective equipment 
(PPE) [58]. This surge has further strained an already 
overwhelmed waste management system and 
exacerbated the pollution of our natural environments. 
In response to this, there is a growing emphasis 
on exploring innovative strategies to tackle plastic 
pollution. One such strategy gaining traction is plastic 
bioremediation. As the imperative for sustainable 
solutions intensifies, the focus on biodegradable 
methodologies gains prominence, necessitating a 
nuanced understanding of the intricate symbiosis 
between bacteria and polymers. This discourse delves 
into advanced microbial bioremediation strategies 
grounded in green chemistry, offering a comprehensive 
exploration of cutting-edge approaches to enhance 
plastic waste management and alleviate the escalating 
spectre of plastics pollution.

The primary contributions of this research article are as 
follows:

1. From the standpoint of developing plastic waste 
management, the study provides substantial 

Fig. 1 Biodegradation process of plastic waste
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information regarding microbes capable of effectively 
digesting polymers.

2. The study describes several ways in which bacteria 
may be used to break down plastic.

3. The study’s principal goal is to understand how 
bacteria are used in the control of trash plastics.

4. The study also seeks to uncover existing 
developments in the microbial breakdown 
biodegradation of plastic trash.

The remainder of the study is structured as follows: 
Section "Research approach" provides specifics on the 
methodology used, which was derived from best practises 
for critical literature reviews. In the section titled 
"Biodegradation of Plastic Waste by Microorganisms," we 
briefly address the bioremediation by various microbes. 
The section under "Limitations" describes the restrictions 
that this study had to operate within. The last section of 
the paper, "Conclusions," outlines the entire work.

Research approach
The Web of Science, Scopus, PubMed, and Google 
Scholar were among the databases searched as criteria 
for including and excluding the study. The search was 
conducted using key terms related to the microbial 
bioremediation of plastic waste. Additionally, the "AND" 
and "OR" Boolean operators were used to construct 
relevant words. After data source evaluation, all filtered 
sources were collected and checked for duplication 
using Mendeley Desktop Version 2.61.1. Titles and 
abstracts served as the primary criteria for screening. 
Full-text screening was also applied to the remaining 
articles. Studies evaluating incomplete publications 
(In press) and papers on the auxiliary subject were 
disregarded. We further excluded correspondence, 
discussions, editorials, books, systematic reviews, book 
chapters, conference abstracts, doctoral dissertations, 
and brief communications. This study included papers 
that discussed the role of microbial bioremediation in 
the removal of plastic waste. Additionally, we manually 
looked through relevant and referenced papers from the 
research and reviews that were included.

Main text
The process of plastic waste decomposition by 
microbes is closely linked to the chemical makeup of 
the polymers, environmental factors, and microbial 
behaviour. Microorganisms are essential in the process 
of decomposing plastic polymers into smaller pieces, 
which eventually results in the transformation of these 
pieces into innocuous chemicals such as carbon dioxide 
and water. The degradation of polymers is an intricate 
process that is affected by both inherent characteristics 

of the polymer and external environmental influences. 
The chemical composition of a polymer, which includes 
its arrangement, presence of different atoms, and other 
substances, greatly affects its vulnerability to degradation 
[59]. Polymers consisting only of carbon chains, 
particularly those containing double bonds, exhibit 
greater inertness in comparison to polymers including 
heteroatoms or additives [60]. Their high level of purity 
reduces their susceptibility to external influences, hence 
decelerating the process of deterioration.

The length and content of the carbon backbone are 
significant factors. Polypropylene, which has longer 
chains, often demonstrates resistance to degradation [61]. 
However, the inclusion of heteroatoms might potentially 
undermine this resistance. Moreover, the degradation 
rates are influenced by the polarity of the polymer, with 
nonpolar molecules exhibiting lower susceptibility to 
degradation. The degree of crystallinity of a polymer 
also impacts its degradation. Crystalline polymers have a 
higher resistance to degradation compared to amorphous 
compounds [62]. They require less water and oxygen to 
start decomposing. The molecular weight of polymers 
is a significant factor that affects their degradation rate. 
Polymers with larger molecular weights have smaller 
relative surface areas, resulting in slower degradation 
[63].

The degradability of a polymer is further influenced 
by the production method and the additives employed. 
Within landfills, the combination of UV radiation and 
heat can trigger breakdown by auto-oxidation, causing 
polymers to break down into microplastics [64, 65]. 
These microplastics are then further degraded by 
microbes, resulting in the production of carbon dioxide 
and water. Polymers such as polyethylene, polypropylene, 
and polystyrene mostly break down in the presence of 
oxygen and exposure to UV radiation [66]. This process 
results in the formation of different end products, which 
vary depending on the kind of polymer.

The process of anaerobic degradation that occurs in 
landfills leads to the generation of methane and water, 
which is facilitated by microbial enzymes that aid in 
the breakdown of polymers [67]. During the process of 
degradation, petrochemicals undergo changes such as 
increased brittleness, discoloration, and the formation of 
new functional groups. Microorganisms have a tendency 
to attack the shapeless parts of plastics, whereas the 
structured sections break down at a slower rate.

Bioremediation by Achromobacter sp.
Achromobacter (Alcaligenaceae family) is a bacterial 
genus belonging to the Burkholderiales order. The 
cells are straight rods motile by one to twenty percent 
of flagella. They are aerobic and may be found in 
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fresh and saltwater and soil. Also recognized as a 
contaminant in laboratory cell cultures [68, 69]. In a 
study published in 2022, to expedite the biodegradation 
of thermo-oxidatively pretreated PVC and Low-Density 
Polyethylene (LDPE), researchers have successfully 
identified Achromobacter denitrificans from compost 
[70]. In bacterial flasks made of PVC and LDPE, the 
percentage of dry weight lost was 12.3% and 6.5%, 
respectively, and the amount of extracellular protein was 
326.4 and 112.32  mg/L, respectively. PVC underwent 
treatment that caused its pH to rise to 5.12, and its 
thermal stability was enhanced by 29  °C. Fourier 
Transform Infrared Spectroscopy (FTIR) results show 
that chain breakage in the major backbone, synthesis 
of new groups, and oxidation of antioxidants have all 
altered the chemical composition of LDPE. The carbonyl 
groups formed as a byproduct of LDPE breakdown are 
responsible for the appearance of peaks between 1700 
and 1850   cm−1. Scanning Electron Microscopy (SEM) 
verified surface changes in LDPE and PVC.

Another research found that a novel bacterial 
Achromobacter xylosoxidans influences the structure 
of High-Density Polyethylene (HDPE) [71]. By studying 
the coding sequences of the 16S ribosomal subunit, a 
hitherto undiscovered strain of A. xylosoxidans known 
as PE-1 was extracted from the soil and identified. 
Degradation of the HDPE chemical structure was seen 
in analyses of foil samples performed using SEM and 
Attenuated Total Reflectance Fourier Transform Infrared 
Spectroscopy (ATR-FTIR). As a consequence, HDPE 
foil was found to lose around 9% of its weight. On the 
basis of a comparison between the spectrum of the raw 
material before the bacterial treatment and the range 
from a database of spectra, it was anticipated that the 
microorganisms primarily depended on the HDPE for 
their carbon and energy needs.

Bioremediation by Aspergillus sp.
Fungi of the genus Aspergillus are often found living as 
saprophytes in the soil, where they consume dead plants 
and other organic matter, including seeds and grains. 
The individuals that belong to this genus can flourish in 
environments with high osmotic pressure. Because of the 
high oxygen tension, species of the genus Aspergillus may 
be found in almost all environments rich in oxygen. In 
these environments, they often take the form of moulds 
on the surface of the substrate [72–74]. An investigation 
was carried out on the biodegradation of black LDPE 
sheets by a fungus isolated from several Egyptian landfills 
[75]. For 16  weeks, minimum salt medium and LDPE 
sheets were heated to 30  °C and rotated at 120  rpm in 
a rotary shaker. The fungal strains A. fumigatus MF 
276893 and A. carbonarius MH 856457.1 were found to 

be promising LDPE biodegradation agents. The sheet 
weight loss percentage was much higher in a mixed 
culture of the two strains compared to a single isolate. 
Physical and chemical treatments were also used to 
increase the degradation capacity. By 5.89% (chemical 
treatment), 17.76%  (HNO3 treatment), and 39.1% (heat 
treatment), biodegradation was found to be accelerated. 
New functional groups associated with hydrocarbon 
biodegradation were validated by FTIR, demonstrating 
the essential involvement of manganese peroxidase in the 
process. In addition to surface changes in biodegraded 
LDPE (as determined by SEM), differences in FTIR 
spectra of mixed culture biomass before and after 
biodegradation proved that LDPE was depolymerized. 
It has been reported that these strains are capable of 
complete biodegradation of plasticizers such as tributyl 
acetylcitrate, 1,2-benzenedicarboxylic acid diisooctyl 
ester, diisssctyl phthalate, and bis(2-ethylhexyl) phthalate, 
using Gas Chromatography-Mass Spectrometry (GC–
MS). Another research determined five fungal isolates, 
including Brown rot, White rot, A. flavus, and A. Niger 
fungi isolated from various landfills in Peshawar, Pakistan 
[29]. Weight loss percentage analysis after 30  days of 
incubation was used to determine the biodegradation 
potential of these isolates against LDPE polymers. 
white rot, brown rot, A. flavus, and A. niger fungus all 
demonstrated biodegradation percentages of 22.7%, 
18.4%, 16.1%, and 22.9%, respectively.

Further research used Fusarium solani, A. versicolor, 
and A. flavus, all of which were retrieved from a 
municipal waste yard in Chennai, India, to study the 
biodegradation of LDPE [76]. The polymers were 
tested for degradation by exposure to microbial 
cultures for 60  days in the lab. FTIR spectra verified 
the biodegradation of LDPE, whereas Field Emission 
Scanning Electron Microscopy (FESEM) micrographs 
demonstrated that the fungi had colonized the polythene 
matrix as a result of their metabolic activities. Sturm test 
results suggest A. versicolor strain is a more promising 
LDPE-degrading option than the F. solani and A. flavus 
strains. Under controlled laboratory conditions, the 
biodegradation rate of LDPE sheets was measured after 
being inoculated with bacteria and fungi collected from 
various locations around the Dandora dumpsite [77]. 
Researchers incubated the LDPE sheets for 16  weeks at 
37 °C for bacteria and 28 °C for fungus. A.s oryzae strain 
A5 showed the greatest fungal degradation activity, 
decreasing the average weight by 36.42 ± 5.53%. Findings 
suggest that Aspergillus, Bacillus, and Brevibacillus are 
promising candidates for biodegrading LDPE. Moreover, 
a group of researchers extracted fungal candidates from 
a nearby dumping site. Mushrooms were grown in a 
broth made of mineral salts and LDPE powder. In broth 
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medium supplemented with LDPE, only two (RH06 and 
RH03) of the nine isolates showed the maximum growth 
response. The findings showed that after 45  days of 
culture, there was a 5.13% drop in the weight of LDPE film 
when using isolate RH03, and there was a 6.63% decrease 
when using isolate RH06. In addition to this, the tensile 
strength of the treated film was found to be reduced by 
58% over the board and 40% in each isolate. The LDPE 
film’s surface developed a groove and a roughness, as 
shown by an electron microscopy analysis. Moreover, 
DNA sequencing and Polymerase Chain Reaction data 
confirmed that strains RH06 is A. nomius and RH03 
is Trichoderma viride, with a 96% and 97% degree of 
similarity, respectively. The ability of A. clavatus to 
degrade LDPE in an aqueous medium was observed for 
90  days [78]. PE mass loss,  CO2 evolution measured by 
the Strum test, FTIR, and SEM/Atomic Force Microscopy 
(AFM) morphological alterations all corroborated the 
deterioration. Researchers used enrichment culture 
and screening processes to identify two strains of 
Lysinibacillus sp. and Aspergillus sp. from waste soils in 
Tehran, which showed outstanding capacities to break 
down LDPE [79]. UV-irradiated and non-irradiated 
pure LDPE films without pro-oxidant additives 
underwent 126  days of biodegradation in soil with and 
without mixed cultures of selected microorganisms. 
As seen by carbon dioxide soil measurements taken 
after 126  days, biodegradation was moderate in the 
absence of microorganisms; UV-irradiated and non-UV-
irradiated LDPE mineralization was only 8.6% and 7.6%, 
respectively. Biodegradation was much more effective 
when the targeted microorganisms were present, with 
biodegradation percentages for UV-irradiated and non-
UV-irradiated films being 29.5% and 15.8%, respectively. 
When UV-irradiated LDPE was biodegraded in 
soil containing the designated microorganisms, the 
percentage decline in the carbonyl index was more 
pronounced. X-ray diffraction (XRD), FTIR, and SEM 
confirmed that the chosen microorganisms were able to 
alter and colonize both kinds of PE.

An A. flavus fungi PEDX3 was identified from the 
digestive tract of the wax moth, Galleria mellonella [41]. 
The results of a 28-day incubation period demonstrated 
that strain PEDX3 was capable of breaking down HDPE 
MPP (microplastic particles) into the MPP with reduced 
molecular weight. As measured by FTIR, the breakdown 
of PE was further confirmed by the presence of carbonyl 
and ether groups of MPP. Additionally, Reverse 
Transcription-Polymerase Chain Reaction (RT-PCR) was 
used to look for possible degradation enzymes. At the 
end of the degradation process, two genes, AFLA 053930 
and AFLA 006190, encoding laccase-like multicopper 
oxidases, were found to have had their expression 

levels increase, indicating that they encode probable 
PE-degrading enzymes. In another investigation, A. 
flavus VRKPT2 and A. tubingensis VRKPT1 isolated 
from the PE trash deposited in marine coastal regions 
were tested under in  vitro conditions to be efficient in 
HDPE breakdown [80]. The isolated fungus was identified 
based on internal transcribed space (ITS) homology 
sequence analysis. Even after 1 month of incubation, the 
biofilm development detected using an epifluorescent 
microscope revealed the vitality of fungal strains.

Bioremediation by Bacillus sp.
Bacillus species are rod-shaped, aerobic, sporulating 
bacteria abundant in nature. They may be either 
obligatory aerobes, which are oxygen-dependent, or 
facultative anaerobes and may thrive without oxygen 
[81]. A study was set out to determine how effective 
bacterial isolates were in degrading microplastics in the 
Vaigai River in Madurai, India [82]. After being properly 
processed, the isolates were included in the degradation 
of UV-treated PE and PP. Four bacterial isolates, 
including Bacillus sp. (BS-2), Bacillus paramycoides 
(BP), Bacillus cereus (BC), and Bacillus sp. (BS-1), passed 
the first screening and were evaluated for the 21-day 
degrading experiment. Bacterial isolates were stuffed 
into the microplastics, and a shake flask experiment 
was conducted using two different methods, each 
with a control. Degradation of the microplastics was 
demonstrated by a decrease in their weight, an increase 
in their fragmentation, and a shift in their surface area 
compared to control studies (microplastics without 
isolates). Although PP degradation was most significant 
with BP (78.99 ± 0.005%) and BC (63.08 ± 0.009%) when 
used separately, the greatest PP and PE degradation 
were achieved when BC and BP were used together 
(78.62 ± 2.16% and 72.50 ± 20.53%).

Activated sludge was studied as a potential biocatalyst 
for the degradation of microplastics in water [83]. 
It was initially tested for its ability to hydrolyze PET 
polymers pretreated at 100  °C for an hour. To assess 
degradation potential, the consortium undertook a 
typical  CO2 evolution test at pH 7–7.5, 30  °C, 168  days 
reactor residence time, and 2.63 g/L PET concentration. 
After being incubated, the group was able to break 
down 17% of the PET. Surface erosion was responsible 
for the unaltered molecular weight. Biodegradation 
was also noticeably accelerated in the presence of 
abundant oxygen. Agromyces mediolanus PNP3 and B. 
cereus SEHD031MH were discovered to be two of the 
consortium’s isolated bacterial strains. Even though 
growth was optimal for both strains when grown on 
PET medium alone, only B. cereus showed enzyme 
activity in a clear-zone assay. The bacterial degradation of 
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polyhydroxybutyrate (PHB) was studied in a solid-media 
culture setting over a range of temperatures and salinities 
[53]. After 14  days of cultivation on PHB film, studies 
show that Bacillus sp. JY14 can destroy around 98% of 
PHB. This species was shown to be able to biodegrade 
P(3HB-co-3HV) and P(3HB-co-4HB).

In a study, sixty marine bacteria were tested for 
their capacity to digest LDPE [84]. When tested using 
polythene as the only carbon source for growth, only 
three were discovered to be effective. Positive isolates 
were identified by comparing their 16S rRNA gene 
sequences. The researcher determined that they 
belonged to the genus Kocuria, species M16; genus 
Bacillus, species M27; and genus Bacillus subtilis, species 
H1584. During a 30-day incubation period with H1584, 
M27, and M16 isolates, PE lost 1.7%, 1.5%, and 1% of its 
weight. Hydrophobicity on the cell surface was highest 
(32% in M16), then 15% in H1584, and finally 27% in 
M27. A triphenyltetrazolium chloride reduction assay 
was used to verify the vitality of the isolates grown on 
the PE surface. Calculations of the Keto Carbonyl Bond 
Index, Ester Carbonyl Bond Index, and Vinyl Bond Index 
from FTIR spectra showed increases consistent with PE 
biodegradation.

Bioremediation by Collectotrichum sp.
Colletotrichum (sexual stage: Glomerella) is a genus of 
endophytes or phytopathogens that are symbionts to 
plants. Some species in this genus may have a symbiotic 
relationship with their host plants [85]. Thirty fungi 
were tested for biodegradability of LDPE films in 
mineral salt medium agar [86]. Stagonosporopsis citrulli, 
Collectotrichum fructicola, Thyrostroma jaczewskii, and 
Diaporthe italiana grew much faster than Aspergillus 
niger when grown on LDPE film as the sole carbon 
source. For a further 90  days, they were grown in a 
broth made of mineral salts and LDPE film instead of 
any other carbon source.  CO2 emissions ranged from 
0.45 to 1.45  g/L for D. italiana, 0.36 to 1.22  g/L for T. 
jaczewskii, 0.33 to 1.26  g/L for C. fructicola, 0.37 to 
1.27  g/L for S. citrulli, and 0.33 to 1.27  g/L for A. niger 
when they were cultured on LDPE film. Compared to the 
levels of lignin peroxidase and manganese peroxidase 
secreted by the same fungus, the quantity of laccase 
enzyme produced was reported to be much higher. It 
was further investigated how these fungi degrade LDPE 
sheets when cultured. Weight loss was recorded as 28.78, 
45.12, 48.78, 46.34, and 43.90%; tensile strength as 3.34, 
1.86, 0.43, 1.78, and 1.56  MPa for LDPE films cultured 
with A. niger, S. citrulli, C. fructicola, T. jaczewskii, and 
D. italiana, respectively. After incubation with various 
fungi, especially C. fructicola, FTIR measurement 
revealed an increased carbonyl index in LDPE films. 

The biodegradation of LDPE films was validated by 
SEM analysis, which revealed morphological changes 
on the film’s surface, including cracks, scions, and holes. 
The Volatile Organic Compounds, 1,1-dimethoxy-
decane, 1,3-dimethoxy-5-(1-methylethyl)-benzene, and 
1,3-dimethoxy-benzene were found in these fungi. In 
terms of biodegradation of LDPE, C. fructicola shows 
promise as a resource and may be incorporated in fungal-
based plastic degrading systems.

Bioremediation by Comamonas sp.
Gram-negative, rod-shaped spirilla (often called “rods”) 
are found in bacteria of the genus Comamonas. These 
microorganisms are chemoorganotrophic, meaning 
they feed off of organic matter rather than sugars, 
and they are aerobic [87]. The breakdown of dimethyl 
phthalate (DMP) by a Comamonas testosterone bacterial 
strain, DB-7, was investigated in a study [88]. The 
results indicate that DMP at varying doses was quickly 
destroyed, with over 99% degradation occurring within 
14 h at 450 mg/L. The breakdown rate of DMP was found 
to be positively proportional to the inoculum volume 
of the bacteria, with the ideal degradation temperature 
being 30–35  °C and pH 9.0, respectively. According to 
HPLC (High-performance liquid chromatography) and 
LC/MS (Liquid Chromatography-Mass Spectrometry) 
studies of metabolic products, phthalic acid (PA) 
and mono-methyl phthalate (MMP) are the primary 
degrading intermediates formed by DB-7 during the 
breakdown of DMP.

Bioremediation by Enterobacter sp.
The genus Enterobacter includes rod-shaped, non spore-
forming, gram-negative, facultatively anaerobic bacte-
ria of the Enterobacteriaceae family. The type genus of 
the family Enterobacterales [89]. A group of research-
ers conducted research on the breakdown of LDPE by 
the recently discovered Enterobacter cloacae AKS7 
[90]. A progressive rise in Extracellular Polymeric Sub-
stance (EPS) production by the organism (AKS7) was 
also identified, indicating the establishment of an effec-
tive biofilm on the LDPE surface. In addition, two AKS7 
mutants with significantly reduced cell-surface hydro-
phobicity compared to their wild type were screened. The 
results of which contrasted to wild-type AKS7 cells, the 
mutants exhibited lower levels of LDPE breakdown. Fur-
ther analysis showed that, in contrast to wild-type cells, 
AKS7 mutant cells lacked the ability to adhere to LDPE. 
The findings showed that AKS7’s hydrophobic cell sur-
face promotes the growth of microbial biofilm on LDPE, 
leading to more efficient breakdown of the plastic by 
the microbe. Given these results, the organism may be 
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evaluated as a bio-remediating agent for the long-term 
degradation of polythene-based toxic waste.

Bioremediation by Halomonas sp.
Halomonas is a genus of salt-tolerant (halophilic) 
bacteria. They are rod-shaped gram-negative bacteria 
and develop in the presence of oxygen. However, it has 
been reported that some may grow without oxygen [91]. 
Four bacterial strains with the ability to biodegrade 
LDPE were identified by a research group [92]. The 
16S rRNA gene sequencing technique indicated that 
bacterial isolates H-265, H-256, H-255, and H-237 were 
closely related to Alcanivorax sp., Exigobacterium sp., 
Halomonas sp., and Cobetia sp., respectively. Researchers 
used the Bushnell-Haas medium to incubate these 
bacterial strains separately for 90  days while providing 
them with LDPE sheets as a carbon source. Bacterial 
isolates were able to develop a viable biofilm on the 
surface of LDPE during the biodegradation experiment, 
reducing the films’ thermal stability. After the incubation 
research, the bacterial isolate H-255 was shown to have 
caused a maximum LDPE film weight decrease of 1.72%. 
FESEM and AFM demonstrated that bacterial adhesion 
to the film altered its physical structure (surface erosion, 
roughness, and deterioration). When compared to a 
control LDPE film, the spectra obtained using ATR-
FTIR demonstrated a shift in the peaks associated 
with C–H stretching and C=C bond stretching and the 
development of additional peaks associated with C–O 
stretching and –C=C– bond stretching. Furthermore, 
carbon remineralization and enzymatic activity 
validated the biodegradation of LDPE film. This research 
demonstrated that some marine bacteria actively 
biodegrade LDPE film, and that these bacteria have the 
potential to lessen marine plastic pollution.

Bioremediation by Klebsiella sp.
The gram-negative, encapsulated, non-motile, 
facultatively anaerobic, lactose-fermenting, rod-shaped 
bacterium Klebsiella pneumoniae is characterized by 
its unique characteristics. It occurs naturally in the 
soil, and around 30% of strains are capable of fixing 
nitrogen under anaerobic environments [93]. Klebsiella 
pneumoniae CH001, a clinical isolate, was screened for 
bioremediation of HDPE [94]. After 60 days of growth in 
nutritional broth at 30 °C and 120 rpm, results indicated 
that this strain could develop a substantial biofilm on 
HDPE surfaces. The Universal  testing machine (UTM) 
results indicated a considerable drop in HDPE film’s 
tensile strength (60%) and weight (18.4%). In addition, 
SEM research revealed surface fractures in the HDPE, 
while AFM findings demonstrated an increase in 
surface roughness during bacterial incubation. Taken 

together, findings suggest that K. pneumoniae CH001 is 
a promising option for the environmentally responsible 
breakdown of HDPE in natural settings.

Bioremediation by Penicillium Sp.
Penicillium is a genus of ascomycetous fungus that is an 
integral component of the mycobiome of several species. 
Certain species of the genus generate penicillin, an 
antibiotic chemical that kills or inhibits the development 
of certain types of bacteria. Other species are used in 
cheese production. According to the tenth edition of 
the Dictionary of the Fungi (2008), the broad genus has 
more than 300 species [95]. Because of its rapid colony 
development in the screening medium, the isolate 
Penicillium citrinum was chosen for biodegradation 
research. In a research, 16 plastic-degrading fungi were 
isolated from plastic-laden landfill soil in Bhopal, India 
[44]. Fungi capable of decomposing PE were screened for 
using a mineral salt agar medium spiked with 3% LDPE 
powder. Untreated LDPE fragments lost 38.82 ± 1.08% 
of their weight when exposed to P. citrunum; however, 
after being pretreated with nitric acid, biodegradation 
increased by 47.22 ± 2.04%. New functional groups 
ascribed to hydrocarbon biodegradation appeared in 
FTIR spectra, suggesting enzymatic participation in 
the process. Depolymerization of LDPE was validated 
by changes in the FTIR spectra and FE-SEM of LDPE 
samples (both untreated and pretreated) before 
and after biodegradation. Variations in the rates of 
thermal breakdown between biodegraded and control 
samples provide more evidence of biodegradation. The 
remarkable competence of P. citrinum in LDPE degrading 
without any pre-treatment has been reported for the first 
time in this work.

To effectively biodegrade polyvinyl alcohol (PVA) 
in  vitro, researchers set out to discover and broadly 
screen endophytic fungi (from specified plants) [42]. 
Seventy-six endophytic fungi were cultured in total on 
a PVA screening agar medium. Using a combination of 
phenotypic traits, ITS ribosomal gene sequences, and 
phylogenetic analysis, 10 isolates were found to have 
a potential biodegrading effect and were subsequently 
identified. After 10 days of growth at 150 rpm and 28 °C, 
four strains showed maximal PVA-degradation in the 
liquid medium. Penicillium brevicompactum OVR-5 
removed 81% of PVA, Talaromyces verrucosus PRL-2 
removed 67%, Penicillium polonicum BJL-9 removed 
52%, and Aspergillus tubingensis BJR-6 removed 41%. 
OVR-5 was found to be the most promising PVA 
biodegradation isolate, producing laccase, manganese 
peroxidase, and lipase enzymes at an ideal pH of 7.0 and 
an optimal temperature of 30 °C. This work hypothesized 
a possible PVA breakdown mechanism for OVR-5 in 
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light of investigations of its metabolic intermediates, 
which GC–MS discovered. Both SEM and FTIR verified 
the biodegradation findings.

The antarctic filamentous fungus was studied for 
its ability to degrade polyurethane (PU), polystyrene 
(PS), and PE samples in a liquid solution [96]. Plastic 
samples were either inoculated with Antarctic fungus 
(Mortierella, Geomyces, Penicillium species), treated, 
left untreated, or artificially aged in a UV chamber for 
500  h per ASTM G155. All samples were kept in an 
incubator for 90 days at 18 °C. The rate of weight loss was 
examined as a function of time to evaluate the physical–
chemical and biological degradation of plastics. In the 
artificial ageing chamber, polymers suffered an oxidative 
breakdown, which sped up their biodegradation (seen as 
morphological and structural alterations). Penicillium sp., 
of the three fungal strains, showed the most significant 
breakdown at 28.3% in PU, 8.39% in PS, and 3.5% in 
LDPE.

In a study, the researcher used garbage bags to isolate 
fungi and their ability to degrade LDPE. In this case, 
ethanol-treated LDPE was used alongside untreated 
LDPE [43]. F1 isolation demonstrated the most 
degradation out of the three fungal isolates, and this 
isolate damaged the untreated sheet similarly. Areas 
of degradation were seen in the surface morphology 
of F1-treated LDPE as analyzed by SEM. FTIR testing 
revealed that F1 affected the polymer’s production of 
carbonyl and C=C groups. F1 fungus, when grown 
in the laboratory, was discovered to release the lipase 
enzyme. Molecular testing confirmed that isolate F1 
was indeed P. simplicissimum strain Bar2. In another 
study, P. simplicissimum was discovered in a Shivamogga 
district landfill by a group of researchers [97]. Findings 
indicate that treated PE (38%) was more easily degraded 
by P. simplicissimum than autoclaved (16%) or surface-
sterilized (7.7%) PE. P. simplicissimum was tested for 
enzymes that degrade PE. Laccase and manganese 
peroxidase were shown to be active enzymes. Based 
on these findings, P. simplicissimum was reported as a 
potential answer to the world’s PE crisis.

A group of investigators evaluated "Bionolle®" 
polyester-modified PET films biodegradation in 
comparison with unmodified PET films in terms of 
time to decompose [98]. The films’ weight was recorded 
before and after being incubated with the filamentous 
fungus P. funiculosum or their extracellular hydrolytic 
enzymes released by "Bionolle®" for 84  days. FTIR and 
X-ray Photoelectron Spectroscopy (XPS) studies revealed 
significant chemical alterations in polymeric chains. In 
addition to hydrolytic enzymes, oxidative ones were likely 
involved in the degradation of films by fungi, as shown by 
the significant decrease in the number of aromatic rings 

formed from terephthalic acid. Additionally, "Bionolle®" 
did not accelerate modified film deterioration.

Bioremediation by Phanerochaete sp.
Phanerochaete is a crust fungus genus belonging to 
the Phanerochaetaceae family. It has historically been 
classified based on the fruit body’s general shape and 
microscopic features, such as the spores, cystidia, and 
hyphal structure. According to molecular analyses, 
the genus is polyphyletic, with members scattered 
over the phlebioid clade of the Polyporales order [99, 
100]. A study examined the biodegradability of starch-
blended PVC films using controlled laboratory studies 
utilizing selected fungus isolates and in-situ burial in 
soil [101]. SEM revealed the surface anomalies such 
as colour change and mild disintegration in PVC films 
after 90  days. Isolation of fungal strains characterized 
by robust growth and adhesion to plastic sheets. 
Phanerochaete chrysosporium PV1 was chosen among 
the strains exhibiting the highest levels of activity and 
later confirmed to be this species by rDNA sequencing. 
FTIR and Nuclear Magnetic Resonance (NMR) studies 
revealed new peaks, suggesting substantial structural 
changes and transformation in the films. Gel permeation 
chromatography (GPC) backed this up by showing 
a considerable reduction in the molecular weight of 
polymer film from 80,275 to 78,866  Da (treated). The 
release of more carbon dioxide (7.85 g/l) than the control 
(2.32 g/l) in the respirometric technique provided further 
evidence of the biodegradation of starch-blended PVC 
films. Hence, suggesting P. chrysosporium PV1 is a fungal 
strain with excellent potential for bioremediation of 
plastic waste.

Bioremediation by Pseudomonas sp.
There are 191 different species of the genus Pseudomonas, 
which are all gram-negative gamma-proteobacteria in 
the family Pseudomonadaceae. Members of this genus 
exhibit a high degree of metabolic variability, allowing 
them to colonize a wide variety of habitats [102, 103]. 
It is suggested by research that the Pseudomonas sp. 
found in the digestive tracts of superworms might 
effectively biodegrade Polyphenylene sulphide (PPS) 
[49]. The biodegradation time of the bead form of plastic 
was drastically reduced due to its superior degradation 
efficiency compared to the standard film type of plastic. 
Therefore, this work employed plastic beads with 
a diameter of 300  m to assess the Pseudomonas sp. 
mediated PPS biodegradation over 10  days instead of 
film-type plastics. This technology not only compares 
and verifies the biodegradation performance of different 
polymers in 10 days, but it also quickly identifies the best 
bacteria for plastic biodegradation.
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As reported, another research set out to examine 
the biodegradation capabilities of five bacterial strains 
against PVC, PS, PP, and PE films under aerobic con-
ditions [51]. A generalised aerobic breakdown mecha-
nism for plastics is shown in Fig.  2. B. flexus and P. 
citronellolis were chosen as suitable PVC film degrad-
ers after preliminary screening. Biodegradation of PVC 
films was tested using the two strains in 2-L flasks. 
Fragmentation of the film was found after 45  days of 
incubation, indicating PVC biodegradation. PVC incu-
bated with P. citronellolis had a 10% decrease in average 
molecular weight, as determined by GPC, suggesting 
that PVC polymer chains were attacked. These find-
ings led to the selection of the P. citronellolis strain for 
biodegradation experiments. As determined by chemi-
cal evaluation of the films after 30  days of incubation, 
the waste PVC polymers had biodegraded, resulting in 
a gravimetric weight loss of up to 19%. In conclusion, 
this study documents B. flexus and P. citronellolis abil-
ity to biodegrade PVC sheets. Both strains were shown 
to have a negligible effect on PVC polymer, suggesting 
that they work primarily against PVC additives.

A soil-dwelling bacteria capable of degrading polyes-
ter PU was isolated and characterized as strain MZA-85 
[104]. It was determined that the bacterium was Pseu-
domonas aeruginosa by 16S rRNA gene sequencing. The 
strain MZA-85 altered the surface morphology of PU 
film, as shown in SEM. The FTIR spectrum exhibited an 
augmentation of the organic acid functional group and 
a concomitant diminution of the ester functional group. 
Results from GPC showed a rise in polydispersity, sug-
gesting that microorganisms break down PU polymer 
chains. After conducting a p-Nitrophenyl acetate hydrol-
ysis experiment, it was discovered that the bacteria pro-
duced cell-associated esterases. GC–MS confirmed the 
synthesis of adipic acid and 1,4-butanediol monomers. 
Cell growth in the presence of breakdown products and 
the Sturm test showed that strain MZA-85 mineralized 
PU into  H2O and  CO2. These results suggest that strain 
MZA-85 and its enzymes may recycle pure monomers in 
biochemical monomerization. On the other hand, Pseu-
domonas sp. AKS2 can degrade 5 ± 1% LDPE in 45 days 
without pre-oxidation, which is much quicker than the 
degradation rates reported in previous investigations 
[105]. This could be attributable to agents modifying 

Fig. 2 A generalised aerobic breakdown mechanism for plastics
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the hydrophobic contact between the polythene and the 
microbe, which may affect the breakdown rate. Accord-
ingly, this research links the capacity for biofilm forma-
tion among bacteria to their ability to degrade polymers 
and shows a connection between hydrophobic contact 
and polymer breakdown.

Bioremediation by Rhizopus sp.
The fungus genus Rhizopus is well-known for its 
extensive plant saprophytic and its role as a specialist 
animal parasite. They are present in several organic 
things, including mature fruits and vegetables, tobacco, 
peanuts, bread, leather, syrups, and jellies [95]. A 
fungal lab isolate, Rhizopus oryzae NS5 was studied 
for the biodegradation of LDPE [106]. One month 
of incubation in a potato dextrose broth at 120  rpm 
and 30  °C resulted in the development of fungi on the 
surface of PE. Approximately 8.4 ± 3% of the weight and 
60% of the tensile strength of PE was shown to decrease 
gravimetrically. The SEM study of the PE surface revealed 
hyphal penetration and degradation. After fungal 
isolation, AFM showed increased surface roughness. 
Fungal hyphae formed a biofilm on PE fragments. This 
research demonstrates the potential of R oryzae NS5 for 
eco-friendly and sustainable PE breakdown.

Bioremediation by Streptomyces sp.
Streptomyces is the most populous genus of 
Actinomycetota and the type genus of the 
Streptomycetaceae family. There are around 500 
recognized species of Streptomyces bacteria. The 
genomes of streptomycetes are gram-positive. Most 
streptomycetes generate spores and have a unique 
“earthy” odour due to the synthesis of the volatile 
metabolite geosmin, primarily found in soil and 
decomposing plant matter [107]. As PET trash, drinking 
bottles were pulverized and categorized into four particle 
sizes in research work. In their work, they investigated 
the biodegradation of PET by Streptomyces species [47]. 
Extracted samples totaling 50  mg were divided into 
four groups based on particle size, each of which was 
then incubated with a different set of microorganisms 
in a culture medium at 28  °C for 18  days. Degradation 
values were then calculated on particular days. The 
biodegradation percentages for 500, 420, 300, and 
212  m PET particle sizes were reported to be 49.2%, 
57.4%, 62.4%, and 68.8%, respectively. To further verify 
the biodegradation process, the byproducts were 
analysed by GC–MS. Experimental results may be better 
predicted using the Michaelis–Menten activation or 
inhibition model, according to the kinetic modelling of 
biodegradation.

Researchers isolated microorganisms from Andhra 
Pradesh and Telangana waste soil to prevent plastic 
buildup and rid the environment of plastic [108]. 
The degrading activity of these microorganisms 
is determined using the clear zone approach and 
polythene powder. Changes in the granules’ physical and 
structural properties occurred over time after microbes 
had attached to polymer particles. To determine the 
effectiveness of biodegradation, the weight technique 
was used in the laboratory for 2, 4, and 6  months. 
Experimental results demonstrated that Streptomyces 
sp. had the greatest plastic degradation ability, degrading 
up to 46.7%; this was followed by A. flavus (16.45%), 
Pseudomonas sp. (24.22%), and A. niger (26.17%) during 
a 6-month period. The results of this study demonstrate 
the critical function that Streptomyces sp. plays in the 
breakdown of polythene powder and polymer granules.

Bioremediation by Zalerion sp.
The marine fungus, Z. maritimum, was discovered in 
the waters off the coast of Portugal [109]. The researcher 
assessed mass changes in the fungus Zalerion maritimum 
and PE pellets after different exposure times in a 
minimum growing medium [110]. Results indicated that 
Z. maritimum is able to use PE under test circumstances, 
resulting in a reduction in both pellet mass and size. 
These results point to a naturally occurring fungus that, 
with its low food requirements, might play an active role 
in the biodegradation of microplastics.

Bioremediation by the synergistic effect
Scientists evaluated the PET-associated lipase activity 
of bacteria isolated from petroleum-contaminated soils 
[48]. Bacterial strains and consortiums were cultivated 
on a liquid carbon-free basal medium (LCFBM) using 
PET as the only carbon source. Consistent with the ATR-
FTIR findings, this work found hydrolysis byproducts 
of PET using 1H NMR analysis. Together, PET and 
its cleavage product bis(2-hydroxyethyl) terephthalic 
acid (BHET) supported the growth of five strains of 
Bacillus and Pseudomonas species. The consortium’s 
secreted enzymes could completely convert BHET to the 
biologically functional monomers ethylene glycol and 
terephthalic acid (TPA). Strains with different enzymatic 
abilities for the metabolic breakdown of ethylene glycol 
and TPA, the building components of PET polymers, 
were discovered in draught genomes, cooperating and 
cross-feeding in a nutrient-limited environment utilising 
PET as the primary carbon source.

Two distinctive cultures of Arthrobacter and 
Streptomyces sp. were extracted from farming soils and 
found to thrive solely on PE film [45]. The suspension 
phase of culture was very fruitful for the growth of 
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Arthrobacter sp. Streptomyces sp. produced huge 
biofilms on the PE film, showing that the two strains 
had distinct metabolic types and lived in different 
microenvironments with differing nutritional availability. 
 CO2 evolution, increased carbonyl index, reduced 
hydrophobicity, and the biofilm development on the 
film surface were all indicators that a 90-day inoculation 
experiment might deteriorate PE film. However, a 
combination of the two strains had a far greater effect on 
these negative characteristics.

Yet another study utilized a synergistic system 
consisting of Thermobifida fusca cutinase (TfC) and 
Microbacterium oleivorans JWG-G2 to decompose a 
high crystalline PET film and BHET oligomers [111]. 
Ethylene glycol terephthalate (EGT) has been discovered 
as the unique degradation product of M. oleivorans 
JWG-G2 alone. The synergy degrees for the degradation 
of PET film and BHET oligomers with the addition of 
TfC as a second biocatalyst were determined to be 2.26 
and 2.79, respectively. After treating PET film with M. 
oleivorans JWG-G2 at 5 ×  103 μL/cm2 and TfC at 120 g/
cm2, the highest concentrations of TPA (47  nM) and 
mono(2-hydroxyethyl) terephthalate (MHET) (330  nM) 
were found. The degree of surface degradation of PET 
film was higher than that generated by each treatment on 
its own. Synergistic microbe-enzyme treatment is based 
on the occurrence of extracellular PET hydrolases, and 
a whole genome sequencing research of M. oleivorans 
JWG-G2 showed the presence of extracellular PET 
hydrolases, including three a lipase, an esterase, and 
carboxylesterases.

Microplastics composed of LDPE and PS were 
biodegraded using pure bacterial strains Lysinibacillus 
massiliensis and Bacillus licheniformis, as well as a mixed 
bacterial culture of Bacillus sp. and Delftia acidovorans 
[112]. The biodegradation of Microplastic-PS and 
Microplastic-LDPE with particle sizes between 300 and 
500 μm was evaluated for 22 days at 25 ± 2  °C, 7.15 pH, 
and 160  rpm. Microplastic-LDPE and Microplastic-PS 
were both more efficiently decomposed by mixed 
bacterial cultures than by pure bacterial cultures, and 
the biodegradation efficiency of Microplastic-LDPE 
was found to be larger than that of Microplastic-PS, as 
evidenced by a greater decrease in peak intensity and 
spectrum distortion, as well as higher inorganic carbon 
values and colony forming unit.

In another research breakdown of Linear Low-Density 
Polyethylene (LLDPE) plastic using a microbial culture 
comprising Brevibacterium sp. and Pseudomonas 
aeruginosa was studied [50]. Pieces of 1 × 1   cm2 
LLDPE plastic weighing 10  g were placed in containers 
containing Nutrient Broth growing material. Gravimetric 
test at pH 7.0, 25  °C for 30  days demonstrated that a 

mixed bacterial culture could degrade LLDPE plastic by 
2–7%. The results of this study show that LLDPE plastic 
may be degraded by mixed bacterial cultures by being 
used as a carbon source.

Also, novel thermophilic consortiums of 
Aneurinibacillus sp. and Brevibacillus sp. isolated from 
sewer treatment plants and waste management landfills 
were evaluated for their ability to degrade PP, HDPE, and 
LDPE films and pellets [113]. Over the course of 140 days, 
researchers tested the degradation ability of 36 plastic-
degrading isolates. To test the efficacy of degradation, 
multiple combinations of the eight isolating factors that 
showed the highest percentage of degradation were 
tested. For the three types of plastic that were selected 
for further examination of degradation under varying 
temperature settings, the combination of IS1, IS3, 
ISA, and ISC revealed the best % weight loss. At 50  °C, 
the weight reduction percentages for PP, LDPE, and 
HDPE strips treated with the consortia of four isolates 
were 56.3 ± 2, 46.6 ± 3, and 58.21 ± 2% and, for pellets 
treated with the consortia, they were 44.2 ± 3, 37.2 ± 3, 
and 45.7 ± 3%, respectively (p ≤ 0.05). After 140  days, 
new adsorption bands could be seen by FTIR scanning 
of the plastic sheet. AFM and SEM showed biofilm 
formation and structural alterations on treated plastic 
strips, while Energy Dispersive X-ray Spectroscopy 
(EDS) showed a considerable drop in carbon content. 
NMR revealed methyl and aldehyde groups, whereas 
GC–MS showed fatty acid byproducts. Four strains—
ISC, ISA, IS3, and IS1—identified as Brevibacillus brevis 
btDSCE04, Brevibacillus sp. btDSCE03, Brevibacillus 
agri btDSCE02, and Aneurinibacillus aneurinilyticus 
btDSCE01, respectively were found (Table 1).

Recent advances and challenges
Reengineering of microbes
New possibilities for developing game-changing 
biorecycling solutions have emerged as a result of recent 
developments in biology and biotechnology. First, 
cutting-edge synthetic biology techniques and metabolic 
engineering methods have created many potential 
for reengineering and enhancing bacteria that can 
successfully digest solid plastic wastes and directly utilise 
the degraded products for biomanufacturing. Enzyme 
engineering techniques have been used to improve a 
number of plastic-degrading enzymes. Also, emerging 
approaches to protein engineering, such as AI-guided 
protein design and mutation and direct evolution, may 
increase the likelihood of creating novel enzymes with 
resistance to inhibitors or contaminants, temperature 
tolerance, stability, specificity, and superior activity. 
Additional methods employ protein alignment data to 
compare plastic substrate architectures.
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Modifying cellulosome structure to create a multi-
enzyme complex that can effectively degrade PET is an 
interesting area of research. Large cellulosomes may be 
created using modern synthetic biology methods, allow-
ing for increased action toward stubborn cellulose [115]. 
Similarly, high-crystalline PET might be degraded by 
microbial cell factories if PETsome were developed. Iden-
tifying the substance that might serve as a PET-binding 
domain is crucial, similar to the cellulose-binding domain 
[116]. An effective bacterial cell surface expression sys-
tem has recently been established [117].

Mutagenesis
In addition, site-directed mutagenesis has been widely 
used for enzyme redesign; nonetheless, the success of 
this approach is fundamentally tied to the accessibility of 
three-dimensional protein structures. A carboxylesterase 
from Archaeoglobus fulgidus was modified using in silico 
site-directed mutagenesis to produce a BTA-hydrolase 
from Thermobifida fusca [118]. Molecular docking 
analysis was then used to compare the interactions 
of PET with polypropylene following this study. The 
findings as a whole suggested that the binding affinity of 
the mutant carboxylesterase for PET was unaffected by 
the alterations.

Using the IsPETase crystal structure and computational 
modelling, researchers have performed site-directed 
mutagenesis on 15 amino acid domains in the 
enzyme’s first contact shell [119]. The enzyme was 
able to depolymerize 90% of the supplied PET in 
10  h after disulfide bridges were added to increase its 
thermostability, and residues crucial for substrate binding 
were mutated. When the strain was optimized, it could 
break down 16.7 g of PET per litre per hour. Enzymatic 
PET degradation, which takes 10 h and is 90% effective, 
is comparable to chemical PET degradation, which takes 
8 h and is 98% effective [120].

Enzyme modelling and experimental results revealed 
I. sakaiensis PETase’s binding pockets and a variety of 
cutinases [121]. Like IsPETase, a cutinase isolated from 
Thermobifida has its binding pocket residues involved 
in substrate interaction determined [122]. A study 
comparing the IsPETase enzyme to others, such as Thf42 
Cut1, determined that the binding pocket structure of 
IsPETase is responsible for its efficacy. When compared 
to other cutinases, which can only hydrolyze linear PET 
molecules, this PETase has a shallower and broader 
surface, making it possible to attach to aggregated PET 
molecules [121]. The TfCut2 from Thermobifida fusca 
was analyzed in the same fashion. By using computational 
modelling to identify critical residues and site-directed 
mutagenesis to modify these residues on the selected 

substrates, researchers expanded the disintegration rate 
of PET film by a factor of 12.7 [123].

Adaptive Laboratory Evolution (ALE)
Initiating and promoting evolutionary adaptation 
processes, such as ALE, is a potent method for enhancing 
or creating certain phenotypes in microbial strains 
[124]. ALE is a powerful strain engineering method for 
introducing mutations to enhance metabolic pathways 
and enzymes for fast growth on a range of carbon 
sources and stress tolerances when combined with 
omics approaches to characterise the induced changes. 
Numerous ALE instances have arisen for the better usage 
of plastic monomers; these monomers are crucial for 
the construction of plastic-upcycling or -degrading cell 
factories.

After having its genome sequenced, scientists 
discovered that Pseudomonas pseudoalcaligenes CECT 
5344 has the capacity to use furoic acid, furfuryl alcohol, 
and furfurals as carbon sources. Growth on furfurals, 
however, was discovered to have a significant delay 
of many days. The ALE-adapted strain grew better 
on furfurals and had shorter lag periods [125]. This 
strain improved due to a point mutation in an AraC 
family activator gene (BN5 2303) in the HTH protein 
region (L261R). This mutation regulates the upstream 
hmfABCDE gene cluster.

In addition, terephthalate-independent P. putida 
KT2440 mutants that were successfully isolated 
from ALE have been shown to use ethylene glycol, a 
monomeric component of PET [126]. These mutants 
have missense mutations and a 15  bp deletion in gclR, 
a transcriptional regulator of the glyoxylate carboligase 
pathway (PP 4283). PP 2046- and PP 2662-encoded 
transcriptional regulators and porins improved ethylene 
glycol growth in ALE-derived P. putida KT2440. 
Secondary mutations may stabilise flux balances during 
the first phase of ethylene glycol oxidation to glyoxylate.

Current ALE tactics focus mostly on optimising the 
use of plastic monomers, but there is enormous potential 
for ALE to be used in the creation and improvement 
of plastics depolymerization enzymes. A wide variety 
of enzymes, including esterase, lipase, and cutinase, 
have been found to depolymerize PET and PLA but 
with low selectivity and turnover [127]. Novel plastic 
depolymerizing enzymes might be developed via ALE or 
directed evolution, two methods that show promise for 
acquiring enzymatic activity from promiscuous enzyme 
families.

Obstacles to overcome
The field of microbial bioremediation for plastic waste 
management encounters several formidable challenges 
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that necessitate concerted efforts to overcome. One 
prominent obstacle lies in the substrate specificity 
exhibited by microorganisms. While certain microbes 
demonstrate efficacy in degrading specific types of 
plastics, the vast array of plastic polymers presents 
a challenge in developing microbial solutions that 
universally address the diversity of plastic materials. 
Moreover, the rate of plastic degradation through 
microbial processes is often sluggish. Accelerating this 
degradation without compromising efficiency remains a 
significant research challenge, particularly as the volume 
of plastic waste continues to escalate. Environmental 
conditions further complicate matters, with factors such 
as temperature, pH, and the presence of other chemicals 
influencing the effectiveness of microbial bioremediation. 
Optimizing these conditions for widespread applicability 
and scalability across diverse environments poses a 
considerable hurdle.

The emergence of biodegradable plastics and 
biopolymers designed to mimic traditional plastics adds 
complexity to the field. Microorganisms may struggle to 
differentiate between these bioplastics and conventional 
plastics, potentially impacting their effectiveness in 
degrading target materials. The lack of standardized 
protocols for assessing and categorizing microbial 
biodegradation of plastics is another critical challenge. 
Establishing uniform methodologies and metrics is 
essential for meaningful comparisons and advancements 
in the field.

Scaling up microbial bioremediation from laboratory 
experiments to real-world, large-scale applications 
presents engineering and logistical challenges. Ensuring 
the viability of microbial processes on an industrial 
scale while maintaining cost-effectiveness requires 
innovative solutions and a thorough understanding of 
the complexities involved. Additionally, the ecological 
impact of introducing specific microorganisms into 
ecosystems needs careful assessment. While microbial 
bioremediation holds promise, unintended consequences 
on the environment must be thoroughly evaluated 
through comprehensive risk assessments.

Furthermore, navigating the evolving regulatory 
landscape surrounding the use of microorganisms for 
plastic bioremediation poses challenges. Compliance 
with regulatory standards and ensuring the safety of 
processes and end-products are critical considerations 
for the responsible development and deployment of 
microbial solutions in plastic waste management. 
Overcoming these multifaceted challenges demands 
interdisciplinary collaboration, continuous research and 
development, and a holistic approach that considers 
the intricacies of both microbial processes and the 
environmental contexts in which they are applied.

Limitations
This study has a number of caveats, the first of which is 
that the search was conducted in a specific segment of 
the most regularly used libraries. Throughout our search, 
we skipped to check a few libraries. The decision was 
made to restrict attention to studies that appeared in 
reputable peer-reviewed publications. It was determined 
not to look through grey publications. Second, only 
relevant results were obtained since the search terms 
were restricted to just those most closely associated with 
the initial query. There is a risk that a manuscript could 
have been disregarded which may discuss microbial 
remediation of plastic biodegradation but not using the 
phrases sought for. By developing a methodology, the 
authors ensured they would have complete command 
over the search and selection of papers. Finally, the 
study only considers the most common microorganisms 
used in the treatment for plastic biodegradation. The 
authors have made an attempt to provide bibliographic 
information for all relevant and well regarded 
publications.

Conclusion
The annual manufacturing of plastic has topped 300 
million tonnes, and recycling has almost failed as a 
sustainable method for the disposal of plastic trash. 
With the accumulation of these materials in the 
environment, particularly in rivers and oceans as macro-, 
meso-, micro-, and nano-plastics, it is of the utmost 
significance to discover creative methods to reduce this 
environmental threat. There have been several efforts 
to identify and isolate microbes with the ability to use 
synthetic polymers. Using specific microbial strains for 
plastic biodegradation has recently been shown to be a 
viable option.

These findings give fresh insights into LDPE and 
HDPE biodegradation processes by a consortium 
of microorganisms with putative metabolic 
complementarities. Another research found novel 
bacterial strains that may alter the chemical composition 
of HDPE. Based on these results, it seems that synergistic 
microbe-enzyme treatment might be a promising future 
direction for plastic degradation research. The capability 
of the microbial strain to digest microplastic particles 
provides a potential application for the remediation of 
microplastics. The PET-degrading activity shown by 
the analyzed bacterial strains holds promise for further 
study and its application to the successful removal of 
microplastics from water and wastewater using novel 
and potent technological approaches. This research also 
uncovered a thermo- and halo-tolerant bacterium that 
can degrade PHB in both solid and liquid states. In light 
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of these findings, it seems that this strain of bacteria 
may be useful for degrading a wide range of PHAs. 
These methods, when combined, may be used to create 
a streamlined bioprocessing setup, a microbial system 
that can effectively break down plastics and upcycle them 
into high-value compounds. Technological and economic 
obstacles, such as the toxicity of waste products to 
degrading enzymes and high operational costs, should be 
addressed for the benefit of the industry as a whole.

Current research suggests that naturally occurring soil 
microorganisms, such as bacteria and fungi, are quite 
effective in breaking down plastic. More often than not, 
fungi are more potent degraders than bacteria. In the lab, 
however, fungi and bacteria demonstrated the ability to 
break down plastic. The maximum degradation capability 
was found for Aspergillus fungi and Bacillus bacteria 
among the studied taxa. For this notion to be utilized 
commercially and on a wider scale, more work is required 
to increase its degrading capability by evaluating optimal 
conditions for microbial activity. Another strategy that 
might be used to improve plastic biodegradation is the 
pre-treatment with compounds that are beneficial to the 
environment.

Abbreviations
ALE  Adaptive laboratory evolution
ATR-FTIR  Attenuated Total Reflectance Fourier Transform Infrared 

Spectroscopy
BC  Bacillus cereus
BHET  Bis(2-hydroxyethyl) terephthalic acid
BP  Bacillus paramycoides
CDM  Czapek-Dox medium
DMP  Dimethyl phthalate
EDS  Energy Dispersive X-ray Spectroscopy
EGT  Ethylene glycol terephthalate
EPS  Extracellular Polymeric Substance
FESEM  Field Emission Scanning Electron Microscopy
FTIR  Fourier Transform Infrared Spectroscopy
GPC  Gel permeation chromatography
HDPE  High-Density Polyethylene
HPLC  High-performance liquid chromatography
ITS  Internal transcribed space (ITS)
LC/MS  Liquid Chromatography-Mass Spectrometry
LCFBM  Liquid carbon-free basal medium
LDPE  Low-Density Polyethylene
LLDPE  Linear Low-Density Polyethylene
MHET  Mono(2-hydroxyethyl) terephthalate
MMP  Mono-methyl phthalate
MSM  Mineral salt medium
NMR  Nuclear Magnetic Resonance
PA  Phthalic acid
PA  Polyamide
PDA  Potato Dextrose Agar
PE  Polyethylene
PET  Poly(ethylene terephthalate)
PHB  Polyhydroxybutyrate
PP  Polypropylene
PPS  Polyphenylene sulfide
PS  Polystyrene
PU  Polyurethane
PVA  Polyvinyl alcohol
PVC  Polyvinyl chloride
RT-PCR  Reverse Transcription-Polymerase Chain Reaction

SCS  Sole carbon source
SDA  Sabouraud Dextrose Agar
SEM  Scanning Electron Microscopy
TfC  Thermobifida fusca cutinase
TPA  Terephthalic acid
UTM  Universal testing machine
XPS  X-ray Photoelectron Spectroscopy
XRD  X-ray diffraction
ZMA  Zobell Marine Agar
ZMB  Zobell Marine Broth

Acknowledgements
We thank the Department of Biotechnology, Delhi Technological University 
and CSIR-IIP, Dehradun for help during the course of this study.

Author contributions
Tushar Agarwal: investigation, writing-original draft preparation, editing; 
Neeraj Atray: reviewing, validation; Jai Gopal Sharma: supervision, 
conceptualization, methodology.

Funding
This research did not receive any specific grant from funding agencies in the 
public, commercial, or not-for-profit sectors.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
None.

Received: 6 February 2024   Accepted: 14 May 2024

References
 1. Hira A, Pacini H, Attafuah-Wadee K, Vivas-Eugui D, Saltzberg M, Yeoh 

TN (2022) Plastic waste mitigation strategies: a review of lessons from 
developing countries. J Dev Soc 38:336–359. https:// doi. org/ 10. 1177/ 
01697 96X22 11048 55

 2. Ali SS, Elsamahy T, Abdelkarim EA, Al-Tohamy R, Kornaros M, Ruiz HA, 
Zhao T, Li F, Sun J (2022) Biowastes for biodegradable bioplastics 
production and end-of-life scenarios in circular bioeconomy and biore-
finery concept. Bioresour Technol 363:127869. https:// doi. org/ 10. 1016/j. 
biort ech. 2022. 127869

 3. Maitlo G, Ali I, Maitlo HA, Ali S, Unar IN, Ahmad MB, Bhutto DK, Karmani 
RK, Naich SUR, Sajjad RU, Ali S, Afridi MN (2022) Plastic waste recycling, 
applications, and future prospects for a sustainable environment. 
Sustainability 14:11637. https:// doi. org/ 10. 3390/ su141 811637

 4. Okeke ES, Olagbaju OA, Okoye CO, Addey CI, Chukwudozie KI, Okoro 
JO, Deme GG, Ewusi-Mensah D, Igun E, Ejeromedoghene O, Odii EC, 
Oderinde O, Iloh VC, Abesa S (2022) Microplastic burden in Africa: A 
review of occurrence, impacts, and sustainability potential of bioplas-
tics. Chem Eng J Adv 12:100402. https:// doi. org/ 10. 1016/j. ceja. 2022. 
100402

 5. Cubas ALV, Bianchet RT, dos Reis IMAS, Gouveia IC (2022) Plastics and 
microplastic in the cosmetic industry: aggregating sustainable actions 
aimed at alignment and interaction with UN sustainable development 
goals. Polymers (Basel) 14:4576. https:// doi. org/ 10. 3390/ polym 14214 
576

https://doi.org/10.1177/0169796X221104855
https://doi.org/10.1177/0169796X221104855
https://doi.org/10.1016/j.biortech.2022.127869
https://doi.org/10.1016/j.biortech.2022.127869
https://doi.org/10.3390/su141811637
https://doi.org/10.1016/j.ceja.2022.100402
https://doi.org/10.1016/j.ceja.2022.100402
https://doi.org/10.3390/polym14214576
https://doi.org/10.3390/polym14214576


Page 21 of 24Agarwal et al. Future Journal of Pharmaceutical Sciences           (2024) 10:78  

 6. Dauvergne P (2018) Why is the global governance of plastic failing 
the oceans? Glob Environ Change 51:22–31. https:// doi. org/ 10. 
1016/j. gloen vcha. 2018. 05. 002

 7. Anani OA, Adetunji CO (2021) Bioremediation of polythene and 
plastics using beneficial microorganisms. Microorg Sustain. https:// 
doi. org/ 10. 1007/ 978- 981- 15- 7459-7_ 13

 8. Nielsen TD, Hasselbalch J, Holmberg K, Stripple J (2020) Politics and 
the plastic crisis: a review throughout the plastic life cycle. WIREs 
Energy Environ. https:// doi. org/ 10. 1002/ wene. 360

 9. An L, Liu Q, Deng Y, Wu W, Gao Y, Ling W (2020) Sources of micro-
plastic in the environment. Handb Environ Chem. https:// doi. org/ 10. 
1007/ 698_ 2020_ 449

 10. Nanda S, Berruti F (2021) Thermochemical conversion of plastic 
waste to fuels: a review. Environ Chem Lett 19:123–148. https:// doi. 
org/ 10. 1007/ s10311- 020- 01094-7

 11. Lebreton L, Andrady A (2019) Future scenarios of global plastic waste 
generation and disposal. Palgrave Commun 5:6. https:// doi. org/ 10. 
1057/ s41599- 018- 0212-7

 12. Singh P, Sharma VP (2016) Integrated plastic waste management: 
environmental and improved health approaches. Procedia Environ 
Sci 35:692–700. https:// doi. org/ 10. 1016/j. proenv. 2016. 07. 068

 13. Basik A, Sanglier J-J, Yeo C, Sudesh K (2021) Microbial degradation of 
rubber: actinobacteria. Polymers (Basel) 13:1989. https:// doi. org/ 10. 
3390/ polym 13121 989

 14. Atiwesh G, Mikhael A, Parrish CC, Banoub J, Le T-AT (2021) Environ-
mental impact of bioplastic use: a review. Heliyon 7:e07918. https:// 
doi. org/ 10. 1016/j. heliy on. 2021. e07918

 15. Stewart H (2022) 6 The ecological life of industrial waste. Archaeol 
Pap Am Anthropol Assoc 33:91–105. https:// doi. org/ 10. 1111/ apaa. 
12159

 16. Rajmohan KVS, Ramya C, Raja Viswanathan M, Varjani S (2019) Plastic 
pollutants: effective waste management for pollution control and 
abatement. Curr Opin Environ Sci Health 12:72–84. https:// doi. org/ 
10. 1016/j. coesh. 2019. 08. 006

 17. Shen M, Song B, Zeng G, Zhang Y, Huang W, Wen X, Tang W (2020) 
Are biodegradable plastics a promising solution to solve the global 
plastic pollution? Environ Pollut 263:114469. https:// doi. org/ 10. 
1016/j. envpol. 2020. 114469

 18. Blettler MCM, Wantzen KM (2019) Threats underestimated in fresh-
water plastic pollution: mini-review. Water Air Soil Pollut 230:174. 
https:// doi. org/ 10. 1007/ s11270- 019- 4220-z

 19. Kalčíková G, Skalar T, Marolt G, Jemec Kokalj A (2020) An environ-
mental concentration of aged microplastics with adsorbed silver 
significantly affects aquatic organisms. Water Res 175:115644. https:// 
doi. org/ 10. 1016/j. watres. 2020. 115644

 20. Silva CJM, Beleza S, Campos D, Soares AMVM, Patrício Silva AL, 
Pestana JLT, Gravato C (2021) Immune response triggered by the 
ingestion of polyethylene microplastics in the dipteran larvae 
Chironomus riparius. J Hazard Mater 414:125401. https:// doi. org/ 10. 
1016/j. jhazm at. 2021. 125401

 21. Saling P, Gyuzeleva L, Wittstock K, Wessolowski V, Griesshammer R 
(2020) Life cycle impact assessment of microplastics as one compo-
nent of marine plastic debris. Int J Life Cycle Assess 25:2008–2026. 
https:// doi. org/ 10. 1007/ s11367- 020- 01802-z

 22. Clere IK, Ahmmed F, Remoto PIIIJG, Fraser-Miller SJ, Gordon KC, 
Komyakova V, Allan BJM (2022) Quantification and characterization 
of microplastics in commercial fish from southern New Zealand. Mar 
Pollut Bull 184:114121. https:// doi. org/ 10. 1016/j. marpo lbul. 2022. 
114121

 23. Zhang F, Zhao Y, Wang D, Yan M, Zhang J, Zhang P, Ding T, Chen L, Chen 
C (2021) Current technologies for plastic waste treatment: a review. J 
Clean Prod 282:124523. https:// doi. org/ 10. 1016/j. jclep ro. 2020. 124523

 24. Wu S, Montalvo L (2021) Repurposing waste plastics into cleaner 
asphalt pavement materials: a critical literature review. J Clean Prod 
280:124355. https:// doi. org/ 10. 1016/j. jclep ro. 2020. 124355

 25. Thiounn T, Smith RC (2020) Advances and approaches for chemical 
recycling of plastic waste. J Polym Sci 58:1347–1364. https:// doi. org/ 10. 
1002/ pol. 20190 261

 26. Mark LO, Cendejas MC, Hermans I (2020) The use of heterogeneous 
catalysis in the chemical valorization of plastic waste. Chemsuschem 
13:5808–5836. https:// doi. org/ 10. 1002/ cssc. 20200 1905

 27. Davidson MG, Furlong RA, McManus MC (2021) Developments in the 
life cycle assessment of chemical recycling of plastic waste—a review. J 
Clean Prod 293:126163. https:// doi. org/ 10. 1016/j. jclep ro. 2021. 126163

 28. Ebrahimbabaie P, Yousefi K, Pichtel J (2022) Photocatalytic and biologi-
cal technologies for elimination of microplastics in water: current status. 
Sci Total Environ 806:150603. https:// doi. org/ 10. 1016/j. scito tenv. 2021. 
150603

 29. Hyder A, Khan M, Khan S, Iqbal M, Jan SA, Shah SH, ur Rahman Z, Iqbal 
U (2021) Biodegradation of low-density polyethylene plastics by fungi 
isolated from waste disposal site at district Peshawar, Pakistan. Pak J 
Biochem Biotechnol 2:127–133. https:// doi. org/ 10. 52700/ pjbb. v2i2. 59

 30. Azubuike CC, Chikere CB, Okpokwasili GC (2020) Bioremediation: 
an eco-friendly sustainable technology for environmental manage-
ment. Bioremediation Ind Waste Environ Saf. https:// doi. org/ 10. 1007/ 
978- 981- 13- 1891-7_2

 31. Manfra L, Marengo V, Libralato G, Costantini M, De Falco F, Cocca M 
(2021) Biodegradable polymers: a real opportunity to solve marine 
plastic pollution? J Hazard Mater. https:// doi. org/ 10. 1016/j. jhazm at. 
2021. 125763

 32. Nemani SK, Annavarapu RK, Mohammadian B, Raiyan A, Heil J, Haque 
MA, Abdelaal A, Sojoudi H (2018) Surface modification: surface modi-
fication of polymers: methods and applications. Adv Mater Interfaces 
5:1870121. https:// doi. org/ 10. 1002/ admi. 20187 0121

 33. Singh P, Ting ASY (2022) Plastic biodegrading microbes in the environ-
ment and their applications. Biodegrad Mater Appl. https:// doi. org/ 10. 
1002/ 97811 19905 301. ch19

 34. Basak N, Meena SS (2022) Exploring the plastic degrading ability of 
microbial communities through metagenomic approach. Mater Today 
Proc 57:1924–1932. https:// doi. org/ 10. 1016/j. matpr. 2022. 02. 308

 35. Mohanan N, Montazer Z, Sharma PK, Levin DB (2020) Microbial and 
enzymatic degradation of synthetic plastics. Front Microbiol. https:// 
doi. org/ 10. 3389/ fmicb. 2020. 580709/ full

 36. Khoironi A, Hadiyanto H, Anggoro S, Sudarno S (2020) Evaluation of 
polypropylene plastic degradation and microplastic identification in 
sediments at Tambak Lorok coastal area, Semarang, Indonesia. Mar Pol-
lut Bull 151:110868. https:// doi. org/ 10. 1016/j. marpo lbul. 2019. 110868

 37. Maity S, Banerjee S, Biswas C, Guchhait R, Chatterjee A, Pramanick K 
(2021) Functional interplay between plastic polymers and microbes: a 
comprehensive review. Biodegradation 32:487–510. https:// doi. org/ 10. 
1007/ s10532- 021- 09954-x

 38. Zhou Y, Kumar M, Sarsaiya S, Sirohi R, Awasthi SK, Sindhu R, Binod P, 
Pandey A, Bolan NS, Zhang Z, Singh L, Kumar S, Awasthi MK (2022) 
Challenges and opportunities in bioremediation of micro-nano plastics: 
a review. Sci Total Environ 802:149823. https:// doi. org/ 10. 1016/j. scito 
tenv. 2021. 149823

 39. Rojas-Parrales A, Orantes-Sibaja T, Redondo-Gómez C, Vega-Baudrit J 
(2018) Biological degradation of plastics: polyethylene biodegrada-
tion by aspergillus and streptomyces species—a review. Integr Sustain 
Environ Remediat. https:// doi. org/ 10. 1021/ bk- 2018- 1302. ch003

 40. Munir E, Harefa RSM, Priyani N, Suryanto D (2018) Plastic degrading 
fungi Trichoderma viride and Aspergillus nomius isolated from local 
landfill soil in Medan. IOP Conf Ser Earth Environ Sci 126:12145. https:// 
doi. org/ 10. 1088/ 1755- 1315/ 126/1/ 012145

 41. Zhang J, Gao D, Li Q, Zhao Y, Li L, Lin H, Bi Q, Zhao Y (2020) Biodegrada-
tion of polyethylene microplastic particles by the fungus Aspergillus 
flavus from the guts of wax moth Galleria mellonella. Sci Total Environ 
704:135931. https:// doi. org/ 10. 1016/j. scito tenv. 2019. 135931

 42. Mohamed H, Shah AM, Nazir Y, Naz T, Nosheen S, Song Y (2022) Biodeg-
radation of poly (vinyl alcohol) by an orychophragmus rhizosphere-
associated fungus Penicillium brevicompactum OVR-5, and its proposed 
PVA biodegradation pathway. World J Microbiol Biotechnol 38:10. 
https:// doi. org/ 10. 1007/ s11274- 021- 03197-x

 43. Ghosh SK, Pal S (2021) De-polymerization of LDPE plastic by Penicillium 
simplicissimum isolated from municipality garbage plastic and identi-
fied by ITSs locus of rDNA. Vegetos 34:57–67. https:// doi. org/ 10. 1007/ 
s42535- 020- 00176-9

 44. Khan S, Ali SA, Ali AS (2022) Biodegradation of low density polyethylene 
(LDPE) by mesophilic fungus ‘Penicillium citrinum’ isolated from soils of 
plastic waste dump yard Bhopal India. Environ Technol. https:// doi. org/ 
10. 1080/ 09593 330. 2022. 20270 25

https://doi.org/10.1016/j.gloenvcha.2018.05.002
https://doi.org/10.1016/j.gloenvcha.2018.05.002
https://doi.org/10.1007/978-981-15-7459-7_13
https://doi.org/10.1007/978-981-15-7459-7_13
https://doi.org/10.1002/wene.360
https://doi.org/10.1007/698_2020_449
https://doi.org/10.1007/698_2020_449
https://doi.org/10.1007/s10311-020-01094-7
https://doi.org/10.1007/s10311-020-01094-7
https://doi.org/10.1057/s41599-018-0212-7
https://doi.org/10.1057/s41599-018-0212-7
https://doi.org/10.1016/j.proenv.2016.07.068
https://doi.org/10.3390/polym13121989
https://doi.org/10.3390/polym13121989
https://doi.org/10.1016/j.heliyon.2021.e07918
https://doi.org/10.1016/j.heliyon.2021.e07918
https://doi.org/10.1111/apaa.12159
https://doi.org/10.1111/apaa.12159
https://doi.org/10.1016/j.coesh.2019.08.006
https://doi.org/10.1016/j.coesh.2019.08.006
https://doi.org/10.1016/j.envpol.2020.114469
https://doi.org/10.1016/j.envpol.2020.114469
https://doi.org/10.1007/s11270-019-4220-z
https://doi.org/10.1016/j.watres.2020.115644
https://doi.org/10.1016/j.watres.2020.115644
https://doi.org/10.1016/j.jhazmat.2021.125401
https://doi.org/10.1016/j.jhazmat.2021.125401
https://doi.org/10.1007/s11367-020-01802-z
https://doi.org/10.1016/j.marpolbul.2022.114121
https://doi.org/10.1016/j.marpolbul.2022.114121
https://doi.org/10.1016/j.jclepro.2020.124523
https://doi.org/10.1016/j.jclepro.2020.124355
https://doi.org/10.1002/pol.20190261
https://doi.org/10.1002/pol.20190261
https://doi.org/10.1002/cssc.202001905
https://doi.org/10.1016/j.jclepro.2021.126163
https://doi.org/10.1016/j.scitotenv.2021.150603
https://doi.org/10.1016/j.scitotenv.2021.150603
https://doi.org/10.52700/pjbb.v2i2.59
https://doi.org/10.1007/978-981-13-1891-7_2
https://doi.org/10.1007/978-981-13-1891-7_2
https://doi.org/10.1016/j.jhazmat.2021.125763
https://doi.org/10.1016/j.jhazmat.2021.125763
https://doi.org/10.1002/admi.201870121
https://doi.org/10.1002/9781119905301.ch19
https://doi.org/10.1002/9781119905301.ch19
https://doi.org/10.1016/j.matpr.2022.02.308
https://doi.org/10.3389/fmicb.2020.580709/full
https://doi.org/10.3389/fmicb.2020.580709/full
https://doi.org/10.1016/j.marpolbul.2019.110868
https://doi.org/10.1007/s10532-021-09954-x
https://doi.org/10.1007/s10532-021-09954-x
https://doi.org/10.1016/j.scitotenv.2021.149823
https://doi.org/10.1016/j.scitotenv.2021.149823
https://doi.org/10.1021/bk-2018-1302.ch003
https://doi.org/10.1088/1755-1315/126/1/012145
https://doi.org/10.1088/1755-1315/126/1/012145
https://doi.org/10.1016/j.scitotenv.2019.135931
https://doi.org/10.1007/s11274-021-03197-x
https://doi.org/10.1007/s42535-020-00176-9
https://doi.org/10.1007/s42535-020-00176-9
https://doi.org/10.1080/09593330.2022.2027025
https://doi.org/10.1080/09593330.2022.2027025


Page 22 of 24Agarwal et al. Future Journal of Pharmaceutical Sciences           (2024) 10:78 

 45. 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 8:1979. 
https:// doi. org/ 10. 3390/ micro organ isms8 121979

 46. Rodríguez-Fonseca MF, Sánchez-Suárez J, Valero MF, Ruiz-Balaguera S, 
Díaz LE (2021) Streptomyces as potential synthetic polymer degrad-
ers: a systematic review. Bioengineering 8:154. https:// doi. org/ 10. 
3390/ bioen ginee ring8 110154

 47. Farzi A, Dehnad A, Fotouhi AF (2019) Biodegradation of polyethylene 
terephthalate waste using Streptomyces species and kinetic modeling 
of the process. Biocatal Agric Biotechnol 17:25–31. https:// doi. org/ 10. 
1016/j. bcab. 2018. 11. 002

 48. Roberts C, Edwards S, Vague M, León-Zayas R, Scheffer H, Chan G, 
Swartz NA, Mellies JL (2020) Environmental consortium containing 
Pseudomonas and Bacillus species synergistically degrades polyethyl-
ene terephthalate plastic. MSphere. https:// doi. org/ 10. 1128/ mSphe 
re. 01151- 20

 49. Li J, Kim HR, Lee HM, Yu HC, Jeon E, Lee S, Kim D-H (2020) Rapid bio-
degradation of polyphenylene sulfide plastic beads by Pseudomonas 
sp. Sci Total Environ 720:137616. https:// doi. org/ 10. 1016/j. scito tenv. 
2020. 137616

 50. Dwicania E, Rinanti A, Fachrul MF (2019) Biodegradation of LLDPE 
plastic by mixed bacteria culture of Pseudomonas aeruginosa and 
Brevibacterium sp. J Phys Conf Ser 1402:22105. https:// doi. org/ 10. 
1088/ 1742- 6596/ 1402/2/ 022105

 51. Giacomucci L, Raddadi N, Soccio M, Lotti N, Fava F (2019) Polyvinyl 
chloride biodegradation by Pseudomonas citronellolis and Bacillus 
flexus. New Biotechnol 52:35–41. https:// doi. org/ 10. 1016/j. nbt. 2019. 
04. 005

 52. Tkachuk N, Zelena L (2021) The impact of bacteria of the genus 
bacillus upon the biodamage/biodegradation of some metals and 
extensively used petroleum-based plastics. Corros Mater Degrad 
2:531–553. https:// doi. org/ 10. 3390/ cmd20 40028

 53. Cho JY, Lee Park S, Lee H-J, Kim SH, Suh MJ, Ham S, Bhatia SK, Gurav 
R, Park S-H, Park K, Yoo D, Yang Y-H (2021) Polyhydroxyalkanoates 
(PHAs) degradation by the newly isolated marine Bacillus sp. JY14. 
Chemosphere 283:131172. https:// doi. org/ 10. 1016/j. chemo sphere. 
2021. 131172

 54. Gao R, Pan H, Lian J (2021) Recent advances in the discovery, char-
acterization, and engineering of poly(ethylene terephthalate) (PET) 
hydrolases. Enzyme Microb Technol 150:109868. https:// doi. org/ 10. 
1016/j. enzmi ctec. 2021. 109868

 55. Yuan X, Lee JG, Yun H, Deng S, Kim YJ, Lee JE, Kwak SK, Lee KB (2020) 
Solving two environmental issues simultaneously: waste polyeth-
ylene terephthalate plastic bottle-derived microporous carbons for 
capturing CO2. Chem Eng J 397:125350. https:// doi. org/ 10. 1016/j. cej. 
2020. 125350

 56. Wang Y, Gu Y, Wu Y, Zhou G, Wang H, Han H, Chang T (2020) Perfor-
mance simulation and policy optimization of waste polyethylene 
terephthalate bottle recycling system in China. Resour Conserv Recycl 
162:105014. https:// doi. org/ 10. 1016/j. resco nrec. 2020. 105014

 57. Giacomucci L, Raddadi N, Soccio M, Lotti N, Fava F, Environmental M 
(2020) Biodegradation of polyvinyl chloride plastic films by enriched 
anaerobic marine consortia. Mar Environ Res 158:141–1136. https:// doi. 
org/ 10. 1016/j. maren vres. 2020. 104949

 58. Patrício Silva AL, Prata JC, Walker TR, Duarte AC, Ouyang W, Barcelò D, 
Rocha-Santos T (2021) Increased plastic pollution due to COVID-19 
pandemic: challenges and recommendations. Chem Eng J 405:126683. 
https:// doi. org/ 10. 1016/j. cej. 2020. 126683

 59. Zheng Y, Yanful EK, Bassi AS (2005) A review of plastic waste biodegra-
dation. Crit Rev Biotechnol 25:243–250. https:// doi. org/ 10. 1080/ 07388 
55050 03463 59

 60. Canopoli L, Fidalgo B, Coulon F, Wagland ST (2018) Physico-chemical 
properties of excavated plastic from landfill mining and current recy-
cling routes. Waste Manag 76:55–67. https:// doi. org/ 10. 1016/j. wasman. 
2018. 03. 043

 61. Gijsman P, Fiorio R (2023) Long term thermo-oxidative degradation and 
stabilization of polypropylene (PP) and the implications for its recycla-
bility. Polym Degrad Stab 208:110260. https:// doi. org/ 10. 1016/j. polym 
degra dstab. 2023. 110260

 62. Yang C, Wu G (2019) Radiation cross-linking for conventional and super-
critical CO2 foaming of polymer. Radiat Technol Adv Mater. https:// doi. 
org/ 10. 1016/ B978-0- 12- 814017- 8. 00004-4

 63. Chamas A, Moon H, Zheng J, Qiu Y, Tabassum T, Jang JH, Abu-Omar M, 
Scott SL, Suh S (2020) Degradation rates of plastics in the environment. 
ACS Sustain Chem Eng 8:3494–3511. https:// doi. org/ 10. 1021/ acssu 
schem eng. 9b066 35

 64. Taghavi N, Zhuang W-Q, Baroutian S (2021) Enhanced biodegradation 
of non-biodegradable plastics by UV radiation: part 1. J Environ Chem 
Eng 9:106464. https:// doi. org/ 10. 1016/j. jece. 2021. 106464

 65. Sun J, Zheng H, Xiang H, Fan J, Jiang H (2022) The surface degradation 
and release of microplastics from plastic films studied by UV radiation 
and mechanical abrasion. Sci Total Environ 838:156369. https:// doi. org/ 
10. 1016/j. scito tenv. 2022. 156369

 66. Yousif E, Haddad R (2013) Photodegradation and photostabilization of 
polymers, especially polystyrene: review. Springerplus 2:398. https:// doi. 
org/ 10. 1186/ 2193- 1801-2- 398

 67. Venkatesh S, Mahboob S, Govindarajan M, Al-Ghanim KA, Ahmed Z, 
Al-Mulhm N, Gayathri R, Vijayalakshmi S (2021) Microbial degradation of 
plastics: sustainable approach to tackling environmental threats facing 
big cities of the future. J King Saud Univ Sci 33:101362. https:// doi. org/ 
10. 1016/j. jksus. 2021. 101362

 68. Gray JS, Birmingham JM, Fenton JI (2010) Got black swimming dots 
in your cell culture? Identification of Achromobacter as a novel cell 
culture contaminant. Biologicals 38:273–277. https:// doi. org/ 10. 1016/j. 
biolo gicals. 2009. 09. 006

 69. Swenson CE, Sadikot RT (2015) Achromobacter respiratory infections. 
Ann Am Thorac Soc 12:252–258. https:// doi. org/ 10. 1513/ Annal sATS. 
201406- 288FR

 70. 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. Mar 
Pollut Bull. https:// doi. org/ 10. 1016/j. marpo lbul. 2022. 113830

 71. 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 
23:11349–11356. https:// doi. org/ 10. 1007/ S11356- 016- 6563-Y

 72. Mousavi B, Hedayati MT, Hedayati N, Ilkit M, Syedmousavi S (2016) 
Aspergillus species in indoor environments and their possible occupa-
tional and public health hazards. Curr Med Mycol 2:36. https:// doi. org/ 
10. 18869/ ACADP UB. CMM.2. 1. 36

 73. Seyedmousavi S, Guillot J, Arné P, De Hoog GS, Mouton JW, Melchers 
WJG, Verweij PE (2015) Aspergillus and aspergilloses in wild and domes-
tic animals: a global health concern with parallels to human disease. 
Med Mycol 53:765–797. https:// doi. org/ 10. 1093/ MMY/ MYV067

 74. Heitman J (2011) Microbial pathogens in the fungal kingdom. Fungal 
Biol Rev 25:48–60. https:// doi. org/ 10. 1016/J. FBR. 2011. 01. 003

 75. El-Sayed MT, Rabie GH, Hamed EA (2021) Biodegradation of low-density 
polyethylene (LDPE) using the mixed culture of Aspergillus carbonarius 
and A. fumigates. Environ Dev Sustain 23:14556–14584. https:// doi. org/ 
10. 1007/ S10668- 021- 01258-7

 76. Das M, Kumar S, Das J (2018) Fungal-mediated deterioration and 
biodegradation study of low-density polyethylene (LDPE) isolated from 
municipal dump yard in Chennai, India. Energy Ecol Environ 3:229–236. 
https:// doi. org/ 10. 1007/ s40974- 018- 0085-z

 77. Muhonja CN, Makonde H, Magoma G, Imbuga M (2018) Biodegrada-
bility of polyethylene by bacteria and fungi from Dandora dumpsite 
Nairobi-Kenya. PLoS ONE. https:// doi. org/ 10. 1371/ JOURN AL. PONE. 
01984 46

 78. Gajendiran A, Krishnamoorthy S, Abraham J (2016) Microbial degrada-
tion of low-density polyethylene (LDPE) by Aspergillus clavatus strain 
JASK1 isolated from landfill soil. 3 Biotech 6:1–6. https:// doi. org/ 10. 
1007/ S13205- 016- 0394-X

 79. Esmaeili A, Pourbabaee AA, Alikhani HA, Shabani F, Esmaeili E (2013) 
Biodegradation of low-density polyethylene (LDPE) by mixed culture of 
Lysinibacillus xylanilyticus and Aspergillus niger in soil. PLoS ONE. https:// 
doi. org/ 10. 1371/ JOURN AL. PONE. 00717 20

 80. Sangeetha Devi R, Rajesh Kannan V, Nivas D, Kannan K, Chandru S, Rob-
ert Antony A (2015) Biodegradation of HDPE by Aspergillus spp. from 
marine ecosystem of Gulf of Mannar, India. Mar Pollut Bull 96:32–40. 
https:// doi. org/ 10. 1016/j. marpo lbul. 2015. 05. 050

https://doi.org/10.3390/microorganisms8121979
https://doi.org/10.3390/bioengineering8110154
https://doi.org/10.3390/bioengineering8110154
https://doi.org/10.1016/j.bcab.2018.11.002
https://doi.org/10.1016/j.bcab.2018.11.002
https://doi.org/10.1128/mSphere.01151-20
https://doi.org/10.1128/mSphere.01151-20
https://doi.org/10.1016/j.scitotenv.2020.137616
https://doi.org/10.1016/j.scitotenv.2020.137616
https://doi.org/10.1088/1742-6596/1402/2/022105
https://doi.org/10.1088/1742-6596/1402/2/022105
https://doi.org/10.1016/j.nbt.2019.04.005
https://doi.org/10.1016/j.nbt.2019.04.005
https://doi.org/10.3390/cmd2040028
https://doi.org/10.1016/j.chemosphere.2021.131172
https://doi.org/10.1016/j.chemosphere.2021.131172
https://doi.org/10.1016/j.enzmictec.2021.109868
https://doi.org/10.1016/j.enzmictec.2021.109868
https://doi.org/10.1016/j.cej.2020.125350
https://doi.org/10.1016/j.cej.2020.125350
https://doi.org/10.1016/j.resconrec.2020.105014
https://doi.org/10.1016/j.marenvres.2020.104949
https://doi.org/10.1016/j.marenvres.2020.104949
https://doi.org/10.1016/j.cej.2020.126683
https://doi.org/10.1080/07388550500346359
https://doi.org/10.1080/07388550500346359
https://doi.org/10.1016/j.wasman.2018.03.043
https://doi.org/10.1016/j.wasman.2018.03.043
https://doi.org/10.1016/j.polymdegradstab.2023.110260
https://doi.org/10.1016/j.polymdegradstab.2023.110260
https://doi.org/10.1016/B978-0-12-814017-8.00004-4
https://doi.org/10.1016/B978-0-12-814017-8.00004-4
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1016/j.jece.2021.106464
https://doi.org/10.1016/j.scitotenv.2022.156369
https://doi.org/10.1016/j.scitotenv.2022.156369
https://doi.org/10.1186/2193-1801-2-398
https://doi.org/10.1186/2193-1801-2-398
https://doi.org/10.1016/j.jksus.2021.101362
https://doi.org/10.1016/j.jksus.2021.101362
https://doi.org/10.1016/j.biologicals.2009.09.006
https://doi.org/10.1016/j.biologicals.2009.09.006
https://doi.org/10.1513/AnnalsATS.201406-288FR
https://doi.org/10.1513/AnnalsATS.201406-288FR
https://doi.org/10.1016/j.marpolbul.2022.113830
https://doi.org/10.1007/S11356-016-6563-Y
https://doi.org/10.18869/ACADPUB.CMM.2.1.36
https://doi.org/10.18869/ACADPUB.CMM.2.1.36
https://doi.org/10.1093/MMY/MYV067
https://doi.org/10.1016/J.FBR.2011.01.003
https://doi.org/10.1007/S10668-021-01258-7
https://doi.org/10.1007/S10668-021-01258-7
https://doi.org/10.1007/s40974-018-0085-z
https://doi.org/10.1371/JOURNAL.PONE.0198446
https://doi.org/10.1371/JOURNAL.PONE.0198446
https://doi.org/10.1007/S13205-016-0394-X
https://doi.org/10.1007/S13205-016-0394-X
https://doi.org/10.1371/JOURNAL.PONE.0071720
https://doi.org/10.1371/JOURNAL.PONE.0071720
https://doi.org/10.1016/j.marpolbul.2015.05.050


Page 23 of 24Agarwal et al. Future Journal of Pharmaceutical Sciences           (2024) 10:78  

 81. Minnaard J, Rolny IS, Pérez PF (1996) Bacillus. Lab Model Foodborne 
Infect. https:// doi. org/ 10. 1201/ 97813 15120 089-8

 82. Nanthini Devi K, Raju P, Santhanam P, Dinesh Kumar S, Krishnaveni 
N, Roopavathy J, Perumal P (2021) Biodegradation of low-density 
polyethylene and polypropylene by microbes isolated from Vaigai River, 
Madurai, India. Arch Microbiol 203:6253–6265. https:// doi. org/ 10. 1007/ 
S00203- 021- 02592-0

 83. Torena P, Alvarez-Cuenca M, Reza M (2021) Biodegradation of poly-
ethylene terephthalate microplastics by bacterial communities from 
activated sludge. Can J Chem Eng 99:S69–S82. https:// doi. org/ 10. 1002/ 
CJCE. 24015

 84. Harshvardhan K, Jha B (2013) Biodegradation of low-density polyeth-
ylene by marine bacteria from pelagic waters, Arabian Sea, India. Mar 
Pollut Bull 77:100–106. https:// doi. org/ 10. 1016/j. marpo lbul. 2013. 10. 025

 85. Rodriguez R, Redman R (2008) More than 400 million years of evolution 
and some plants still can’t make it on their own: plant stress tolerance 
via fungal symbiosis. J Exp Bot 59:1109–1114. https:// doi. org/ 10. 1093/ 
jxb/ erm342

 86. Khruengsai S, Sripahco T, Pripdeevech P (2021) Low-density polyeth-
ylene film biodegradation potential by fungal species from Thailand. J 
Fungi 7:594. https:// doi. org/ 10. 3390/ jof70 80594

 87. Ryan MP, Sevjahova L, Gorman R, White S (2022) The emergence of the 
Genus comamonas as important opportunistic pathogens. Pathogens 
11:1032. https:// doi. org/ 10. 3390/ PATHO GENS1 10910 32

 88. Li J, Luo F, Chu D, Xuan H, Dai X (2017) Complete degradation of dime-
thyl phthalate by a Comamonas testosterone strain. J Basic Microbiol 
57:941–949. https:// doi. org/ 10. 1002/ JOBM. 20170 0296

 89. Adeolu M, Alnajar S, Naushad S, Gupta RS (2016) Genome-based 
phylogeny and taxonomy of the ‘Enterobacteriales’: proposal for 
enterobacterales ord. nov. divided into the families Enterobacteriaceae, 
Erwiniaceae fam. nov., Pectobacteriaceae fam. nov., Yersiniaceae fam. 
nov., Hafniaceae fam. nov., Morganellaceae fam. nov., and Budviciaceae 
fam. nov. Int J Syst Evol Microbiol 66:5575–5599. https:// doi. org/ 10. 
1099/ IJSEM.0. 001485/ CITE/ REFWO RKS

 90. Sarker RK, Chakraborty P, Paul P, Chatterjee A, Tribedi P (2020) Degrada-
tion of low-density poly ethylene (LDPE) by Enterobacter cloacae 
AKS7: a potential step towards sustainable environmental reme-
diation. Arch Microbiol 202(8):2117–2125. https:// doi. org/ 10. 1007/ 
s00203- 020- 01926-8

 91. Vreeland RH (2015) Halomonas. Bergey’s Man Syst Archaea Bact. 
https:// doi. org/ 10. 1002/ 97811 18960 608. GBM01 190

 92. Khandare SD, Chaudhary DR, Jha B (2021) Marine bacterial biodeg-
radation of low-density polyethylene (LDPE) plastic. Biodegradation 
32(2):127–143. https:// doi. org/ 10. 1007/ s10532- 021- 09927-0

 93. Podschun R, Ullmann U (1998) Klebsiella spp. as nosocomial pathogens: 
epidemiology, taxonomy, typing methods, and pathogenicity factors. 
Clin Microbiol Rev 11:589. https:// doi. org/ 10. 1128/ CMR. 11.4. 589

 94. Awasthi S, Srivastava P, Singh P, Tiwary D, Mishra PK (2017) Biodeg-
radation of thermally treated high-density polyethylene (HDPE) by 
Klebsiella pneumoniae CH001. 3 Biotech. https:// doi. org/ 10. 1007/ 
S13205- 017- 0959-3

 95. G.C. (Geoffrey C. Ainsworth, G.R. Bisby, P.M. Kirk, CABI Bioscience., Credo 
Reference, Ainsworth & Bisby’s dictionary of the fungi, CABI (2011)

 96. Oviedo-Anchundia R, Sosa Del Castillo D, Naranjo-Morán J, Francois N, 
Álvarez-Barreto J, Alarcón A, Villafuerte JS, Barcos-Arias M (2021) Analy-
sis of the degradation of polyethylene, polystyrene and polyurethane 
mediated by three filamentous fungi isolated from the Antarctica. Afr J 
Biotechnol 20:66–76. https:// doi. org/ 10. 5897/ AJB20 20. 17200

 97. Sowmya HV, Ramalingappa, Krishnappa M, Thippeswamy B (2015) 
Degradation of polyethylene by Penicillium simplicissimum isolated 
from local dumpsite of Shivamogga district. Environ Dev Sustain 
17:731–745.https:// doi. org/ 10. 1007/ S10668- 014- 9571-4

 98. Nowak B, Paja̧k J, Labuzek S, Rymarz G, Talik E (2011) Biodegradation 
of poly(ethylene terephthalate) modified with polyester “Bionolle®” by 
Penicillium funiculosum. Polimery/Polymers 56:35–44. https:// doi. org/ 10. 
14314/ POLIM ERY. 2011. 035

 99. Wu SH, Nilsson HR, Chen CT, Yu SY, Hallenberg N (2010) The white-rot-
ting genus Phanerochaete is polyphyletic and distributed throughout 
the phleboid clade of the Polyporales (Basidiomycota). Fungal Divers 
42:107–118. https:// doi. org/ 10. 1007/ s13225- 010- 0031-7

 100. Floudas D, Hibbett DS (2015) Revisiting the taxonomy of Phanerochaete 
(Polyporales, Basidiomycota) using a four gene dataset and extensive ITS 
sampling. Fungal Biol 119:679–719. https:// doi. org/ 10. 1016/J. FUNBIO. 
2015. 04. 003

 101. Hameed A, Ramli N, Man Z, Mansor N, Ali MI, Ahmed S, Javed I, Ali N, 
Atiq N, Hameed A, Robson G (2014) Biodegradation of starch blended 
polyvinyl chloride films by isolated Phanerochaete chrysosporium 
PV1. Int J Environ Sci Technol 11:339–348. https:// doi. org/ 10. 1007/ 
s13762- 013- 0220-5

 102. Euzéby JP (1997) List of bacterial names with standing in nomencla-
ture: a folder available on the internet. Int J Syst Bacteriol 47:590–592. 
https:// doi. org/ 10. 1099/ 00207 713- 47-2- 590

 103. Lalucat J, Gomila M, Mulet M, Zaruma A, García-Valdés E (2022) Past, 
present and future of the boundaries of the Pseudomonas genus: pro-
posal of Stutzerimonas gen. Nov. Syst Appl Microbiol 45:1269. https:// 
doi. org/ 10. 1016/J. SYAPM. 2021. 126289

 104. Shah Z, Hasan F, Krumholz L, Atkas D, Shah AA (2013) Degradation of 
polyester polyurethane by newly isolated Pseudomonas aeruginosa 
strain MZA-85 and analysis of degradation products by GC-MS. Int 
Biodeterior Biodegrad 77:114–122. https:// doi. org/ 10. 1016/j. ibiod. 2012. 
11. 009

 105. Tribedi P, Sil AK (2013) Low-density polyethylene degradation by Pseu-
domonas sp. AKS2 biofilm. Environ Sci Pollut Res 20:4146–4153. https:// 
doi. org/ 10. 1007/ s11356- 012- 1378-y

 106. Awasthi S, Srivastava N, Singh T, Tiwary D, Mishra PK (2017) Biodegrada-
tion of thermally treated low density polyethylene by fungus Rhizopus 
oryzae NS 5. 3 Biotech. https:// doi. org/ 10. 1007/ S13205- 017- 0699-4

 107. Kämpfer P (2006) The family streptomycetaceae, part I: taxonomy. The 
Prokaryotes. https:// doi. org/ 10. 1007/0- 387- 30743-5_ 22

 108. Deepika S, Madhuri RJ (2015) Biodegradation of low density polyeth-
ylene by microorganisms from garbage soil, Citeseer. https:// cites eerx. 
ist. psu. edu/ docum ent? repid= rep1& type= pdf& doi= 1bc4b bbcfb 864fe 
f7651 c622c 85334 1e353 e898a. Accessed 25 Nov 2022

 109. Barata M (2006) Marine fungi from Mira river salt marsh in Portugal. Rev 
Iberoam Micol 23:179–184. https:// doi. org/ 10. 1016/ S1130- 1406(06) 
70040-7

 110. Paço A, Duarte K, da Costa JP, Santos PSM, Pereira R, Pereira ME, Freitas 
AC, Duarte AC, Rocha-Santos TAP (2017) Biodegradation of polyethyl-
ene microplastics by the marine fungus Zalerion maritimum. Sci Total 
Environ 586:10–15. https:// doi. org/ 10. 1016/J. SCITO TENV. 2017. 02. 017

 111. Yan ZF, Wang L, Xia W, Liu ZZ, Gu LT, Wu J (2021) Synergistic biodegra-
dation of poly(ethylene terephthalate) using Microbacterium oleivorans 
and Thermobifida fusca cutinase. Appl Microbiol Biotechnol 105:4551–
4560. https:// doi. org/ 10. 1007/ S00253- 020- 11067-Z

 112. Kučić Grgić D, Miloloţa M, Lovrinčić E, Kovačević A, Cvetnić M, Ocelić 
Bulatović V, Prevarić V, Bule K, Ukić Š, Markić M, Bolanča T (2021) Biore-
mediation of MP-polluted waters using bacteria Bacillus licheniformis, 
Lysinibacillus massiliensis, and mixed culture of Bacillus sp. and Delftia 
acidovorans. Chem Biochem Eng Q 35: 205–224. https:// doi. org/ 10. 
15255/ CABEQ. 2021. 1915

 113. Skariyachan S, Patil AA, 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. Polym Degrad Stab 149:52–68. https:// doi. 
org/ 10. 1016/j. polym degra dstab. 2018. 01. 018

 114. Ji J, Zhang Y, Liu Y, Zhu P, Yan X (2020) Biodegradation of plastic mono-
mer 2,6-dimethylphenol by Mycobacterium neoaurum B5–4. Environ 
Pollut. https:// doi. org/ 10. 1016/j. envpol. 2019. 113793

 115. Anandharaj M, Lin Y-J, Rani RP, Nadendla EK, Ho M-C, Huang C-C, Cheng 
J-F, Chang J-J, Li W-H (2020) Constructing a yeast to express the largest 
cellulosome complex on the cell surface. Proc Natl Acad Sci 117:2385–
2394. https:// doi. org/ 10. 1073/ pnas. 19165 29117

 116. Weber J, Petrović D, Strodel B, Smits SHJ, Kolkenbrock S, Leggewie C, 
Jaeger K-E (2019) Interaction of carbohydrate-binding modules with 
poly(ethylene terephthalate). Appl Microbiol Biotechnol 103:4801–
4812. https:// doi. org/ 10. 1007/ s00253- 019- 09760-9

 117. Chen T, Wang K, Chi X, Zhou L, Li J, Liu L, Zheng Q, Wang Y, Yu H, Gu Y, 
Zhang J, Li S, Xia N (2019) Construction of a bacterial surface display 
system based on outer membrane protein F. Microb Cell Fact 18:70. 
https:// doi. org/ 10. 1186/ s12934- 019- 1120-2

https://doi.org/10.1201/9781315120089-8
https://doi.org/10.1007/S00203-021-02592-0
https://doi.org/10.1007/S00203-021-02592-0
https://doi.org/10.1002/CJCE.24015
https://doi.org/10.1002/CJCE.24015
https://doi.org/10.1016/j.marpolbul.2013.10.025
https://doi.org/10.1093/jxb/erm342
https://doi.org/10.1093/jxb/erm342
https://doi.org/10.3390/jof7080594
https://doi.org/10.3390/PATHOGENS11091032
https://doi.org/10.1002/JOBM.201700296
https://doi.org/10.1099/IJSEM.0.001485/CITE/REFWORKS
https://doi.org/10.1099/IJSEM.0.001485/CITE/REFWORKS
https://doi.org/10.1007/s00203-020-01926-8
https://doi.org/10.1007/s00203-020-01926-8
https://doi.org/10.1002/9781118960608.GBM01190
https://doi.org/10.1007/s10532-021-09927-0
https://doi.org/10.1128/CMR.11.4.589
https://doi.org/10.1007/S13205-017-0959-3
https://doi.org/10.1007/S13205-017-0959-3
https://doi.org/10.5897/AJB2020.17200
https://doi.org/10.1007/S10668-014-9571-4
https://doi.org/10.14314/POLIMERY.2011.035
https://doi.org/10.14314/POLIMERY.2011.035
https://doi.org/10.1007/s13225-010-0031-7
https://doi.org/10.1016/J.FUNBIO.2015.04.003
https://doi.org/10.1016/J.FUNBIO.2015.04.003
https://doi.org/10.1007/s13762-013-0220-5
https://doi.org/10.1007/s13762-013-0220-5
https://doi.org/10.1099/00207713-47-2-590
https://doi.org/10.1016/J.SYAPM.2021.126289
https://doi.org/10.1016/J.SYAPM.2021.126289
https://doi.org/10.1016/j.ibiod.2012.11.009
https://doi.org/10.1016/j.ibiod.2012.11.009
https://doi.org/10.1007/s11356-012-1378-y
https://doi.org/10.1007/s11356-012-1378-y
https://doi.org/10.1007/S13205-017-0699-4
https://doi.org/10.1007/0-387-30743-5_22
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=1bc4bbbcfb864fef7651c622c853341e353e898a
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=1bc4bbbcfb864fef7651c622c853341e353e898a
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=1bc4bbbcfb864fef7651c622c853341e353e898a
https://doi.org/10.1016/S1130-1406(06)70040-7
https://doi.org/10.1016/S1130-1406(06)70040-7
https://doi.org/10.1016/J.SCITOTENV.2017.02.017
https://doi.org/10.1007/S00253-020-11067-Z
https://doi.org/10.15255/CABEQ.2021.1915
https://doi.org/10.15255/CABEQ.2021.1915
https://doi.org/10.1016/j.polymdegradstab.2018.01.018
https://doi.org/10.1016/j.polymdegradstab.2018.01.018
https://doi.org/10.1016/j.envpol.2019.113793
https://doi.org/10.1073/pnas.1916529117
https://doi.org/10.1007/s00253-019-09760-9
https://doi.org/10.1186/s12934-019-1120-2


Page 24 of 24Agarwal et al. Future Journal of Pharmaceutical Sciences           (2024) 10:78 

 118. Lameh F, Baseer AQ, Ashiru AG (2022) Retracted: comparative molecular 
docking and molecular-dynamic simulation of wild-type- and mutant 
carboxylesterase with BTA-hydrolase for enhanced binding to plastic. 
Eng Life Sci 22:13–29. https:// doi. org/ 10. 1002/ elsc. 20210 0083

 119. Tournier V, Topham CM, Gilles A, David B, Folgoas C, Moya-Leclair E, 
Kamionka E, Desrousseaux M-L, Texier H, Gavalda S, Cot M, Guémard E, 
Dalibey M, Nomme J, Cioci G, Barbe S, Chateau M, André I, Duquesne 
S, Marty A (2020) An engineered PET depolymerase to break down and 
recycle plastic bottles. Nature 580:216–219. https:// doi. org/ 10. 1038/ 
s41586- 020- 2149-4

 120. Khoonkari M, Haghighi AH, Sefidbakht Y, Shekoohi K, Ghaderian A 
(2015) Chemical recycling of PET wastes with different catalysts. Int J 
Polym Sci 2015:1–11. https:// doi. org/ 10. 1155/ 2015/ 124524

 121. Liu B, He L, Wang L, Li T, Li C, Liu H, Luo Y, Bao R (2018) Protein crystal-
lography and site-direct mutagenesis analysis of the poly(ethylene tere-
phthalate) hydrolase PETase from Ideonella sakaiensis. ChemBioChem 
19:1471–1475. https:// doi. org/ 10. 1002/ cbic. 20180 0097

 122. Kitadokoro K, Kakara M, Matsui S, Osokoshi R, Thumarat U, Kawai F, 
Kamitani S (2019) Structural insights into the unique polylactate-
degrading mechanism of Thermobifida alba cutinase. FEBS J 286:2087–
2098. https:// doi. org/ 10. 1111/ febs. 14781

 123. Furukawa M, Kawakami N, Tomizawa A, Miyamoto K (2019) Efficient 
degradation of poly(ethylene terephthalate) with thermobifida fusca 
cutinase exhibiting improved catalytic activity generated using 
mutagenesis and additive-based approaches. Sci Rep 9:16038. https:// 
doi. org/ 10. 1038/ s41598- 019- 52379-z

 124. Lee S, Kim P (2020) Current status and applications of adaptive labora-
tory evolution in industrial microorganisms. J Microbiol Biotechnol 
30:793–803. https:// doi. org/ 10. 4014/ jmb. 2003. 03072

 125. Igeño MI, Macias D, Blasco R (2019) A case of adaptive laboratory 
evolution (ALE): biodegradation of furfural by Pseudomonas pseudoalca-
ligenes CECT 5344. Genes (Basel) 10:499. https:// doi. org/ 10. 3390/ genes 
10070 499

 126. Li W, Jayakody LN, Franden MA, Wehrmann M, Daun T, Hauer B, 
Blank LM, Beckham GT, Klebensberger J, Wierckx N (2019) Labora-
tory evolution reveals the metabolic and regulatory basis of ethylene 
glycol metabolism by Pseudomonas putida KT2440. Environ Microbiol 
21:3669–3682. https:// doi. org/ 10. 1111/ 1462- 2920. 14703

 127. Kawai F, Kawabata T, Oda M (2019) Current knowledge on enzymatic 
PET degradation and its possible application to waste stream manage-
ment and other fields. Appl Microbiol Biotechnol 103:4253–4268. 
https:// doi. org/ 10. 1007/ s00253- 019- 09717-y

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1002/elsc.202100083
https://doi.org/10.1038/s41586-020-2149-4
https://doi.org/10.1038/s41586-020-2149-4
https://doi.org/10.1155/2015/124524
https://doi.org/10.1002/cbic.201800097
https://doi.org/10.1111/febs.14781
https://doi.org/10.1038/s41598-019-52379-z
https://doi.org/10.1038/s41598-019-52379-z
https://doi.org/10.4014/jmb.2003.03072
https://doi.org/10.3390/genes10070499
https://doi.org/10.3390/genes10070499
https://doi.org/10.1111/1462-2920.14703
https://doi.org/10.1007/s00253-019-09717-y

	A critical examination of advanced approaches in green chemistry: microbial bioremediation strategies for sustainable mitigation of plastic pollution
	Abstract 
	Background 
	Main body of the abstract 
	Short conclusion 

	Background
	Research approach
	Main text
	Bioremediation by Achromobacter sp.
	Bioremediation by Aspergillus sp.
	Bioremediation by Bacillus sp.
	Bioremediation by Collectotrichum sp.
	Bioremediation by Comamonas sp.
	Bioremediation by Enterobacter sp.
	Bioremediation by Halomonas sp.
	Bioremediation by Klebsiella sp.
	Bioremediation by Penicillium Sp.
	Bioremediation by Phanerochaete sp.
	Bioremediation by Pseudomonas sp.
	Bioremediation by Rhizopus sp.
	Bioremediation by Streptomyces sp.
	Bioremediation by Zalerion sp.
	Bioremediation by the synergistic effect

	Recent advances and challenges
	Reengineering of microbes
	Mutagenesis
	Adaptive Laboratory Evolution (ALE)
	Obstacles to overcome

	Limitations
	Conclusion
	Acknowledgements
	References


