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Abstract
In the context of sustainable bioremediation of Low-density polyethylene (LDPE), in this study, several 
strategies were explored to enhance the LDPE degradation by the bacterium Enterobacter cloacae 
AKS7. Initially, Mineral oil and Tween 80 were used to test whether they could modulate microbial 
colonization and polymer degradation by AKS7. Results indicated Mineral oil could increase microbial 
colonization and LDPE degradation whereas Tween 80 compromised the same. Since LDPE holds 
hydrophobic characteristics, the organism showing higher cell-surface hydrophobicity could adhere 
efficiently to the polymer. Thus, the organism AKS7 was grown in media with different concentrations 
of glucose and ammonium sulphate to exhibit differences in cell-surface hydrophobicity. We noticed 
that with increasing cell-surface hydrophobicity, the microbial colonization and LDPE degradation got 
enhanced considerably. The observations indicated that cell-surface hydrophobicity promoted microbial 
colonization to LDPE that increased the degree of biodegradation. Besides, LDPE films were photo-
oxidized before microbial exposure which showed that AKS7 could degrade ultra-violet (UV) treated 
LDPE more proficiently compared to the UV-untreated polymer. Moreover, AKS7 could colonize more 
effectively to the UV-treated LDPE in contrast to the untreated LDPE. Furthermore, it was observed 
that UV exposure increased the carbonyl bond index of the polymer which got utilized by the organism 
efficiently thereby increasing the polymer degradation. Hence, the observations indicated that effective 
microbial colonization to UV-treated LDPE films exhibited a promising metabolic activity that could 
show an enhanced degradation of LDPE. Therefore, AKS7 warrants to be considered as a promising 
organism for enhanced degradation of LDPE.
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INTRODUCTION
 In 1970, Leo Baekeland coined the term 
“plastic” and introduced the world’s first synthetic 
plastic named “Bakelite”. In the following years, 
the versatility of plastic products made it a 
crucial ingredient of human existence. Plastics 
are malleable and its physicochemical properties 
such as light weight, flexibility, easy availability, and 
commercial viability have benefitted humans in 
diverse fields including manufacturing, packaging, 
healthcare, and agriculture1. As a result of which, 
worldwide production of plastic has increased 
to 381 million tons from 2 million tons in just 
65 years2. Till 2017, more than 100 million tons 
of polyethylene (a thermoplastic polymer) 
were being made annually that covered nearly 
34% of the total plastic market1. Thus, plastic 
production has become a major transboundary 
threat to both natural ecosystems as well as 
human health. Further studies have predicted 
that by 2030 there may be a twofold increase in 
plastic debris production (including both micro 
and nano-sized plastics)3. Considering the recent 
unfortunate times of the COVID-19 pandemic, the 
extent of plastic waste generation can increase 
significantly because of excessive consumption 
of one-time-use plastics which includes personal 
protective equipment (PPE) and masks3. Till 
2015, nearly 6,300 metric tons of plastic wastes 
were generated out of which approximately 9% 
were recycled, 12% were incinerated, and 79% 
were dumped in landfills1. Among the different 
types of plastic molecules, LDPE happens to be a 
thermoplastic polymer that executes a range of 
applications in dispensing bottles, plastic bags, 
manufacturing toys, laboratory equipment, etc4. 
Since plastic-waste management methods are 
time-consuming, expensive, and labour intensive, 
the need of the hour is to look for various methods 
for effective polymer degradation. In this regard, 
it was reported that molecular weight, structure, 
crystallinity, density, mechanical, optical, and 
dielectric properties of plastic molecules could 
modulate the degree of degradation of LDPE 
considerably5-7. Towards the removal of LDPE 
plastics from the environment, bioremediation 
happens to be a sustainable option where 
the whole microorganism or a part of it could 
be involved in the degradation of recalcitrant 
molecules8. In this context, different types of 

microorganisms from various species like Bacillus, 
Pseudomonas, Arthrobacter, Staphylococcus, 
Penicillium, Aspergillus, etc. were reported to hold 
immense potential in breaking down polyethylene 
samples9-11. In our previous report, we stated that 
one of our soil isolates, Enterobacter cloacae Aks7, 
could degrade the LDPE polymer efficiently12. 
The said bacterium was found to degrade ~9% of 
the mentioned polymer (LDPE) under laboratory 
conditions12. Though in our previous report, a 
considerable level of LDPE biodegradation was 
spotted by Enterobacter cloacae AKS7, however, 
the extent of degradation needs to be increased 
to manage the huge accumulation of LDPE based 
polymers. Towards this direction, several strategies 
were undertaken to enhance the degree of LDPE 
degradation by Enterobacter cloacae Aks7. 
The results of the current report revealed that 
without being exposed to genetic manipulation, 
the bacteria Enterobacter cloacae Aks7 could 
modulate the degree of utilization of LDPE either 
by changing the surface hydrophobicity of the 
bacterial or by altering the structure of the 
polymer.

MATERIALS AND METHODS
Sample collection
 We  a p p r o a c h e d  a  p l a s t i c  b a g 
manufacturing company, Hipack Systems Pvt. 
Limited, Kolkata, India for the collection of LDPE. 
After cutting these LDPE sheets into equal-sized 
(3x2 cm) pieces, the polymers were cleaned with 
sterile double distilled water. Thereafter, the 
small strips were sterilized by soaking them into 
70% ethanol overnight. These sterilized LDPE 
strips were then dried in a dryer for an hour and 
subsequently used for biodegradation studies. In 
some experiments, the LDPE films were air-dried 
and exposed to UV radiation for 120 h inside a 
laminar airflow where a high-power UV bulb (15W) 
was used for illumination. The UV-absorbed LDPE 
films were sterilized using the same methods as 
discussed earlier.
Bacterial growth media and culture conditions
 In this current study, the LDPE degradation 
efficiency of Enterobacter cloacae AKS7 was 
studied under varied conditions. To study the 
biodegradation of LDPE by the bacterium AKS7, 
the organism was inoculated (1x106 CFU/mL) in 
100 mL of sterile basal medium. A 100 mL of basal 
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medium was made by incorporating 10 mg yeast 
extract, 0.1 g (NH4)2SO4, 20 mg MgSO4•7H2O, 2 
mg CaCl2•2H2O, 10 mg NaCl, 1 mg FeSO4•7H2O, 
.05 mg Na2WO4•2H2O, 0.16 g K2HPO4, 0.05 mg 
Na2MoO42H2O, 20 mg KH2PO4, 0.05 mg MnSO4 in 
100 mL sterile double distilled water. After that, 
the basal media was autoclaved at 121°C for 15 
min. To this broth, sterile LDPE films weighing 
30 mg were added aseptically. A conical flask 
containing the sterile basal media along with 
the LDPE films was marked as control, as AKS7 
was not added to the said experimental set. In 
some experiments, different chemicals (Mineral 
oil and Tween 80) were added separately or in 
combination to the growth media to examine the 
level of LDPE degradation by the organism AKS7 
under different conditions. Tween 80 and Mineral 
oil was passed through a polycarbonate membrane 
filter (0.4 μm) before adding them to the growth 
media. However, in some experiments, varying 
amounts of glucose and ammonium sulphate were 
also introduced to examine any variation in the 
LDPE degradation by AKS7. Besides, UV-treated 
LDPE films (30 mg) were also added to the basal 
media (100 mL) to examine any increase in the 
degradation of LDPE by the organism AKS7. The 
organism was incubated at 30°C for different 
length of time for different experiments.
LDPE degradation studies by weight loss analysis
 Weight loss analysis could be used to 
determine the quantitative estimation of LDPE 
degradation by microorganisms8. To do so, LDPE 
polymer samples were first divided into several 
equal pieces (3x2 cm) and then washed with 70% 
ethanol solution to make them microorganism-
free. After that, 30 mg LDPE films were diligently 
added to 100 mL of sterile basal media which was 
augmented with either external agents (Mineral 
oil and/or Tween 80) or different concentrations of 
nutrients (glucose and/or ammonium sulphate). To 
it, 20 µL overnight culture of the organism (1x106 
CFU/mL) was added and further incubated at 30°C 
for 30 days. In the control set, the basal media 
was incubated under similar conditions without 
the test organism. After the incubation, the LDPE 
films were individually collected from the growth 
media. Subsequently, the LDPE films were treated 
with 2% (v/v) sodium dodecyl sulphate (SDS) 
solution to remove the colonized microbial cells 
(if any)13. Afterward, the samples were washed, 

air-dried, and weighed. Differences in the initial 
weight and the final weight of LDPE films indicate 
the quantitative measurement of weight loss of 
the polymer by the organism.
 Weight loss (in %) = {(Weight measured 
before microbial exposure-Weight measured after 
microbial exposure)/Weight measured before 
microbial exposure} X 100
Cell-surface hydrophobicity measurement
 Bacterial adhesion to hydrocarbon 
(BATH) assay was followed to determine the cell-
surface hydrophobicity (CSH) of AKS714. One (1) 
mL overnight culture of AKS7 (1X106 CFU/mL) was 
inoculated into different conical flasks comprising 
100 mL of basal media augmented with different 
concentrations of glucose and ammonium 
sulphate. 30 mg sterile LDPE samples were 
added to each of the growth media under aseptic 
conditions. All the growth media were allowed to 
incubate at 30°C for 30 days. Post incubation, the 
culture media was collected from each conditioned 
media and subsequently centrifuged at 8000 rpm 
for 10 min. Afterward, the pellet was collected and 
suspended in sterile PUM {Phosphate (17g/L), Urea 
(1.8 g/L), and Magnesium (0.2 g/L)}buffer in such 
a manner so that the optical density (OD400) of the 
microbial suspensions could reach 1.0-1.2. Next, 
an organic solvent, n-hexadecane was distributed 
(0 to 0.2 mL) among the tubes carrying microbial 
suspensions. After vortexing all the experimental 
sets for 15 min, the tubes were allowed to stand 
for another 15 min at normal temperature to 
observe the separation of the aqueous and organic 
phases. Finally, OD400 of the aqueous suspensions 
was determined. A control set was also prepared 
wherein the OD was recorded for the PUM buffer 
only. Thereafter, by using the formula mentioned 
below, the CSH of the test bacteria was estimated:
 CSH (in %) = 100 X {(Initial OD-Ultimate 
OD)/Initial OD}
Estimating the bacterial population on the LDPE 
film
 The degree of adherence of AKS7 to 
the polymer films was determined by estimating 
the amount of extractable protein, as the extent 
of recovered protein is directly proportional to 
the degree of the attached microorganisms15. To 
extract proteins from the bacteria attached to 
either UV-treated or untreated LDPE film, each 
LDPE sample was separately taken from the 
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growth media in which equal weight of either UV-
treated or untreated LDPE films were added. The 
recovered LDPE films were boiled in 5 mL of 0.5 (N) 
NaOH for 30 min. In the next step, centrifugation of 
the boiled microbial suspension was carried out at 
10000 rpm for 10 min. After that, the protein count 
of the centrifuged supernatant was estimated by 
following the Lowry method16.
Microscopic analysis of microbial colonization 
to LDPE film
 To estimate the microbial association of 
AKS7 on the polymer surface, 30 mg of both UV-
treated and untreated LDPE films were added to 
the basal media (100 mL). To it, 100 μL overnight 
culture of AKS7 was added. UV-treated and 
untreated LDPE films were individually recovered 
from the growth media post an incubation of 30 
days at 30°C. The collected polymer films were 
subsequently stained with acridine orange solution 
(4 μg mL−1) and viewed under a fluorescence 
microscope15.
Analysing the metabolic activity 
 To estimate the metabolic activity of 
the attached bacterial population on the LDPE 
surface, Fluorescein diacetate (FDA) hydrolysis 
assay was performed15. To do the test, 30 mg of 
both UV-treated and the untreated polymer was 
independently introduced into the 100 mL of 
sterile basal media. To it, 100 µL of a saturated 
culture of AKS7 was introduced diligently. After an 
incubation of 30 days at 30°C, polymer films were 
recovered from all the growth media. After that, 
all the polymer films were individually dipped into 
60 mM sodium phosphate buffer (pH 7.6) followed 
by incorporating FDA solution (10 μg mL−1) into the 
sodium phosphate buffer. After an incubation of 
2 h at 30°C, the reaction mixture was centrifuged 
at 8000 rpm for 10 min. The supernatant was 
subsequently collected and subjected to the 
measurement of optical density at 494 nm10.
Fourier transformed infrared spectroscopy (FTIR) 
analysis of LDPE
 To investigate the alterations in the bond 
profile of LDPE post UV treatment and microbial 
exposure, both the UV-exposed and unexposed 
LDPE samples (30 mg) were separately added 
to 100 mL sterile basal media. To it, a similar 
number of microorganisms (1x106 CFU/mL) were 
independently added. However, in the control 
set, LDPE sheets were added to the basal media 

but the said organism AKS7 was not inoculated. 
All the growth media was then incubated at 
30°C for 30 days under similar conditions. Post 
incubation, both UV-exposed and unexposed 
LDPE sheets were recovered from the growth 
media and cleaned using 2% SDS solution to take 
away the attached microorganisms (if any). Then 
the LDPE films were washed twice and air-dried. 
Thereafter, the dried LDPE films were subjected to 
FTIR analysis (Jasco FT/IR-6300, Instrument ID: CP/
QC/I/015, Cradel Pharmaceuticals Pvt. Ltd., India). 
LDPE samples were scanned at normal conditions 
under a range of wavelength starting from 400 to 
4000 cm−1. The process was repeated three times 
for each sample to confirm the bond spectrum.
Statistical analysis
 To evaluate the statistical difference 
in the experimental results, a one-way analysis 
of variance (ANOVA) was performed. To draw 
a contrast in the results with the control, the 
extent of the significance test was represented 
by using P-values. P-values obtained as < 0.05 
were marked with (*), P values obtained as < 0.01 
were marked with (**), and P values obtained as < 
0.001 were marked with (***). N.S. (no statistical 
difference) was used to reveal the P values which 
were above 0.05. Each of the experimental sets 
was conducted three times to attain statistical 
confidence. The relation among the three 
variables namely cell-surface hydrophobicity, 
microbial colonization, and LDPE degradation was 
established by computing the contour plot using 
Minitab 19 software. However, the relation among 
microbial colonization, metabolic activity, and 
LDPE degradation was established by computing 
surface plots using NCSS software. The trial version 
of both Minitab 19 and NCSS software was used 
for the current study.

RESULTS AND DISCUSSION
Mineral oil and Tween 80 exhibited considerable 
modulation in the microbial colonization and 
degradation of LDPE by Enterobacter cloacae 
Aks7
 LDPE may have several applications in 
our day-to-day life but it also brings multiple 
drawbacks along with it. This polyethylene is 
highly resistant to natural degradation and 
persists in the environment for a very long time, 
thereby impacting the ecosystem adversely4,17. 
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Different strategies including burning, recycling, 
and bioremediation are being employed to 
remove this LDPE-related wastes4. Among these, 
bioremediation is one of the eco-friendliest 
approaches as the process is cost-effective and 
its end products are nontoxic8,18. In the context of 
microorganism-based LDPE degradation, we had 
previously reported the isolation of an efficient 
organism namely Enterobacter cloacae AKS7 from 
soil that exhibited considerable degradation of 
LDPE12. The mentioned bacteria could exhibit 
nearly 9% degradation of LDPE for a period of 
30 days12. Since bioremediation appears to be 
a sustainable approach to manage the LDPE-
based plastic accumulation19, strategies were 
explored to enhance the extent of microbial 
degradation of LDPE. Microbial colonization to 
LDPE had been found to promote the extent 
of biodegradation considerably as the closer 

association between bacteria and polymer could 
lead to better utilization of the polymer by the 
bacteria4. Literature survey revealed that chemical 
compounds like Mineral oil and Tween 80 were 
found to influence the microbial colonization 
of LDPE noticeably10. In this regard, different 
concentrations of these compounds (Mineral oil 
and Tween 80) were used either separately or in 
combination to test whether they could modulate 
the microbial colonization of Enterobacter cloacae 
AKS7 to the LDPE surface. The observations 
indicated that Mineral oil and Tween 80 were 
found to increase or decrease the microbial 
colonization, respectively over the LDPE surface; in 
contrast, to control in which the cells were grown 
in the absence of the mentioned compounds (Fig. 
1). We also experienced that with the gradual rise 
of the concentrations of Mineral oil and Tween 
80, the level of microbial colonization to the LDPE 

Fig. 1. Mineral oil and Tween 80 could efficiently modulate the microbial colonization to the LDPE surface. A saturated 
culture of Enterobacter cloacae AKS7 was inoculated in sterile basal media containing LDPE. After that, various 
concentrations of Mineral oil and Tween 80 were added to the growth media. All the culture media were then 
incubated at 30°C for 30 days. In the control set, Mineral oil and Tween 80 were not added to the growth media. 
Post incubation, LDPE films were collected and the total extractable protein from the LDPE films was calculated by 
following the Lowry method. The result demonstrated the average of three replicates. Error bars indicated mean ± 
standard error of the mean. Statistical analysis was performed using ANOVA and the P-value <0.05 (marked with *), 
<0.01 (marked with **) was mentioned in the figure. NS indicated that the observed result exhibited no significant 
statistical difference in respect to the control set.
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surface got increased or decreased, respectively 
(Fig. 1). However, when these two agents were 
applied together, then the extent of microbial 
colonization of AKS7 to LDPE surface got changed 
considerably (Fig. 1). Microbial colonization 
got increased when the cells were treated with 
higher concentrations of Mineral oil and a lower 
concentration of Tween 80 (Fig. 1). However, the 
same got decreased on exposing the bacterial 
cells to a higher dose of Tween 80 and a lower 
dose of Mineral oil (Fig. 1). Taken together, the 
results demonstrated that both these agents either 
promote or compromise the AKS7 colonization 
to the LDPE surface, respectively. Further, to 
examine the effect of these compounds on the 
biodegradation of LDPE, weight loss of LDPE was 
compared between the Mineral oil and Tween 80 
treated and untreated basal media supplemented 
with an equal weight of LDPE and a similar number 

of bacteria. A control set was also marked in 
which a similar number of cells were grown in 
basal media supplemented with LDPE. Mineral 
oil and Tween 80 were not added to the growth 
media for the control set. We noticed that with 
respect to the control, the extent of degradation 
of LDPE by Enterobacter cloacae Aks7 got changed 
considerably under the influence of Mineral oil and 
Tween 80 (Fig. 2). The result showed that with the 
increase of the concentrations of Tween 80, the 
extent of degradation of LDPE by Enterobacter 
cloacae AKS7 got reduced considerably (Fig. 2). 
On the contrary, the degradation of LDPE by the 
same bacteria got increased when exposed to 
Mineral oil (Fig. 2). The result further showed that 
when these two agents were applied together 
to the basal media containing LDPE and the test 
organism, then the extent of microbial degradation 
of LDPE got changed considerably (Fig. 2). Out of 

Fig. 2.  Mineral oil and Tween 80 could efficiently modulate polymer degradation.  Different concentrations of 
Mineral oil and Tween 80 were added to the culture media to examine the effect of Mineral oil and Tween 80 on 
LDPE degradation by Enterobacter cloacae AKS7.  In the control set, Mineral oil and Tween 80 were not added 
rather microorganism was incubated with LDPE only in sterile basal media.  All the experiments were incubated at 
30°C for 30 days.  Weight loss analysis was performed to determine the extent of LDPE degradation by Enterobacter 
cloacae AKS7.  Error bars indicated mean ± standard error of the mean.  Statistical analysis was performed using 
ANOVA and the P-value <0.05 (marked with *), <0.01 (marked with **) was incorporated in the figure.  NS indicated 
that the observed result exhibited no significant statistical difference in respect to the control set.
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Fig. 3. Different concentrations of glucose and ammonium sulphate could modify cell-surface hydrophobicity, 
microbial colonization, and LDPE degradation considerably.  An overnight culture of Enterobacter cloacae AKS7 was 
added to the sterile basal media augmented with LDPE.  To it, different concentrations of glucose and ammonium 
sulphate were added.  All the growth media were then incubated for 30 days at 30°C.  After the incubation, the 
following experiments were conducted.  A.  Cell-surface hydrophobicity profile.  A similar number of cells were 
collected from all experimental sets and the BATH assay was followed to determine the cell-surface hydrophobicity of 
AKS7 under different conditions.  B.  Microbial colonization profile.  LDPE films were collected from all experimental 
sets, boiled with NaOH solution and total proteins were then recovered.  The recovered proteins were subsequently 
measured by the Lowry method.  C. Plot of cell-surface hydrophobicity vs. microbial colonization on LDPE surface 
by AKS7.  D. Polymer degradation profile.  LDPE films were collected from all the experimental sets and the films 
were then air-dried.  After that, the weight loss of LDPE films was recorded.  Each experiment was performed thrice.  
Error bars indicated mean ± standard error of the mean.  Statistical analysis was performed using ANOVA and the 
P-value <0.05 (marked with *), <0.01 (marked with **), and < 0.001 (marked with ***) were considered to express 
the significant difference.  E.  Plot of microbial colonization vs. LDPE degradation by AKS7.



  www.microbiologyjournal.org1273

Sarker et al. | J Pure Appl Microbiol | 15(3):1266-1278 | September 2021 | https://doi.org/10.22207/JPAM.15.3.16

Journal of Pure and Applied Microbiology

the two mentioned agents, higher concentrations 
of Mineral oil were estimated to accelerate LDPE 
degradation, whereas, higher concentrations of 
Tween 80 were found to effectively reduce the 
extent of LDPE degradation (Fig. 2). Thus, the 
results revealed that these two agents, Mineral 
oil and Tween 80 could enhance or reduce the 
microbial degradation of LDPE, respectively.
Glucose and ammonium sulphate in the growth 
media showed alteration in the cell-surface 
hydrophobicity and polymer degradation by 
Enterobacter cloacae Aks7
 The results so far indicated that the 
increased bacterial colonization to the LDPE 
polymer surface could lead to exhibit the enhanced 
LDPE degradation by Enterobacter cloacae Aks7. 
Hence, in the present study, exploration of 
the underlying cause of bacterial colonization 
to the LDPE surface was investigated. In this 
regard, existing literature revealed that several 
factors including hydrophobic interaction could 
play a major role in microbial colonization to a 
hydrophobic surface20. The previous literature 
reported that the availability of the nutrients 
(glucose and ammonium sulphate) in the 
culture media was found to alter the cell-surface 
hydrophobicity of the microorganism that resulted 

in the variation in microbial colonization20. Thus, 
in the present study, different concentrations of 
glucose and ammonium sulphate were added to 
the basal media in which the polymer (LDPE) and 
the microorganism (Enterobacter cloacae Aks7) 
were added accordingly. Then, the cell-surface 
hydrophobicity of the organisms was measured 
by undertaking the BATH assay as mentioned 
in the methods and materials section. It was 
noticed that with the variation in the amount of 
glucose and ammonium sulphate, the microbial 
cell-surface hydrophobicity also got changed 
(Fig. 3A). The result further showed that with 
the increase of carbon to nitrogen ratio, the cell-
surface hydrophobicity of AKS7 got decreased 
considerably (Fig. 3A). To understand the influence 
of cell-surface hydrophobicity over microbial 
colonization, the bacterial colonization to the LDPE 
surface was also measured under the conditions 
in which the cell-surface hydrophobicity of the 
bacteria was determined. In this connection, we 
observed that the bacterial colonization to the 
LDPE film surface got reduced with the increase 
of carbon to nitrogen ratio (Fig. 3B). As expected, 
the response of cell-surface hydrophobicity and 
microbial colonization followed the same pattern 
under the influence of varying concentrations 

Fig. 4. Relationship among cell-surface hydrophobicity, microbial colonization, and polymer degradation was 
established by constructing a contour plot using Minitab 19 software. Different colors represented different degrees 
of LDPE degradation.
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of glucose and ammonium sulphate (See Fig. 
3A and Fig. 3B). Thus, the result showed a 
directly proportional relationship between 
the cell-surface hydrophobicity and microbial 
colonization (Fig. 3C). Thus, the result showed that 

higher cell-surface hydrophobicity could lead to 
increased microbial colonization and vice versa. 
To comprehend the role of varying concentrations 
of glucose and ammonium sulphate over LDPE 
degradation by the test bacteria, microbial 

Fig. 5.  Enhanced degradation of pre-oxidized LDPE film by Enterobacter cloacae AKS7.  A similar number of AKS7 
were added to the sterile basal media in which either UV-treated or untreated LDPE films were separately added.  
All the growth media were then incubated for 30 days at 30°C.  After the incubation, both types of LDPE films were 
recovered.  A.  Polymer degradation was carried out using weight loss measurement.  B.  Microbial colonization to 
LDPE films was analyzed under a fluorescence microscope.  C.  Degree of the microbial adherence to the polymer 
films was measured by estimating the total protein of the colonized microbial population following the Lowry method.  
Each experiment was performed thrice.  Error bars indicated mean ± standard error of the mean.  Statistical analysis 
was performed using ANOVA and the P-value <0.01 (marked with **) were considered to express the significant 
difference among the results.  D.  Plot of microbial colonization vs LDPE degradation.
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Fig. 6. Enterobacter cloacae AKS7 could colonize and degrade UV-treated LDPE film more efficiently than UV-
untreated LDPE film.  An equal number of AKS7 was added to the sterile basal media in which either UV-treated 
or untreated LDPE films were independently added.  All the growth media were then incubated at 30°C for 30 
days.  After the incubation, each type of LDPE film was recovered from the growth media.  A.  Metabolic activity 
of the microorganisms adhered to the LDPE films was determined by FDA hydrolysis assay.  B. Plot of microbial 
colonization vs metabolic activity of the colonized cells.  C. Plot of metabolic activity vs. LDPE degradation by AKS7.  
Each experiment was performed thrice.  Error bars indicated mean ± standard error of the mean.  Statistical analysis 
was performed using ANOVA and the P-value <0.01 (marked with **) was considered to express the significant 
difference among the results.  D.  Relation among microbial colonization, metabolic activity, and LDPE degradation 
was established by constructing a surface plot.  E. Carbonyl bond index of different types of LDPE films was analyzed 
using an FTIR spectrophotometer.  Each experiment was performed thrice.  Error bars indicated mean ± standard 
error of the mean.  Statistical analysis was performed using ANOVA and the P-value <0.01 (marked with **) were 
considered to express the significant difference among the results.
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polymer degradation was determined under the 
tested conditions. The degree of LDPE degradation 
by the organism AKS7 got changed with the change 
in the concentrations of the applied nutrients 
in the growth media (Fig. 3D). The polymer 
degradation ability of the bacteria got reduced 
with the increase of carbon to nitrogen ratio in the 
growth media (Fig. 3D). Hence, the result revealed 
that the nutrient manipulation in the growth 
media was found to alter the LDPE degradation 
property of Enterobacter cloacae AKS7. To gain 
further confidence, the relationship between 
microbial colonization and LDPE degradation was 
determined. The result of the same revealed that 
a directly proportional relation prevailed between 
microbial colonization and LDPE degradation 
(Fig. 3E). The result suggested that efficient 
microbial colonization of AKS7 appeared to be 
the cause of increased LDPE degradation. To 
understand the relationship among the cell-
surface hydrophobicity, microbial colonization, 
and polymer degradation, a contour plot was 
compiled in which we showed that the cell-
surface hydrophobicity of the bacteria promoted 
increased bacterial colonization to the polymer 
surface that resulted in the enhanced degradation 
of the polymer by the bacteria, Enterobacter 
cloacae AKS7 (Fig. 4). Taken together, the results 
revealed that microbial colonization to the LDPE 
surface could be considered as a potential tool for 
the enhanced degradation of the polymer by the 
microorganism, Enterobacter cloacae Aks7.
Enterobacter cloacae AKS7 exhibited enhanced 
degradation of pre-oxidized LDPE
 Previous l iterature reported that 
microorganisms could degrade pre-oxidized 
LDPE more efficiently than native LDPE film4. In 
this context, an effort was made to compare the 
bacterial degradation of both UV-treated and 
untreated polymer film under similar conditions. 
To examine the same, a similar number of AKS7 
was inoculated to the basal media in which an 
equal weight of UV-treated and UV-untreated 
polymer films were added separately. In the 
control set, the basal media was augmented 
with polymer films but not inoculated with the 
bacteria, Enterobacter cloacae Aks7. All these 
experimental sets were put for incubation at 
30°C for 30 days. After the incubation period, the 
LDPE films were collected from the tested growth 

media, and the level of polymer degradation was 
examined by following the weight loss analysis. 
The observations indicated that the test organism 
AKS7 could degrade UV-treated polymer films 
more proficiently than UV-untreated polymer film 
(Fig. 5A). Since microbial colonization was found 
to promote LDPE degradation considerably, here, 
in this report, the extent of bacterial colonization 
of AKS7 between UV-treated and untreated LDPE 
polymer films was studied. The outcome disclosed 
that AKS7 could colonize UV-treated polymer 
samples more proficiently than UV-untreated 
samples (Fig. 5B). The microbial associations on 
UV-treated LDPE films were found to be higher in 
contrast to the microbial associations noticed over 
UV-untreated LDPE film suggesting more microbial 
associations over the UV-treated LDPE polymer 
films. To validate the observation, the degree of 
microbial colonization of AKS7 on the polymer 
surface was verified by determining the protein 
from the adhered microbial population. The result 
showed that more protein was recovered from the 
UV-treated LDPE polymer film in contrast to the 
recovered protein from UV-untreated LDPE film 
(Fig. 5C). Thus, the results of microscopic analysis 
and protein recovery followed the same trend 
suggesting better microbial colonization of AKS7 
to UV-treated polymer than UV-untreated LDPE. 
To examine the effect of microbial colonization 
over LDPE degradation, the relation between 
microbial colonization and LDPE degradation 
was determined. In this regard, we observed a 
directly proportional relation between microbial 
colonization and LDPE degradation (Fig. 5D). Next, 
to estimate the metabolic activity linked with the 
associated bacterial cells on the polymer surface, 
FDA assay was considered as mentioned before. 
Metabolically active bacteria secrete various kinds 
of enzymes that have been found to hydrolyze 
FDA resulting in the release of fluorescein that 
can be quantified through spectrophotometer15. 
The result showed that the colonized cells 
of AKS7 on UV-treated LDPE film exhibited 
increased metabolic activity in comparison to the 
metabolic activity of the cells adhered to the UV-
untreated polymer films (Fig. 6A). To address the 
metabolic activity of the colonized cells of AKS7, 
a relation was established between microbial 
colonization and metabolic activity. The result of 
the same revealed that a directly proportional 
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relation prevailed between them (Fig. 6B). This 
observation suggested that colonized cells of 
AKS7 on the polymer surface were metabolically 
active that could be responsible to attain the 
boosted degradation of UV-treated LDPE films. 
To confirm the observation, the relationship 
between metabolic activity and LDPE degradation 
was determined. The result of the same revealed 
that a directly proportional relation prevailed 
between metabolic activity and LDPE degradation 
(Fig. 6C). To understand the relationship between 
microbial colonization, metabolic activity, and 
polymer degradation, a surface plot was compiled. 
The result of the same revealed that along 
with the increase of microbial colonization, the 
degree of metabolic activity got amplified which 
resulted in the enhanced utilization of LDPE (Fig. 
6D). To comprehend the underlined cause of 
this enhanced degradation of the polymer by 
Enterobacter cloacae AKS7, the carbonyl bond 
index was compared between UV-treated and 
untreated LDPE films as this bond index has been 
considered as a key factor for the utilization of 
LDPE by microorganisms4,21,22. The carbonyl bond 
index of LDPE can be measured by counting the 
ratio of the absorbance peaks of carbonyl (1712 
cm−1) to that of CH2 (1462 cm−1)21,22. The result 
showed that UV exposure was able to increase 
the carbonyl bond index of LDPE considerably 
(Fig.6E). However, the degree of the carbonyl bond 
index of UV-treated LDPE film got reduced under 
the exposure of the microorganism, Enterobacter 
cloacae AKS7 (Fig. 6E). These results suggested an 
initial increase in the carbonyl bond index when 
the film was treated with UV. However, once 
these UV-treated polymer films were exposed to 
Enterobacter cloacae AKS7, the carbonyl bond 
index got decreased considerably which suggested 
that UV treatment made the LDPE films more 
accessible to the microorganisms. Taken together, 
the results indicated that prior oxidation of LDPE 
films by UV could make the polymer film more 
accessible to Enterobacter cloacae Aks7 that 
resulted in the increased degradation of LDPE. 

CONCLUSION
 In conclusion, the current study deciphers 
the exploration of strategies where either 
the enhancement of microbial cell-surface 
hydrophobicity or pre-oxidation of LDPE could be 

pursued for enhanced bioremediation of LDPE 
molecule by Enterobacter cloacae Aks7.
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