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Editorial on the Research Topic
Editorial: Biodegradation of plastics

Currently, humankind faces severe threats connected to aggravating climate crisis,
shortage of fossil resources, and increasing quantities of waste consisting of petrochemistry-
based plastics. Despite the fact that such plastics, since the mid of the last century, brought
numerous benefits and advantages to our society by being stable, versatile, and of low specific
mass, they have a dark side: Due to the lacking adaptation of nature to these xenobiotic
materials, which were not present on Earth only some decades ago, they are highly
recalcitrant towards biodegradation, i.e., their disintegration into non-toxic final
products such as CO2 or CH4 by the action of living organisms or biocatalytic parts
thereof. One could literally state that “plastics are forever!” Nowadays, reports estimate a
total quantity of almost three billion tons having been produced since the onset of plastic
commercialization; about 400 million tons plastics are being produced annually at the
moment, with a strongly increasing trend especially in emerging and developing countries
(Mukherjee and Koller, 2022). Only part of spent plastic waste undergoes a controlled end-
of-life scenario like mechanical or chemical recycling or thermal conversion for energy
recovery, while this later option is heavily disputed due to the obstacles connected to
formation of surplus CO2 and toxic gases. Moreover, existing recycling and incineration
plants are of insufficient capacities to handle the steadily increasing quantities of plastic
waste of petrochemical origin, especially full-carbon-backbone plastics like polyolefins, but
also poly (ethylene terephthalate) (PET) or poly (urethanes). However, the lion’s share of
spent plastic is littering aquatic and terrestrial environments as macro- and microplastic
waste, causing impacts on the biosphere that are only just beginning to be fully understood.

Currently, there are two scenarios to overcome these issues: One option is to switch to
plastic biopolymers. Tremendous research is currently dedicated to suchmaterials, which are
both biobased and biodegradable, with microbial polyhydroxyalkanoates (PHA) probably
being themost prominent example. However, there are still impediments on the way towards
replacing petroplastics by bio-inspired alternatives, such as high production costs,
fluctuating material quality, and an often-lacking match between customer expectations
and de facto material performance. The second option is biodegradation of present
petroplastics, as it is the topic of the Research Topic at hand.
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During the last years, several organisms have been shown to
contribute to degradation of said petrochemical plastics. However,
the number of these organisms is still scarce, and these processes
occur at rather low rates. The enzymatic machinery responsible for
plastic biodegradation typically shows low affinity to the plastic
substrate, operates with insufficiently deciphered reaction
mechanisms, or is inefficiently expressed by the organisms.
Especially, we are aware of a deep knowledge gap between
preliminary research data, postulating degradability of a given
polymer by certain strains or enzymes on lab scale, and, on the
other hand, large scale degradation experiments performed under
diverse realistic environmental conditions. What is needed to
overcome existing bottle necks are progress in the field of
microbiology of plastics’ biodegradation and advanced
biotechnological approaches. New powerful strains are waiting
for their discovery as toolboxes containing enzymes for plastic
biodegradation. This research needs to encompass the holistic
elucidation of the metabolic pathways active during plastic
biodegradation, identification of relevant genes and enzymes
expressed by them, assessment of enzymes in terms of activity
and stability, and genetic engineering to obtain tailor-made
whole cell biocatalysts for plastic biodegradation, and strategies
of biosynthetic biology, supported by bioinformatic tools.

So, there is definitely a lot to be achieved in this challenging
scientific field, and a lot of research activity in this direction is
witnessed globally. This gave reason to launch this Research Topic of
Frontiers in Bioengineering and Biotechnology dedicated to
Biodegradation of Plastics. A total of nine research groups of
exceptional reputation in the global scientific community
contributed their recent research outcomes to this issue, which
contains eight original research articles and one comprehensive
review paper. The subsequent paragraphs present the individual
specific contributions in a nutshell:

In their comprehensive review, Urbanek et al. introduce the
current state of research on biodegradation of PET, a heavily utilized
petroplastic polymer, which frequently undergoes mechanical
recycling, thus contributing to microplastic formation. Authors
demonstrate that isolated wild type organisms showing PET
degrading activity are of insufficient efficiency to provide a
solution to overcome the problems associated to PET waste.
Therefore, it is shown how strategies of metabolic engineering of
microbes and protein engineering can enhance biodegradation
of PET.

Jiang et al. dedicated their article to biodegradation of the
polyolefin poly (styrene) (PS), a full-carbon-backbone
petroplastic also produced at enormous quantities. Authors
were able to isolate a PS-degrading bacterium from the
digestive system of Galleria mellonella wax moth larvae that
were fed with PS foam. Isolated bacterium was identified as
Massilia sp. FS 1903. Biodegradation of PS films by this
bacterium was studied via scanning electron microscopy and
X-ray energy dispersive spectrometry, and water contact angle
measurements quantified the increasing hydrophilicity of PS
films during incubating with the bacterium by formation of
oxygen-bearing groups on the surface. Incubation experiments
demonstrated a significant mass loss of PS films after 30 days,
which outperforms results for PS biodegradation reported for
other biological systems.

Poma et al. resorted also to G. mellonella wax moths in the larval
stage for plastic degradation studies. Here, authors aimed at
biodegradation of low-density poly (ethylene) (LDPE). Insects
were conditioned by three different beekeeping residues
(beeswax, balanced diet, and wheat bran), and fed with LDPE for
different times. LDPE biodegradation was monitored via RAMAN
spectroscopy and mass loss measurements. Best results for LDPE
biodegradation were obtained when exposing larvae conditioned
with beeswax for 36 h.

Dar et al. addressed the topic of “plasticulture,” hence, the
agricultural application of plastics. These authors developed and
characterized novel potentially biodegradable polymers. On the one
hand, polymers consisting of ionic liquid monomers were prepared
via photo radical induced polymerization; on the other hand, PE-
like n-alkane disulfide polymers were produced from 1,ω-di-thiols
through thermally activated air oxidation. These polymers were
subjected towards soil biodegradation studies under controlled
conditions, monitoring the formation of volatile degradation
products by a respirometer and an advanced proton-transfer-
reaction time-of-flight mass spectrometer system. While polymers
based on ionic liquids did not demonstrate significant
biodegradation, the disulfide-based polymer of 1,10-n-decane
dithiol reached 20% degradation under basic soil conditions at
room temperature within 3 months. This study demonstrates that
introducing disulfide groups into the PE backbone is an option to
make this material higher prone to biodegradation.

Li et al. studied the performance of two extracellular enzymes
produced by Pseudomonas hydrolytica sp. DSWY01T for
biodegradation of the synthetic polyester poly (ε-caprolactone)
(PCL). Enzymes were purified, characterized, and the related
genes were analyzed in details. Two novel PCL-degrading
enzymes, PCLase I and PCLase II, were studied; both enzymes
were able to hydrolyze PCL into monomers and oligomers, with
PCLase I having shown to outperform biodegradation performance
of PCLase II.Via sequence analysis and substrate specificity analysis,
it was shown that PCLase I and PCLase II were a cutinase and a
lipase, respectively, with optima for temperature and pH-value at
50°C and 9.0 (PCLase I) and 40°C and 10.0 (PCLase II).

A related organism, Pseudomonas chlororaphis PA23, was
considered by Mohanan et al. for enzymes catalyzing
biodegradation of different (bio)polymers. Two genes encoding
the intracellular lipases LIP1 and LIP2 were identified,
characterized and expressed in the host Escherichia coli. Encoded
lipases LIP1 and LIP2 revealed strongly different amino acid
sequences, catalytic mechanisms, substrate specificities, and
polymer hydrolysis rates. It was shown that the recombinant
LIP1 expressed in E. coli had best hydrolytic activity at 45°C and
pH 9.0, this activity increased in presence of calcium cations.
Maximum activity of LIP2, which was unaffected by calcium, was
demonstrated at 40°C and pH 8.0. Both enzymes exhibited a broad
substrate range; LIP1 and LIP2 were able to hydrolyze different types
of PHAs, polylactic acid (PLA), and para-nitrophenyl (pNP)
alkanoates. Moreover, some hydrolytic activity of these enzymes
on the synthetic plastics PCL and poly (ethylene succinate) (PES)
was discovered, thus making them of interest for biodegradation of
polyesters of petrochemical origin.

In their study, Li et al. developed poly (hexamethylene
succinate-co-ethylene succinate) [P(HS-co-ES)] copolymers with
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varying physical properties and enzymatic hydrolyzability via
melting polycondensation of monomers (hexylene succinate and
ethylene succinate). Properties (crystallinity, thermal and
mechanical characteristics, wettability, and susceptibility to
enzymatic attack) were varied by changing the ratio of the two
monomers. Enzymatic hydrolysis rates of all prepared copolyesters
outperformed those of the corresponding homopolyesters [poly
(hexylene succinate) and poly (ethylene succinate)]. It was shown
that the copolyester containing 51% ethylene succinate did not fully
degrade; this material is of interest for long-term applications. In
contrats, copolyesters with 13% and 76% ethylene succinate rapidly
degraded; they are auspicious materials for short-term applications,
where fast degradation is desired.

Andler et al. addressed the problems associated to the enormous
quantities of car tire waste consisting of vulcanized rubber, which is
very resistant towards biodegradation due to its highly hydrophobic
cross-linked structure, very hard to recycle, and contributes
significantly to the global microplastic formation. Authors
investigated a total of ten fungal strains over a period of 1 month
for their biodegradation performance of vulcanized rubber particles;
mass loss and surface structure changes were monitored. As major
outcome, cultivations of the white rot fungi Trametes versicolor and
Pleurotus ostreatus achieved amass reduction of the polymer of 7.5%
and 6.1%, respectively, after 4 weeks. Genome sequence analysis of
both strains showed that these organisms possess a higher number of
sequences for laccases and manganese peroxidases, two crucial
extracellular enzymes for many oxidative reactions. This was
experimentally confirmed by the high activity of laccase and
peroxidase when cultivating the two fungal strains on rubber
particles in comparison to rubber-free cultivation setups. Authors
suggest that their results might pave the way towards efficient bio-
inspired solutions for vulcanized rubber biodegradation in the
future.

An intriguing approach for combining plastic upcycling and
production of biopolymers was presented by Esmail et al. These
researchers found out that the bacterial strains Komagataeibacter
xylinus DSM 2004 and DSM 46604 are able to produce bacterial
cellulose, a polysaccharide of high market potential, from
conversion of terephthalic acid and ethylene glycol, the building
blocks of the petroplastic PET. The two strains revealed different
cultivation performance on these unusual substrates; strain DSM
2004 achieved higher productivity for bacterial cellulose than strain

DSM 46604, which, in contrast to DSM 2004, was unable to grow on
ethylene glycol as the sole carbon source, but utilized mixtures of
ethylene glycol and terephtalic acid. For both strains, cellulose
formation was enhanced by co-feeding of glucose. A new
downstream process was developed in this study for preparation
of highly pure bacterial cellulose, encompassing dissolution of the
polysaccharide in aqueous NaOH solution. Interestingly, bacterial
cellulose produced by K. xylinus DSM 2004 and DSM 46604,
respectively, showed different crystallinity and fiber diameters.

We are convinced that respected readers will draw the
necessary inspiration from the presented articles for their own
research work in the field of plastic biodegradation and related
scientific areas. Most of all, we expect we expect that this book will
provide the scientific community with the brainstorm it needs to
eventually come up with efficient solutions to deal with the plastic
dilemma.
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Isolation, Identification, and
Characterization of
Polystyrene-Degrading Bacteria From
the Gut of Galleria Mellonella
(Lepidoptera: Pyralidae) Larvae
Shan Jiang1, Tingting Su1, Jingjing Zhao1* and Zhanyong Wang2*

1School of Petrochemical Engineering, Liaoning Petrochemical University, Fushun, China, 2Department of Biotechnology, College
of Bioscience and Biotechnology, Shenyang Agricultural University, Shenyang, China

Polystyrene (PS) is a widely used petroleum-based plastic, that pollutes the environment
because it is difficult to degrade. In this study, a PS degrading bacterium identified as
Massilia sp. FS1903 was successfully isolated from the gut of Galleria mellonella
(Lepidoptera: Pyralidae) larvae that were fed with PS foam. Scanning electron
microscopy and X-ray energy dispersive spectrometry showed that the structure and
morphology of the PS film was destroyed by FS 1903, and that more oxygen appeared on
the degraded PS film. A water contact angle assay verified the chemical change of the PS
film from initially hydrophobic to hydrophilic after degradation. X-ray photoelectron
spectroscopy further demonstrated that more oxygen-containing functional groups
were generated during PS degradation. After 30 days of bacterial stain incubation with
0.15 g PS, 80 ml MSM, 30°C and PS of Mn 64400 and Mw 144400 Da, the weight of the
PS film significantly decreased, with 12.97 ± 1.05% weight loss. This amount of
degradation exceeds or is comparable to that previously reported for other species of
bacteria reported to degrade PS. These results show that Massilia sp. FS1903 can
potentially be used to degrade PS waste.

Keywords: galleria mellonella, gut microbiome, polystyrene, biodegradation, massilia sp.

INTRODUCTION

Petroleum-based plastics are artificial organic polymers, obtained from natural gas or oil and used for
a variety of civil and industrial applications (Suman et al., 2020). According to new data, the global
output of petroleum-based plastic materials has increased to approximately 359 million tons per
year, the demand for them account for approximately 80% of the total plastics used (PlasticsEurope,
2019). Polyethylene, polypropylene, polyvinyl chloride, polystyrene (PS), polyurethane and
polyethylene terephthalate plastics are the main types of petroleum-based plastics (Wei and
Zimmermann, 2017). Because of their profound stability and the lack of suitable degradation
methods, these plastics gradually accumulate in the environment, leading to a sharp increase in
environmental contamination and substantial waste (Barnes et al., 2009). Researchers have even
detected plastic fragments in deep sea sediments at a depth of 5,000 m. These forms of plastic are
absorbed by marine organisms, which cause serious health problems for these organisms and may
also affect human health (Rochman et al., 2015; Zhang et al., 2020).
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PS, as the third most important petroleum-based plastic, is
used for packaging containers, disposable cups and insulating
materials, and comprises about 7% of the total amount of plastics
produced (Ho et al., 2018; Urbanek et al., 2020). Because of its
long persistence in the environment, PS wastes biodegradation
efficiency is extremely low in natural ecosystems, and cased
serious environmental pollution (Wilkes and Aristilde, 2017).
Therefore, researchers around the world are exploring various PS
high-efficiency degradation pathways without secondary
pollution. Recently, many researchers began to investigate the
biodegradation potential of intestinal microorganisms, especially
in insect larvae with chewing mouthparts. Yang et al. (2015)
isolated a PS-degrading bacterial strain Exiguobacterium sp. YT2
from the gut of Tenebrio molitor. This research showed that over a
30-days incubation period, YT2 formed a biofilm covering PS,
resulting in obvious pits and cavities on the PS film surfaces. Over
a 60-days incubation period, a suspension culture of strain YT2
degraded 7.4 ± 0.4% of the PS pieces. Another group of
researchers subsequently showed that a previously untested
strain of T. molitor larvae could degrade PS (Yang et al.,
2017). Moreover, Peng et al. (2019) compared the PS
degradation capability of T. molitor and Tenebrio obscurus.
The results demonstrated that the ability of the T. obscurus
gut to degrade PS is higher than that of T. molitor and that
the PS consumption rate is also greater. After 31 days of feeding,
the molecular weight of residual PS in the frass of T. obscurus
decreased by 26.03%. Other insect species also have the same
abilities as mealworms to degrade PS. Yang et al. (2020) showed
that Zophobas atratus can use PS foam as their only food source,
and various techniques have been used to demonstrate that the
depolymerization of long-chain PS molecules and the subsequent
formation of low-molecular-weight products occur in the larval
gut. On the basis of this research, Pseudomonas sp., which can
degrade PS, was isolated from the gut of Z. atratus larvae by Kim
et al. (2020). Likewise, Wang et al. (2020) observed that Tribolium
castaneum larvae can chew and eat PS foam, and finally
successfully isolated a bacterial strain, identified as
Acinetobacter sp. AnTc-1, from the gut of these larvae. Woo
et al. (2020) reported PS biodegradation by the larvae of
Plesiophthalmus davidis and isolated a bacterial strain Serratia
sp. WSW (KCTC 82146) from their gut flora.

Galleria mellonella (Lepidoptera: Pyralidae) is a common
agricultural pest that destroys the structure of honeycombs and
are generally considered to be of no benefit to human beings;
however, it has been discovered that G. mellonella larvae can eat
and biodegrade polyethylene and PS (Lou et al., 2020). According
to previous reports, this phenomenon is likely related to the gut
microorganisms of these insects (Yang et al., 2015; Peng et al., 2019;
Yang et al., 2020). In addition, some microbes from the gut of G.
mellonella larvae related to the degradation of PE has been
confirmed, and a PE degrading strain Enterobacter sp. D1 has
been successfully screened (Bombelli et al., 2017; Ren et al., 2019;
Cassone et al., 2020). However, there are few studies on PS
degrading bacteria from the gut of G. mellonella larvae. In this
study, a PS degrading bacterium was successfully isolated from the
larval gut and identified by phylogenetic analysis combined with
physiological and biochemical indicators. To determine the extent

of PS degradation by the bacterium, the physicochemical
properties of the degraded PS film were studied by a scanning
electron microscope (SEM), X-ray energy dispersive spectrometer
(EDS), water contact angle (WCA), and X-ray photoelectron
spectroscopy (XPS) analyses.

MATERIALS AND METHODS

Experimental Materials
G. mellonella larvae were purchased from Huiyude Co. (Tianjin,
China). PS foam board was obtained from Nannan Building
Materials Co. (Zhejiang, China) and contained polystyrene purity
over 98%. The number-average molecular weight (Mn) and weight-
average molecular weight (Mw) of the PS were 64400 and
144,400 Da, respectively, as measured by gel permeation
chromatography. The PS film for microbial degradation was
prepared using the previous method (Yang et al., 2015) and fine-
tuned for this study: the foam PS was dissolved in dichloromethane
(0.03 g/ml) and then the solution was spread on a glass plate, after
5 h, the resulting film was removed from the glass plate and
immobilized in a fume hood for 3 days at room temperature.
The film was then rinsed with de-ionized water and dried before
use. The thickness of the prepared film was approximately 0.02 mm.

The composition of the mineral salts medium (MSM, pH �
7.01) was as follows: 4.54 g/L KH2 PO4, 11.94 g/L
Na2HPO4·12H2O, 1.0 g/L NH4Cl, 0.5 g/L MgSO4, 0.005 g/L
CaCl2, 0.002 g/L FeSO4, 0.001 g/L MnSO4 and 0.002 g/L
ZnSO4. The Luria-Bertaini (LB) medium was prepared by
dissolving 10 g NaCl, 10 g tryptone, and 5 g yeast extract in
1 L deionized water. 15 g agar was added to prepare the LB
agar medium. 0.9 g NaCl was dissolved in 100 ml deionized
water to prepare saline. All media buffers and solutions were
subjected to high-pressure steam sterilization (121°C, 103.4 kPa,
20 min). All other chemical reagents used in this study were
analytical reagent grade and obtained from commercial sources.

Screening of Strains for PS Degradation
Ability
Larvae (n � 200) were fed with PS foam for 21 days, and then 10
larvae were collected. After sterilization, the larvae were dissected
and then the intestinal tissue was placed into a 1.5 ml centrifuge
tube containing 1 ml of normal saline, and then shaken on a
vortex mixer for 5 min. A pure intestinal cell suspension was
obtained and used as a bacterial inoculum to enrich PS-degrading
bacteria. A 1 ml aliquot of the suspension was transferred into a
250-ml Erlenmeyer flask with 80 ml MSM and 0.15 g PS film (1 ×
3 mm), which was shaken on a rotary shaker (120 rpm) at room
temperature. After 60 days, the remaining PS film was removed,
and the enrichment culture was dispersed on LB agar plates. After
culturing for 24 h at room temperature, colonies were picked and
then spread on fresh LB agar plates until a pure colony was finally
obtained according to the standard methodology of bacterial
isolation (Yang et al., 2015). After the pure bacterial isolates
were grown in liquid LB medium for 12 h, the cells were collected
by centrifugation (10000 rpm) and then washed with sterile water
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to remove residual medium. This stepwas repeated until there were
no remaining nutrients. Next, the collected cells were resuspended
in sterile water and then diluted 100 times to obtain a cell
suspension (Yang et al., 2015). The cell suspension (0.4 ml) was
distributed evenly on the surface of a MSM plate, which was then
covered with PS film. Two control groups were set up. One was
only inoculated with bacterial culture, while the other was only
covered with PS film. All plates were cultured in triplicate at 30°C
for 30 days. Place an open Petri dish with distilled water in the
incubator to prevent the plates from drying. Changes in the film
and bacterial growthwere regularly observed. The remaining larvae
were refrigerated at 4°C after pupation for subsequent use.

Sequencing and Phylogenetic Analysis
Genomic DNA used for 16S rDNA amplification was extracted
from the cells during the logarithmic growth stage using the
TIANamp Bacteria DNA Kit (Tiangen Biotech Co., Ltd., Beijing,
China). Next, PCR amplification and agarose gel electrophoresis
were performed to verify successful extraction. The gene was
amplified using the universal primers 27-F (5′-AGAGTTTGA
TCCTGGCTCAG-3′) and 1492-R (5′-GGTTACCTTGTTACG
ACTT-3′). Amplicons in the gel were recovered using
TIANquick Midi Purification Kit (Tiangen Biotech Co., Ltd.,
Beijing, China), and then sequenced using a kit from Sangon
Biotech Co., Ltd. (Shanghai, China). The obtained sequences
were aligned with known organisms in the GenBank database
using the Basic Local Alignment Search Tool (BLAST) created
by the National Center for Biotechnology Information (NCBI,
Bethesda, MD, United States). A phylogenetic tree was
constructed with MEGA5.0 software using the neighbor-
joining method. Bootstraps of the supporting tree branches
were constructed with 1,000 replications and the default
settings. A total of 17 16S rRNA sequences were used for the
phylogenetic analyses, and the accession numbers of these
sequences are shown in Figure 1.

Determination of Microbial Physiological
and Biochemical Indicators
The determination of microbial physiological and biochemical
indicators was carried out using the method of bacterial
identification in the “Berger’s Bacterial Identification Manual”
(eighth edition) and Identification Manual of Common Bacteria
System (Buchanna & Gibbons 1984; Dong & Cai 2001).

Performance Analysis of the Surface of the
PS Film
An SEM (SU8010, Hitachi, Tokyo, Japan) was used to inspect the
biofilm that formed on the PS film and the holes in the PS film after
degradation. To observe the presence and growth of microorganisms,
the PS films that covered the agar plates were removed after 30 days,
fixed with 2.5% glutaraldehyde for 3 h and dehydrated with an ethanol
gradient (30, 50, 70, 90 and 100%) for 15min (Wang et al., 2020). To
detect changes in the physical and chemical properties of the PS film,
the films were immersed in a 2% (w/v) SDS aqueous solution for 4 h,
and then washed with de-ionized water to completely remove the
biofilm from the surface. The PS film from the uninoculated control
was also treated in the same way (Sivan et al., 2006). To verify changes
in the elemental composition of the PS film surface during the
degradation process, a module connected to the SEM (EDS
(SU8010, Hitachi, Tokyo, Japan) was used to evaluate the
differences in the composition of the carbon and oxygen elements
before and after degradation.

The WCA (DSA100, KRUSS, Hamburg, Germany) was used
to analyze changes in the hydrophilicity of the PS film surface.
The contact angle was measured under static conditions at room
temperature. The PS film was washed three times with SDS
solution and then de-ionized water, and the contact angle
measurement was estimated five times.

To investigate degradation and determine the variations of
functional groups on the surface of the PS film, XPS (ESCALAB

FIGURE 1 | Neighbor-joining phylogenetic tree of strain FS1903 based on the 16S rRNA gene.
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Xi+, ThermoFisher,Massachusetts, United States) was used tomeasure
the binding energy. The PS film (1 cm × 1 cm) was fixed on a carbon
ribbon and measured within the energy range of 2 + P−300eV, C1s.

Biodegradation Assay
After overnight incubation in 4ml liquid LB medium, bacteria were
collected by centrifugation for 10min at 10,000 rpm, and thenwashed
three times with 4ml of saline. PS film (1 cm × 3 cm, 0.15 g) was
added into a 250-ml Erlenmeyer flask containing 80mlMSM. A 1ml
suspension of the bacterial culture was added into the flask, which was
then incubated on an orbital shaker (150 rpm) at 30°C. This method
was a slight modification of the following reported scheme (Wang
et al., 2020) because the PS powder was replaced with a film; the
reaction system volume was doubled; the temperature and speed were
fine-tuned higher; and the reaction time was 30 days. The PS film
incubated in MSM without bacteria served as a control. The weight
loss assay was replicated three times. After a 30-days incubation, the
PS films were harvested (Mor and Sivan, 2008).

The weight loss of the PS film was calculated using the
following formula:

Percentage of weight loss � 100% ×
(Initial PS weight − Final PS weight)/Initial PS weight

Statistical Analysis
Statistical ANOVAs were performed using SPSS 20.0 (SPSS Inc.,
Chicago, United States) to evaluate the differences in contact
angle changes and weight loss produced by bacteria. Pairwise
comparisons were analyzed with the student’s t-test, as all date
were normally distributed. All error values are reported as the
mean value ±standard deviation.

RESULTS

Feeding Behavior ofG. mellonella Larvae on
PS Foam
G. mellonella larvae were fed with PS for 21 days. By the third day
of feeding, the PS foam block was already full of holes and a small
amount of block was gnawed and attached to the culture container.
By the fifth day, the whole culture container was covered with PS
debris (Figure 2). After consuming the PS foam diet for 21 days,

the larva appeared to be normal and they produced a normal
amount of silk. These results suggested that the PS diet did not
harm the larvae over a short-term feeding period.

Preliminary Screening of Strains With PS
Degradation Ability
After 2 months enrichment culture, when compared with the
control group, a turbid liquid was observed in the
experimental group, indicating that some intestinal
bacteria with the ability to degrade and use PS as a
nutrition source may have been enriched. After cultivation
and purification, a pure colony named as FS1903was finally
obtained. When cultivated on solid LB medium, FS1903 were
round with clear edges and a slightly yellowish color
(Figure 3A). The shape of the bacterial cells examined
with an SEM. The results showed that FS1903 cells are an
elliptical rod shape approximately 1.5 μm long and 0.5 μm in
diameter (Figure 3B). To verify the PS degrading ability of FS
1903, a PS film (50 mm × 50 mm) was supplied as the sole
carbon source on top of an MSM plate that was spread with
the cell suspension. After 30 days cultivation, when compared
with control group (Figure 3C), some small colonies were
observed under the PS film and a linear bacterial lawn
appeared at the edge of the film in the experimental group
(Figure 3D). This provides evidence that FS1903 isolated
from the gut of G. mellonella larvae can degrade PS.

Physiological and Biochemical Test of the
Tested Strain
The result of strain culturing showed that the tested strain is
short rod-shaped bacterium, is motile by a terminal
flagellum; forms smooth, round yellow-white colonies on
LB medium; and optimum growth at 30°C and pH 7.0.
Physiological and biochemical characteristics of the strain
were list at Table 1. According to the physiological and
biochemical characteristics results, the strain is similar to
the microorganisms of the genus Massilia (Shen et al., 2013;
Orthova et al., 2015). In addition, bacteria of this family are
often isolated from the rumen or the large intestine of
humans and animals (Kämpfer et al., 2012), this is also in
line with our research.

FIGURE 2 | Holes formed by G. mellonella larvae after feeding on PS foam for 1, 3 and 5 days.
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Sequencing and Phylogenetic Tree
Construction of FS1903
A phylogenetic tree of FS1903 and other Massilia bacteria was
constructed based on the 16S rRNA gene (Figure 1). According
to the phylogenetic tree, FS1903 and Massilia suwonensis 5414s-
25 were on the same branch and closely related with high
sequence similarity of 79%. Combined with the physiological
and biochemical test, tested strain can be identified as the genus
Massilia, and then the strain was namedMassilia sp. FS 1903. The
16S rRNA gene sequence of this bacterium was deposited in the
GenBank database under accession number MW138062.

Observation of the Biofilm Formed on the
PS Film Surface
The biofilm was scanned with an SEM to more closely examine the
effects of the colonization of the PS film surface by FS 1903. After
30 days of cultivation, the PS film surface was examined before and
after the microorganisms were completely washed off, and the results
showed that the PS film was damaged by the bacteria (Figure 4A,B).
In contrast, the surface of the uncultured control was smooth
(Figure 4C) without any defects. These observations revealed that
the bacteria caused pits and cavities on the film surface. The
maximum width of a typical cavity was approximately 4 μm
(Figure 4D).

Analysis of the Composition of the PS Film
Surface
The carbon and oxygen composition on the PS surface where the
bacteria grew was analyzed by EDS to determine the effects of the
bacteria on the composition of the film. There were no obvious

differences in the number of carbon atoms between the PS in the
control group and the experimental group (Figure 5). However,
more oxygen atoms were detected in the experimental group,
which shows that oxidization occurred.

Oxidation was confirmed by measuring changes in the contact
angle of water droplets on the PS surface, which is indicative of the
surface hydrophobicity of the PS film. The results show that the
contact angle of the experimental group was 66.1 ± 5.1o, while that
of the control group was 96.0 ± 3.8o (Figure 6). Compare to the
control, the contact angle of the experimental group was
significantly decreased (p < 0.01). This decrease in the contact
angle shows that the surface tension of water decreased, because of
the insertion of oxygen on the surface of PS during the oxidation

FIGURE 3 | Colonies of FS1903 on LB agar plates (A); SEM of FS 1903 (B); the control (C); and the colonies and lawn of FS1903 on the PS film on the MSM
plate (D).

TABLE 1 | Physiological and biochemical characteristics of strain FS1903.

Characteristic FS1903

Maltose +
Glucose +
Lactose -
Rhamnose +
Sucrose +
Arabinose +
Starch +
Esculin +
Sorbitol -
Inositol +
L-tyrosine hydrolysis -
V-P (2d) -
V-P (6d) -
Contact enzyme +
Propionate +
gelatin liquefaction +
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process. Oxidation during PS degradation converts hydrophobic
regions to hydrophilic ones, thereby changing the chemical
properties of the PS surface (Gu, 2003). FS1903 colonization
reduced the hydrophobicity of the PS film and at the same time
the film was damaged, the decreased hydrophobicity reduced the
resistance to bacterial cells to subsequent PS degradation.

XPS was used to analyze changes in the surface chemical
composition and functional groups. Figure 7 shows the
comparison (0–900 eV) of the XPS scanning spectra of the PS

film for the inoculated experimental and non-inoculated control
groups. The control group had only surface carbon at peak of
284.8eV, while the PS inoculated with strain FS 1903 except
284.8eV had another obvious peak at 532.3 eV that represented
the amount of surface oxygen (Figure 7A). The XPS spectra of
C1s on the PS film surface inoculated with strain FS1903 versus
the control was compared (Figure 7B), and it showed that
culturing with the FS1903 caused a notable decrease of the
C-C group (284.8eV). Meanwhile, compare to the control

FIGURE 4 | SEMobservations. FS1903 cells on the degraded PS film (A, B), control (C) and cavities and pits on the surface caused by incubation with FS 1903 (D).

FIGURE 5 | Changes in atomic composition of the PS film surface after treatment with FS 1903. Note: “C” represents carbon and “O” represents oxygen.
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group with one peak, the PS inoculated with strain FS 1903 had
another peak at 286.5 eV, which was assigned to the C−O group.
This implies that part of the C−C groups in the PS was oxidized
to alcohol and carboxylic-acid-like compounds (Shang et al.,
2003). In addition, on the PS film surface inoculated with strain
FS 1903, another new peak appeared at 288 eV, which was
assigned to the −C�O group. These observations all
demonstrate a transition from a C−C bond to −C�O and
C−O bonds during the degradation process. Furthermore,
these results indicate that strain FS1903 is capable of
attacking or oxidizing the PS structure to produce more
polar derivatives. This change in binding energy confirms
that oxidation occurs during FS1903-mediated degradation.
The results are in accordance with previous work (Yang
et al., 2015; Kim et al., 2020).

Biodegradation Assay
To confirm the degradation ability of strain FS 1903, we calculated
the weight loss after infestation with the bacteria. After cultivation
with the bacteria for 30 days, the weight loss of PS treated with
strain FS1903 was 12.97 ± 1.05%, which was significantly decreased
compared with the control group (p < 0.01). Furthermore, FS1903
degraded the PS without being supplied with nutritional
supplements, such as yeast extract or gelatin.

DISCUSSION

According to previous literature (Yang et al., 2015; Yang et al.,
2018; Peng et al., 2019), using antibiotics to inhibit gut
microorganisms of certain insects that can feed on plastic
directly leads to the loss of the insects’ ability to degrade
plastic. At the same time, microorganisms that can degrade
plastic polyethylene or PS from insect intestinal microbiomes
were isolated (Yang et al., 2015; Kim et al., 2020; Wang et al.,
2020). Therefore, it is clear that plastic-degrading bacteria do exist
in the gut of some insects. Since the G. mellonella larvae have the
ability to eat polystyrene and still grow normally, we preliminarily
speculated that there may be microorganisms that can digest PS
in the gut of these larvae. Our results confirmed this hypothesis
and screened a strain of PS degrading bacteria.

The most notable and fundamental characteristic of bacteria-
mediated plastic degradation processes is the formation of a
biofilm on the plastic surface (Kim et al., 2020). Biofilms form
on a substrate surface and can further penetrate into the materials
to erode and deteriorate them (Chauhan et al., 2018; Liu et al.,
2020). Adherence of bacterial cells to the polymer surface is the
first and most basic step of subsequent biodegradation (Esmaeili
et al., 2013). In this study, the bacterial strain FS 1903 can form a
biofilm on PS film. After the biofilm is formed, PS is oxidized.

FIGURE 6 | WCA of PS film without or with inoculation by strain FS1903.

FIGURE 7 | XPS scanning (A) and C1s spectra (B) of the control and the residual PS films inoculated with FS1903.
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Oxidation, transform the PS surface from hydrophobic to
hydrophilic, is a key step in PS biodegradation (Tribedi and
Sil, 2014). The oxidation in the experimental group is
attributed to the functional groups (such as hydroxyl or
carbonyl groups) formed via β-oxidation (Bode et al., 2000).
This phenomenon caused by an enzyme or a variety of enzymes
secreted by bacterial cells attaching to PS film that promotes the
degradation and oxidation of PS (Mohanan et al., 2020).
According to the analysis results of the composition, contact
angle, and functional groups of the PS film surface, oxidation was
produced in the PS films treated by FS 1903. These results
confirmed that FS1903 can destroy the physical integrity of a
PS film and degrade it.

Although the physics and chemistry changes in the PS
inoculated with the bacteria demonstrate the degradation by
FS 1903, the most direct evidence of PS biodegradation is its
weight loss (Yang et al., 2015; Kim et al., 2020; Wang et al., 2020).
Rhodococcus C208 and Exiguobacterium sp. YT2 have been
previously shown to reduce the PS weight by 0.8% in 56 days
and 7.4% in 60 days, respectively (Mor and Sivan, 2008; Yang
et al., 2017). Acinetobacter sp. AnTc-1 can degrade PS powder,
with a weight loss of 12.14 ± 1.4% after 60 days of cultivation
(Wang et al., 2020). Compared to these other bacterial strains,
FS1903 produced a higher weight loss in less time and
demonstrated a comparable potential in degrading PS.
However, the weight loss is very low compared to the direct
consumption of PS by insect larvae. Previous researches have
reported that plastic-degrading microorganisms demonstrate
expedited degradation within the insect gut environment
(Przemieniecki et al., 2020; Brandon et al., 2021). This
phenomenon implies that the insect host may play a role
in the plastic biodegradation process. G. mellonella larvae have
been shown that they retain the capacity to metabolize
polyethylene when their gut microbiome activity is suppressed
(Kong et al., 2019). In addition, Brandon et al. (2021) and
Tsochatzis et al. (2021) provide evidence that insect larvae
secrete emulsifying factors or enzymes that mediate plastic
biodegradation. These studies indicate that using insect
larvae to degrade plastic is a complex system in which the
larvae host and its gut microbiome collaborate to work. This
may be the reason for the low weight loss of PS degradation by
FS1903 only. Therefore, further identification key functional
enzymes from larvae host and gut microbiome related to the
depolymerization and biodegradation of PS is needed.

CONCLUSION

This is the first study to identify a PS-degrading strain of bacteria
isolated from the gut of G. mellonella larvae. The degradation
ability of this strain FS1903 was comparable or better than any
other bacterial strain previously identified. Optimization of
conditions to simulate the intestinal environment and improve
the degradation efficiency of these bacteria in vitro is currently
being investigated in our laboratory. In addition, further work is
needed to determine if the larvae have the ability to degrade other
common plastics (such as polyethylene, polypropylene, polyvinyl
chloride and polyethylene terephthalate), and to identify the
mechanisms and pathways involved in this biodegradation.
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Assessing the Biodegradation of
Vulcanised Rubber Particles by Fungi
Using Genetic, Molecular and Surface
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Millions of tonnes of tyre waste are discarded annually and are considered one of the most
difficult solid wastes to recycle. A sustainable alternative for the treatment of vulcanised
rubber is the use of microorganisms that can biotransform polymers and aromatic
compounds and then assimilate and mineralise some of the degradation products.
However, vulcanised rubber materials present great resistance to biodegradation due
to the presence of highly hydrophobic cross-linked structures that are provided by the
additives they contain and the vulcanisation process itself. In this work, the biodegradation
capabilities of 10 fungal strains cultivated in PDA and EM solid mediumwere studied over a
period of 4 weeks. The growth of the strains, the mass loss of the vulcanised rubber
particles and the surface structure were analysed after the incubation period. With the
white rot fungi Trametes versicolor and Pleurotus ostreatus, biodegradation percentages
of 7.5 and 6.1%, respectively, were achieved. The FTIR and SEM-EDS analyses confirmed
amodification of the abundance of functional groups and elements arranged on the rubber
surface, such as C, O, S, Si, and Zn, due to the biological treatment employed. The
availability of genomic sequences of P. ostreatus and T. versicolor in public repositories
allowed the analysis of the genetic content, genomic characteristics and specific
components of both fungal species, determining some similarities between both
species and their relationship with rubber biodegradation. Both fungi presented a
higher number of sequences for laccases and manganese peroxidases, two
extracellular enzymes responsible for many of the oxidative reactions reported in the
literature. This was confirmed by measuring the laccase and peroxidase activity in cultures
of T. versicolor and P. ostreatuswith rubber particles, reaching between 2.8 and 3.3-times
higher enzyme activity than in the absence of rubber. The integrative analysis of the results,
supported by genetic and bioinformatics tools, allowed a deeper analysis of the
biodegradation processes of vulcanised rubber. It is expected that this type of analysis
can be used to find more efficient biotechnological solutions in the future.

Keywords: laccase, peroxidase, Pleurotus ostreatus, rubber biodegradation, rubber recycling, Trametes versicolor,
vulcanized rubber

Edited by:
Aamer Ali Shah,

Quaid-i-Azam University, Pakistan

Reviewed by:
Ziaullah Shah,

CECOS University, Pakistan
Fariha Hasan,

Quaid-i-Azam University, Pakistan

*Correspondence:
R. Andler

randler@ucm.cl

Specialty section:
This article was submitted to

Bioprocess Engineering,
a section of the journal

Frontiers in Bioengineering and
Biotechnology

Received: 19 August 2021
Accepted: 06 October 2021
Published: 18 October 2021

Citation:
Andler R, D’Afonseca V, Pino J,

Valdés C and Salazar-ViedmaM (2021)
Assessing the Biodegradation of

Vulcanised Rubber Particles by Fungi
Using Genetic, Molecular and

Surface Analysis.
Front. Bioeng. Biotechnol. 9:761510.

doi: 10.3389/fbioe.2021.761510

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org October 2021 | Volume 9 | Article 7615101

ORIGINAL RESEARCH
published: 18 October 2021

doi: 10.3389/fbioe.2021.761510

16

http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2021.761510&domain=pdf&date_stamp=2021-10-18
https://www.frontiersin.org/articles/10.3389/fbioe.2021.761510/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.761510/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.761510/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.761510/full
http://creativecommons.org/licenses/by/4.0/
mailto:randler@ucm.cl
https://doi.org/10.3389/fbioe.2021.761510
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2021.761510


INTRODUCTION

The automotive industry has generated an enormous amount of
tyre waste, where landfill is not a viable or sustainable alternative
(Bowles et al., 2020). In nature, we can find biological degradation
mechanisms carried out by microorganisms with the capacity to
use a wide range of compounds such as natural polymers.
However, tyre waste has a highly complex structure,
preventing effective natural biodegradation processes. Since
only 20–25% w/w of a tyre corresponds to natural rubber and
the remaining percentage to a mixture of synthetic rubber, carbon
black, antioxidants, accelerators, retardants, elemental sulphur,
among other compounds (Stevenson et al., 2008), cell
colonisation and, consequently, biodegradation is inhibited. In
addition to the highly resistant chemicals as part of the tyre, the
high degree of crosslinking and the low or no reactivity of the
functional groups in the tyre structure make the mixing of this
residue with other materials a major challenge (Andler, 2020;
Simon-Stőger and Varga, 2021).

Several tyre-recycling processes have been described, andmost
of them are focused on the modification of the chemical structure
and, thus, achieving devulcanisation. These include chemical
processes using different peroxides (Rooj et al., 2011; Sabzekar
et al., 2015; Hejna et al., 2019), physical processes such as
grinding, ultrasound, microwaves or thermo-mechanical
processes (Feng and Isayev, 2006; Wang et al., 2013; Formela
and Cysewska, 2014; Garcia et al., 2015; Asaro et al., 2018;
Formela et al., 2019; Li et al., 2020) and biological processes
using microorganisms, mainly bacteria (Tatangelo et al., 2016;
Ghavipanjeh et al., 2018; Aboelkheir et al., 2019; Kaewpetch et al.,
2019).

The biodegradation of unvulcanised rubber, such as natural
rubber, latex or poly (cis-1, 4-isoprene), has previously been
studied in detail. Those studies pointed out that the main
microorganisms responsible for performing polymer cleavage
into oligomers are actinomycetes belonging to the genera
Gordonia, Streptomyces, Nocardia, Actinoplanes, among others
(Jendrossek et al., 1997). The metabolic pathways involved during
the oxidation of oligo (cis-1,4-isoprene) molecules by β-oxidation
(Hiessl et al., 2012) and cell cultures, using the polymer as sole
carbon source, have also been described (Andler et al., 2018b).
Furthermore, the enzymes responsible for the first oxidative
attack, the so-called “rubber oxygenases,” have been studied
biochemically (Jendrossek and Birke, 2019) and have been
used for in vitro applications (Andler et al., 2018a, 2020).
However, biodegradation studies using vulcanised rubber are
scarce, and much remains to be understood.

Fungi are characterised by their biochemical and ecological
capacity to degrade contaminants of different nature and varied
chemical structures (Harms et al., 2011). They present a series of
unique characteristics for the biodegradation of pollutants or
toxic substances, including their ability to extend through
substrates because of their filamentous structure, powerful
enzyme production system and the capacity to produce
natural surfactants that favour the degradative process
(Sánchez, 2020). The biodegradation of synthetic polymers
using fungi has been extensively studied using polyethylene

terephthalate (PET), polyethylene (PE), polypropylene (PP),
polyvinyl chloride (PVC) and polystyrene (PS) plastics. While
commercial plastics also contain additives that impart the
physicochemical properties of interest to the final product and
prolong the life of plastic products (Hahladakis et al., 2018), the
amount of these additives relative to the polymer is considerably
lower when compared to the amount of additives present in tyres
(Altenhoff et al., 2019).

Given the similarity between lignocellulosic biomass and the
additives present in tyres, with many of them being aromatic
compounds, white-rot fungi are excellent candidates for
detoxifying tyre waste. In a previous study, the degradative
capacity of 15 fungi was analysed using the additive Poly R-
478 as a model aromatic compound. The authors found that the
fungi Pleurotus sajor-caju, Trametes versicolor and Resinicium
bicolor had a higher incidence of decolorising the additive and
maintained their extracellular enzymatic activity after cultivation
(Bredberg et al., 2002).

Despite the important degradative capacity of fungi, given
their high metabolic rate and tremendous capacity for the
degradation and mineralisation of various environmental
pollutants, there is little information regarding their potential
use as catalysts for rubber wastes. In this study, we analysed the
effects generated on the surface of vulcanised rubber particles
after incubation with different fungal species and their linkage
with the possible enzymes responsible for these modifications,
using molecular and bioinformatics tools.

MATERIALS AND METHODS

Rubber Particles
Rubber particles (RP) were purchased from Trelleborg AB,
Germany. For all experiments performed, a particle size
between 1 and 2 mm was used. To avoid contamination,
rubber particles were washed with 70% ethanol, dried at 80°C
for 24 h and sterilised at 121°C for 20 min in separate aluminium
envelopes.

Growth Experiments
Ten different fungal species, namely Coriolus multicolor,
Gonnoderma aplanatum, Lentinula edodes, Lenzites trabea,
Lenzites betulinus, Pleurotus ostreatus, Pleurotus eryngii, Postia
placenta, Stereum hirsutum and Trametes versicolor, were studied.
The strains were incubated at 28°C using plates with potato
dextrose agar (PDA) and malt extract agar (MEA). After
obtaining a fully grown plate, 0.5 g of rubber particles was
added to each plate under sterile conditions and incubated for
4 weeks. Each experiment was performed in triplicate.

Recovery of Rubber Particles
After the incubation period, the rubber particles were carefully
collected from the agar plate under sterile conditions and washed
with 70% ethanol and 10% sodium hypochlorite until total
removal of the fungi. Subsequently, the solvent was removed,
and the rubber particles were dried at 50°C for 72 h. Control
samples were treated under the same conditions to prevent the
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potential oxidative effect of sodium hypochlorite from affecting
subsequent analyses.

Mass Reduction Measurement
The mass of the rubber particles was analysed before and after the
incubation period with the fungi. The loss of mass was calculated
as follows:

%weight reduction � (mi −mf )
mf

· 100, (1)

where mi is the initial mass of the rubber particles and mf is the
final mass of the rubber particles.

FTIR Analysis
10 mg of dried rubber particles were analysed by attenuated total
reflectance (ATR-FTIR). The infrared spectra were obtained
using an FTIR spectrometer (Agilent, Cary 630) with the ATR
technique. Absorbance was measured in the wavelength range of
400–40,00 cm−1, with a resolution of 4 cm−1. For each sample, 64
scans were performed, and the background was subtracted using
the Agilent MicroLab PC software.

Scanning Electron Microscopy
An electron microscope TESCAN VEGA 3 with probe EDS
BRUKER QUANTAX was used. The method was based on
the ASTM E1508 standard “Standard Guide for Quantitative
Analysis by Energy-Dispersive Spectroscopy”. Samples were
covered by a cathodic spray system with Palladium Gold in
the Hummer 6.2 equipment.

Enzyme Activity Assay
Liquid cultures of T. versicolor and P. ostreatus were performed by
cutting three 1 × 1 cm2 plugs from fully grown PDA plates and
poured into 250-ml shake flasks with 50ml of potato dextrose
broth (PDB). Sterile rubber particles were incorporated to the flasks
while the corresponding controls did not contain rubber particles.
Cultivations were performed at 30 °C, 100 rpm for 5 days.
Supernatants were obtained by centrifugation at 10,000 × g for
20 min at 4°C and used for enzyme activity measurements.

Laccase and peroxidase activities were quantified
spectrophotometrically (Agilent, Cary 100 Bio) at 415 nm by
detecting the oxidation of 2,20-azino-bis(3-ethylbenzothiazoline-
6-sulfonate) (ABTS). For laccase activity, 100 μL of sample were
mixed with a solution containing 900 μL of 10 mM ABTS and
0.2 M sodium acetate pH 5.0. For peroxidase activity, 100 μL of
sample were mixed with a solution containing 800 μL of 10 mM
ABTS and 100 M sodium acetate pH 5.0 and 100 μL of
20 mM H2O2.

Genomic Data Collection of Fungal Species
Two Basidiomycetes species were selected in this study as sample
sets of the biodegradation of vulcanised rubber. Publicly available
genomic assemblies were downloaded from the Joint Genome
Institute’s fungal genome portal MycoCosm (Grigoriev et al.,
2014), JGI Genome Portal - unified access to all JGI genomic
datasets (Mukherjee et al., 2021) and NCBI Genome Assembly
(Schoch et al., 2020).

Bioinformatic Analysis
Two specific enzymes (laccase EC 1.10.3.2 and manganese
peroxidase EC 1.11.1.13) were searched in sequences deposited
in a public database for the 10 fungal species analysed in this
study. The database used consisted of identical protein groups of
the National Center for Biotechnology Information (www.ncbi.
nlm.nih.gov).

For analysis of the similarity at the amino acid level among the
sequences of laccases and manganese peroxidase, we used the
MEGA-X (Kumar et al., 2018) roand T-COFFEE (https://coffee.
crg.cat/apps/tcoffee/) (Notredame et al., 2000) software packages
with the default parameters. To generate the protein alignment
figures, the ESPript 3.0 software (https://espript.ibcp.fr/) (Robert
and Gouet, 2014) was used, highlighting the regions with higher
similarity among the sequences: black represents 100% similarity,
grey represents 90 to 80% and white similarity below 70%. Each
analysis used sequences of laccases and manganese peroxidase
separately from Pleurotus ostreatus and Trametes versicolor.

To evaluate the presence of a conserved domain among the
sequences of laccases and manganese peroxidase from P.
ostreatus and T. versicolor, we used the Conserved Domain
Database (CDD) from the NCBI (https://www.ncbi.nlm.nih.
gov/Structure/cdd/cdd.shtml) and PFAM (http://pfam.xfam.
org/) programmes (Lu et al., 2020).

RESULTS AND DISCUSSION

Fungal Growth in the Presence of
Vulcanised Rubber Particles
The fungal strains were evaluated in terms of radial growth when
incubated in PDA and EM media in Petri dishes, and no
significant differences were found between the culture media
used (data not shown). Figure 1A shows some of the fungi
incubated with the vulcanised rubber particles already
incorporated. There was a different fungus-rubber interaction
depending on the fungal strain used. Three different behaviours
stand out, namely total coating, partial coating and zero coating.
Of the 10 strains analysed, only P. ostreatus and T. versicolor
achieved a total coating of the vulcanised rubber particles,
whereas the strains C. multicolor, L. edodes, L. betulinus and
P. eryngii showed partial coating. The time required to reach a
fully-grown plate was different for each fungus, which was
qualitatively analysed by the relative growth rate (Figure 1B).
Based on this, P. ostreatus obtained complete growth in the
shortest time (between 24 and 30 h), followed by P. eryngii
and T. versicolor (from 36 to 42 h). In general, the
observations of the level of coating were related to the
percentage mass loss of the vulcanised rubber particles at the
end of the incubation periods, while the relative growth rate was
not always a precise indicator. The highest mass loss was 7.5 ±
0.3%, obtained after cultivation with T. versicolor, followed by
6.1 ± 0.4% obtained with P. ostreatus. Based on these results,
vulcanised rubber particles treated with T. versicolor and P.
ostreatus strains were selected for surface analysis.

Bredberg et al. (2002) studied the detoxification of vulcanised
rubber by different wood-rotting fungi, using the aromatic
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polymeric dye polyvinylamine sulfonate anthrapyridone (Poly-
R478) as a model compound. The authors showed that only three
strains were able to biodegrade Poly-R478, namely Pleurotus
sajor-caju, T. versicolor and Recinicium bicolor. Subsequently,
they used the treated rubber in cultures with Acidithiobacillus
ferrooxidans and reached higher growth rates compared to rubber
without fungal treatment. It was assumed that the extracellular
enzymes from the selected fungi degraded aromatic structures
and that the rubber obtained had a reduced toxicity. As in our
study, only the cultures with white rot fungi obtained positive
results.

Surface Analysis of Rubber Particles After
Fungal Incubation
Changes in the rubber surface were analysed by FTIR (Figure 2).
The functional groups observed may indicate the presence of
compounds such as black carbon, aromatic oils, antioxidants,
accelerators, among others (Altenhoff et al., 2019). Doublet was
observed between 2,926 and 2,853 cm−1 (stretching of CH2),
which was drastically reduced after the treatment, with the
greatest reduction in T. versicolor with EM medium and P.
ostreatus with EM medium (Gorassini et al., 2016). A loss of a
signal was also observed at approximately 1,715 cm−1 in the
treatment with T. versicolor on EM and PDA media and for P.
ostreatus on EM and PDA media, corresponding to carbonyl
groups (C�O), which are typical of the rubber chain (Gorassini
et al., 2016). A band at approximately 1,550 cm−1, associated with
carboxylate or conjugated ketone, was totally lost after cultivation
of both fungal species (Stelescu et al., 2017). After incubation with
T. versicolor, a small band close to 1,455 cm−1, assigned to C-H
bending of CH2, was maintained in PDA, but it decreased using
EM. However, for P. ostreatus, the band decreased for the assay
with PDA and increased significantly in the treatment with EM.
Most likely, the sporulation of the fungus was influenced when
PDAmedium was used, and therefore, the enzymatic metabolism

involved in the decrease of the band was influenced by the
sporulation process stimulated by PDA (Su et al., 2012). We
detected a variation in the polymer structure after treatments
corresponding to alkene groups (–C�CH) at a wavelength of
874 cm−1. This band was not present in the control, but it
appeared after incubation with T. versicolor and P. ostreatus
on both media (Colom et al., 2016). One reason for this may
be the exposure of groups related to isoprene and butadiene
present in rubber, which, before treatment, were hidden in more
interior areas of the material.

These results show that the treatment using T. versicolor with
EM allowed a greater transformation of the surface of the rubber
material, suggesting that the EMmedium favours the degradation
in a better way than PDA for T. versicolor. For P. ostreatus, the
PDA medium allowed, in general, a greater decrease in bands
versus the control. The EM medium could stimulate the
generation of secondary metabolites, allowing a more efficient
degradation of rubber compared to the type of metabolites
stimulated by the PDA medium.

We used SEM analysis to demonstrate the changes in the
rubber surface against mechanical, chemical or biological
treatments (Li et al., 2012; Aboelkheir et al., 2019). In this
study, SEM analysis revealed morphological changes of the
analysed rubber surface after biological treatments (P.
ostreatus and T. versicolor using PDA medium) in comparison
with the control at 500x (Figure 3). In both treatments, particle
size was approximately 500 to 1,200 µm and was therefore not
influenced by the treatments, in contrast to a previous study (Li
et al., 2012). The size reported in this work is compatible with
treatments with lower-performance grinding. When comparing
the control versus the biological treatments, an increase in the
roughness of the material was observed, which was similar for T.
versicolor and P. ostreatus. After the treatment, the surface
showed cracks, facilitating the breaking of the rubber particles
by subsequent treatments, such as mechanical ones, since they
can spread rapidly, generating fractures (Kroon, 2011). This

FIGURE 1 | (A)Growth of fungal species in the presence of vulcanised rubber particles. (B)Relative growth rate and rubber mass reduction of the 10 fungal species
after incubation.
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result is also related to the elemental analysis of C, O, S, Si, and Zn
on the rubber surface (Table 2), where the carbon content
decreased in the rubber particles subjected to the treatments.
The opposite was observed for O and S; it should be noted that the
PDAmedium lacks sulphates, and therefore, the increase in S and
O is not a result of the culture medium.We therefore recommend
that the rubber particles were washed with ethanol and a solution
of chlorine before superficial analysis (see Methodology), and
therefore, the increases in Si and Zn after the biological treatment
are not due to contamination, as both elements are commonly
present in tyres (Adathodi et al., 2018; Altenhoff et al., 2019). Zinc
is used in the non-accelerated vulcanisation of rubber, whereas
silicium is used as a filler (Rattanasom et al., 2007). With P.
ostreatus, a higher percentage of Si was detected compared to T.
versicolor, whereas for Zn, the percentage was higher with the use
of T. versicolor. The changes at the surface can be attributed to
oxidation-reduction reactions by the enzymes secreted by the
microorganisms, exposing a different proportion of the elements

initially arranged on the surface. It is suggested that the observed
changes were due to enzymatic processes related to the
assimilation of microorganisms towards the components
present on the surface of the treated material, which is
corroborated by the loss of rubber mass after treatment.

Laccase and Peroxidase Activity
Laccase and peroxidase activities were detected in all the
conducted experiments (Figure 4). In cultures of T. versicolor,
the presence of rubber particles revealed a 2.8-fold increase of
laccase activity and 3.3-fold increase of peroxidase activity
compared to the cultures without rubber particles. Likewise in
cultures of P. ostreatus, laccase and peroxidase activities increased
by double when rubber particles were in the cultivation medium.
A maximum laccase activity of 0.128 U ml−1 was calculated for T.
versicolor cultures, a 18% more than for P. ostreatus cultures. An
enhanced laccase and peroxidase activity can be achieved by the
addition of different mediators into the cultivation medium such

FIGURE 2 | FTIR spectrum of vulcanised rubber particles after incubation with Trametes versicolor and Pleurotus ostreatus using PDA and EM medium.
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as xylidine, ferulic acid, veratrylalcohol, pyrogallol and copper
(Vranska et el. 2016), enzymes like feruloyl esterase, aryl-alcohol
oxidase, quinone reductases, lipases, catechol 2, 3-dioxygenase
(Kumar and Chandra 2020) or by culture media optimization
(Wang et al., 2014; Hahn Schneider 2018). The increase of the
laccase and peroxidase activity in the cultures of T. versicolor and
P. ostreatus predicts the affinity of these ligninolytic enzymes for
aromatic substrates present in the rubber composition.

The presence of laccase and peroxidase enzymes has been
described during the degradation process of natural rubber by the
bacteria Bacillus subtilis (Nayanashree and Thippeswamy, 2015).
Nevertheless, the enzymatic mechanism is still unknown and
rubber oxygenases (Lcp, RoxA, RoxB) have been well
characterized for the cleavage of natural rubber (Andler et al.,
2018a; Jendrossek and Birke, 2020). The complexity of working
with multi-components substrates as rubber is to reveal which of
those parts are directly related to the activity of the extracellular
enzymes. The current work has shown that the presence of rubber
act as an inducer of laccase and peroxidase activities, and provides
a more concrete result in the role of these groups of enzymes for
vulcanized rubber biodegradation. However, it would be

FIGURE 3 | SEM-EDS analysis of vulcanised rubber particles.

FIGURE 4 | Laccase and peroxidase activity in cultures of Trametes
versicolor and Pleurotus ostreatus in the presence and the absence of
vulcanized rubber particles. L, laccasse, P, peroxidase. Measurements were
carried out in triplicates.
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necessary to study the effect of laccases and peroxidases with each
of the different components of vulcanized rubber to gain a deeper
understanding of the reaction mechanisms.

Genomic Insights Into the Pathways for
Rubber Degradation
Obtaining genome data is the initial step in understanding the
biology of P. ostreatus and T. versicolor. Fungi present a wide
variety of functional proteins that play different roles in the
acquisition of nutrients and protection against nearby
organisms or unfavourable environmental conditions (Kim
et al., 2016).

The genomes of P. ostreatus and T. versicolor have been
sequenced, and an analysis of the published fungal genomes,
sourced from the public database (Grigoriev et al., 2014; Schoch
et al., 2020; Mukherjee et al., 2021), revealed that the P. ostreatus
haploid genome contains 11 chromosomes, with a length of
34.3 Mbp and a G + C content of ∼51%. For T. versicolor,
there is no information in the public database about the
number of chromosomes; however, the total genomic size is
44.8 Mb, with a G + C content of ∼58% (Table 1). Although
there is a large variation in the genome size in fungi, the average
genome size of fungal species taken during this study was
40.0 Mb. Fungal species harbour small genomes with highly
specific genic regions and reduced non-coding regions
(Galagan et al., 2003; Martinez et al., 2004). Fungi belonging
to the phylum Basidiomycota have an average genome size of
46 Mb (Mohanta and Bae, 2015). In line with this, the sequenced
genomes of Pleurotus taxa were assembled to less than 50 M bp
but exhibited large numbers of annotated protein-coding genes
and few constituent TEs (Table 1). However, as mentioned
before, there were genome size variations among the two
species, which could have arisen from unequal TE variations.
The number of transposable elements (TEs), including
retrotransposons and DNA transposons, accounted for
approximately 253 of the P. ostreatus genome and 233 of the
T. versicolor genome. For P. ostreatus, it was possible to determine
notable genomic differences in the regions corresponding to TEs,
where 80 identified TE families represented 2.5–6.2% of the
genome sizes (Téllez-Téllez and Díaz-Godínez, 2019).
Transposable elements are undoubtedly an important source

of genetic variation in fungi, as previously found for other
fungal species (Labbé et al., 2012).

Considering the coding gene sequences in fungi, on average,
the Basidiomycota group encodes for 15,431.51 genes in their
genomes. The average numbers of annotated genes are 12,330 for
P. ostreatus per genome and 14,572 for the T. versicolor genome
(Table 1). For the noncoding gene, we found scaffolds of the
genome assembly, with 315 and 234 genes, respectively. There
were three and two pseudogenes predicted, corresponding to
0.24% of the genome assembly of P. ostreatus and 0.014% of the
genome assembly of T. versicolor.

Comparative analysis of fungal genomes showed that fungi are
highly divergent. The P. ostreatus genome sequence assembly was
distributed across of 12 and 572 scaffolds. Of these, 56 were
smaller than 1 kb (Alfaro et al., 2016; Castanera et al., 2016). The
genome of T. versicolor comprised only 283 scaffolds. The average
protein coding genes in P. ostreatus were 12,330, with 14,302 for
T. versicolor. These coding genes have homologues with known
proteins deposited in the NCBI nr, Pfam, SwissProt and TrEMBL
databases.

Both fungal species can partially degrade vulcanised rubber,
and genome data revealed that both of fungi encode for a large
set of enzymes involved in the degradation of rubber materials.
The protein coding genes with enzymes for P. ostreatus
included 1,677 genes (Table 1). For T. versicolor, such data
were not available in the public repositories. However, based
on a previous study, T. versicolor has an expansion of the AA2
gene family (26 genes), a feature that is also found in the
central polyporoid clade (Miyauchi et al., 2018). The putative
peroxidase genes (PoPOD) were obtained from the Joint
Genome Institute (JGI) (Mukherjee et al., 2021). The gene
density and the mean size of the protein-coding genes in both
species of fungi used in this study secrete different enzymes,
among which are laccases, manganese peroxidases, versatile
peroxidases, glycosylhydrolases, peptidases and fungal
esterases/lipases (Ruiz-Dueñas et al., 2011). These enzymes
can degrade complex compounds such as lignin as well as
certain industrial pollutants contaminating vulcanised rubber.
Despite the advances in comparative genomics, the genera
Pleurotus and Trametes are under-exploited, and a variety of
potential biotechnological applications in different industries
can be elucidated based on their genomes.

TABLE 1 | General features of the genome of P. ostreatus and T. versicolor.

Feature Pleurotus ostreatus Trametes versicolor

Chromosomes 11 N/A
Genome size (Mbp) 34,3 44,79
GC content, % 50.85 57.7
DNA scaffolds 12 and 572 283
Total No. TE 253 233
Genes total number 12,330 14,572
Protein coding genes 12,330 14,302
Protein coding genes with function prediction 706 N/A
Protein coding genes with enzymes 1,677 N/A
Non coding genes 315 234
Pseudo genes 3 2
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Bioinformatic Analysis for Rubber
Bioremediation
Laccase and Manganese Peroxidase in the Fungi
Genomes
The genomic data of several species evaluated in this work revealed
information concerning the presence of laccases and manganese
peroxidase enzymes. For the species L. edodes, L. betulinus, P.
eryngii, P. ostreatus, P. placenta, S. hirsutum and T. versicolor,
database searches revealed the presence of several sequences of
laccase already sequenced; the species L. edodes, P. ostreatus, T.
versicolor and P. eryngii showed the highest number of laccase
sequences (Table 2). In addition, the species G. applanatum, L.
edodes, P. eryngii, P. ostreatus, S. hirsutum and T. versicolor also
presented several sequences of manganese peroxidase already
characterised. Species such as L. edodes, P. ostreatus and T.
versicolor presented the highest number of characterised enzymes
of manganese peroxidase in the evaluated database (Table 2). In our
experiments, these species showed a high ability to degrade rubber.
The high number of deposited sequences of laccase and manganese
peroxidase for these species could reinforce their role as
microorganisms that can degrade rubber and other polymers
naturally, using laccase and manganese peroxidase enzymes
(Nayanashree and Thippeswamy, 2015). However, the species C.
multicolor and L. trabea presented no sequences of both
mentioned enzymes. Also, G. applanatum had no deposited
sequence of laccase; L. betulinus and P. placenta had no sequences
of manganese peroxidase in the database used in this study.

Conservation Among Laccases and Manganese
Peroxidase Enzymes From P. ostreatus and T. versicolor
Laccase presented threemulticopper oxidase-conserved domains in its
structure, namely Cu-oxidase, Cu-oxidase 2 and Cu-oxidase 3. For all
sequences, these domains were located in the same region. For Cu-
oxidase 3 domain, its location in the sequences started around the 31
amino acid position; it had a size of around 119 amino acids. The Cu-
oxidase domain started from the 160 to 169 amino acid position and
presented about 159 amino acids. The Cu-oxidase 2 domain started in
the 366 to 388 amino acid position and generally had a size of 137
amino acids. These domains can use copper ions as cofactors to oxidise
a broad range of substrates (Nayanashree and Thippeswamy, 2015;
Arregui et al., 2019).

Manganese peroxidase has two conserved domains: a
peroxidase domain with 229 amino acids and another domain,
the so-called “peroxidase extension region,” with a size of 79
amino acids. The peroxidase domain in the sequences starts from
49 to 53 amino acid position and the peroxidase extension region
from 279 to 286 amino acid position. These enzymatic domains
are involved in oxidative reactions that use hydrogen peroxide as
the electron acceptor (Nayanashree and Thippeswamy, 2015;
Wang et al., 2016; Arregui et al., 2019).

For alignment at the amino acid level of laccase sequences from P.
ostreatus, 18 sequences were used, and fromT. versicolor, 23 sequences
were used. All partial sequences were removed from the alignment
analysis. Laccases fromP. ostreatus showed a size of around 530 amino
acids and a different pattern of the amino acid content; they were
divided into four group of laccases. For T. versicolor, the laccases
showed an average size of 520 amino acids and showed the same
behaviour as those from P. ostreatus regarding the amino acid content;
they were divided into three groups. In the evaluated database, the
information about the specific name of each laccase in both species
was inconsistent, making it difficult to predict the correct name per
group. However, based on the amino acid alignment and the
similarity, the laccase groups were determined.

In P. ostreatus, the groups of alignment represented for A and B
presented high similarity among their amino acid contents of the
studied sequences; however, for the groups C and D, the sequences
were almost identical (see Supplementary Figure S1 online). In T.
versicolor, group A also presented a high similarity among the
amino acid contents of the sequences, and groups B and C were
almost identical (see Supplementary Figure S2 online).

Regarding manganese peroxidase, we also evaluated its amino
acid conservation among all sequences deposited in the NCBI
database. Both species presented manganese peroxidase with a
size of around 360 amino acids. For P. ostreatus, we evaluated 11
sequences and for T. versicolor 10 sequences. Similar to the laccase
analysis, all partial sequences were removed from the alignment
analysis. The species P. ostreatus presented four groups based on the
amino acid contents of the sequences (see Supplementary Figure S3
online). The groups A, B andCwere almost identical, and groupD of
manganese peroxidase presented high similarity regarding the amino
acid content. The species T. versicolor had two groups of manganese
peroxidases enzymes (see Supplementary Figure S4 online),
presenting high similarity among the sequences for the group
representing A, while for the group B, the sequences are almost
identical. When generating an alignment using all sequences
together, one analysis for laccase and another analysis for
manganese peroxidase, the level of amino acid similarity
decreased (data not shown). Only separated regions of conserved
domains were maintained. These results indicate the presence of
different isoforms of laccases and manganese peroxidase in the
genomes of these two studied fungi or the lack of genomic
information in the accessed database (Yuan et al., 2016).

CONCLUSION

Sustainable solutions for the management of toxic solid wastes,
such as vulcanised rubber, are of great importance, and the use of

TABLE 2 | Number of laccases and manganese peroxidase in the genomes of
fungi species studied.

Fungi species Laccase Manganese peroxidase

Coriolus multicolor NA NA
Ganoderma applanatum NA 3
Lentinula edodes 48 9
Lenzites trabea NA NA
Lenzites betulinus 7 NA
Pleurotus eryngii 30 1
Pleurotus ostreatus 44 17
Postia placenta 4 NA
Stereum hirsutum 13 2
Trametes versicolor 37 14
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microorganisms has great potential. However, the hydrophobic
nature and the large amounts of additives present in the material
prevent high biodegradation rates. In this study, we analysed the
degradation potential of different fungal strains, finding two
white rot fungi that stood out, namely T. versicolor and P.
ostreatus. The effects of biological treatments in terms of
surface modifications and the presence of laccase and
peroxidase activity were linked to genomic and bioinformatic
analyses. We found a strong relationship between the percentage
of biodegradation of rubber particles and the availability of
laccase and manganese peroxidase enzymes in these species,
two of the main enzymes used in the bioremediation of
xenobiotics. The results obtained are promising, highlighting
white rot fungi as potent biodegrading agents. Among the
most interesting considerations is the non-specificity of the
enzymatic attack provided by these fungi, which is necessary
in highly recalcitrant materials such as tyre waste. Given the
complexity of the biodegradation of vulcanised rubber, integrated
and comprehensive studies are required to achieve a deeper
understanding and to postulate new biotechnological processes
for more effective biodegradation or biotransformation.
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Current Knowledge on Polyethylene
Terephthalate Degradation by
Genetically Modified Microorganisms
Aneta K. Urbanek†‡, Katarzyna E. Kosiorowska† and Aleksandra M. Mirończuk*

Department of Biotechnology and Food Microbiology, Wrocław University of Environmental and Life Sciences, Wrocław, Poland

The global production of polyethylene terephthalate (PET) is estimated to reach 87.16
million metric tons by 2022. After a single use, a remarkable part of PET is accumulated in
the natural environment as plastic waste. Due to high hydrophobicity and high molecular
weight, PET is hardly biodegraded by wild-type microorganisms. To solve the global
problem of uncontrolled pollution by PET, the degradation of plastic by genetically modified
microorganisms has become a promising alternative for the plastic circular economy. In
recent years many studies have been conducted to improve the microbial capacity for PET
degradation. In this review, we summarize the current knowledge about metabolic
engineering of microorganisms and protein engineering for increased biodegradation of
PET. The focus is on mutations introduced to the enzymes of the hydrolase
class—PETase, MHETase and cutinase—which in the last few years have attracted
growing interest for the PET degradation processes. The modifications described in
this work summarize the results obtained so far on the hydrolysis of polyethylene
terephthalate based on the released degradation products of this polymer.

Keywords: plastic degradation, genetic engineering, microorganisms, PET, protein

INTRODUCTION

Worldwide plastic production reached 348 million metric tons in 2017, and this number increases
annually by ∼5% (PlasticEurope, 2019; Brahney et al., 2020). Predictions about plastic waste
accumulation in ecosystems suggest that in 2050 cumulative plastic waste production will reach
over 25 billion tonnes, i.e., 3 times the current level (Geyer et al., 2017). The high resilience and
persistence of plastic, previously considered an advantage, nowadays leads to the uncontrolled
accumulation of waste in every ecosystem on the planet. Most plastics never completely disappear
and only get fragmented into smaller pieces. The formed microplastics (1 μm—5 mm) and
nanoplastics (<1 µm) spread all over the globe, reaching pristine regions separated from human
activity. For instance, plastic particles have been found in the Arctic Polar Circle (Cózar et al., 2017),
Antarctica (Waller et al., 2017), the high mountains (French Pyrenees) (Allen et al., 2019), the
Mariana Trench (Gangadoo et al., 2020) and even in the rain in protected areas (Brahney et al., 2020).
Easily transported microplastics are extremely dangerous to marine and seacoast animals. It is
estimated that more than 800 animal species are affected by plastic waste, and around 90% of all
seabirds ingest plastic (Wilcox et al., 2015). Both nanoplastics and microplastics were found in
zooplankton and phytoplankton (Rummel et al., 2017), which are consumed by organisms from
higher levels of the food chain. Hence microplastics are consumed and accumulated by invertebrates
(Thompson et al., 2004). Moreover, it was shown that nanoplastics may reduce the survival of aquatic
zooplankton and penetrate the blood-brain barrier in fish and cause behavioural disorders (Mattsson
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et al., 2017). A recent study showed that crop plants are capable of
effective uptake of microplastic and its transport from the roots to
the shoots (Li et al., 2020). As it turns out, the ubiquitous plastics
also affect the human body. The presence of microplastics was
found in the lungs (Pauly et al., 1998) and faecal samples
(Schwabl et al., 2019). In vitro studies have demonstrated the
ability of microplastics to induce an immune response, oxidative
stress, cytotoxicity, alteration of membrane integrity and
variation in gene expression (Maeza et al., 2021).

Most of the produced plastic material has a fossil origin.
Thermoplastic materials such as polyethylene (PE),
polyurethane (PUR), polyvinyl chloride (PVC), polypropylene
(PP), polystyrene (PS) and polyethylene terephthalate (PET)
represent 80% of total global plastic usage (PlasticEurope,
2019). One of the most popular plastic materials used for
packing (such as the production of bottles) is PET. PET is a
polar, linear polymer of repeating units of aromatic terephthalic
acid (TPA) and ethylene glycol (EG). The PET monomer is
designated bis(2-hydroxyethyl) terephthalate (BHET). Owing
to excellent mechanical and thermal properties, PET is mainly
used for beverage bottles, foil, textile fibres and food containers
(Danso et al., 2019; Taniguchi et al., 2019; Hiraga et al., 2020). The
global production of PET reached 33 million metric tons in 2015
(Geyer et al., 2017) and is still increasing. The problem that has
arisen with such enormous production of PET is partially solved
by recycling. The main goal of recycling is to obtain new PET or
recover the primary components such as TPA and EG so that they
can be used as feedstock (Lange 2002). Nowadays, the recycling of
PET is mainly based on chemical and mechanical methods. For
instance, the mechanical recycling method for PET, melt
extrusion, results in the production of rPET fibres from PET
bottle waste (Park and Kim 2014), whereas the most common
chemical method, glycolysis, degrades PET to BHET with a yield
as high as 95% (Imran et al., 2013; Liu et al., 2020). Although these
methods are commonly used, they still have some limitations
such as spontaneous degradation during the lifetime of new PET
obtained after re-extrusion (Park and Kim 2014) or requirement
of high temperature (150–300°C) and catalysts in the glycolysis
reaction. Especially using catalysts (metal-based, organic or ionic
liquids) leads to the high cost of reagents and methodologies, a
negative environmental impact and sometimes to the limitation
to small-scale trials of reactions (Liu et al., 2020, Sang et al., 2020).
In recent years, biological methods have been developed
alongside the chemical and mechanical methods of PET
recycling. Biological methods are promising and eco-friendly
solutions for the decomposition of PET waste. Although PET
is labelled as non-biodegradable, much research succeeded in the
use of microorganisms or enzymes to break it down. A flagship
example is the discovery of the bacterium Ideonella sakaiensis
201-F6 and the enzymes PETase and MHETase (Yoshida et al.,
2016; Furukawa et al., 2019), which are the focus of many
scientists due to very promising aspects of future management
of PET. Other enzymes such as cutinases Thc_Cut1 and
Thc_Cut2 from Thermobifida cellulosilytica DSM44535 (Acero
et al., 2011), cutinase FsC from Fusarium solani pisi (Egmont and
de Vlieg, 2000), cutinase HiC from Humicola insolens and lipase
CALB from Candida antarctica (Carniel et al., 2017) or cutinase

TfH from Thermobifida fuscaDSM43793 (Müller et al., 2005) are
also the subject of numerous studies. To date, scientists have
verified 27 enzymes that degrade synthetic polymers (Danso et al.,
2019), among which enzymes involved in the degradation of PET
are typical serine hydrolases, e.g., cutinases (EC 3.1.1.74), lipases
(EC 3.1.1.3), and carboxylesterases (EC 3.1.1.1) (Roth et al.,
2014). Despite the knowledge of many enzymes, there are
many unsolved issues regarding their practical use to degrade
PET such as low thermal stability or transfer on an industrial scale
(Sang et al., 2020). Much more investigation is needed for
mutational developments of the enzyme’s active site, which
may help to overcome the limitations.

The degradability of the polymer depends on different factors
such as shape, size, presence of various substituents, e.g., chloride
atoms or benzene rings, and it decreases with the increase in the
molecular weight (Kumari et al., 2019; Rose et al., 2020). The
bottlenecks in plastic biodegradation are their high
hydrophobicity, crystallinity, strong chemical bonds and high
molecular weight (Urbanek et al., 2018). In the past years, a
number of studies have been conducted in order to show that
many microorganisms and enzymes are capable of degrading
plastic. Researchers were mostly focused on the biodegradation
performed by wild-type strains, isolated directly from different
environments, especially from plastic contaminated areas.

Although this approach is justified due to the ubiquity of
microorganisms and their diverse biodegradability, current
studies should be more focused on improving these properties.
Published reports show that naturally isolated microorganisms
possess a limited capability for plastic degradation. Thus, more
efficient production of enzymes and the improvement of
enzymes’ activity that would target specific materials with
greater selectivity is a key to the improvement of the
biodegradation rate of plastic. Employing metabolic
engineering provides powerful opportunities in this field
(Figure 1).

Here, we present the possibilities of genetic manipulation in
order to obtain mutant enzymes with improved catalytic activity
and thermostability in the hydrolysis of polyethylene
terephthalate (PET) and other polymers.

Enzymes Involved in PET Degradation
Mostly, the biodegradation of PET is possible by the enzymatic
activity of cutinases (EC 3.1.1.74) or PETase (EC 3.1.1.101) with
the cooperation of MHETase (EC 2.1.1.102). A number of
cutinases with PET biodegradable activity were found, e.g.,
cutinase from Humicola insolens (HiC), Thermobifida fusca
(TfCut2), leaf-branch compost (LCC) (Tournier et al., 2020),
and Ideonella sakaiensis (PETase and MHETase) (Yoshida et al.,
2016; Furukawa et al., 2019). Cutinases are able to hydrolyse both
ester bonds found in aliphatic and aromatic polyesters, hence
their wide application in degradation studies of a broad range of
plastic polymers (Sulaiman et al., 2012; Liu et al., 2019a). In
contrast, PETase can hydrolyse ester bonds present only in
aromatic polyesters (Austin et al., 2018). Enzymes involved in
PET degradation belong to the esterase subclass and possess a
catalytic triad characteristic for α/β-hydrolases (Ser-His-Asp).
Ester bond hydrolysis is provided due to the nucleophilic
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FIGURE 1 | Scheme of plastic circulation in the natural environment and the possibilities of the plastic circular economy.

FIGURE 2 | Biodegradation of polyethylene terephthalate (PET). PET can be degraded into mono-(2-hydroxyethyl) terephthalate (MHET), bis-(2-hydroxyethyl)
terephthalate (BHET) and ethylene glycol (EG) by PETase. MHET can later be hydrolysed to terephthalic acid (TPA) and EG by MHETase. TPA and EG can be further
transported into the cell and converted to protocatechuic acid (PCA) and subsequently integrated into cellular metabolisms via the tricarboxylic acid cycle (TCA).
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TABLE 1 | Genetic modifications of enzyme structure for enhancement of biodegradable abilities towards plastic.

Wild-type
enzyme/strain

Wild-type
microorganisms

Substrate
specificity

Vector and
host

Improvement in
activity

Mutatation’s
information

References

PETase Ideonella sakaiensis PET Plasmid: pET28a;
Host: E. coli
BL21 (DE3)

⁃R61A: 1.6 fold
⁃L88F: 2.0 fold
⁃I179F: 15.0 folda

mutagenesis of six key
residues around the
substrate-binding groove in
order to: create space
around the active site;
increase the hydrophobicity
of the amino acids around
the active site; improve the
affinity of the amino acids
around the active site for PET

Ma et al.
(2018)

PETase Ideonella sakaiensis PET Plasmid: pET-
21b; Host: E. coli
BL21-CodonPlus
(DE3) RIPL

⁃S131A: not detected
⁃D177A: not detected
⁃H208A: not detected
⁃W130A: increased
⁃W130H: increased
⁃M132A: decreased
⁃W156A: decreased
⁃A180I: no change marked
⁃Q90A: decreased
⁃S185H: increased
⁃S209F: decreased
⁃W68L: decreased
⁃Q153L: no change marked
⁃R94A: decreased
⁃N212A: decreasedb

structure-guided site-
directed mutagenesis in: the
active sites; substrate
binding pockets; the
residues involved in
stabilizing the rigidity of the
active site

Liu et al.
(2018a)

PETase Ideonella sakaiensis
201-F6

PET; PEF Plasmid: pET-
21b(+); Host:
E.coli C41(DE3)

⁃S238F/W159H: 4.13%
higherc

site-directed mutagenesis to
narrow the PETase active
site: S238 to provide new
π-stacking and hydrophobic
interactions to adjacent
terephthalate moieties:
His159 to allow the PET
polymer to sit deeper within
the active-site channel

Austin et al.
(2018)

PETase Ideonella sakaiensis
201-F6

PET Plasmid: pET32a;
Host: E. coli XL1-
Blue

⁃S131A: decreased
⁃R103G: decreased
⁃C174S: decreased
⁃C210S: decreased
⁃W156A: decreased
⁃S185H: decreased
⁃I179A: decreased
⁃W130A: decreased
⁃W130H: decreased
⁃M132A: decreased
⁃Y58A: 80.73% MHET
production; TPA production
decreased
⁃T59A: full activity in
producing MHET; TPA
production decreasedd

site-directed mutagenesis to
determine apo- and complex
crystal structures of PETase
and to identify key residues
requires for catalysis by, for
instance, disruption intra-
molecular disulfide bridges
DS1 or substitution His
residue in the corresponding
position

Han et al.
(2017)

PETase Ideonella sakaiensis PET Plasmid:
pET15b; pET15a;
Host: E. coli
Rosetta gami-B

⁃S160A: almost complete
loss
⁃D206A: almost complete
loss
⁃H237A: almost complete
loss
⁃Y87A: 5% hydrolytic activity
⁃M161A: 52% hydrolytic
activity
⁃W185A: 5% hydrolytic
activity

structural and site-directed
mutagenesis in order to
confirm the residues involved
in enzymatic catalysis and
substrate binding: three
catalytic residues S160,
D206 and H237 replacement
with A; four subsite I residues
Y87, W185, M161 and I208
replacement with A; three
subsite II residues W159,

Joo et al.
(2018)

(Continued on following page)
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TABLE 1 | (Continued) Genetic modifications of enzyme structure for enhancement of biodegradable abilities towards plastic.

Wild-type
enzyme/strain

Wild-type
microorganisms

Substrate
specificity

Vector and
host

Improvement in
activity

Mutatation’s
information

References

⁃I208A: 46% hydrolytic
activity
⁃W159A: 8% hydrolytic
activity
⁃S238A: similiar hydrolytic
activity
⁃N241A: 18% hydrolytic
activity
⁃R280A: similiar hydrolytic
activity
⁃W159H: dramatically
decreased
⁃S238F: dramatically
decreased
⁃C203A/C239A:
dramatically decreasede

S238, and N241
replacement with A, W159
and S238 residues
replacement with H and F;
deletion of additional
disulfide bond

cutinase Thc_Cut2 Thermobifida
cellulosilytica DSM44535

PET Plasmid:
pET26b(+); Host:
E. coli BL21-
Gold(DE3)

⁃R19S: 3.4 fold
⁃R29N: 17.6 fold
⁃A30V: 17.0 fold
⁃Q65E: decreased
⁃L183A: 1.4 fold
⁃R187K: 4.9 fold
⁃double mutant R29N A30V:
8.4 fold
⁃triple mutant R19S R29N
A30V: 7.2 folda

site-directed mutagenesis of
amino acids located outside
the active site on the
Thc_Cut2
surface—exchange of
selected side chains with the
corresponding side chains of
more active Thc_Cut1

Herrero Acero
et al., 2013

cutinase Fusarium solani pisi PET Plasmid:
pET25b(+); Host:
E. coli BL21 (DE3)

⁃L81A: 4.0 fold
⁃L182A: 5.2 fold
⁃N84A: 1.7 fold
⁃V184A: 2.0 fold
⁃L189A: decreasedf

site-directed mutagenesis to
create more space in the
active site of the cutinase

Araújo et al.
(2007)

cutinase Tfu_0883 Thermobifida fusca PET Plasmid:
pET20b; Host:
E. coli BL21 (DE3)

⁃I218A: 1.2 fold
⁃Q132A/T101A: 1.6 foldf

site-directed mutagenesis to
create space and to increase
hydrophobicity of the
catalytic side

Silva et al.
(2011)

cutinase TfCut2 Thermobifida fusca KW3 PET Plasmid: not
mentioned; Host:
E. coli BL21 (DE3)

⁃G62A: 4.0 fold exchange of selected amino
acid residues of active site in
a substrate binding groove of
TfCut2 with those present in
cutinase LCC

Wei et al.
(2016)

cutinase-type
polyesterase (Cut190)

Saccharomonospora
viridis AHK190

PET Plasmid: pGEM-
T; pQE80L; Host:
E. coli DH5α;
E. coli Rosetta-
gami B (DE3)

⁃S226P: 1.4 fold
⁃S226P/R228S: 2.1 fold
⁃S226P/R228S/T262K: 2.2
foldg

cloning a putative cutinase
gene (cut190); site-directed
mutagenesis to substitute:
S226 with P and R228 with
the neutral S, T262 with K to
enhance the salt-bridge
formation

Kawai et al.
(2014)

LC-cutinase leaf-branch compost PET Plasmid: pHK;
Host: E. coli
DH5α; E. coli
BL21 (DE3)

⁃C. thermocellum
DSM1313:pHK-LCC: 62%h

insertion of the signal peptide
sequence of cellulose
Cel48S and a constitutive
promoter of gene
Clo1313_2638 (P2638) to
Clostridium thermocellum for
the secretory production
of LCC

Yan et al.
(2020)

(Continued on following page)
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attack by the serine oxygen to the carbonyl carbon present in the
ester bond. Negatively charged aspartate stabilizes positively
charged histidine residue; thus the established charge transfer

network enables serine to carry out a nucleophilic attack (Han
et al., 2017). So far, homology has been found in the sequences of
cutinases and PETase. Yoshida et al. (2016) observed 51%

TABLE 1 | (Continued) Genetic modifications of enzyme structure for enhancement of biodegradable abilities towards plastic.

Wild-type
enzyme/strain

Wild-type
microorganisms

Substrate
specificity

Vector and
host

Improvement in
activity

Mutatation’s
information

References

LC-cutinase leaf-branch compost PET Plasmids:
pET21b(+);
pET26b(+); Host:
E. coli BL21 (DE3)

⁃WCCG: 90% in 10.5 h
⁃ICCG: 90% in 9.3 hi

site-specific saturation
mutagenesis in the first
contact shell of groove;
replacing the divalent-metal-
binding site with a disulfide
bridge; mutations to improve
thermostability

Tournier et al.
(2020)

LC-cutinase leaf-branch compost PET Plasmid: PET28;
PJ912; Host:
E. coli BL21 DE3;
P. pastoris

⁃LCC-NG
⁃LCC-G: induction of
aggregation 10°C higher
than LCC-NG; improvement
in the catalytic performance
for PET hydrolysis; the rate
of aggregation was found to
be slower

site directed mutagenesis to
introduce three putative
N-glycosylation sites to
improve LCC resistance for
aggregation

Shirke et al.
(2018)

cutinase TfCut2, LC-
cutinase, carboxyl
esterase TfCa

Thermobifida fusca KW3 PET Plasmid: pET-
20b(+); Host:
E. coli BL21(DE3)

⁃TfCa/LCC: 47.9% weight
loss/24 h
⁃TfCut2/LCC: 20.4% weight
loss/24 hj

site-directed mutagenesis
for immobilization of TfCa on
SulfoLink resin by addition an
oligopeptide of G-S-C at the
C-terminus of TfCa

Barth et al.,
2016; Oeser
et al., 2010

cutinase (Cut) and
lipase (Lip)

Thermomyces
lanuginosus (Lip);
Thielavia terrestris NRRL
8126 (Cut)

PVAC; PCL Plasmid:
pPICZαA; Host:
E.coli DH5α; P.
pastoris KM71H

⁃Lip-Cut: 13.3, 11.8 and
5.7 times higher compared
to Lip, Cut and Lip/Cut
mixture, respectively

construction of chimeric
lipase-cutinase (Lip-Cut)
system overexpressed in P.
pastoris to enhance the
synergistic action of both
enzymes

Liu et al.,
2018b; Liu
et al., 2019b

cutinase 1 (Thc_Cut1) Thermofida cellulosilytica PET, PBS,
PHBV

Plasmid: pMK-T;
pPICZαB; Host:
E. coli XL-10
cells; P. pastoris
KM71H

⁃Thc_Cut1_koAsn: no
significant differences (PET)d

⁃Thc_Cut1_koST: no
significant differences (PET)
d; 92% of weight loss (PBS)k

knock out of the three
glycosylation sites at N29,
N49, N161
(Thc_Cut1_koAsn) and S31,
T51, S163 (Thc_Cut1_koST)
by changing the nucleotide
sequence to investigate the
influence of glycosylation on
the activity and stability

Gamerith et al.
(2017)

polyhydroxybutyrate
depolymerase (PA_PBM)
and polyamidase (PA)

Alcaligenes faecalis
(PA_PBM); Nocardia
farcinica IMA 10152A (PA)

PUR Plasmid:
pET26b(+); Host:
E. coli XL10-
Gold; E. coli BL21

⁃fusion polyamidase
PA_PBM: 4 fold

C-terminal fusion of a
hydrophobic binding module
of PA_PBM to PA to target
the catalytic domain to the
polyester interface more
effectively

Gamerith et al.
(2016)

Alkane hydroxylase Pseudomonas sp. E4 LMWPE Plasmid: pUC19;
Host: E. coli BL21

⁃recombinant cell viable
even after the
biodegradation tests at 37
°C for 80 days

expression of alkane
hydroxylase gene (alkB) in
E.coli BL21 to mineralize
LMWPE

Yoon et al.
(2012)

aexpressed by kinetic parameters (kcat/KM).
bexpressed by PET, degradation efficiency towards PET, bottle.
cexpressed by the loss in the absolute crystallinity.
dexpressed by the production levels of MHET, and TPA.
eexpressed hydrolytic activity using BHET, as a substrate.
fexpressed by released TPA, during hydrolytic activity towards PET.
gexpressed as enzyme activity measured under standard conditions.
hexpressed by the weight loss of PCL, films.
iexpressed as enzymatic depolymerization of post-consumer PET, waste.
jexpressed by PET, degradation efficiency towards PET, films.
kexpressed by the weight loss of PBS, films.
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similarity in amino acid sequence with the hydrolase present in
Thermobifida fusca (TfH). Furthermore, similar to cutinase from
Fusarium solani, PETase from Ideonella sakaiensis has two
disulfide bridges that stabilize the structure of the enzyme
molecule. Moreover, as was demonstrated before, an additional
disulfide bond in PETase influences the thermal stability of the
enzyme (Matak and Moghaddam, 2009; Joo et al., 2018).
Phylogenetic analyses performed comparing these two
enzymes have also revealed the presence of a highly conserved
region recognized as a nucleophilic elbow that contains serine in
the central part of the consensus sequence (Joo et al., 2018).
Despite the similarities, an important difference is the width of
the active site cleft, in comparison with cutinase from TfH; this
slot is three times larger at its widest point in PETase (Austin
et al., 2018). Furthermore, the residues surrounding the
nucleophilic serine in the catalytic triad were found to be
considerably different, which affects the substrate selectivity
represented by these enzymes (Liu et al., 2018b).

Recently, many studies have been conducted to improve and
better understand the mechanisms of action of these enzymes,
especially PETase or MHETase (Oda 2021; Pinto et al., 2021).
PETase is recognized as being responsible for hydrolytic
conversion of PET into oligomers of mono-2-hydroxyethyl
terephthalate (MHET), whereas MHETase hydrolyses MHET
into terephthalic acid (TPA) and ethylene glycol (EG)
(Figure 2). Thus, recombination and overexpression of those
enzymes may be crucial for more efficient degradation of PET as
well as monomer recycling (TPA and EG) and for bioconversion
to high-value compounds (Furukawa et al., 2019; Taniguchi et al.,
2019).

In mechanisms of enzymatic degradation of polyesters, such as
PET, apart from plastic properties, the protein structure plays a
key role. Especially, the regions on the surface outside the active
site of the enzymes and binding modules are essential, both in
interaction with the polymer and during the hydrolysis (Acero
et al., 2013). For instance, Liu et al. (2018a) assumed in their study
that the wide substrate-binding pocket of PETase is critical for
PET hydrolysis (Liu et al., 2018b). In contrast, Austin et al. (2018)
narrowed the binding cleft and observed improvement in PET
degradation (Austin et al., 2018). It should also be emphasized
that mutations are frequently used to create greater space in the
active sites to fit the large, inaccessible polymer particles and to
construct a more hydrophobic substrate-binding site (Araújo
et al., 2007). Silva et al. (2011) noted that levels of adsorption
to the PET surface are affected by the hydrophobic character of
the enzyme active site (Silva et al., 2011). Thus, almost all
modifications are related to the active sites of enzymes or their
external part (Table 1). Unfortunately, during the creation of
enhanced mutants, some obstacles arise. For instance, one of the
difficulties emerging during enzymatic degradation of PET by
PETase is the location of the enzyme inside the cells. It is
perceived as a limiting factor in direct contact of PETase with
the solid PET. The consequence is difficulty in establishing a
high-throughput screening method in the evaluation of the
hydrolysis rate by the modified strains. Fortunately, the
solution is an application of developed cell-free protein-
expression systems. The system is known as a useful tool in

functional and structural proteomics for proteins that could not
be expressed in vivo in bacterial cells. Furthermore, the system
offers several advantages in comparison to traditional cell-based
expression methods. First of all, it allows for easy modification of
reaction conditions, shortening expression time or reducing the
volume of reaction. The productivity exceeds hundreds of
micrograms of protein per millilitre of reaction volumes.
Interestingly, in the light of the PET problem mentioned
above, application of a cell-free protein-expression system
allows for the direct contact of expressed protein with solid
PET, providing high-throughput screening of PET hydrolytic
enzymes (Murthy et al., 2004; Katzen et al., 2005; Ma et al., 2018).

Engineering of PETase
In 2016 Yoshida et al. published a report about the newly isolated
bacterium Ideonella sakaiensis 201-F6 that was able to use PET as
its major carbon and energy source (Yoshida et al., 2016). Because
knowledge of the protein structure is crucial for its further
modifications, shortly afterwards many reports about I.
sakaiensis PETase (IsPETase, EC 3.1.1.101) structure were
published. It was shown that this enzyme is a hydrolase and
possesses a strictly conserved active site with a Ser-His-Asp
catalytic triad and contains an optimal substrate binding site
to hold four mono(2-hydroxyethyl) terephthalate (MHET)
moieties of PET. PETase enzyme exhibits an optimum pH
range of 7–9 and the stability between pH 6 and 10 (Liu et al.,
2019b). For purified PETase enzyme applied on PET film, pH 9.0
was identified as optimal, whereas the optimum temperature was
estimated as 30°C (Han et al., 2017). PETase exhibits lower
activity on p-nitrophenol-linked aliphatic esters in comparison
to other cutinases, but towards PET the enzyme exhibits 5.5- to
120-fold higher activity compared to the other enzymes (Han
et al., 2017; Joo et al., 2018). Attempts to improve the native
PETase enzyme from Ideonella sakaiensis, which requires a mild
environment for growth, are motivated by the relatively low
stability of this enzyme. Introducing modifications to the
amino acid chain may result in enhanced thermal stability by
this protein and could help it maintain activity for a longer time
(Joo et al., 2018). Mostly the enzyme’s improvement is focused on
site-directed mutagenesis. In the study of Joo et al. (2018) among
14 mutants, created by structural and site-directed mutagenesis,
only the variant IsPETaseR280A, where the arginine (R) in
position 280 was replaced with alanine (A), showed
increased activity of PETase. The activity towards PET film
as a substrate increased by 22.4% in 18 h and 32.4% in 36 h in
TPA and MHET release in comparison to IsPETaseW/T. This
mutant also expressed hydrolytic activity using BHET as a
substrate at a similar level compared to the wild-type PETase
(Joo et al., 2018).

The subsequent study focused on analysing the structure of the
PETase enzyme molecule, comparing it to other ɑ/β-hydrolases
enzymes, and performing the most promising modifications that
could affect the thermal properties of this protein (Son et al.,
2019). The possibility for enhancement of the PETase enzyme
was the introduction of two mutations that, as previously, would
allow the establishment of additional hydrogen bonds to stabilize
the molecule. For this purpose, an IsPETase variant possesses
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changes in serine (S) located at position 121 (to aspartic acid (D)
or glutamic acid (E)) and aspartate (D) (to histidine (H)) in
position 186 resulting in the S121D/D186H and S121E/D186H
mutants have been established.

In other studies, Son et al. (2019) have applied a previous
achievement of generating the PETase R280Amutant in the work
of Joo et al. (2018) and introduced it to the S121E/D186Hmutant
described above. The study showed that the obtained triple
mutant (S121E/D186H/R280A) degrades PET 13.9-fold better
than the native protein and 2.3-fold than the previously
established R280A protein variant.

Next, Dai et al. (2021) proceeded with further prospectively
profitable changes to the structure of this protein variant. The
changes in the enzyme were based on the addition of hydrophobic
substrate-binding domains such as CBM (cellulose-binding
domain), PBM (poly(3-hydroxybutyrate)) binding domain and
HFB4 (hydrophobin) to the C-terminus end of PETase. Authors
supposed that the presence of CBM, PBM or HFB4 domain in the
protein structure could improve the enzyme binding to the
hydrophobic surface of PET molecules, which would be
associated with an enhanced level of plastic degradation by
these mutants. The effect of the implemented modifications was
tested based on the amount of PET degradation products (TPA
and MHET) released during the incubation with the novel
mutants compared to IsPETase D121E/D186H/R280A
(IsPETaseEHA). The experiments showed that among the three
obtained mutants (IsPETaseEHA_CBM, IsPETaseEHA_PBM,
IsPETaseEHA_HFB4), only the protein containing an additional
CBM domain improves PET degradation. Increase in PET
breakdown products concentration was 2.28-fold increased in
comparison to the original mutant and was 251.5 µM of total
hydrolysis products. The two remaining variants significantly
reduced PET degradation capacity (Dai et al., 2021).

In the study Han et al. (2017) created 12 mutants in order to
identify key residues required for catalysis, most of them
showed decreased activity in production levels of MHET
and TPA compared to the wild-type PETase. Only variant
Y58A (possessing change in tyrosine (Y) at position 58 to
alanine (A)) exhibited 80.73% MHET production compared to
MHET released by wild-type PETase and T59A, which showed
full activity in producing MHET. However, in both cases, TPA
production decreased (Han et al., 2017). Ma et al. (2018) aimed
to create novel high-efficiency PETase mutants through
mutagenesis of six key residues around the substrate-
binding groove of PETase. By application of a rapid cell-
free screening system, they obtained three mutants. In
comparison with wild-type PETase, the R61A (exchange in
arginine (R) to alanine (A)), L88F (leucine (L) in position 88
changed to phenylalanine (F)), and I179F (isoleucine (I)
exchanged to phenylalanine (F)) mutants exhibited 1.4, 2.1
and 2.5 fold increases in the enzymaticaffinity to PET,
respectively. The strongest catalytic activity expressed by
TPA concentration and by weight loss of PET film
incubated with purified enzyme was shown by the I179F
mutant (6.38 mmol L−1 of released TPA after 48 h of
incubation and 22.5 mg per μmol·L−1 PETase per day). L88F
and R61A mutants reached 17.5 and 13.5 per μmol·L−1 PETase

per day, respectively, whereas the degradation rate of wild-type
PETase was only 8.2 mg per μmol·L−1 PETase per day.
Furthermore, scanning electron microscopy (SEM) was used
to observe the changes in the morphology of the PET film
surface after treatment with the I179F mutant in comparison
to the negative control. The surface of the PET film was
roughened and eroded, and a large number of holes were
observed (Ma et al., 2018). In the study of Liu et al. (2018b)
structure-guided site-directed mutagenesis was used to
improve PETase catalytic efficiency. Several mutants were
created with mutations in the active sites, substrate binding
pockets or in the residues involved in stabilizing the rigidity of
the active site. The hydrolytic activity of PETase was analysed
with respect to BHET. Only two mutants described as W130H,
where tryptophan (W) has been replaced by histidine (H) and
S209F possessing serine (S) exchange to phenylalanine (F),
showed increased activity. Interestingly, the authors
performed a PETase activity assay on PET drinking bottles.
Similarly, only two mutants, described as W130A and W130H,
had higher hydrolytic activity towards PET bottles in
comparison to unmodified PETase (Liu et al., 2018a).
However, PETase retains the ancestral α/β-hydrolase fold
with a core consisting of eight ß-strands and six α-helices
and exhibits a more open active-site cleft than cutinases.
Austin et al. (2018) narrowed the binding cleft via site-
directed mutagenesis of two active-site residues and
surprisingly observed improved PET degradation. They
created the double mutant S238F/W159H (with serine (S)
in position 238 replaced with phenylalanine (F) and
tryptophan (W) in position 159 exchanged to histidine (H))
that altered important substrate-binding interactions. The
S238 mutation provided new p-stacking and hydrophobic
interactions to adjacent terephthalate moieties, while the
conversion to His159 from the bulkier Trp allowed the PET
polymer to sit deeper within the active-site channel. Moreover,
in the study, it was demonstrated that the mutant could
degrade polyethylene-2,5-furandicarboxylate (PEF), which is
a PET replacement. The results suggested that PETase is not
fully optimized for crystalline PET degradation (Austin et al.,
2018).

Another modification of PETase was performed using the
Premuse tool(Meng et al., 2021), by which the selected putative
mutations in the protein structure could correspond to natural
future evolution in the amino acid chain of the protein. A
thorough in-silico analysis highlighted the potential positive
effect of the W159H/F229Y mutation to boost the catalytic
capacity of PETase. The newly obtained PETase double
mutant having modified tryptophan (W) at position 159 to
histidine (H) and phenylalanine (F) at position 229 to tyrosine
(Y) showed higher thermal stability compared to the wild-type
enzyme and the single variants of the mutant proteins (W159H
and F229Y). The authors indicated that IsPETase W159H/F229Y
after 24 h reaction at 40 °C resulted in a 40-fold increased amount
of degradation products in comparison with the native enzyme,
however, the authors did not report the specific values of the
obtained concentrations of the released compounds (Meng et al.,
2021).
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Engineering of MHETase
The MHETase discovery occurred at a similar time as PETases,
but it is not as well studied an enzyme as PETase despite the fact
that they are cooperatively responsible for the degradation of PET
by Ideonella sakaiensis 201-F6 (Tanasupawat et al., 2016).
Structurally, MHETase is an α/β hydrolase that exhibits high
substrate specificity and its catalytic triad is formed by S225-
H528-D492. Additionally, the domain arrangement is similar to
those observed in feruloyl esterases but in contrast to them,
MHETase exists as a monomer instead of a dimeric structure
(Sagong et al., 2020). MHETase possesses optimum temperature
at 45°C and a wide range of pH activity between 6.5–9.0 (Palm
et al., 2019). Similar to other hydrolases, MHETase performs a
nucleophilic attack on the carbonyl carbon via serine (Pinto et al.,
2021).

The metabolic engineering of MHETase is not yet as strongly
advanced as that of PETase described in detail in the previous
section. Nevertheless, we can highlight several examples of
previous studies in which modifications in the amino acid
sequence of this protein have been undertaken. One of the
earliest MHETase mutagenesis was carried out during the
work on the determination of its exact structure and involved
an amino acid change within the active site of the enzyme. Palm
et al. (2019) have generated a number of mutants to identify key
amino acid residues in terms of enzyme activity. Their study
revealed that one of the key amino acids responsible for substrate
binding is Phe495, whose replacement with alanine (A) resulted
in the formation of the F495A protein variant. Studies of catalytic
properties of this mutant have shown that the turnover rate of
MHET compared to the wild-type enzyme was more than 2 times
lower and was about 5 s-1 (Palm et al., 2019).

The subsequent study involving engineering MHETase to
enable its degradation of BHET was conducted by Sagong
et al. (2020). Investigations performed by these researchers
indicated that MHETase can bind to BHET as substrate,
however, the hydrolysis activity is very low. Studies with
targeted mutagenesis indicated an important role of
hydrophobic residues Leu254, Trp397, Phe415 and Phe495 in
substrate binding and enzymatic catalysis. Sagong et al. (2020)
have performed several mutations that significantly affected
BHET binding by the created mutants. All of them were based
on mutagenesis at phenylalanine position 424 (F424), and for
three mutants (F424N, F424V, and F424I), a significant, more
than 3-fold increase in activity against BHET relative to native
MHETase was observed. Additional arginine point mutation at
position 411 to lysine (R411K) was also found to result in a 1.7-
fold increase in activity against BHET substrate compared to the
wild-type enzyme. Based on the results, further mutagenesis was
performed incorporating the revealed properties of the single
mutants, which resulted in the formation of double protein
variants (R411K/F424N, R422K/F424V, and R411K/F424I).
The relative activity to BHET for the resulting mutants was
8.7, 10.5 and 11.1%, respectively than the native MHETase
possessing 1% relative activity towards this substrate. Further
studies on the MHETase mutants were conducted based on a
previous report by Palm et al. (2019) in which an important role
for the S416A mutation was identified. The resulting R411K/

S416A/F424I triple mutant was shown to be 15.3-fold more active
against BHET than wild-type MHETase. Activity assays against
amorphous PET film were performed on the triple mutant in two
variants: without prior hydrolysis of IsPETaseEHA and after
incubation with the modified PETase enzyme (see the
paragraph on PETase protein engineering above for a detailed
description of this mutant). As expected, neither the wild-type
MHETase nor the enhanced triple mutant showed activity against
PET films without prior IsPETaseEHA pre-treatment.
Interestingly, the researchers found that with the use of PET
film pre-treated for 10 days with IsPETaseEHA, both the wild-
type MHETase enzyme and the triple mutant R411K/S416A/
F424I showed activity against PET film. Specified values obtained
in this study after 72 h was about 8 µM of released degradation
products by mutant variant, while for the control (wild-type
MHETase) it was 4 µM (Sagong et al., 2020).

Modification of Cutinases
Cutinases (EC 3.1.1.74) are similar to PETase. They belong to the
α/β hydrolases group and possess the classical catalytic triad Ser-
His-Asp. In nature, cutinases are produced by plant pathogens to
hydrolyse the polyesters of the cutin and the suberin layers. In
addition, cutinases are able to catalyse reactions with various
polyesters and other substrates such as long-chain triacylglycerols
or waxes (Nyyssola, 2015). Cutinases possess a wide spectrum of
pH optima, where most prefer neutral or alkaline pH. For the
thermophilic bacteria Thermobifida fusca, researchers indicate a
range of pH at 6.8–9 with optimum pH at 8.0 at an optimum
temperature of 50–55 °C (Acero et al., 2011; Hegde and Veeranki,
2013). In the case of fungal cutinase using the example of cutinase
from Fusarium solani, the optimum enzyme condition was
determined in the range of pH 7.5–10 (Chen et al., 2008;
Baker et al., 2012) and the optimum temperature range for
this cutinase has been indicated at 25°C (Baker et al., 2012),
30°C (Chen et al., 2008) and 40°C (Pio and Macedo, 2009).

Since cutinases are universal and efficient esterases, their
modification toward PET degradation has been done (Acero
et al., 2013). The effect of site-directed mutagenesis, which
exchanges selected surface-located amino acids between two
polyester hydrolases from thermobifida cellulosilytica
DSM44535, has been studied. As a result, six single mutants,
one double mutant and one triple mutant were obtained. The
degradation level of amorphous PET films was tested by
enzymatic hydrolysis with the use of derived cutinases and
quantification of the released degradation products (TA-
terephthalic acid and MHET-mono-(2-hydroxyethyl)
terephthalate). Incubation of PET with unmodified cutinase
Thc_Cut2 as a control was provided. PET hydrolysis was
performed for 2 days at 50°C at pH 7.0 with the 200 µgmL-1
of enzyme on pre-washed PET films with Triton-X 100 (Acero
et al., 2013). The pre-treatment of non-ionic surfactant used in
this study may lead to a decrease in the hydrophobicity of the
polymer surface and consequently facilitate the binding of the
enzyme with the substrate (Caparanga et al., 2009; Mohanan
et al., 2020). Kinetic parameters for the mutants compared to the
Thc_Cut2 (9 s-1mM-1) were performed, as a result, mutants
carrying Arg29Asn (15 s-1mM-1) and/or Ala30Val (153 s-1mM-
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1) exchanges showed considerably higher specific activity and
higher kcat/KM values on soluble substrates. However, it should
be noted that a triple mutant enzyme with Arg19Ser introduction
negatively influenced all the parameters (Acero et al., 2013).
Experiments performed on PET film, based on the
measurement of TA and MHET released during hydrolysis
showed that there is no significant increase in MHET
concentration. However, an increased amount of TA released
during PET degradation compared to Thc_Cut2 occurred for
Ala30Val, Arg29Asn_Ala30Val and
Arg19Ser_Arg29Asn_Ala30Val mutations. The highest TA
concentrations measured in this experiment were 400 and
370 mM for Arg29Asn_Ala30Val and
Arg19Ser_Arg29Asn_Ala30Val, respectively. Interestingly, the
introduced Gln65Glu mutation resulted in a 36% decrease in
the concentration of the amount of breakdown products for 3PET
and completely inhibited PET degradation, despite the fact that
kinetic parameters did not remarkably differ compared to the
Thc_Cut2.

In other studies, a cutinase from Fusarium solani pisi was
genetically modified to enhance its enzymatic activity. Site-
directed mutagenesis targeted the region near the active site
and as a result, two mutants with enhanced activity towards
polyester fibres were obtained, named L81A and L182A. They
showed an activity increase of four- and five-fold, respectively,
when compared with the wild type, for PET fibres. The authors
explained the increase in activity of these mutations by higher
stabilization of TI and better accommodation of the substrate
(Araújo et al., 2007).

Another successful improvement of the enzymatic
degradation of PET was presented in the study of Silva et al.
(2011). The active site of cutinase Tfu_0883 from Thermobifida
fusca was modified by site-directed mutagenesis to increase the
affinity of cutinase to PET and the ability to hydrolase it. The
mutation I218A (isoleucine (I) replacement to alanine(A)) was
designed to create space and the double mutation Q132A/T101A
possessing glutamine (Q) and tyrosine (T) replaced with alanine
(A) was designed both to create space and to increase
hydrophobicity. The activity of both single and double
mutants exhibited considerably higher hydrolysis efficiency
towards PET fibres—a double mutant exhibited 1.6-fold
increased hydrolysis activity (Silva et al., 2011).

In a similar study conducted by Wei et al. (2016), mutagenesis
was used to increase the activity of the cutinase TfCut2 from
Thermobifida fusca. By exchanging selected amino acid residues
of the active site in a substrate-binding groove of TfCut2 with
those present in LCC, mutants with increased PET hydrolytic
activity were obtained. The most active mutants were G62A,
possessing glutamine (G) replaced by alanine (A) and G62A/
I213S where additional exchange of isoleucine (I) by serine (S)
was done. As a result, a 2.7-fold increase in weight loss of PET
films was obtained compared to the wild-type enzyme. Moreover,
kinetic analysis based on the released PET hydrolysis products
confirmed the superior hydrolytic activity of G62A with a
fourfold higher hydrolysis rate constant and a 1.5-fold lower
substrate-binding constant than those of the wild-type enzyme
(Wei et al., 2016). Next, the mutant TfCut2 G62A obtained by

Wei et al. (2016) was a subject of the interesting study of
Furukawa et al. (2019). In the study, it was found that low-
crystallinity PET (lcPET) hydrolysis may be increased by the
addition of a cationic surfactant that attracts enzymes near the
lcPET film surface via electrostatic interactions. This approach
was applicable to the mutant TfCut2 G62A/F209A and wild-type
TfCut2. As a result, the degradation rate of TfCut2 G62A/F209A
in the presence of the cationic surfactant (dodecyl trimethyl
ammonium) increased 12.7 times over that of wild-type
TfCut2 in the absence of the surfactant. A positive effect of
surfactant addition was evident for the native enzyme as well as all
mutants used except H129E/F209S. The long-duration reaction
showed that lcPET film had the fastest biodegradation rate of
lcPET film so far (97 ± 1.8% within 30 h) (Furukawa et al., 2019).
It was also noted that the addition of a cationic surfactant, as well
as the increased reaction temperature, results in enhanced
hydrophobic interactions between the enzyme and the plastic
surface, and consequently increases the amount of enzyme bound
to the lcPET surface (Furukawa et al., 2019). Moreover, higher
temperature raises the mobility of the polymer chain, which
further facilitates the binding of the enzyme to the substrate
(Ronkvist et al., 2009).

Tournier et al. (2020) found that leaf-branch compost cutinase
(LCC) demonstrated the highest thermostability and was at least
33 times more efficient than other enzymes tested in their study.
In differential scanning fluorimetry experiments it was shown
that LCC is thermally stabilized in the presence of calcium ions.
To avoid salt supplementation, the authors focused on improving
the activity and thermostability of LCC by enzyme engineering.
By using the alternative strategy of replacing the divalent metal
binding with a disulfide bond the researchers obtained thermal
stabilization of LCC without dependence on calcium ions.
Moreover, by site-direct saturation mutagenesis, they tested
209 mutants. Most of the modified variants showed less than
1% specific activity in comparison to the wild-type LCC, but the
F243I and F243W mutations, in which phenylalanine (F) at
position 243 was replaced with isoleucine (I) or tryptophan
(W), showed elevated activity. The obtained cutinase variants
gained specific activity by 27 and 18%, respectively. Finally, they
obtained an enhanced PET hydrolase that was able to
depolymerize over 90% PET into monomers in over 10 h (10.5
and 9.3 h for mutants WCCG (F243W/D238C/S283C/Y127G)
and ICCG (F243I/D238C/S283C/Y127G), respectively with the
use of 3 mg of enzyme per 1 g of PET. The productivity of ICCG
mutant was determined at 16.7 g of terephthalic acid per litre per
hour at 72°C, which is a 98-fold increase compared to TfCut2
investigated before (Wei et al., 2019). Wild type LCC enzyme
achieved only 53% of conversion after 20 h, which corresponds
with its lower thermostability in comparison to the mutants.
Although X-ray crystallography showed no substantial difference
between parental LCC and ICCG, molecular-dynamic
simulations revealed that mutations introduced in ICCG
facilitated the catalytic binding of 2-HE(MHET)3 compared
with parental LCC (Tournier et al., 2020).

Kawai et al. (2014) created a Cut190 (S226P/R228S), a double
mutant enzyme for PET degradation. They cloned the cutinase
gene (cut190) from Saccharomonospora viridis AHK190 and
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expressed it in Escherichia coli Rosetta-gami B (DE3). It was
observed that the substitution of Ser226 with Pro and Arg228
with Ser yielded the highest activity and thermostability of the
new enzyme. Also, they noted that the presence of the Ca2+ ion
enhanced the enzyme activity and thermostability in comparison
to both the wild-type enzyme and mutant Cut190. Circular
dichroism suggested that the Ca2+ changes the tertiary
structure of Cut190 (S226P/R228S) (Kawai et al., 2014). High-
level expression of LCC was also achieved due to insertion of the
signal peptide sequence of cellulose Cel48S and a constitutive
promoter of the gene Clo1313_2638 (P2638) in Clostridium
thermocellum. Improved degradation of commercial PET films
was observed and maximum weight loss (approximately 62%)
was achieved after 14 days of incubation at 60°C (Yan et al., 2020).

Genetic engineering may also be a solution to many problems
related to the stability of enzymes. For instance, Shirke et al.
(2018) underlined that aggregation is emerging as a major factor
that reduces LCC kinetic stability. In its native state, LCC is
highly prone to aggregation owing to electrostatic interactions.
Since LCC precipitates even at room temperature and low
concentrations, the purification and storage of enzymes
require salt concentrations that vary with protein
concentration. Moreover, efficient PET hydrolysis requires a
temperature around 70°C, which is very close to the temperature
of LCC structure loss. To overcome these problems, Shirke et al.
(2018) proposed the expression of native LCC in Pichia pastoris,
resulting in the production of glycosylated LCC (LCCG). They
introduced three putative N-glycosylation sites, which
improved resistance to aggregation even at high-temperature
conditions, leading to a 10°C increase in the thermal aggregation
point and a significant increase in kinetic stability. Furthermore,
glycosylation resulted in improved catalytic PET hydrolysis
(Shirke et al., 2018). On the other hand, Gamerith et al.
(2017) aimed to investigate the influence of glycosylation on
the activity and stability of cutinase 1 (Thc_Cut1) from
Thermobifidia cellulosilytica. They expressed Thc_Cut1 and
two glycosylation site knockout mutants, Thc_Cut1_koAsn
and Thc_Cut1_koST, in P. pastoris. However, the created
mutants hydrolysed aromatic (PET) and aliphatic (PHBV
and PBS) polyester powders at very different rates based on
quantification of released products by HPLC. Thc_Cut1_koST
was the most effective among all enzymes. The highest TPA
yield was obtained for Thc_Cut1_koST mutant, which caused
hydrolysis of 24% of the starting PET powder amount. Due to
the fact that the Thc_Cut1_koST mutant exhibited higher
protein production yield in engineered P. pastoris yeast, this
variant was used in further studies on PHBV and PBS
degradation. The authors did not observe significant
differences in PHBV degradation between Thc_Cut1 and
Thc_Cut1_koST mutants, due to the similar amounts of 3-
HBA (3-hydroxybutyric acid) at around 0.5 mM after 96 h of
incubation. A similar trend was observed by investigating a PBS
film weight loss, where a 92% decrease in the mass of polymer
film was obtained for the applied mutant and 41% for Thc_Cut1
within 96 h of hydrolysis (Gamerith et al., 2017).

Although the main focus in genetic engineering of
microorganisms and enzymes with biodegradation activity is

directed towards PET, some studies present results for other
plastics. For instance, the alkane hydroxylase gene (alkB) from
Pseudomonas sp. E4 was expressed in E. coli BL21. A recombinant
strain secreted recombinant alkane hydroxylase (AH) and was
able to mineralize 19.3% of the low molecular weight
polyethylene (LMWPE) to CO2 after incubation in the
compost for 80 days at 37°C, while the recipient cell was not
active at all toward LMWPE biodegradation (Yoon et al., 2012).

Synergistic Activity of Chimeric Enzymes
Chimeric enzymes, also known as fusion proteins, are proteins
formed by combining two or more unrelated genes that originally
encoded distinct proteins. The resulting proteins exhibit the
attributes of all the proteins used in the fusion and constitute
a single, combined molecule. Suitably designed hybrid proteins
offer many opportunities due to their wide range of properties
and can be used in many fields (Yu et al., 2015). Thus, the
application of multiple enzyme systems for the biodegradation of
plastic seems to be a very promising solution. It is reasonable to
assume that enzymes might be used synergistically with other
enzymes in polymer degradation due to the complementary
properties of both enzymes in both catalysis pattern and
substrate specificity (Liu et al., 2019b). A prime example is the
connection of two enzymes in the biodegradation of PET. It is
known that during PET degradation, accumulating MHET is an
important factor that limits the efficiency of hydrolysis. To avoid
this problem, the recombinant expression and purification of
TfCut2 from Thermobifida fusca KW3 and LC-cutinase (LCC)
were proposed. In the study of Barth et al. (2016) the dual system
was LCC or TfCut2 combined with immobilized TfCa on the
SulfoLink resin—which was generated by the addition of
oligopeptide of glycine-serine-cysteine at the C-terminus via
site-directed mutagenesis. The introduction of the C-terminal
oligopeptide did not cause a significant reduction in its hydrolytic
activity against p-NPB, BHET and MHET. The immobilized
enzyme maintained approximately 94% of its initial activity at
60°C, whereas free TfCa resulted in a complete loss of activity at
55 °C. Moreover, the usage of a dual enzyme reaction system with
LCC or TfCut2 caused a 47.9% or 20.4% weight loss, respectively,
of the PET films after a reaction time of 24 h (Barth et al., 2016).
An artificial chimeric enzyme was also constructed by Liu et al.
(2018a). In their study lipase (Lip) from Thermomyces
lanuginosus and cutinase (Cut) from Thielavia terrestris NRRL
8126 were used for the construction of bifunctional lipase-
cutinase (Lip-Cut) by end-to-end fusion and overexpression in
Pichia pastoris (Liu et al., 2018b). Lip-Cut exhibited a more
efficient degradation ability towards poly(ε-caprolactone)
(PCL). The weight loss of PCL films was 13.3, 11.8, and
5.7 times higher (at 6 h) than those obtained by Lip, Cut and
the Lip/Cut mixture, respectively. GC-MS analysis revealed that the
main products produced during hydrolysis were 6-hydroxyhexanoic
acid and 3-caprolactone. Moreover, SEM analysis showed that the
surface of the PCL film became rougher and more holes were
observed after 4 h of treatment with bifunctional Lip-Cut than in
the case of other enzymes after 48 h (Liu et al., 2019a). Gamerith et al.
(2016), using C-terminal fusion, fused a hydrophobic binding
module of polyhydroxybutyrate depolymerase (PA_PBM) from
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Alcaligenes faecalis to polyamidase (PA) from Nocardia farcinica
IMA 10152A. The fusion polyamidase (PA_PBM) indeed resulted in
a more active enzyme on commercial polyurethane copolymers as
indicated by the release of 4,4′-diaminodiphenylmethane (MDA)
and different oligomers (Gamerith et al., 2016).

An interesting improvement of PET degradation was the two-
enzyme system described by Knott et al., 2020. In that study, the
authors constructed an MHETase: PETase chimeric protein
covalently linking the C-terminus of MHETase to the N-terminus
of PETase of varying glycine-serine linker lengths (8, 12 or 20 aa
residues). All chimeric proteins exhibit improved PET and MHET
turnover relative to the free enzymes. Hydrolysis of amorphous PET
incubated with 0.25mg of PETase and 0.5 mg ofMHETase per gram
of PET resulted in the release of 0.25mMMHETandTPAbyPETase
and 0.45mMMHET when co-incubated with the two enzymes. The
use of the MP8, MP12 and MP20 chimeras increased the amount of
TPA released threefold (1.4, 1.45, and 1.5mM, respectively).
Interestingly, the chimeric constructs linking the C-terminus of
PETase to the N-terminus of MHETase were not capable of
expressing the protein (Knott et al., 2020).

Another enhancement of PETase based on the implementation
of hybrid proteins to increase its activity and thermal stability was
performed by Chen et al. (2021). The work conducted by these
researchers involved the addition of an amino acid chain containing
glutamic acid (E) and lysine (K) to the C-terminus of the PETase
enzyme, which resulted in the formation of different PETase-EK
fusion protein variants (5, 10 and 30 kDa). Thermal stability assays
performed for the obtained mutants compared to the native PETase
showed that each of the obtained proteins exhibited better stability
(80% activity after 6 h incubation at 40°C) than the native enzyme
(65% activity after incubation under the same conditions). The
ability to degrade PET was verified by the number of released
degradation products during incubation with amorphous PET
film and PET bottle film. The experiment demonstrated that
each mutant caused a significantly higher level of PET
degradation (on both plastic type materials used) compared to
the wild-type enzyme. The best results were obtained with
PETase-EK30, which after 6 days of incubation at 40°C resulted
in the release of 302.4 and 146.2 µM total MHET and TPA after
incubation with amorphous PET film and PET bottles, respectively.
The incubation with the native enzyme resulted in the release of 32.8
and 13.9 µM of MHET and TPA for the appropriate substrates,
correspondingly. It is worth noting that for the native enzyme, from
day 1 of incubation to day 6, the amount of products released did not
change significantly. In the case of the mutants, a progressive
increase in the amount of breakdown products was noted from
day 1 to day 4 of incubation, while between days 4 and 6 the
measured concentrations were at equivalent amounts (Chen et al.,
2021).

Prospective Applications of Modified
Microorganisms and Engineered Proteins in
PET Waste Management
Since 1964 production of plastic has increased twentyfold, but
almost 50 years after the introduction of the recycling process,
only 14% of plastic packing is collected for reuse. PET used in

bottles has the highest recycling rate, but globally only 7% of it is
recycled bottle-to-bottle. Most of the plastic products after a
single use are landfilled, and 32% escape the collection system to
the natural environment (Ellen MacArthur Foundation and
World Economic Forum, 2014; http://www3.weforum.org/
docs/WEF_The_New_Plastics _Economy.pdf). The growing
amount of plastic waste has forced the scientific community to
look at this global issue. So far the published reports have shown
that naturally isolated microorganisms possess a limited
capability for plastic degradation, and it might take decades
before microbes adapt to use plastic as a carbon source. The
published data on genetically modified microorganisms or
chemically engineered enzymes suggest that this direction
offers a promising method for plastic waste management.
Nowadays, through the chemical engineering of enzymes such
as modification of the active site or by introducing new bonds, we
can avoid cofactor supplementation with the simultaneous
multifold improvement of their activities, reduction of the
reaction time and increase of their thermal stability. The latter
factor might be crucial since hydrolysis of PET needs a higher
temperature than the glass transition temperature (Tg), which is
67–81 °C. A highly interesting approach that can be applied to
PET degradation technology in the future is the concept of nano-
immobilization of enzymes to improve their tolerance to
temperature and pH. The first attempts to use immobilized
enzymes have been recently achieved successfully (Jia et al.,
2021). Another perspective, which should be included in the
discussion, is the possibility of reuse of the products of PET
degradation (such as EG and TPA) to synthesize a new PET with
similar properties as a virgin PET. This will result in reduced
demand for fossil substrates for plastic synthesis and
simultaneously may be a branch where the use of immobilized
enzymes can bring additional benefits. Prospectively, due to
restrictions and concerns over the use of GMOs worldwide,
safer and easier to safely handle modified proteins may
become an alternative to the long-known bioremediation or
biological recycling, which seems to be a distant goal when
using GMMs. The application of enzymatic recycling with the
use of enhanced mutants of PETase cutinase may be one solution
in the future to reduce the level of contamination, and to our
knowledge, such application is one of the latest developments in
this field (Singh et al., 2021).

An interesting attempt was made by Roberts et al. (2020),
where a microbial consortium of Pseudomonas and Bacillus
species was applied to synergic PET degradation. Such a study
may bring additional perspective about applying an enzymatic
cocktail as a possibility to provide ester bond hydrolysis in PET
formulated with engineered hydrolases. Despite the fact that
microorganisms able to produce PET-degrading enzymes and
capable of growing degradation products as the sole carbon
source can be found in nature, the efficiency of PET hydrolysis
is generally low. The other perspective that can be taken into
consideration in further application attempts of genetic
engineering and protein modification methods is related to
the successful attempt to obtain microalgae capable of
producing PETase enzyme (Kim et al., 2020). The use of an
improved mutant of this protein in similar studies could
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greatly enhance the research conducted in this area and bring
interesting adaptive solutions for photosynthesizing
eukaryotes.

In the future probably we will be able to use plastic wastes as a
low-cost substrate for genetically modified microorganisms to
produce value-added products such as enzymes, fatty acids,
organic acids and others. As emphasized in this review,
genetically modified microorganisms are a promising alternative
for the plastic circular economy.

CONCLUSION

As the production of plastics is still increasing, enzymatic
hydrolysis of PET and other plastic is gaining importance and
interest from researchers. This way of degradation of plastic is
evaluated as an environmentally friendly, novel strategy for the
recycling of post-consumer plastic materials. Thus, in order to
better adapt the enzymes to synthetic polymers, the use of
genetic engineering may be a key to solving the plastic
pollution problem. However, the engineering of novel
hydrolases exhibiting highly efficient and specific catalytic

properties towards PET materials remains a challenge. All
findings presented above may provide further options to
obtain effective enzymes for biocatalytic plastic recycling
processes.
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Poly(ε-caprolactone) (PCL) is an artificial polyester with commercially promising application. In
this study, two novel PCL-degrading enzymes namedPCLase I and PCLase II were purified to
homogeneity from the culture supernatant of an effective polyester-degrading bacterium,
Pseudomonas hydrolytica sp. DSWY01T. The molecular masses of PCLase I and PCLase II
were determined to be 27.5 and 30.0 kDa, respectively. The optimum temperatures for the
enzyme activities were 50 and 40°C, and the optimum pH values were 9.0 and 10.0,
respectively. The two enzymes exhibited different physical and chemical properties, but
both enzymes could degrade PCL substrates into monomers and oligomers. Weight loss
detection and scanning electron microscopy revealed that PCLase I had more effective
degradation ability than PCLase II. The genes of the two enzymes were cloned on the basis of
the peptide fingerprint analysis results. The sequence analysis and substrate specificity
analysis results showed that PCLase I and PCLase II were cutinase and lipase,
respectively. Interface activation experiment also confirmed this conclusion. Structural
analysis and modeling were further performed to obtain possible insights on the mechanism.

Keywords: poly(ε-caprolactone), Pseudomonas hydrolytica, PCL-degrading enzyme, cutinase, lipase

INTRODUCTION

In recent years, biodegradable and biocompatible polyesters such as poly(3-hydroxybutyrate) (PHB),
poly(butylene succinate) (PBS), poly(ε-caprolactone) (PCL), and poly(lactic acid) (PLA) have been
widely used in packaging, medical, and ecological applications due to the adverse effects of traditional
plastics on the environment (Ikada and Tsuji, 2000; Gross and Kalra, 2002; Woodruff and
Hutmacher, 2010; Gautam et al., 2013). Among these materials, PCL is a semi-crystalline linear
aliphatic polyester that is ring-opening polymerized by ε-caprolactone (Lovera et al., 2007). The
excellent properties of PCL, including its biocompatibility, lowmelting point, and high processibility,
make it useful in different industries.

PCL can be completely degraded by microorganisms in the environment, but the speed of its
degradation varies due to environmental differences (Min et al., 2007; Cho et al., 2011). Various PCL-
degrading bacteria or fungi have been isolated, and previous research have shown that PCL-degrading
enzymes from microorganisms mediate PCL degradation (Murphy et al., 1996; Murphy et al., 1998;
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Khatiwala et al., 2008; Sekiguchi et al., 2011; Abdel-Motaal et al.,
2014). Previous works have reported that some PCL-degrading
enzymes are lipases, whereas some are cutinases that degrade
cutin under natural conditions. However, existing research still
focuses mainly on the evaluation of PCL degradation
performance, and the systematic investigation of PCL-degrading
enzymes’ mechanism is limited.

The biodegradation of PCL is an unusual feature considering
that PCL is a chemically synthesized polymer. PCL’s hydrolysis
mechanism by various enzymes can provide valuable information
for the synthesis of novel biodegradable materials. PCL-
degrading enzymes derived from microorganisms are also
environment-friendly catalysts that can be used in polyester
recycling, and these enzymes can be effectively applied to the
controlled degradation and recycling of PCL. Several studies have
recently been conducted on the use of PCL degradation in
blended materials for the preparation of porous scaffolds or
modification of polymers (Kikkawa et al., 2010; Ju et al.,
2014). The exploitation and application of different types of
PCL-degrading enzymes are indispensable in these studies.

In a previous work, we screened a bacterial strain that can
degrade several kinds of polyesters from activated sludge. The
strain was identified to be a new species of Pseudomonas named
Pseudomonas hydrolytica sp. DSWY01T (Zhou et al., 2020). In the
current study, two PCL-degrading enzymes were simultaneously
purified from the strain; their enzymatic properties and PCL
degradation behavior were examined. The possible mechanism of
enzyme function was determined according to the enzyme’s
sequence and structural information.

MATERIALS AND METHODS

Chemicals, Materials, and Methods
PCL with a molecular weight of 80,000 g/mol was obtained from
Solvay Interox Ltd., and PCL film prepared by hot pressing was
provided by Changchun Institute of Applied Chemistry. Plysurf
A210G was acquired from Daiichi Kogyo Seiyaku (Japan). DEAE
Sepharose Fast Flow and Sephadex G-75 columns were obtained
from GE Healthcare Bio-Sciences AB (Sweden). Unless otherwise
stated, all chemicals used were of analytical grade.

Bacterial Strains, Plasmids, and Medium
P. hydrolytica DSWY01T was screened and preserved in our
laboratory. A mineral medium containing 0.1% PCL, 1.194%
Na2HPO4·12H2O, 0.554% KH2PO4, 0.1% NH4Cl, 0.05%
MgSO4·7H2O, and 0.0005% CaCl2·2H2O was used for the
strain cultivation. The gene was cloned into plasmid pET-22b
(+) and transformed into competent cells of Escherichia. coli BL21
(DE3) for heterologous expression.

Purification of PCL-Degrading Enzymes
P. hydrolytica sp. DSWY01T was fermented in PCL-emulsified
medium at 37°C for 48 h, and the culture supernatant was
obtained by centrifugation at 12,000 rpm for 20 min. After
being dialyzed against 20 mM Na2HPO4-NaH2PO4 buffer (pH
7.6), the sample was applied to DEAE Sepharose Fast Flow (1.0 ×

20 cm) (pH 7.6) and eluted with a linear gradient of NaCl from 0
to 1.0 M. The unpurified active fractions were further applied to
DEAE Sepharose Fast Flow (1.0 × 20 cm) (pH 9.0) or Sephadex
G-75, which were eluted with NaCl (0–1.0 M) and 0.02 M
phosphate buffer (pH 7.6), respectively. All of the steps were
performed at 4°C.

Enzyme Assay and Protein Measurement
Initially, 0.1% (w/v) of PCL was emulsified with 0.01% (w/v) of
Plysurf A210G and used as the substrate. PCL-degrading enzyme at
appropriate concentration was mixed with the substrate and kept at
50°C for 20min to assay the activity. The decrease in the PCL
emulsions’ turbidity was measured using a UV spectrophotometer.
One unit (U) of enzymatic activity was defined as the amount of
enzyme required to reduce absorbance by 0.001 at 650 nm per min
(Shirakura et al., 1986). The protein concentration was determined
via Coomassie Brilliant Blue method, with bovine serum albumin as
the standard.

Effects of pH and Temperature on the PCL-
Degrading Activity of the Purified Enzymes
The PCL-degrading activity of the purified enzymes was assayed
in 0.2 M buffers of various pHs (citrate buffer, pH 4–6; Na2HPO4-
NaH2PO4 buffer, pH 6–8; Tris-HCl buffer, pH 8–9; Gly-NaOH
buffer, pH 9–12) to determine the optimum pH. The optimal
temperature was determined by measuring the enzyme’s activity
at temperatures ranging from 30 to 75°C. To evaluate the pH
stability and thermostability of the purified enzymes, the enzyme
was kept either at a pH ranging from 3 to 12 at 4°C for 24 h or at
temperatures ranging from 20 to 70°C for 2 h; residual activity
was then assayed under standard conditions.

Effects of Metal Ions, Inhibitors, and
Organic Solvents on the PCL-Degrading
Activity of the Purified Enzymes
Several metal ions, including Mg2+, Na+, Ca2+, Zn2+, Co2+, Fe3+,
Fe2+, Cu2+, and Mn2+, ethylenediaminetetraacetic acid (EDTA), and
PMSF, were added to the reaction with final concentrations of 1mM
or 10mM to determine their effects on the PCL-degrading activity of
the purified enzymes. The effects of various chemical reagents,
including methanol, ethanol, glycerol, Tween-80, and Triton X-
100, were assayed with final concentrations of 1% (v/v) and 10% (v/
v). The activity of the enzyme incubated without any metal ion and
chemical was considered 100%.

Substrate Specificity of the PCL-Degrading
Enzymes
PLA, PHB, PBS, tributyrin, olive oil, apple peel cutin, and various
pNP esters, including pNP acetate (C2), pNP butyrate (C4), pNP
caprylate (C8), pNP laurate (C12), and pNPmyristate (C14), were
used as substrates to determine the substrate specificity of PCL-
degrading enzyme. The degradation of PLA, PHB, PBS, and pNP
esters was assayed using a spectrophotometer (Kazenwadel et al.,
2012). The degradation of tributyrin and olive oil was determined
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by titration (Prazeres et al., 2006), and the degradation of cutin
was determined by weighing method.

Determination of Hydrolysis Products of the
PCL-Degrading Enzymes
PCL-degrading enzymes was incubated with PCL-emulsified
substrate at 50°C for 30 min, and the supernatant was
collected and analyzed by tandem quadrupole mass
spectrometry (MS) (Quattro Premier XE) with capillary
voltage of 3.0 kV, cone voltage of 20 V, and source
temperature of 110°C. The same sample incubated with
enzyme inactivated by boiling was used as a control.

Degradation of Poly(ε-Caprolactone) Film
by the PCL-Degrading Enzymes
PCL films (10 × 10 × 0.2mm) were incubated with 1ml of PCL-
degrading enzyme (0.2mg/ml) at 45°C. The enzyme solution was
changed every 24 h, and the films were taken out at the same interval
to be completely vacuum dried at room temperature. The film’s
weight was then measured to obtain the weight loss curve (Shi et al.,
2020).

SEM Observations
The surface morphologies of the PCL films with different
degradation degrees were observed through a Hitachi S570
SEM (Japan) at an acceleration voltage of 15 kV. The surface
of each PCL film was sprayed with gold before analysis.

Gene Cloning and Sequence Analysis
The protein band of the PCL-degrading enzyme was excised from
SDS-PAGE gel. After trypsin digestion, the sample was subjected
to matrix-assisted laser desorption/ionization time-of-flight MS
(MALDI-TOF-MS, 4,700 Proteomics Analyzer, Tianjin
Biotechnology Inc., China). The results were compared and
analyzed in MASCOT Peptide Mass Fingerprint database.
Primers were designed on the basis of the sequence with 100%
identity in the database, and the PCL-degrading enzyme gene
fragments were amplified by PCR using strain genome as
template. The domain of the PCL-degrading enzyme was
predicted by Inter Pro Scan, and the signal peptide was
predicted by Signal P4.1 Server. The secondary structure was
predicted on the online software PSIpred, and the three-
dimensional spatial structure was found in UniProt protein
database or constructed using SWISS-MODEL.

RESULTS

Purification of PCL-Degrading Enzyme
Two PCL-degrading enzymes were purified to homogeneity from
the culture supernatant of P. hydrolytica sp. DSWY01T as
described in “Materials and methods.” The component named
PCLase I was purified by a combination of DEAE-Sepharose
chromatographic steps eluted at pH 7.6 and pH 9.0, respectively,
and another component named PCLase II was obtained by a

combination of DEAE–Sepharoseand further Sephadex G-75
column chromatography. Table 1 summarizes the enzymes’
purification. The molecular masses of PCLase I and PCLase II
were determined by SDS-PAGE analysis to be 27.5 and 30.0 kDa,
respectively (Figure 1).

Effects of Temperature and pH on the
PCL-Degrading Activity of Purified Enzymes
The PCL-degrading activities of the purified enzymes were
detected at different temperatures ranging from 20 to 70°C.
The purified PCLase I and PCLase II exhibited the maximum
degrading activity at 50 and 40°C, respectively (Figure 2A). The
two PCL-degrading enzymes were moderately stable at
temperatures up to 50°C. However, when the temperature
increased to 60°C, the activity of PCLase I was almost lost
after 2 h of incubation, whereas PCLase II retained more than
80% of the enzymatic activity (Figure 2B).

The optimum pH for PCLase I and PCLase II were observed to
be pH 9.0 and pH 10.0, respectively, and almost no activity was
detected under acidic conditions (Figure 2C). PCLase I and
PCLase II were stable at pH conditions ranging from 6.0 to
12.0, and PCLase I showed remarkable stability at pH 12.0 with
activity of approximately 100% (Figure 2D).

Effects of Metal Ions and Chemicals on the
PCL-Degrading Activity of Purified Enzymes
The effects of various metal ions on the activity of the purified
enzymes are listed in Table 2. The results showed that 1 mM of
Mg2+ and Ca2+ significantly enhanced the activity of the two
PCL-degrading enzymes. When the ion concentration was
increased to 10mM, these two ions had a stronger
promotion on PCLase I, reaching 833 and 226% of the
original activity. However, these ions significantly inhibited
the activity of PCLase II with approximately 60% activity
remaining. In addition, 1 mM of Fe3+ and Fe2+ significantly
enhanced PCLase I’s activity while inhibiting PCLase II’s
activity to be 80.77 and 91.16%, respectively. By contrast,
Co2+ and Cu2+ enhanced the activity of PCLase II and
inhibited that of PCLase I. Specifically, Co2+ completely
inactivated PCLase I. These difference indicate the amino
acids involved in the degradation function of the two
enzymes may be different in property.

Table 3 shows the effects of chemicals on the purified
enzymes. PCLase I and PCLase II were tolerant to tested
organic solvents and had more than 80% activity remaining at
1 and 10% concentrations, respectively. Surfactant Triton X-100
strongly inhibited the activity of these two PCL-degrading
enzymes, and almost no activity was detected even at 1%
concentration. Tween-80 at 1% concentration slightly inhibited
the activity of PCLase I, but almost completely inhibited that of
PCLase II; when the concentration was increased to 10%, the
inhibition on both enzymes was significant. These results
indicated that the active centers of the two PCL-degrading
enzymes may have a hydrophobic region that is necessary for
their functions.
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Substrate Specificity of the Purified
Enzymes
The activities of PCLase I and PCLase II were tested on several
representative substrates. Table 4 shows that aside from PCL, these
two PCL-degrading enzymes could also degrade PBS, pNP ester,
tributyrin, and olive oil, while neither enzyme degraded PLA. In
addition, PCLase I degraded crude cutin and did not degrade PHB; by
contrast, PCLase II degraded PHBwhile had no degrading activity on
cutin. These results indicated that PCLase I may be a cutinase,
whereas PCLase II is an esterase that does not degrade cutin.

Determination of Enzymatic Hydrolysis
Products
The products of PCL degradation by purified PCL-degrading
enzymes were identified by MS. Figure 3 shows that unlike the
control group, monomers (peak at m/z 131.0), dimers (peak at

m/z 245.3), trimers (peak at m/z 359.5), and tetramers (peak at
m/z 473.6) were detected in the samples. These results
indicated that the catalytically active centers of the two
purified PCL-degrading enzymes may be able to bind to
long-chain substrates containing several PCL monomers
and cleave the ester bonds in them. This mode is different
with several reported PHB depolymerases which can only
cleave the substrate from the chain end and release
monomers or dimers (Zhou et al., 2009; Wang et al., 2012;
Li et al., 2018).

Degradation and SEM Observation of the
PCL Films Degraded by Purified Enzymes
The weight loss of the films caused by enzymatic hydrolysis can be
used as an index to measure the enzymatic degradation ability.
Figure 4 presents the weight loss plot of the PCL films with
degradation time. The relationship between the weight loss of the
PCL films and degradation time was close to linear for PCLase I, and
the loss of the films degraded by PCLase I reached 70% after 3 days
of incubation. This degradation trend is consistent with the result of
cutinase degradation of the PCL film reported by Shi (Shi et al.,
2020). However, the degradation profile of PCLase II is different
from that of PCLase I. Its plot could be divided into a slow stage
(0–3 days) and a fast stage (3–8 days) (Figure 4). Theweight loss was
achieved at approximately 75% after 8 days of incubation. These
results showed that different enzymes have varying degradation rates
for PCL solid materials, which may be attributed to different
enzymatic hydrolysis modes. Shi also has similar findings, but the
difference from the results of the current study is that the speed of
PCL degradation by Candida antarctica lipase that Shi used was
initially fast and then slowed down (Shi et al., 2020); additionally, the
specific mechanism requires further research.

SEM micrographs of the PCL films degraded by the two purified
enzymes are shown in Figure 5. The PCL film’s surface was smooth
before enzymatic hydrolysis. However, as the enzymatic hydrolysis
time increased; the film surface was damaged to varying degrees. The
appearance of spherulites in the degradation process showed that the
PCL-degrading enzyme preferentially degrades the film’s amorphous
regions, and then degrades the crystalline regions. The SEM results
also showed that aside from the degradation rates of PCLase I and
PCLase II, their degradation modes also vary. Figure 5B and 5D
show that when the degradation rate was 30%, the film degraded by
PCLase I appeared to be a lamellar structure with no spherulites,
whereas the film degraded by PCLase II presented spherulites,
suggesting that the action of PCLase II may be deeper.

TABLE 1 | Purification of the PCL-degrading enzymes from the supernatant of pseudomonas hydrolytica sp. DSWY01T.

Components Steps Total proteins
(mg)

Total activities
(U)

Specific activities
(U/mg)

Purification (fold) Yield (%)

Culture supernatant 120.9 19,945.5 164.9 1.0 100.0
lyophilized dialysate 43.9 12880.4 293.4 1.8 64.6
PCLase I DEAE-Sepharose (pH7.6) 21.8 7,384.7 338.7 2.1 37.0

DEAE-Sepharose (pH9.0) 4.5 3,728.9 828.6 5.0 18.7
PCLase II DEAE-Sepharose (pH7.6) 18.0 5,884.7 326.9 2.0 29.5

Sephadex G-75 3.9 2,578.9 661.3 4.0 12.9

FIGURE 1 | SDS-PAGE analysis of the purified PCL-degrading
enzymes. (Lane 1: purified PCLase I; Lane 2: purified PCLase II; Lane M:
molecular weight marker).
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Cloning, Expression, and Sequence
Analysis of PCL-Degrading Enzymes
The two purified PCL-degrading enzymes were analyzed by
MALDI-TOF-MS. The peptide fingerprints showed that PCLase I
had 100% similarity to a hypothetical protein (WP_004373894.1)
from Pseudomonas mendocina ymp and that PCLase II had 100%
similarity to a lactonizing lipase (WP_003239806.1) from the same
strain. The primers were designed according to the homologous

sequence and applied for PCR amplification using the genome of P.
hydrolytica sp. DSWY01T as template. The sequencing results
showed that the amplified fragment sequences were consistent
with the homologous sequence derived from P. mendocina ymp.
Amplified genes, excluding the putative signal peptide sequence,
were cloned and expressed in E. coli (DE3). The detection showed
that the expressed recombinant enzymes have PCL-degrading
activity, and their molecular weights were consistent with the

FIGURE 2 | Effects of temperature and pH on the enzymatic activity of the purified PCL-degrading enzymes. (A) Temperature dependence of enzymatic activity; (B)
Thermostability of the purified enzymes; (C) pH dependence of enzymatic activity; (D) Stability of the purified enzymes at different pH conditions.

TABLE 2 | Effects of metal ions on the activity of the two PCL-degrading enzymes.

Metal ions Residual activity (%)

PCLase I PCLase II

1 mM 10 mM 1 mM 10 mM

Mg2+ 169.80 ± 4.90 833.60 ± 3.20 220.57 ± 0.90 61.06 ± 2.39
Na+ 106.60 ± 0.60 88.00 ± 1.20 115.50 ± 0.49 64.98 ± 2.21
Ca2+ 149.00 ± 1.20 226.30 ± 2.30 132.55 ± 1.64 66.80 ± 2.73
Zn2+ 17.30 ± 1.00 - 22.48 ± 0.57 -
Co2+ 0 - 110.38 ± 0.71 -
Fe3+ 227.80 ± 16.50 - 80.77 ± 0.99 -
Fe2+ 166.00 ± 1.90 - 91.16 ± 0.54 -
Cu2+ 88.20 ± 0.50 - 108.99 ± 0.36 -
Mn2+ 41.50 ± 2.40 - 99.37 ± 1.18 -

- Means that the effect of the metal ion could not be detected for the precipitate.
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previously purified PCLase I and PCLase II. This result indicated that
the two DNA fragments (i.e., pcl1 and pcl2) obtained through
peptide fingerprinting and homologous amplification were indeed
genes encoding PCLase I and PCLase II.

Pcl1 comprised anORF of 843 nucleotides encodedwith a protein
of 280 residues, with a theoretical molecular weight of 29.63 kDa and
a theoretical pI of 8.55, predicted with a 22-amino acid signal peptide
at the N-terminal region. Pcl2 comprised an ORF of 954 nucleotides
encoded with a protein of 317 residues, with a theoretical molecular
weight of 33.20 kDa and a theoretical pI of 6.59, predicted with a 24-
amino acid signal peptide at the N-terminal region. Both enzymes
belonged to α/β hydrolase family and contained catalytic triad
composed of Ser148-Asp198-His228 and Ser111-Asp261-His283
in the active center, respectively. The two enzymes both had a
single catalytic structure with no substrate binding domain, which
is different from solid-phase substrate hydrolases, such as cellulase
and polyhydroxybutyrate depolymerase (Mattinen et al., 1997; Shin
et al., 2002; Hiraishi et al., 2006).

DISCUSSION

P. hydrolytica sp. DSWY01T is a strain screened in our
laboratory in a previous research. This strain has been
found to have the ability to degrade polyesters, including
PHB and PLA (Zhou et al., 2020). In the current study, two
PCL-degrading enzymes were purified from the strain’s
fermentation supernatant. These results indicated that the
strain had good application potential in the degradation,
recycling, and transformation of polymer polyesters.

Microorganisms usually secrete isoenzymes to synergistically
degrade macro-molecules in vitro. However, considering that PCL
is a chemically synthesized polyester, the original function of the
PCL-degrading enzymes secreted by microorganisms should not
be to degrade PCL. Several enzymes secreted by the strain that
degrade natural polyester more likely happened to have
relatively broad substrate specificity, which recognized the
PCL substrate and further broke the ester bond. The
substrate specificity analysis results showed that both PCL-
degrading enzymes degraded ester substrates, including olive
oil and tributyrin; PCLase I significantly degraded the rough
cutin of apple peel, whereas PCLase II had no such
degradation ability. In addition, sequence alignment
showed that PCLase II may be a lipase and that PCLase I
was most similar to a hypothetical protein with an
unidentified function. Considering these characteristics of
the enzymes, we speculated that these two PCL-degrading
enzymes possibly belong to cutinase and lipase families,
respectively. To further study the properties of the PCL-
degrading enzymes, we used tributyrin as substrate in an
interface activity experiment. As shown in Figure 6, the

TABLE 3 | Effects of chemicals on the activity of the two PCL-degrading enzymes.

Organic solvent Residual activity (%)

PCLase I PCLase II

1% 10% 1% 10%

Methanol 84.50 ± 0.49 128.10 ± 1.50 95.34 ± 0.60 87.06 ± 1.35
Ethanol 96.60 ± 0.80 125.50 ± 3.30 91.71 ± 0.56 83.42 ± 0.60
Glycerol 108.80 ± 1.30 108.10 ± 1.40 95.19 ± 1.27 81.95 ± 1.43
Tween-80 86.80 ± 0.20 0 1.85 ± 0.72 1.78 ± 1.93
Triton X-100 0 0 0.98 ± 0.15 0.63 ± 0.45

TABLE 4 | Substrate specificity of the two PCL-degrading enzymes.

Substrate PCLase I PCLase II

PCL + +
PHB − +
PLA − −

PBS + +
pNPC2-C16 + +
Tributyrin + +
Olive oil + +
Crude cutin + −

+ Means that the enzyme has the degrading ability, and − means no degrading ability.

FIGURE 3 | MS results of the degradation products of PCL-degrading enzymes. [(A): control group; (B): PCLase I; (C): PCLase II].
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degradation activity of PCLase I increased with the increase of
the substrate concentration and showed no interface
activation effect; however, the activity of PCLase II
increased sharply when the tributyrin concentration was
higher than 0.8 mM, showing a typical interface activation
effect. This results support earlier suggestion that PCLase II is
a lipase whereas PCLase I is a cutinase.

Previous research found that lipases usually have catalytic
triad composed of nucleophilic-histidine acid residues; and in its
open conformation, the “lid structure” at the top of the active site
enables the solvent to approach the catalytic cavity centre
(Brzozowski et al., 1991; Grochulski et al., 1994; Brzozowski
et al., 2000). By contrast, the active region of cutinase is
directly exposed to the top of the three-dimensional structure
and can directly contact and interact with the substrate. In the
present study, the enzymes’ sequences were blasted in the
database, and the results showed that PCLase I is an enzyme
with a known structure (PDB No. 2fx5) (Sibille et al., 2006)
(Figure 7A) and that although PCLase II has no structural
information, PCLase II is similar to the lipase PAL (PDB No.
1ex9.1) derived from Pseudomonas aeruginosa PAO1 with the
sequence identity of 82.75%.Wemodeled the structure of PCLase
II and then compared the differences in the structure of the two
PCL-degrading enzymes interacting with the substrate.

Lipase PAL (lex9.1.A) was used as a template for homologous
modeling in SWISS-MODEL. The sequence alignment results
between PAL and PCLase II showed that Amino Acids 30 to 317
of PCLase II corresponded to amino acids 1 to 285 of the template
PAL. Unlike the α-helix in PAL, Amino Acids 226 to 232 of PCLase
II formed a β-sheet. However, other components corresponded well
to the template. A previous study revealed that PAL has a movable
helical structure formed by amino acids 125–147 (Nardini et al.,

FIGURE 5 | SEM micrographs of undegraded PCL (A), degraded by PCLase I [(B) 36 h; (C) 72 h], and PCLase II [(D) 5 days; (E) 8 days].

FIGURE 4 | Weight loss of the degraded PCL films.
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2000). This structure and the surrounding structure are the key “lid
structures” that can be used to control the exposure of the enzyme
active site, whichmakes the solvent and the substrate enter the cavity
where the active site is located. The helical structure of PCLase II’s
155–180 amino acids is highly similar to PAL’s “lid structure”
(Figure 7B). Combined with PCLase II’s properties, we speculate

that PCLase II belongs to lipase and that its “lid structure” may be
related to the “interface activation” effect. In addition, this lid
structure may also play a steric hindrance, preventing the long-
chain polyester from entering the active pocket of the enzyme. This
limitation may be the reason why the degradation efficiency of
PCLase II to PCL film was lower than that of PCLase I.

The MS analysis results showed the presence of dimers,
trimers, and tetramers in the enzymatic hydrolysis products,
suggesting that these enzymes can bind to long-chain
polyesters. Moreover, these enzymes can also degrade PBS
polyester, indicating that the enzymes have excellent substrate
versatility, which makes these enzymes have the potential to be
used in the degradation and recycling of mixed biodegradable
polyesters. Moreover, these properties of enzymes are valuable to
the development and synthesis of derivatized polyesters based on
PCL or PBS structures. In addition, these properties of enzymes
make the degradation of derivatized polyesters based on PCL or
PBS structures possible, which has guiding significance for the
development of more types of biodegradable polyesters.
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FIGURE 6 | Effects of tributyrin and pNP ester on PCL-degrading enzymes. Tributyrin (A) and pNP esters (B) were used as substrates to detect the activity of
PCLase I and PCLase II under different concentrations.

FIGURE 7 | Structures of PCLase I (A) and modeled PCLase II (B).
Catalytic triad is marked in red and “lid structure” is colored in green.
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Bioconversion of Terephthalic Acid
and Ethylene Glycol Into Bacterial
Cellulose by Komagataeibacter
xylinus DSM 2004 and DSM 46604
Asiyah Esmail 1,2, Ana T. Rebocho1,2, Ana C. Marques3, Sara Silvestre3,
Alexandra Gonçalves3, Elvira Fortunato3, Cristiana A. V. Torres1,2, Maria A. M. Reis1,2 and
Filomena Freitas1,2*

1Associate Laboratory Institute for Health and Bioeconomy, School of Science and Technology, NOVA University Lisbon,
Caparica, Portugal, 2UCIBIO—Applied Molecular Biosciences Unit, Department of Chemistry, School of Science and
Technology, NOVA University Lisbon, Caparica, Portugal, 3Department of Materials Science, School of Science and Technology,
NOVA University Lisbon and CEMOP/UNINOVA, Caparica, Portugal

Komagataeibacter xylinus strains DSM 2004 and DSM 46604 were evaluated for their
ability to grow and produce bacterial cellulose (BC) upon cultivation on terephthalic acid
(TA) and ethylene glycol (EG), which are monomers of the petrochemical-derived plastic
polyethylene terephthalate (PET). Both strains were able to utilize TA, EG, and their
mixtures for BC synthesis, with different performances. K. xylinus DSM 2004 achieved
higher BC production from TA (0.81 ± 0.01 g/L), EG (0.64 ± 0.02 g/L), and TA + EG
mixtures (0.6 ± 0.1 g/L) than strain DSM 46604. The latter was unable to utilize EG as the
sole carbon source and reached a BC production of 0.16 ± 0.01 g/L and 0.23 ± 0.1 g/L
from TA alone or TA + EG mixtures, respectively. Further supplementing the media with
glucose enhanced BC production by both strains. During cultivation on media containing
TA and EG, rapid pH drop due to metabolization of EG into acidic compounds led to some
precipitation of TA that was impregnated into the BC pellicles. An adaptation of the
downstream procedure involving BC dissolution in NaOH was used for the recovery of
pure BC. The different medium composition tested, as well as the downstream procedure,
impacted the BC pellicles’ physical properties. Although no variation in terms of the
chemical structure were observed, differences in crystallinity degree and microstructure of
the produced BC were observed. The BC produced by K. xylinus DSM 2004 had a higher
crystallinity (19–64%) than that of the strain DSM 46604 (17–53%). Moreover, the scanning
electron microscopy analysis showed a higher fiber diameter for K. xylinus DSM 2004 BC
(46–56 nm) than for K. xylinus DSM 46604 (37–49 nm). Dissolution of BC in NaOH did not
influence the chemical structure; however, it led to BC conversion from type I to type II, as
well as a decrease in crystallinity. These results demonstrate that PET monomers, TA and
EG, can be upcycled into a value-added product, BC, presenting an approach that will
contribute to lessening the environmental burden caused by plastic disposal in the
environment.
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INTRODUCTION

Polyethylene terephthalate (PET) is a polyester of terephthalic
acid (TPA) and ethylene glycol (EG) monomers. PET is the most
manufactured thermoplastic globally, due to its remarkable
material properties, such as high tensile strength, great
chemical resistance, elasticity, electrical insulating properties,
and thermostability (Robertson, 2014), which grant its
versatility to be used in many industries, such as packaging,
textiles, electrical and electronics, and the automotive industry
(Webb et al., 2013). However, PET is incredibly resistant to
hydrolytic or enzymatic degradation, presenting as a
considerable recalcitrant pollutant in the environment and
contributing to the alarming worldwide plastic accumulation
and pollution problem (Sang et al., 2020). Physical treatments,
such as thermal and mechanical procedures, coupled with
exposure to chemicals, namely, acids or alkali, are used to
depolymerize PET into its monomers (TA and EG) or into
low Mw oligomers (Thiounn and Smith, 2020). The resulting
TA can be purified and utilized for producing recycled PET, thus
valorizing waste PET materials.

The resulting plastic monomers are more easily degraded by
microorganisms due to their higher water solubility than the
original high molecular weight polymers. Therefore, they can
alternatively be used by some bacteria as feedstocks for the
production of value-added microbial products, such as
polyhydroxyalkanoates (PHAs) (Tiso et al., 2021) and bacterial
cellulose (BC) (Zhang et al., 2021). Although this strategy is still
underexplored, requiring extensive research for its
implementation, it arises as a very promising approach that
will simultaneously contribute to mitigate the plastic waste
problem, enabling plastic waste to become a resource rather
than an environmental burden by adding value to them
(Nikolaivits et al., 2021).

BC is a natural polysaccharide synthesized by some species of
bacteria, including Gram-negative (e.g., Acetobacter,
Gluconacetobacter (presently Komagataeibacter), and
Rhizobium), as well as Gram-positive bacterial species such as
Sarcina ventriculi (Carvalho et al., 2019). Among the
aforementioned bacteria, Komagataeibacter is known to be the
most efficient to produce high-quality BC for commercial use
(Ruka et al., 2012). Both BC and plant-based cellulose are
chemically composed of glucose molecules connected via
acetal linkages between C1 and C4 carbons (Klemm et al.,
2001). Still, there are major differences between them in terms
of purity, macromolecular properties, and characteristics.
Relative to plant-based cellulose, BC shows higher purity,
degree of polymerization, water uptake capacity, crystallinity
(up to 96%), biocompatibility, and Young’s modulus (Klemm
et al., 2001; Ul-Islam et al., 2012). These distinctive properties
favor BC over plant-based cellulose for an array of applications in
the food, cosmetics, optoelectronics, and textile industry, as well
as in the biomedical field (Fortunato et al., 2016; Carvalho et al.,
2019; Wang et al., 2019; Marques et al., 2021).

In accordance with this, this work assessed the capability of
Komagataeibacter xylinus strains DSM 2004 and DSM 46604 to
utilize TA and EG as carbon sources for BC production. Media

supplemented with TA and/or EG were tested for the static
cultivation of both strains, as well as the same mixtures
supplemented with glucose as a co-substrate. The BC pellicles
obtained were extracted and characterized in terms of their
physical–chemical properties and their nanostructure to
evaluate the impact of the medium composition.

MATERIALS AND METHODS

Microorganisms and Media
This study was carried out using two Komagataeibacter xylinus
strains, namely, DSM 2004 and DSM 46604, purchased from
DSMZ (the German Collection of Microorganisms and Cell
Cultures). The microorganisms were preserved in glycerol
(20%, v/v) (99% Sigma-Aldrich), as a cryoprotectant agent, at
-80°C. The inocula were prepared by inoculation of 1 ml of the
cryopreserved cultures in the HS (Hestrin–Schramm) medium
(Hestrin and Schramm, 1954) (per liter: glucose, 20 g; peptone,
5 g; yeast extract, 5 g; citric acid, 1.15 g; disodium hydrogen
phosphate, 2.7 g; pH = 7) and incubation in an orbital shaker,
at 30°C and 150 rpm, for 24 h. T-75 flasks (BIOFIL) containing
30 ml medium were inoculated with 20% (v/v) inoculum and
incubated statically at 30°C, for 18 days.

The media tested consisted of the non-supplemented HS
medium; HS medium supplemented with glucose (20 g/L)
(reagent grade, Scharlau), TA (20 g/L) (synthesis grade,
Merck), or EG (20 g/L) (Honeywell); and HS medium
supplemented with mixtures of glucose, TA, and/or EG. For
the preparation of culture media containing TA, sonication in an
ultrasonic bath (Bandelin Sonorex Digitec Berlin) of the mixture
for 30 min was performed, followed by pH adjustment to 7.0 by
addition of 5 M NaOH for complete TA solubilization.

Analytical Techniques
At the end of the assays, the cellulose membranes were collected
from the flasks, and the cultivation broth samples were
centrifuged (10,956 × g 15 min, 4°C). The resultant
supernatant was collected for glucose, TA, and EG
quantification. Broth samples were also collected at the
beginning of the assays for nutrient quantification.

The collected cellulose membranes were treated with 0.1 N
NaOH, at 80°C, for 20 min (Costa et al., 2017), and neutralized
with water in an orbital shaker for 48 h (200 rpm, at 20°C). Wet
BC pellicles were weighed after alkaline treatment as well as after
lyophilization (ScanVac CoolSafeTM, LaboGene) at -110°C for
48 h, for BC gravimetric quantification.

In some of the assays, there was the formation of a precipitate
that got impregnated into the BC pellicles. For BC purification,
such pellicles were dissolved in 5 M NaOH at a concentration of
2wt% using the method described by Araújo et al. (2020). Shortly,
the BC was dispersed in the alkali solvent system and kept at
−20°C for 48 h. During this period, three freeze-thaw cycles were
performed in which the thawed suspensions were extensively
stirred (at 500 rpm, for 1 h), at 20°C. The resulting solutions were
dialyzed with a 12-kDa cut-off membrane (Nadir® dialysis tubing,
Carl Roth, Karlsruhe, Germany) against deionized water, at a
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constant stirring (200 rpm), till neutral pH and constant
conductivity values (20 μS/cm) were reached. The dialyzed BC
was freeze-dried and gravimetrically quantified.

For glucose and EG quantification, the cell-free supernatant
was diluted in sulfuric acid (H2SO4 0.01 N) and filtered with
modified nylon centrifugal filters (0.2 μm, VWR), at 10,000 rpm
for 10 min. Glucose and EG concentration were determined by
HPLC with a VARIAN Metacarb column (BioRad) coupled to a
refractive index (RI) detector. The analyses were performed at
50°C, with sulfuric acid (H2SO4 0.01 N) as the eluent at a flow rate
of 0.6 ml/min. Glucose and EG standards were used at
concentrations in the range of 0.01—1.0 g/L. For TA
quantification, the cell-free supernatant was filtered with
modified nylon centrifugal filters (0.2 μm, VWR) and diluted
with NaOH 30 mM. TA concentration was determined by HPLC,
with an anion exchange column (Ionpac AS11-HC 4.6 × 250 mm
equipped with a pre-column) coupled to a conductivity detector.
The analyses were performed at 30°C, with NaOH 30 mM as the
eluent at a flow rate of 1.5 ml/min. TA standards were used at
concentrations in the range of 0.006–1.0 g/L.

Polymer Characterization
Fourier Transform Infrared Spectroscopy
Fourier transform infrared spectroscopy (FTIR) analysis was
performed with a Perkin–Elmer Spectrum Two spectrometer.
The dried polymer samples were directly analyzed on the FTIR
cells. The spectra were recorded between 400 and 4,000 cm−1

resolutions with 10 scans, at 20°C.

Scanning Electron Microscopy
To observe the nanostructure of BC, the lyophilized samples were
mounted for observation with scanning electron microscopy
(SEM) using double-sided carbon tape and aluminum stubs
and sputter-coated with a thin layer of iridium (Q150T ES,
Quorum, UK). The analysis was performed in a scanning
electron microscope (Hitachi, model Regulus 8,220) using an
acceleration voltage of 3 kV. The obtained SEM images were
processed by ImageJ (NIH image).

X-Ray Diffraction
The structural analysis of the samples was performed by X-ray
diffraction (XRD) using an X-ray diffractometer (PANalytical
X′Pert PRO MRD) with a monochromatic Cu Kα radiation
source (45 kV and 40 mA) to scan the samples, which were
recorded in a 2θ range from 10° to 90° using a scan rate of
10°/min with a continuous scanningmode. The crystallinity index
(CI) was calculated using the XRD deconvolution method as
described by Park et al. (2010).

Thermogravimetric Analysis
Thermogravimetric (TG) measurements were carried out with a
simultaneous thermal analyzer, STA 449 F3 Jupiter from
NETZSCH Thermal Analysis (Wittelsbacherstraße, Germany),
under nitrogen atmosphere and loading 5 mg of each material
into a covered aluminum crucible. The polymers were heated up
to 500°C at 10 K/min.

RESULTS AND DISCUSSION

BC Production
K. xylinus strains DSM 2004 and DSM 46604 were screened for
their ability to produce BC upon cultivation on the TA and/or EG
supplemented HS medium. As shown in Table 1, both strains
were able to produce BC in most of the tested medium
composition, although with different yields.

K. xylinus DSM 2004 grew on all tested media. As expected,
the highest BC production was observed in the glucose-
supplemented medium (2.1 ± 0.2 g/L), which is in the range of
the values reported for K. xylinus strains in the HS medium with
glucose (0.24–3.1 g/L) (Mikkelsen et al., 2009; Yang et al., 2016;
Ogrizek et al., 2021). The culture was able to grow on both TA-
and EG-supplemented media, producing BC at concentrations of
0.81 ± 0.01 g/L and 0.64 ± 0.02 g/L, respectively. Considering that
only residual growth was observed on the non-supplemented HS
medium (0.29 ± 0.02 g/L), probably by the utilization of peptone,
yeast extract and/or citric acid present on the HS medium served
as substrates. These results show that strain DSM 2004 was able to
utilize TA and EG as carbon sources for BC production. This was
confirmed by the consumption of 1.9 ± 0.1 g/L of TA and 4.2 ±
0.8 g/L of EG during the assays (Table 1). The highest yield on a
substrate basis was obtained for TA (0.43 ± 0.02 g BC/g
substrate), which was considerably higher than the values
obtained for glucose or EG (0.20 ± 0.03 and 0.15 ± 0.04 g BC/
g substrate, respectively).

On the other hand, upon cultivation on the HS medium
supplemented with TA and EG mixtures, strain DSM 2004
had a BC production of 0.60 ± 0.10 g/L, which is similar to
that on EG (0.64 ± 0.02 g/L). However, in that assay, it was not
possible to quantify TA due to its precipitation during cultivation
that was probably caused by the decrease in the medium’s pH due
to the metabolization of EG into acidic metabolites produced,
namely, glycolic and oxalic acids (Viinamöki et al., 2015). Since
TA is only soluble in neutral to basic solutions (Palme et al.,
2017), insoluble particles formed and became impregnated into
the synthesized BC pellicles. TA precipitation during the TA + EG
supplemented assays interfered with the gravimetrical
quantification of the produced BC. Hence, to overcome this, a
strategy was implemented to eliminate TA precipitate from the
BC pellicle. A schematic of the approach is represented in
Figure 1 The produced BC pellicles were dissolved in 5 M
NaOH using the freeze-thaw procedure described by Araújo
et al. (2020) (Araújo et al., 2020), resulting in a solution of BC
and TA that was dialyzed with a 12-kDa cutoff membrane against
deionized water. The dialysis permitted the low molecular weight
TA molecule to be eliminated from the solution, while the TA-
free BC was retained inside the membrane due to its higher
molecular weight and quantified by freeze-drying.

BC production on the HS medium supplemented with glucose
and TA (2.0 ± 0.1 g/L) was identical to that obtained in the
glucose-supplemented medium (2.1 ± 0.2 g/L) (Table 1), which
suggests no gain on utilizing TA together with glucose. On the
other hand, supplementing the mediumwith EG (in the glucose +
EG and glucose + TA + EG assays) improved BC production
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(1.00 ± 0.01 g/L and 1.20 ± 0.03 g/L, respectively) compared to EG
alone or TA + EG (0.64 ± 0.02 and 0.60 ± 0.1, respectively), but it
was significantly lower than production from glucose alone. In
those assays, despite the complete glucose consumption, the
lower BC production resulted in reduced yields on the
substrate (Table 1). These results suggest that the presence of
EG in the culture medium induced metabolic pathways other
than cell growth or BC synthesis. Nevertheless, the obtained BC
production in the assays containing TA + EG was only slightly
lower than the values reported for BC production by the bacterial
isolate Taonella mepensis WT-6 from terylene ammonia
hydrolysate (1.75–2.42 g/L) containing TA and EG (Zhang
et al., 2021).

Concerning K. xylinusDSM 46604, it presented no cell growth
on the non-supplemented HS medium or on the EG-
supplemented medium (Table 1). Moreover, it presented
significantly lower BC production in all other tested media
than strain DSM 2004. However, it was able to produce BC
when grown on TA (0.16 ± 0.01 g/L), despite the lower
production than that observed in the glucose-supplemented
medium (0.53 ± 0.04 g/L) (Table 1). Combining glucose and

TA as substrates resulted in a higher BC production (0.70 ±
0.20 g/L), which demonstrates that strain DSM 46604 was able to
utilize both carbon sources simultaneously. Contrary to strain
DSM 2004, the presence of EG in the cultivation medium was not
detrimental for cell growth and BC synthesis, with slightly higher
or similar production being attained in the TA + EG and glucose
+ TA + EG assays (0.23 ± 0.1 and 0.76 ± 0.1 g/L, respectively),
compared to the TA alone and glucose + TA assays. Moreover,
analogous to DSM 2004, precipitation of TA was observed for
assays containing TA and EG due to the acidification of the
medium. Therefore, purification of the BC pellicles was
performed, as previously described, to eliminate the
precipitated TA, and obtain pure BC for quantification and
further characterization.

Although K. xylinus DSM 2004 and 46604 were able to
synthesize BC using TA and/or EG, the production is lower
than that observed for other K. xylinus strains on multiple
substrates, such as waste mango pulp (6.32 g/L) (García-
Sánchez et al., 2020), grape bagasse (8 g/L) (Vazquez et al.,
2013), glycerol from biodiesel production (10 g/L) (Vazquez
et al., 2013), cotton cloth hydrolysate (10.8 g/L) (Hong et al.,

TABLE 1 |Substrate conversion, BC production, and yield of BC on a substrate basis forK. xylinusDSM2004 and DSM46604 grown on the HSmedium supplementedwith
glucose, TA, and/or EG.

K. xylinus Assay Substrate consumption (g/L) BC (g/L) Yield (g_BC/G_substrate)

Glc TA EG

DSM 2004 HS — — — 0.29 ± 0.02 —

HS + Glc 10.40 ± 0.60 — — 2.10 ± 0.20 0.20 ± 0.03
HS + TA — 1.90 ± 0.10 — 0.81 ± 0.01 0.43 ± 0.02
HS + EG — — 4.20 ± 0.80 0.64 ± 0.02 0.15 ± 0.04
HS + TA + EG — (*) 2.90 ± 2.50 0.60 ± 0.10 (*)

9.30 ± 1.70 1.80 ± 0.60 — 2.00 ± 0.10 0.18 ± 0.05
HS + Glc + EG 12.60 ± 1.80 — 6.60 ± 1.10 1.00 ± 0.01 0.05 ± 0.01
HS + Glc + TA + EG 14.40 ± 1.00 (*) 8.50 ± 0.10 1.20 ± 0.03 (*)

DSM 46604 HS No growth
HS + Glc 10.10 ± 0.40 — — 0.53 ± 0.04 0.05 ± 0.01
HS + TA — 0.90 ± 0.30 — 0.16 ± 0.01 0.18 ± 0.08
HS + EG No growth
HS + TA + EG — (*) 0.45 ± 0.50 0.23 ± 0.10 (*)
HS + Glc + TA 9.80 ± 1.20 1.60 ± 0.05 — 0.70 ± 0.20 0.06 ± 0.02
HS + Glc + EG 9.30 ± 1.40 — 6.10 ± 0.50 0.40 ± 0.02 0.03 ± 0.02
HS + Glc + TA + EG 15.40 ± 1.00 (*) 8.20 ± 0.20 0.76 ± 0.10 (*)

(*)- not quantified due to TA precipitation.

FIGURE1 | Schematic representation of the strategy for the elimination of precipitated TA fromBCpellicles produced in the HSmedium supplementedwith EG and
TA mixtures.
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2012), and wheat straw acid hydrolysate (15.4 g/L) (Hong et al.,
2011). Most of such feedstocks are sugar-rich materials that are
easily assimilable by the cells, in contrast to TA or EG, which are
not so easily metabolized by the cells. Nevertheless, these results
demonstrate the synthesis of BC from PET monomers TA and
EG, although the process requires further efforts for its
optimization, namely, regarding the optimization of the
medium composition (e.g., defining optimal carbon and
nitrogen sources concentrations) and the cultivation
conditions, such as the pH, temperature, and oxygen supply.

BC Characterization
The BC pellicles obtained in all assays were characterized for their
morphology and physical–chemical properties.

Morphology
Figure 2 shows the wet BC pellicles in each cultivation assay, as
produced and after NaOH treatment. The produced BC pellicles
displayed an orange/yellowish tint before the alkaline treatment
and became translucent afterward. This demonstrates the
treatment was efficient on the removal of bacterial cell debris
and medium remnants from the pellicles. The size and thickness
of the pellicles increased accordingly to the bacterial growth and
BC production (Zhong, 2020) described previously. After freeze-
drying, the membranes presented a papery texture and lost their
transparency, becoming white and opaque, as has been previously
reported in the literature (Vasconcellos and Farinas, 2018).

The SEM images of the freeze-dried BC pellicle surface are
shown in Figure 3 for both K. xylinus strains. The BC obtained
after elimination of the TA precipitate was not characterized since
the native 3D network was disrupted by the process.

The nanostructure displayed by all samples is similar to that
described for dried BC membranes, namely, a three-dimensional

porous network of continuous nanofibers (Swingler et al., 2021;
Fortunato et al., 2016). The fibers’ diameter ranged between 23
and 90 nm (Table 2), which is within the values reported for BC
(20–100 nm) produced by different bacteria (Szymańska-Chargot
et al., 2011; Gayathri and Srinikethan, 2019; Wang et al., 2019).
Nevertheless, some differences are noticed between the samples,
which might be correlated with the producing strain, as well as
with the carbon source utilized for cultivation. On average, the BC
produced by K. xylinus DSM 2004 presented a slightly higher
fiber diameter (27–90 nm) than that of strain DSM 46604
(23–68 nm). Moreover, the latter structures are shown to be
more tightly packed for all media tested, showing a higher
number of fused fibers (Figure 3).

Chemical Structure
Similar FTIR spectra were obtained for the BC produced from
glucose, TA and/or EG by K. xylinus DSM 2004 (Figure 4A) and
DSM 46604 (Figure 4B), suggesting that the use of TA and/or EG
had no significant influence on the chemical structure of the
biopolymer synthesized. All spectra show the characteristic bonds
reported for BC (Gea et al., 2011). The intense peak at 3,346 cm−1

can be attributed to the stretching of hydroxyl groups in cellulose
(Deng et al., 2003). The presence of asymmetric stretching for
CH2 was revealed by the band at 2,896 cm−1 (Oh et al., 2005).
Also, the bending of HCH and OCH was observed at 1,427 cm−1

(Oh et al., 2005). In addition, the spectra showed peaks at
1,360–1,315 cm−1 that may be linked to C–H bonds (Gea
et al., 2011). The stretching band detected at 1,162 cm−1 is
related to C–O–C asymmetric stretching and CH deformation
(Kačuráková et al., 2002). Moreover, the peak appearing at
1,109 cm−1 can be associated with the stretching of C–C rings
in polysaccharides (Movasaghi et al., 2008). However, some
differences can be seen in the spectra of the BC samples

FIGURE2 |BCpellicles produced by the cultivation ofK. xylinus strains DSM2004 andDSM 46604 on the HSmedium supplementedwith glucose, TA, and/or EG.
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produced in the Glc + TA + EG supplemented media, namely, a
lower intensity of the peaks appearing at the regions around
960–1,100 cm−1 and 3,346 cm−1, which is probably due to the
processing that the pellicles were subjected for the elimination of

the precipitated TA. Furthermore, no peaks associated with the
FTIR spectrum of TA (Supplementary Appendix SA) (Téllez
et al., 2001) were noticed on the spectra of the BC samples, thus
confirming the purification procedure was efficient.

FIGURE 3 | SEM images of BC grown in glucose, TA, and EG by K. xylinus DSM 2004 and DSM 46604.
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TABLE 2 | Fiber diameter, crystallinity index (CI), weight loss, char yield, and degradation temperature (Tdeg) of BC grown in glucose, TA, and EG by K. xylinus DSM 2004 and
DSM 46604.

Strain Assay Fiber diameter
(nm)

CI (%) Weight loss (%) Char yield
(%)

Tdeg (°C)

30–100°C 225–375°C 380–500°C

2004 HS 27–90 64 3 67 7 23 337
HS + Glc 29–75 63 6 56 12 27 327
HS + Glc + TA 34–84 45 5 59 9 27 334
HS + Glc + EG 35–70 61 6 58 12 25 331
HS + Glc + TA + EG (*) 19 7 52 14 27 325
HS + TA 33–68 57 4 56 13 27 333
HS + EG 41–74 40 5 60 8 27 323

46604 HS + Glc 23–68 33 6 56 13 25 328
HS + Glc + TA 28–55 53 5 55 13 27 331
HS + Glc + EG 29–66 37 6 62 8 23 338
HS + Glc + TA + EG (*) 17 4 61 5 29 333
HS + TA 33–63 48 4 48 10 37 315

(*)- not quantified due to TA precipitation.

FIGURE 4 | FTIR spectra of the chemical groups present in BC grown in glucose, TA, and EG by K. xylinus DSM 2004 (A) and DSM 46604 (B).

FIGURE 5 | XRD diffractograms of BC grown in glucose, TA, and EG by K. xylinus DSM 2004 (A) and DSM 46604 (B).
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Crystallinity
The structural analysis performed by XRD (Figure 5) allowed the
determination of the crystallinity index (CI) of the BC produced by
each strain from the different substrates (Table 2). Most samples
exhibited some or all of the main reflections of the X-ray diffraction
pattern of crystalline BC, presenting typical peaks for the crystalline
phase with different intensities, specifically three narrow humps
located at 2θ = 15, 17, and 23°, corresponding to the (1–10), (110),
and (200) crystal planes (Ye et al., 2019). However, the BC produced
by cultivation on Glc + TA + EG by both bacterial strains that were
subjected to precipitate removal showed a different profile,
exhibiting a pattern of diffraction that is the characteristic of the
polymorphic transformation of cellulose I to cellulose II (Pandey
et al., 2014), specifically a broad humpwithin the 2θ = 20–22° region,
as well as some degree of crystallinity, confirmed by two shifted small
peaks in the crystalline zone near 12 and 18°. The difference in
reflections by these BC samples can be explained by the fact that they
were subjected to dissolution in NaOH, which has been reported to
decrease BC crystallinity by cleaving inter- and intramolecular bonds
and destroying the crystalline region from penetrating the
amorphous area of the polymer (Pandey et al., 2014).

The CI values are well in accordance with the XRD patterns
of the different BC samples (Table 2). The results differed
depending on the bacterial strain used, as well as the medium
components, since these conditions have been described to
impact BC properties, along with pH and oxygen delivery
(Pourramezan et al., 2009). BC is formed by a multistep

process of production and crystallization where the sub-
fibrils of cellulose are extruded linearly through the pores at
the surface of the cell membrane of the bacteria, where they are
crystallized into microfibrils (Wang et al., 2019). Moreover, the
rate at which the bacteria synthesizes BC also impacts the
biopolymer’s crystallinity (Ruka et al., 2012), which might be
the case for our investigation, where K. xylinus DSM 2004
presented, in average, the production of BC of higher CI than
K. xylinus DSM 46604 (19–64% against 17–53%, respectively).
Moreover, the different cultivation media apparently impacted
the CI of the BC that is produced differently for each bacterial
strain. For strain DSM 2004, the highest CI values were found
for the BC synthesized in the non-supplemented HS medium
and the glucose-supplemented media (64 and 63%,
respectively), decreasing for the BC produced in the
presence of TA (45–57%) or EG (40–61%) (Table 2). An
opposite trend was noted for strain 46604, for which the
lowest CI value was observed for the BC produced in the
glucose medium (33%), increasing for the biopolymers
produced in the TA (48–53%) or EG (37%) supplemented
media (Table 2), which may indicate that TA allowed a higher
BC crystallization of that strain. These results indicate that CI
is influenced by medium composition, as reported in previous
studies that proved different additives (e.g., agar,
carboxymethylcellulose (CMC), and sodium alginate) in the
culture medium impact the productivity, crystallinity, and
crystal size of BC (Cheng et al., 2009).

FIGURE 6 | TGA thermograms of BC produced by K. xylinus DSM 2004 (A–C) and DSM 46604 (D–F), in the different tested media.
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Thermal Properties
The thermal decomposition behavior, namely, the thermograms
and the degradation temperature, of the BC produced by each
strain upon cultivation on glucose, TA, and/or EG is presented in
Figure 6 and Table 2. All samples present a similar profile,
experiencing three weight loss events (Figure 6), in accordance
with the reported studies for BC (Gayathri and Srinikethan, 2019;
Zhang et al., 2021). The first degradation step (3–7% weight loss),
which occurred between 30 and 100°C, can be attributed to the
loss of crystal water existing in BC samples (Zhang et al., 2021).
The second and most significant weight loss (48–67%) was
observed between 225 and 375°C, and is related to the
pyrolysis of BC, where the main degradation of the polymer
occurs (George et al., 2005). The last weight-loss step (5–14%),
occurring between 380 and 500°C, corresponds to the degradation
of reminiscent microorganisms or protein present in the samples
(Zhang et al., 2021). The samples char yield at 490°C ranged
between 23 and 37 (Table 2).

For strain DSM 2004, the BC produced in the non-
supplemented medium (Figure 6A) had the highest Tdeg value
(337°C) and the lowest char yield (23%) (Table 2). In contrast,
cultivation on the glucose-supplemented medium resulted in the
BC with higher char yield (27%) and lower Tdeg (327°C). The
profiles for the EG and the Glc + EG samples (Figure 6B) were
similar to that of the glucose-supplemented medium (Figure 6A),
while the BC produced upon cultivation on TA or Glc + TA
(Figure 6A) shows Tdeg values (333–334°C) similar to those of
the BC sample from the HSmedium, but the char yield (27%) was
identical to that of the HS +Glc assay. The profile for BC grown in
the Glc + TA + EG mixture (Figure 6C) confirmed that the
thermal properties of BC were not significantly impacted by TA
precipitate removal in comparison to BC grown in Glc. A similar
trend was noticed for strain DSM 46604, for which the TGA
profiles for the BC samples produced in the presence of glucose
(Figure 6D) were similar to those of the EG assay (Figure 6E),
while the samples obtained in the TA and Glc + TA assays
(Figure 6D), as well as Glc + TA + EG (Figure 6F), differed.
Nevertheless, the Tdeg values found for all assays were in the
315–338°C range (Table 2), which is among the values reported
for BC (312–356°C) produced by different bacteria (George et al.,
2005; Jia et al., 2017; Bekatorou et al., 2019). Despite identified
differences, these results show there was no significant impact on
the samples’ thermal degradation profile upon cultivation on TA
and/or EG.

CONCLUSION

Komagataeibacter xylinus strains DSM 2004 and DSM 46604
demonstrated their ability to grow on media supplemented with
TA and/or EG, the monomers of PET. K. xylinus DSM 2004
displayed the most promising performance, being able to utilize

both TA and EG as sole carbon sources. Although the BC
produced in all tested media had identical chemical structure
and thermal behavior, their crystallinity and nanostructure varied
with the producing bacterial strain, as well as with the medium
composition. These promising findings pave the way for the
upcycling of PET degradation monomers into a high-value
biopolymer, thus contributing to the reduction of the plastics’
harmful impact to the environment.
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Characterization of Polymer
Degrading Lipases, LIP1 and LIP2
From Pseudomonas chlororaphis
PA23
Nisha Mohanan1, Chun Hin Wong2, Nediljko Budisa2 and David B. Levin1*

1Department of Biosystems Engineering, University of Manitoba, Winnipeg, MB, Canada, 2Department of Chemistry, University of
Manitoba, Winnipeg, MB, Canada

The outstanding metabolic and bioprotective properties of the bacterial genus
Pseudomonas make these species a potentially interesting source for the search of
hydrolytic activities that could be useful for the degradation of plastics. We identified two
genes encoding the intracellular lipases LIP1 and LIP2 of the biocontrol bacterium
Pseudomonas chlororaphis PA23 and subsequently performed cloning and expression
in Escherichia coli. The lip1 gene has an open reading frame of 828 bp and encodes a
protein of 29.7 kDa whereas the lip2 consists of 834 bp and has a protein of 30.2 kDa.
Although secondary structure analyses of LIP1 and LIP2 indicate a dominant α/β-
hydrolase-fold, the two proteins differ widely in their amino acid sequences (15.39%
identity), substrate specificities, and hydrolysis rates. Homology modeling indicates the
catalytic serine in both enzymes located in a GXSXG sequencemotif (lipase box). However,
LIP1 has a catalytic triad of Ser152-His253-Glu221 with a GGX-type oxyanion pocket,
whereas LIP2 has Ser138-His249-Asp221 in its active site and a GX-type of oxyanion hole
residues. However, LIP1 has a catalytic triad of Ser152-His253-Glu221 with an oxyanion
pocket of GGX-type, whereas LIP2 has Ser138-His249-Asp221 in its active site and a GX-
type of oxyanion hole residues. Our three-dimensional models of LIP1 and LIP2 complexed
with a 3-hydroxyoctanoate dimer revealed the core α/β hydrolase-type domain with an
exposed substrate binding pocket in LIP1 and an active-site capped with a closing lid
domain in LIP2. The recombinant LIP1 was optimally active at 45°C and pH 9.0, and the
activity improved in the presence of Ca2+. LIP2 exhibited maximum activity at 40°C and pH
8.0, and was unaffected by Ca2+. Despite different properties, the enzymes exhibited
broadsubstrate specificity and were able to hydrolyze short chain length and medium
chain length polyhydroxyalkanoates (PHAs), polylactic acid (PLA), and para-nitrophenyl
(pNP) alkanoates. Gel Permeation Chromatography (GPC) analysis showed a decrease in
the molecular weight of the polymers after incubation with LIP1 and LIP2. The enzymes
also manifested some polymer-degrading activity on petroleum-based polymers such as
poly(ε-caprolactone) (PCL) and polyethylene succinate (PES), suggesting that these
enzymes could be useful for biodegradation of synthetic polyester plastics. The study
will be the first report of the complete characterization of intracellular lipases from bacterial
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and/or Pseudomonas species. The lipases, LIP1 and LIP2 are different from other bacterial
lipases/esterases in having broad substrate specificity for polyesters.

Keywords: lipase, esterase, polyhydroxyalkanoate (PHA), polylactic acid (PLA), poly(εcaprolactone) (PCL),
polyethylene succinate (PES), biodegradation

INTRODUCTION

Lipase enzymes (E.C.3.1.1.3), found in diverse organisms such as
animals, plants, fungi, and bacteria, catalyze the hydrolysis of
ester bonds in triglycerides to free fatty acids and glycerol. They
act at the interface between an insoluble phase of the substrate
and an aqueous phase containing the enzyme (interfacial
activation) (Reis et al., 2009). A unique property of true
lipases that distinguishes them from other esterases is their
enhanced activity at a nonpolar-aqueous interface (Fojan et al.,
2000). Lipases show a wide-range of molecular sizes, substrate/
positional specificities, and catalytic activities. They have a large
number of nonpolar residues near the surface that cluster around
the active site (Fojan et al., 2000). Many lipases exhibit a lid-like
structure, and opening of the lid exposes the hydrophobic patches
in the active site, leading to catalysis at the lipid-water interface,
while the closed lid conformation is inaccessible to solvent
(Derewenda et al., 1992; Fojan et al., 2000). Esterases, and a
few lipases, do not have a lid structure (Uppenberg et al., 1994;
Longhi et al., 1997).

Microbial lipases have been investigated for their multifold
applications in organic synthesis, detergent formulations,
oleochemistry and nutrition (Saxena et al., 2003). To date, many
bacterial lipases have been identified, cloned, and characterized
(Contesini et al., 2020). However, very limited information is
available on the potential application of lipases (especially
intracellular lipases) for degradation of polyester polymers/plastics.
Extracellular lipases purified from Bacillus subtilis, Pseudomonas
aeruginosa, Pseudomonas alcaligenes, and Burkholderia cepacia
(former Pseudomonas cepacia) degrade polyesters of ω-
hydroxyalkanoic acids such as poly(ε-caprolactone (PCL) and poly-
4-hydroxyalkaonaote (P(4HB)) polymers (Jaeger et al., 1995). The
extracellular lipase of a Pseudomonas sp. was also able to degrade PCL
(Kim et al., 1992). Weak but detectable medium chain length
polyhydroxylalkanoate (mcl-PHA) activity was observed with the
extracellular lipases from P. alcaligenes and P. aeruginosa (Jaeger
et al., 1995).

In a previous report from this lab(Sharma et al., 2019), the cell
free culture supernatant of Pseudomonas chlororaphis PA23 was
shown to hydrolyze the ester bonds of p-nitrophenyl fatty acid
substrates and PHA polymers with different subunit
composition. In the present study, two genes encoding
intracellular lipases from P. chlororaphis PA23 were cloned
and expressed in E. coli BL21(DE3) to study the enzyme
properties and investigate their degradation activity toward
various biodegradable polymers such as small chain length
(scl-) and mcl-PHAs, polylactic acid (PLA), polyethylene
succinate (PES), and PCL. This is the first report on the
application testing of lipases as potential agents for the
degradation of a wide-range of biobased and synthetic polyesters.

MATERIALS AND METHODS

Bacterial Strains and Plasmid
P. chlororaphis PA23 is a plant growth-promoting bacterium
isolated from the soybean rhizosphere that can suppress the
growth of the fungal pathogen Sclerotinia sclerotiorum due to
its ability to synthesize phenazine and pyrrolnitrine compounds
(Savchuk and Fernando, 2004; Fernando et al., 2007). Escherichia
coli DH5a and E. coli BL21 (DE3) were used as host cells for
recombinant plasmid construction and protein expression,
respectively. pET28a(+) (Novagen, Madison, USA) was used as
an expression vector for the expression of the lipase genes, lip1
and lip2. The PHA polymers used in the study were synthesized
by Pseudomonas putida LS46 (International Depository
Authority of Canada Accession Number 181110-03) (Sharma
et al., 2011; Blunt et al., 2018).

Chemicals, Media and Growth Conditions
Hexanoic acid, octanoic acid, nonanoic acid, decanoic acid,
polylactic acid (PLA), polycaprolactone (PCL) and
polyethylene succinate (PES) was purchased from Sigma
Chemical Co. (St. Louis, MO). All other analytical grade
products, chemicals and dyes were from either Sigma
Chemical Co. (St. Louis, MO) or Fisher Scientific (Toronto,
ON). To prepare the various PHA polymers, the P.
putidaLS46 was cultivated in Ramsay’s minimal medium
(RMM) (Ramsay et al., 1994) at 30°C in 7 L Applicon
Bioreactor with hexanoic, octanoic, nonanoic, or decanoic acid
as the sole carbon source (Blunt et al., 2018). A copolymer of 3-
hydroxybutyrate and 3-hydroxyvalrate [Poly (3-
hydroxybutyrate-co-3-hydroxyvalerate, PHBV] was prepared
from biodiesel fatty acid supplemented with 0.5% valeric acid
using CuprividusnecatorH16 (Sharma et al., 2016). The monomer
compositions of these PHA polymers were determined (Sharma
et al., 2011) and are shown in Table 1. Luria Bertani (LB) broth
and agar were used for the growth of E. coli DH5α and E. coli
BL21 (DE3) cells.

DNA Manipulation and Plasmid
Construction
The genomic DNA of P. chlororaphis PA23 was isolated from LB
bacterial cultures using the Wizard DNA purification kit
(Promega). DNA fragments containing genes encoding the
lipase enzymes, lip1 and lip2 were generated separately by
PCR amplification from of P. chlororaphis PA23
chromosomal DNA using phusion DNA polymerase
(Thermo Scientific) and the primer combinations listedin
Table 2. The nucleotide sequences of these genes were
obtained from the whole genome sequence of P. chlororaphis
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PA23 from NCBI (Accession No. CP008696). Primers were
designed to incorporate the restriction endonuclease sites NheI
and HindIII at the 5′-ends of the forward and reverse primers,
respectively.

The PCR reaction was carried out in a Thermocycler (Biorad,
USA) under defined conditions (initial denaturation at 98°C for
30 s followed by 34 cycles of 98°C for 10 s, 66°C for 30 s and 72°C
for1 min, with final extension of 10 min at 72°C). The amplicon
was cloned into the expression vector, pET-28a (+), and
transformed into E. coli DH5α. Transformants were selected
on LB kanamycin (50 μg/ml) plates, followed by screening of
recombinants by colony PCR and restriction digestion to verify
fall-out. The positive clones containing lipase genes, lip1 and lip2
wereconfirmed and verified for integration by sequencing at the
nucleic acid sequencing facility Macrogen, Maryland,
United States.

Sequence Analysis and HomologyModeling
Amino acid sequence similarity searches for P. chlororaphis PA23
lipases, LIP1 (EY04_08410) and LIP2 (EY04_09635) were carried
out using Basic Local Alignment Search Tool (BLAST) for

proteins (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The sequences
used were retrieved from the Integrated Microbial Genome
(IMG) (https://img.jgi.doe.gov) and/or NCBI (https://www.
ncbi.nlm.nih.gov). Alignment of amino acid sequences was
performed using Clustal Omega (https://www.ebi.ac.uk/Tools/
msa/clustalo/) and Espript 3.0 (http://espript.ibcp.fr/ESPript/
ESPript/). Amino acids contents were analyzed using the
ProtParam tool (http://web.expasy.org/protparam/). Secondary
structure predictions and other protein features were generated
using the XtalPred server (http://ffas.burnham.org/XtalPred-cgi/
xtal). The three-dimensional structures of LIP1 and LIP2 were
modeled using SWISS-MODEL (Waterhouse et al., 2018). The
putative thioesterase tm1040_2492 from Silicibacter sp. TM1040
(2PBL) for LIP1, and the monoglyceride lipase Rv0183 from M.
tuberculosis (6EIC) (Aschauer et al., 2017, 2018) for LIP2 served
as templates. A dimer of 3-hydroxyoctanoic acid (HO) was
generated using Avogadro: an open-source molecular builder
and visualization tool, version 1.2.0 (http://avogadro.cc/,
Hanwellet al., 2012) and the universal force field (Rappe et al.,
1992) was used for energy minimization. The dimer was docked
to the LIP1 and LIP2 model using the Vinawizard in PyRx
software (Dallakyan and Olson, 2015). Figures were generated
using PyMOL (Molecular Graphics System, Version 2.5.2).

Expression andPurification of Recombinant
LIP1 and LIP2
The recombinant plasmids carrying the lipase gene (pET28a-lip1
and pET28a-lip2) were isolated using the Geneaid plasmid
isolation kit and introduced into E. coli BL21 (DE3)
expression host. E. coli BL21 (DE3) cells harboring the
recombinant plasmid were cultivated by inoculating 1%

TABLE 1 | Composition of PHA polymers used in this study.

PHAa Substrate aMonomer composition of PHA (mol %)

3HB 3HV 3HHx 3HHp 3HO 3HN 3HD 3HDD 3HTD

PHBV Glucose/Valerate 76.9 23.1 ND ND ND ND ND ND ND
PHHx Hexanoic acid ND ND 82.4 ND 16.0 ND 1.6 ND ND
PHO Octanoic acid ND ND 6.5 ND 92.0 ND 1.5 ND ND
PHN Nonanoic acid ND ND ND 18.7 ND 81.3 ND ND ND
PHD Decanoic acid ND ND 5.2 ND 57.4 ND 37.0 0.4 ND

aPHBV polymer was synthesized by C. nector H16 and all the other PHA polymers were synthesized by P. putida LS46 (Sharma et al., 2016; Blunt et al., 2018). PHBV, Poly (3-
hydroxybutyrate-co-3-hydroxyvalerate; PHHx, poly(3-hydroxyhexanoate); PHO, poly(3-hydroxyoctanoate); PHN, poly(3-hydroxynonanoate); PHD, poly(3-hydroxydecanoate); ND, not
detected.

TABLE 2 | Primers used for the construction of recombinant lipase, lip1 and lip2 in
pET28a vector.

Gene Primers used

lip1 FP: ATAGCTAGCACAATGACCCTTCTCTATCGC
RP: ATAAAGCTTACGGATGGATGACAGGGCCTG

lip2 FP: ATAGCTAGCAGCACGTTAAGTTGGGTTCGT
RP: ATAAAGCTTGGCGGATTGGCGCGCTTGCAG

TABLE 3 | Putative lipases present in the genome of Pseudomonas chlororaphis PA23.

Lipases Accession number Location Gene size
(bp)

Number of
amino acids

(aa)

Molecular weight
(kDa)

LIP1 EY04_08410 Intracellular 828 275 29.7
LIP2 EY04_09635 Intracellular 834 277 30.2
LIP3 EY04_02420 Intracellular 891 296 32.5
LIP4 EY04_21540 Extracellular 942 315 34.0
LIP5 EY04_17885 Extracellular 1905 634 69.8
LIP6 EY04_32435 Extracellular 1911 636 70
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primary culture of the recombinant cells into 50 ml of LB broth
supplemented with 50 μg/ml kanamycin. Cells were grown using
an incubator shaker at 37°C until optical density of 0.6 at 600 nm
(OD600) and induced with 0.6 mM isopropyl-1thio-β-D-
galactopyranoside (IPTG) for 5 h. Subsequently, the expression
levels of lip1 and lip2were studied at various IPTG concentrations
(0.4, 0.6, 0.8 and 1.0 mM), growth temperatures (37°C, 30 and
16°C) after induction, and incubation times (4, 8, and 16 h). The
cells were harvested by centrifugation, and digested in chilled lysis
buffer (25 mM Tris-HCl, 10 mM MgCl2, 100 mM NaCl, and
1 mg/ml lysozyme) in an ultrasound machine [10 cycles with
1 min pulse (10 s on/off)]. Recombinant enzymes were purified
from the clear lysate (obtained after centrifugation at 10,000 × g
for 30 min) by affinity chromotagraphy using HiTrap Ni2+-NTA
resins (Qiagen) under nondenaturing condition according to the
manufacturer’s instructions. Expression profiles and purity of
recombinant proteins were analyzed by sodium dodecyl
sulfate–polyacrylamide electrophoresis (SDS-PAGE).

Qualitative and Quantitative Estimation of
Depolymerase/Esterase Activity of LIP1 and
LIP2
To determine the depolymerase activity of the recombinant
enzymes, a homogeneous latex suspension of PHA polymers
synthesized by P. putida LS46 from hexanoic (PHHx), octanoic
(PHO), nonanoic (PNO), and decanoicacids (PHD) were
prepared as described by Ramsay et al. (1994). Four volumes
of a PHA solution in acetone (0.1%, w/v) were added dropwise to
1 volume of cold water (5–10°C) with stirring. The acetone was
removed with speed vacuum concentrators to obtain a white
colloidal suspension. PHA agar plates were prepared using 10 mg
PHA polymer suspension and 1.5% (wt/vol) agar in 50 mM
phosphate buffer (pH 7). The enzyme solution was dropped
into 5-mm-diameter wells punched into the PHA agar plates
and then incubated at 30°C for 48 h. The zone of clearance around
the wells indicated the depolymerase activity. The fluorescent dye,
Nile red (0.0005%) was added to the plates to reveal fluorescent
clear halos around the wells when irradiated with UV light
(350 nm) (Kouker and Jaeger, 1987).

The PHA depolymerase activity of the enzyme was
determined by measuring the turbidity decrease of the PHA
suspension at OD650 (Tamura et al., 2011). The reaction
mixture contained 1 mg PHA latex, 50 mM phosphate buffer,
pH 7 and 0.025 mg enzyme solution. The turbidity decrease was
measured every 24 h for 96 h. The substrate control, PHA
(without the enzyme) was taken in parallel. One unit of
depolymerase activity by turbidimetric assay was determined
as the amount of enzyme that can decrease the absorbance
(OD650) by 1 absorbance unit per min. Alternatively, one unit
of depolymerase activity (unitsPHA) was the amount of enzyme
that hydrolyzes 1 μg of PHA in 1 min. Parallel PHA control
samples (without the enzyme) were taken. All experiments were
carried out in triplicate.

The esterase activity of lipases was determined as described by
Schirmer et al. (1993) using p-nitrophenyl octanoate (PNPO) as
substrate. The recombinant enzyme from crude cell lysate and/or

the purified enzyme (0.025 mg) was used in a reaction with 3.9 ml
PBS buffer and 100 µl substrate, PNPO (1 mM) at optimum
temperature for 20 min. The reaction was stopped with 1 ml
of 1 M sodium carbonate and the absorbance was recorded at
OD420. The substrate control, PNPO (without the enzyme) was
taken in parallel. One unit of PNPO esterase activity was
measured as the amount of enzyme releasing 1 µmol of
p-nitrophenol per min under optimal conditions. Total protein
was determined by Bradford assay using Bovine serum albumin
(BSA) as the standard protein (Bradford, 1996).

Biophysical and Biochemical Properties,
and Substrate Specificity of LIP1 and LIP2
To determine the effect of pH on the activity of LIP1 and LIP2, the
substrate (PNPO, 1 mM) was dissolved separately in buffers with
different pH values [sodium acetate buffer (50 mM, pH 4.0–5.0),
sodium phosphate buffer (50 mM, pH 6.0–8.0) and glycine-
NaOH buffer (50 mM, pH 9.0–10.0)], and then used in
reaction mixtures with the appropriately diluted enzyme
(0.025 mg) solutions prepared in the desired buffers. The
effects of temperature on lipase activity were investigated by
testing at different temperatures (25–55°C) for 20 min. The
enzymes were exposed to different temperatures (30–60°C) for
a period of 24 h to check their thermal stability. The effect of
cations (chloride/sulfate salts), chelators (EDTA) and ionic and
non-ionic detergents on the enzyme activities of LIP1 and LIP2
was studied by adding them to the reaction mixtures and
incubating them for 20 min in 50 mM sodium phosphate
buffer at their optimal pH and temperature conditions. The
residual enzyme activities were determined.

The substrate specificity of the enzymes was estimated against
various PHAs, PHBV, PLA, p-nitrophenylalkanoate substrates
(pNP-acetate, pNP-butyrate, pNP-octanoate and pNP-
decanoate), and petrochemical based polymers such as
poly(ethylene succinate) [PES] and polycaprolactone (PCL) at
1 mg substrate concentration under optimal conditions for
enzyme activity. Vmax and Km values were calculated using the
Lineweaver-Burk linear regression plot. The purified enzymes,
LIP1 and LIP2 were incubated with pNP octanoate substrate in
concentrations ranging from 0.1–3.0 mM under optimal assay
conditions.

Gel Permeation Chromatography
The molecular weights of the PHAs before and after degradation
with LIP1 and LIP2 were analyzed by gel permeation
chromatography (GPC). The reaction mixture containing
different 10 mg polymer suspension (PHB, PHHx, PHO, PHN,
PHD, PLA, PCL, and PES) prepared according to Ramsay et al.
(1994) was subjected to enzymatic hydrolysis with the
recombinant lipases (2.5 mg) in separate experiments. The
polymer substrates (without the enzyme) were kept as
controls. After 96 h incubation at optimal temperature, the
reaction mixtures and substrate controls were oven dried at
60°C. After cooling, samples were chloroformed to achieve a
final sample concentration of 1.5 mg/ml and filtered with
0.45 mm PTFE. All test and control sample sets were
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examined by gel permeation chromatography (GPC) using a
Waters Model 1515 solvent pump with a Waters Refractive
Index detector (model 2414) and the Agilent PLgel MIXED-C
column (7.5 mm id: 1.5 ml/min). Data were acquiredand
analyzed using the Breeze 2 software (Waters
Chromatography). The process was calibrated with Agilent
Polystyrene EasiCal PS-1 standards (Agilent Technologies,
Mississauga, Ontario, Canada). The mobile phase (HPLC
grade chloroform) was run at a flow rate of 1 ml/min. The
column temperature was set at 30°C and the sample injection
volume was set at 20 µl. The method was integrated with the
standards to obtain the peak-average molecular weight (MP),

number-average molecular weight (Mn), weight-average
molecular weight (Mw) and the polydispersity index (Mw/Mn).

RESULTS

Cloning, Expression and Purification of LIP1
and LIP2
The genome sequence of P. chlororaphis PA23 is available at the
NCBI (https://www.ncbi.nlm.nih.gov) and Integrated Microbial
Genome (IMG) (https://img.jgi.doe.gov) (Genome Acc. No.
CP008696). P. chlororaphis PA23 possess seven genes
annotated as esterase/lipase (Table 3). Of these, three encode
for intracellular lipases (EY04_08410, EY04_09635, EY04_
02420), three encode a signal peptide and are extracellular
lipases (EY04_21540, EY04_17885, EY04_32435), and one
encodes for an intracellular PHA depolymerase (EY04_01535).
In our previous study, the hydrolysis of the ester bonds of
p-nitrophenyl-fatty acid substrates, and the ester bonds of
PHA polymers of various subunit composition by the
extracellular esterases/lipases was recorded in the culture
media in which P. chlororaphis PA23 and A. lwoffii were
grown (Sharma et al., 2019). In the present study, two genes
encoding intracellular lipases were cloned and expressed in E. coli
BL21(DE3) to compare the properties and investigate its
biodegradability in comparison with various biodegradable
polymers.

Lipase genes cloned into the pET28a(+) vector and expressed
in E. coli BL21(DE3) showed optimal expression with 0.6 mM
IPTG at 37°C in 5 h (Figure 1A). The recombinant proteins were
purified to homogeneity. SDS-PAGE analysis of the expressed
and purified enzymes revealed molecular masses of ~30 kDa for
LIP1 and LIP2, which correlated with the predicted molecular
mass from its amino acid sequence (https://web.expasy.org/
protparam) (Figures 1A,B). Qualitative assessment of the

FIGURE 1 | Expression and purification profiles (SDS-PAGE) of recombinant LIP1 and LIP2; (A) Cell lysates of Escherichia coli BL21 (DE3) transformed with
pET28a-lip1 and pET28a-lip2 Lane 1, cell lysate of induced E. coli BL21 (DE3) carrying lip1-pET28a expressing LIP1; Lane 2, the lysate of the noninduced host cells
containing lip1-pET28a; Lane 3, cell lysate of induced E. coli BL21 (DE3) harboring lip2-pET28a with an expression band of LIP2; Lane 4, cell lysate of the non induced
E. coli BL21 (DE3) with lip2-pET28a plasmid; Lane M, standard molecular weight marker (Thermo Fisher Scientific) (B) SDS-PAGE-purification profiles after
His–Tag affinity chromatography: LIP1 (Lane 1) and LIP2 (Lane 2) on 12% SDS-PAGE; Lane M, standard molecular weight marker.

FIGURE 2 | PHA agar plate assay for testing the depolymerase/esterase
activity of LIP1 and LIP2. Qualitative mcl-PHA depolymerase activity of LIP1
and LIP2 in Nile red-PHO agar plate after UV irradiation (350 nm). Twenty (20)
µg of purified LIP1 and LIP2 enzymes were added to the wells and
incubated for 48 h. Substrate hydrolysis leads to the formation of fluorescent
clear halos around the wells. The soluble crude extract of uninduced
expression host E. coli BL21 (DE3) was used as control.
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depolymerase activity of the purified enzyme was analyzed in a
PHA agar plate with Nile red fluorescent dye (Figure 2).
Compared to the control strain (the soluble crude extract of
uninduced recombinant E. coli BL21 cells containing lip1-
pET28a(+)/lip2-pET28a(+), the purified enzymes were able to
hydrolyze PHA latex as shown by the formation of fluorescent
clear halos/zones around the wells after 48 h of incubation at
30°C, under UV irradiation (350 nm) (Figure 2).

Sequence Analyses and Homology
Modeling of LIP1 and LIP2
The lip1 and lip2 genes were found to encode enzymes with
predicted molecular masses of 29.7 and 30.2 kDa, respectively.
BLAST analyses of the deduced amino acid sequences (BLASTp)
revealed that the enzymes, LIP1 and LIP2, belong to the lipase

superfamily and have an α/β-hydrolase fold. Alignment of the
amino acid sequences of LIP1 and LIP2 revealed very low
sequence identity (15.39%). However, both enzymes have the
conserved sequence regions including the lipase box (GX1SX2G)
characteristic of the lipase/esterase family and the putative
oxyanion hole residues (HGGY in LIP1; HGX in LIP2) in the
catalytic domain (Figures 3, 4). The x1 sites in the lipase boxes of
LIP1 and LIP2 are occupied by histidine (H151) and arginine
(R137), whereas the x2 sites contain alanine (A153) and proline
(P139), respectively. The enzymes possess a catalytic triad
(serine-histidine-aspartic acid/glutamic acid) characteristic of
other lipases. The catalytic triad of LIP1 has Ser152-His253-
Glu221 (Figure 3), while the catalytic triad of LIP2 has Ser138-
His249-Asp221 in its active site (Figure 4).

PSI-BLAST search for LIP1 and LIP2 in the Protein Data
Bank revealed several bacterial lipases as close homologues.

FIGURE 3 | Amino acid sequence alignment of LIP1 with putative lipase/thioesterase from Silicibacter sp. Tm1040 (2PBL). The lipase consensus sequence is
indicated by a brown box, the residuesof the oxyanion holes in a blue box, the domain of the closing lid in a green box and the residues of the catalytic triad (serine,
glutamic acid and histidine) are highlighted by asterisks. α-helix and β-strands are shownat the top of the alignment.
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The putative esterase, tm1040_2492 from Silicibacter sp.
TM1040 (2PBL) was chosen as a template for LIP1 (27%
amino acid identity and 88% similarity), and monoglyceride
lipase Rv0183 from M. tuberculosis (6EIC) was chosen for
LIP2 (24% amino acid identity and 70% similarity). Figures
5A, 6A show the homology model of LIP1 and LIP2,
respectively, with the substrate 3-hydroxyoctanoate. The
core domain of LIP1 consists of an 8-parallel stranded β-
sheet (except for strand-2 which is antiparallel), whereas

LIP2 consists of a six-parallel stranded β-sheet. Multiple
α-helices are located on both sides of the core β-sheet in
each model. Figures 5B,C, 6B,C show the binding pocket of
the substrate 3-hydroxyoctanoate dimer. Residues 175-192 of
LIP2 are likely the closing lid domain of the substrate binding
pocket, while the substrate binding pocket of LIP1 is exposed
and lacks the closing lid (capping) domain. To better
illustrate the substrate binding pocket, the closing lid
domain is not shown in Figure 6B.

FIGURE 4 | Amino acid sequence alignment of LIP2 with the monoglyceride lipase from Mycobacterium tuberculosis (6EIC) and monoacylglycerol lipase from
Paleococcus ferrophilus (6QE2). The consensus sequence of lipase is shown in a brown box, the residues of the oxyanion hole are indicated by a blue box, and the
residues of the catalytic triad (serine, aspartic acid and histidine) are highlighted by asterisks. The α-helix and β-strands are shown at the top of the alignment.
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The catalytic triad of hydrolases and lipases usually involving
closely spaced Ser-His-Asp/Glu residues is a hallmark of this
enzyme class. We also identified the catalytic triad motif in both
LIP1 both LIP2 and modeled their binding pockets with the
substrate as shown in Figures 5D, 6D. In the LIP1 model, the
distance between Oδ of Glu221 and Nδ of His253 is 3.1 Å. In
comparison, in the LIP2 model, the Oδ of Asp220 is 12.4 Å away
fromHis253, and therefore, Glu221 acts as the acid in the catalytic
triad of LIP2. The binding energy for the substrate to LIP1 and
LIP2 determined in the docking experiment was calculated to be
−-6.4 kcal/mol and −6.1 kcal/mol, respectively. A negative free
energy of binding indicates the substrate docking is
spontaneous.

Characterization of the Recombinant LIP1
and LIP2
LIP1 and LIP2 were active over a wide pH range (pH 4.0–10.0)
with optimal activity at pH 9.0 and pH 8.0, respectively
(Figure 7A). LIP1 and LIP2 retained more than 50% of
activity over a pH range from 8.0 to 10.0, butthe
enzymesshowed less than 30% activity at acidic pH
(4.0–6.0). LIP1 and LIP2 were optimally active at 45 and
40°C, respectively, and retained more than 50% activity
when the reaction was carried out at 55°C (Figure 7B).
Moreover, thermal inactivation experiments showed that the
LIP1retained nearly 70% activity for 24 h at 45°C (Figure 7C).

LIP2, on the other hand, was very stable and retained more
than 80% of its activity for 24 h at 45°C. The enzymes were
stable at 30°C for at least 2 months of incubation and retained
nearly 100% of their activities for minimum 4 months at
4°C.Sequence analysis of LIP1 and LIP2 was performed to
analyze thermophilic properties in relation to their amino acid
sequence (Table 4). Enzyme kinetic studies using pNP-
octanoate as substrate revealed that Vmax and Km for LIP1
were 769.23 μMmg−1 min−1 and 0.384 mM, respectively,
whereas these values for LIP2 were 714.28 μMmg−1

min−1and 0.286 mM, respectively.
When the effect of cations and other compounds was

examined (Table 5), it was found that 1 mM MgSO4, or
10 mM EDTA did not affect the enzyme activity, but the
enzyme activity of LIP1 was increased by 50% in the presence
of 1 mM CaCl2.The activity of LIP2 was not affected by the
presence of EDTA and metal ions, indicating that it is not a
metalloenzyme. The cations of magnesium, sodium and calcium
are not required as cofactors for the enzyme activity. PMSF and
ionic and nonionic detergents (SDS and Tween 80) inhibited the
activities of both LIP1 and LIP2 (Table 5).

Substrate Specificity of LIP1 and LIP2
The lipase enzymes LIP1 and LIP2 showed broad substrate
specificity. In particular, the enzymes demonstrated significant
activity towards the ester bonds of pNP-alkanoates, which are the
typical substrate for lipases (Figure 8). LIP1 and LIP2 hydrolyzed

FIGURE 5 | The three-dimensional structure of LIP1 generated by homology modelling. (A) Ribbon plot representation of the entire LIP1 scaffold with labelled
residues of the catalytic triad Ser152 (yellow) His253 (slate) Glu221 (gray) in the binding pocket. The substrate 3-hydroxyoctanoate dimer (cyan) is computationally docked.
(B) Atomic model of LIP1 with docked substrate in van der Waals representation. (C) Representation of the molecular surface of lipase LIP1 with the docked substrate
(stick representation). (D) The closer view of the residues (stick model) of the catalytic triad around the substrate in the active site of LIP1, colored as in A, with
Asp220 colored green. The structure is calculated using the putative esterase tm1040_2492 as template and SWISS-MODEL Program.
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pNP-alkanoates ranging from shorter to longer side chains, with
esterase activity highest for pNP-octanoate. The relative activity
of LIP1 was significantly higher (88.24%) than that of LIP2
(67.23%) for pNP-butyrate. LIP1 and LIP2 were able to
hydrolyze ester bonds of β-polyhydroxyalkanoates/PHA
polymers prepared from valeric acid (PHBV), hexanoic acid
(PHHx), octanoic acid (PHO), nonanoic acid (PHN), and
decanoic acid (PHD), as shown by the turbidimetric assays
with different polymers (Table 6). The order of substrate
(PHA) preference for the LIP1 was PHO > PHN > PHD >
PHHx > PHBV while for LIP2 the order of substrate preference
was PHO > PHN > PHHx > PHBV > PHD. With PHO as
substrate, LIP1 and LIP2 had specific activity of 360.12 unitsPHA

mg−1 and 301.72 unitsPHA mg−1 of protein, respectively. Taken
together, these results indicate that the enzyme has a broad
substrate spectrum ranging from scl-and mcl-PHAs to pNP-
alkanoates (C4 to C10). Remarkably, in addition to PHA
polymers, the enzymes showed significant activity towards
PLA and were able to hydrolyze synthetic polyester plastics
such as PCL and PES (Table 6).

Analysis of Degradation Products
Gel Permeation Chromatography (GPC) analyses of the
polymer samples before and after enzyme treatment
revealed significant degradation of PHAs, PLA, and the
petrochemical-based polymers, PCL and PES by both LIP1
and LIP2. The chromatograms for each set of experiments with
PHBV, PHHx, PHO, PHN, PHD, PLA, PCL, and PES showed a
decrease in molecular weight in the polymer samples treated
with LIP1 and LIP2 relative to the untreated/control samples
(Supplementary Figures S1–S8). Degradation was achieved
for scl-PHA (PHBV), mcl-PHAs (PHHx, PHO, PHN, PHD),
PLA, PCL and PES for both LIP1 and LIP2 after 96 h of enzyme
treatment. Separate chromatograms for each of the samples are
included in Supplementary Figures S1–S8. The quantitative
results of GPC analysis revealed significant changes in Mw,
Mn, MP, polydispersity and other related parameters

FIGURE 6 | The three-dimensional structure of LIP2 generated by homology modelling. (A) Ribbon plot representation of the entire LIP2 scaffold with labelled
residues of the catalytic triad Ser138 (yellow) His249 (slate) Asp221 (gray) in the binding pocket. Themodel also contains the lid domain (magenta) and the active site with the
docked substrate 3-hydroxyoctanoate dimer (cyan). (B) Atomic model of LIP2 with docked substrate in van der Waals representation. Note that the lid domain is not
shown to better visualize the binding pocket. (C) Illustration of the lipase LIP2 surface with the docked substrate (stick representation). (D) The closer view of the
residues (stick model) of the catalytic triad around the substrate in the active site of LIP2, colored as in A. The structure is calculated using the monoglyceride lipase
Rv0183 as template and SWISS-MODEL Program.

TABLE 4 | Parametric comparison and amino acid composition analysis of LIP1
and LIP2.

Amino Acid LIP1 LIP2

% Uncharged polar residues (Gln + Asn + Thr + Ser) 20.3 13.3
% Hydrophobic residues (Ala + Val + Ile + Leu) 37.1 38.6
% Arg 3.3 9.7
% Lys 2.5 1.4
% Pro 4.7 5.8
% Cys 1.1 0
% Arg/Lys 1.32 6.93
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(Supplementary Table S1) for the polymers treated with LIP1
and LIP2 compared to the untreated samples/control.

DISCUSSION

Our previous report showed that the cell free culture supernatant
of P. chlororaphis PA23 was shown to hydrolyze the ester bonds
of p-nitrophenyl fatty acid substrates and PHA polymers of
various subunit composition (Sharma et al., 2019). In the

present study, two genes encoding intracellular lipases
(designated here as LIP1, EY04_08410 and LIP2, EY04_09635)
from P. chlororaphis PA23 were cloned and expressed in E. coli
BL21 (DE3). Analysis of the primary structures of the LIP1 and
LIP2 enzymes revealed no significant overall sequence homology
between them. However, the lipase consensus sequence motif
GX1SX2G was found with the X1 occupied by histidine and
arginine residues in LIP1 and LIP2, respectively. In lipases and
esterases, the X1 residue is commonly occupied by a polar residue
and X2 is variable (Schirmer et al., 1993). In contrast, PHA

FIGURE 7 |Determination of parameters of enzymatic activity of LIP1 and LIP2. Effects of (A) pH and (B) temperature on the activity of LIP1 (red line) and LIP2 (blue
line). Recombinant LIP1 and LIP2 were optimally active at pH 9.0 and 8.0, respectively. The observed maximum activity was taken as100%. (C) Effect of temperature on
the stability of LIP1 (red line) and LIP2 (blue line). The activity of the untreated enzyme (0.025 mg/ml) was set as 100%.

TABLE 5 | Effects of various modulators on LIP1 and LIP2 activity.

Modulators/reagents Final concentration Relative activity (%)

LIP1 LIP2

EDTA 10 mM 98 ± 1.5 95 ± 3.1
CaCl2 1 mM 158 ± 3.5 82 ± 2.2
MgCl2 1 mM 79 ± 2.1 73 ± 1.2
NaCl 50 mM 110 ± 1.1 96 ± 0.5
PMSF 1 mM 69 ± 0.5 80 ± 3.3
Tween80 0.1% 30 ± 1.6 53 ± 0.9
SDS 5% 26 ± 1.0 19 ± 2.6
Enzyme activity (Without modulator) 100 100

aThe values shown are the averages of three independent (biological) replicate experiments ± standard deviations.
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depolymerases have a hydrophobic residue at position X1 (Knoll
et al., 2009; Gangoiti et al., 2012). Another conserved sequence
region (HGGY- in LIP1 and HGX-in LIP2) that appears to
resemble the oxyanion hole consensus sequence in lipases was
observed. Depending on the amino acids involved in the
formation of the oxyanion hole, lipolytic enzymes are divided
into two classes, the GGGX (X can be F, L or Y) and the GX type
(Fischer and Pleiss, 2003; Pleiss et al., 2000). Thus, LIP1 belongs

to the GGGX type, in which the first G is replaced by H, whereas
LIP2 belongs to the GX class.

Lipases are generally highly variable in size, and sequence
similarity among them is limited to short regions located around
active-site residues. Arpigny and Jaeger (1999) suggested that
bacterial lipases can be grouped into eight classes based on their
conserved amino acid sequence regions and biochemical
properties. However, the three-dimensional structures of
lipases share a common folding motif in their cores, known as
α/β hydrolase-fold, which is characteristic of hydrolase and/or
esterase family enzymes (Ollis et al., 1992). The general α/β-
hydrolase-fold consists of an eight-stranded, mostly parallel β
sheet flanked by six α helices, with a catalytic triad (Ser/Asp/Cys-
His-Asp/Glu); LIP1 has eight β sheets with Ser152-His253-Glu221

in its active site, while LIP2 has six β sheets and Ser138-His249-
Asp221as a catalytic triad.

The enzymes exhibited different pH and temperature
optima/stability but were similar to the lipase from
Pseudomonas aeruginosa MB 5001, which showed
maximum esterase activity at pH 8.0 and 55°C (Chartrain
et al., 1993). The lipases of psychrotrophic Pseudomonas
fluorescens strain AFT 36(Fox and Stepaniak, 1983) and
Pseudomonas sp. (Choo et al., 1998) were found to be stable
between pH 6 and 9. The lipases from Pseudomonas sp. and P.
fluorescens strain AFT 36 were found to be stable below 60°C
(Fox and Stepaniak, 1983; Dong et al., 1999). PueB lipase from
Pseudomonas chlororaphis (Howard et al., 2001) and lipase
fromPseudomonas sp. (Adams and Brawely, 1981) exhibited
stability at 100°C. The thermal stability of LIP2 was relatively
higher than that of LIP1 as inferred from the thermal in
activation studies. Sequence analysis of LIP1 and LIP2 also
revealed relatively high thermostability for LIP2 compared
with LIP1. LIP2 has few uncharged polar residues, a high
arginine/lysine ratio and a high proline content (Table 4), the
sequence based parameters which contribute to its increased
thermal stability, as defined by Szilagyi and Zavodsky, 2000).

The stimulatory effect of Ca2+ on the LIP1 activity was
similar to that observed for lipases from Pseudomonas putida
3SK (Lee and Rhee, 1994), P. aeruginosa EF2 (Gilbert et al.,
1991) and Pseudomonas sp. 7323 (Zhang and Zeng, 2008). It
has been suggested that the calcium ion is primarily involved
in removal of fatty acids formed as insoluble calcium soaps
during hydrolysis, thus causing a change in the interfacial
substrate-water ration that is favorable for enzyme action
(Brockman, 1994). The addition of calcium ion could also
lead to better alignment on the substrate molecule or the
formation of the calcium salts of fatty acids (Macrae and
Hammond, 1985; Godtfredsen, 1990). Esterase activity was
not affected by the presence of EDTA and metal ions in LIP2,
suggesting that it is not a metalloenzyme and/or metal ions are
not required as cofactors for enzyme activity. Similar
observations were made for the lipases of Trichosporon
asteroides strain LP005 (Dharmsthiti and Ammaranond,
1996) and Aspergillus terreus (Yadav et al., 1998). PMSF
causes sulfonylation of the Oγ atom of the active-site serine
residue, thereby obliterating the catalytic region and leading to
irreversible inhibition of the enzyme activity (Sharma and

FIGURE 8 | Determination of the activities of LIP1 and LIP2 towards
different substrates. Substrate specificity of lipases LIP1 (brown bars) and
LIP2 (green bars) from P. chlororaphis PA23. The reaction mixture contained
1 mMof various p-nitrophenyl(pNP) alkanoates and 0.025 mg of purified
enzyme under optimal conditions of the enzymes. The maximum activity
observed was taken as 100%. The 100% activity for LIP1 and LIP2
corresponded to 730.12 U mg−1 and 656.56 U mg−1for pNP-octanoate,
respectively.

TABLE 6 | Substrate specificity of the purified LIP1 and LIP2.

Substrate Relative activity (%)a

LIP1 LIP2

PHA polymers
PHBV 74.35 ± 2.2 63.45 ± 3.1
PHHx 79.31 ± 5.5 74 ± 2.6
PHO 100 100
PHN 92.33 ± 3.2 82.84 ± 4.3
PHD 83.19 ± 4.9 59.31 ± 3.6

Other biodegradable/petrochemical-based polymers
polylactic acid (PLA) 42.32 ± 1.2 47.89 ± 4.3
poly(ε-caprolactone) (PCL) 32.96 ± 3.2 38.11 ± 1.4
poly(ethylene succinate) (PES) 17.09 ± 2.3 14.66 ± 3.7

aThe values shown are the averages of three independent (biological) replicate
experiments ± standard deviations. The pure enzyme (0.025 mg) was assayed with the
indicated substrates at a final concentration of 1 mg, in all cases for 96 h. Polymer
without the enzyme was taken as control. The maximum activity observed was taken as
100%. 100% activity corresponded to 360.12 U mg−1, in LIP1 and 301.72 U mg−1, in
LIP2.
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TABLE 7 | Degradation of polyesters by bacterial lipases/esterases.

Bacterial source Lipases/
Esterases

Polyesters hydrolyzed/
Degradation
ability of

the enzymes

Polyesters not
hydrolyzed

Method Used Activity References

Pseudomonas sp. Extracellular
lipase

Polycaprolactone — Weight loss — Kim et al.
(1992)

Streptomyces rochei,
Pseudomonas fragi,
Pseudomonas sp.

Extracellular
lipases
(commercial )

Poly(3-hydroxypropionate),
Polycaprolactone

Poly(3-hydroxybutyrate) Weight loss of
polyester films

0.3–1.0 mg weight
loss

Mukai et al.
(1993)Poly(4-hydroxybutyrate)

Poly(5-hydroxyvalerate)
Poly(6-hydroxyhexanoate)

Pseudomonas
fluorescens

Extracellular
lipase
(commercial)

Poly(3-hydroxypropionate) Poly(3-hydroxybutyrate),
Poly(5-hydroxyvalerate)

Weight loss of PHA
films

0.4–0.8 mg weight
loss

Mukai et al.
(1993)Poly(4-hydroxybutyrate)

Poly(6-hydroxyhexanoate)

Bacillus subtilis,
Pseudomonas
aeruginosa,
Pseudomonas
alcaligenes,
Burkholderia cepacia
(former Pseudomonas
cepacia)

Extracellular
lipases

pNP-palmitate, Poly(6-
hydroxyhexanoate) Poly(4-
hydroxybutyrate),
Polycaprolactone

Poly(3-hydroxybutyrate)
Poly(3-hydroxyalkanoates),
Polylactic acid

Turbidimetric assay,
Rhodamine agar plate
assay

B. subtilis lipase: Jaeger et al.
(1995)0.2 × 103 U/mg

(pNPP)
6000 U/mg (PCL)
P. aeruginosa lipase:
52 × 103 U/mg
(pNPP)
1.8 × 106 U/
mg (PCL)
P. alcaligenes lipase:
8 × 103 U/mg (pNPP)
140,000 U/mg (PCL)
B. cepacia lipase:
0.5 × 103 U/mg
(pNPP)
40,000 U/mg (PCL)

P. fluorescens GK13 Extracellular
esterase

pNPP Polyhydroxyalkanoates,
Polycaprolactone,
Polylactic acid

Turbidimetric assay 0.4 × 103 U/mg
(pNPP)

Jaeger et al.
(1995)Rhodamine agar plate

assay

Pseudomonas sp.
AKS2

Extracellular
esterase and
lipase

Low density polyethylene - Viability test in biofilm - Tribedi et al.
(2015)

Bacillus subtilis Extracellular
lipase

pNPP,
Polyhydroxyalkanoates

- Molecular weight
decrease by GPC

21.3% molecular
weight decrease,
28.3% weight loss,
273.65 U/mg (pNPP)

Kanmani
et al. (2016)

FTIR
NMR
DSC

Geobacillus zalihae Extracellular
lipase

Poly(3-hydroxybutyrate) - Poly(3-
hydroxybutyrate) agar
plate

Clear zone around
the colony

Mohamed
et al. (2017)

Pseudomonas
chlororaphis PA23-
63-1

Extracellular
lipases and
esterases mix

pNP-alkanoate Polycaprolactone,
Polyethylene sulfonate

PHA agar plate assay,
Turbidimetric assay,
Weight loss of PHA
films

4.5% weight loss,
997.7 U/mg (pNPO),
722 U/mg (PHO),
Clear zone of PHA
hydrolysis

Sharma et al.
(2019)Poly (3-hydroxybutyrate-co-

3-hydroxyvalerate)
Poly(3-hydroxyhexanoate)
Poly(3-hydroxyoctanoate)
Poly(3-hydroxynonanoate)
Poly(3-hydroxydecanoate)

Pseudomonas
chlororaphis PA23

Intracellular
lipases, LIP1
and LIP2

Poly (3-hydroxybutyrate-co-
3-hydroxyvalerate

- Nile blue agar plate
assay, Turbidimetric
assay, Molecular
weight decrease
by GPC

18–40% molecular
weight decrease,
Clear zone of PHA
hydrolysis, 769.23 U
mg−1 in LIP1 (pNPO),
714.28 U mg−1 in
LIP2 (pNPO), 360.12
U mg−1 in LIP1
(PHO), 301.72 U
mg−1 in LIP2 (PHO)

This study

Poly(3-hydroxyhexanoate)
Poly(3-hydroxyoctanoate)
Poly(3-hydroxynonanoate)
Poly(3-hydroxydecanoate)
Polylactic acid
Polycaprolactone
Polyethylene sulfonate

apNP, paranitrophenyl; pNPP, paranitrophenyl palmitate; pNPO, paranitrophenyl octanoate; PHA, polyhydroxyalkanoate; PHBV, Poly (3-hydroxybutyrate-co-3-hydroxyvalerate; PHO,
Poly(3-hydroxyoctanoate); PLA, polylactic acid; PCL, polycaprolactone; PES, polyethylene succinate; LDPE, low density polyethylene; GPC, gel permeation chromatography; FTIR, fourier
transform infrared; NMR, nuclear magnetic resonance; DSC, Differential Scanning Calorimetry.
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Radha Kishan 2011). The inhibition of enzyme activity by
PMSF in the enzymes was comparable to that of PueB lipase
from Pseudomonas chlororaphis, which showed 50% inhibition
with 1 mM PMSF (Howard et al., 2001). Inhibition of LIP1 and
LIP2 activities by ionic and nonionic detergents, SDS and
Tween 80 indicates the presence of a hydrophobic region in
the catalytic center and/or a change in the active configuration
of the enzyme. Inhibition of enzyme activity by SDS has been
reported for lipase from Pseudomonas putida 3SK (Lee and
Rhee, 1994), while Thermomyces lanuginosus lipase stays
active at high SDS concentrations at alkaline pH
(Rasmussen et al., 2022).

Modelling the three-dimensional structures of LIP1 and
LIP2 complexed with a 3-hydroxyoctanoate dimer revealed the
core domain to be of the α/β hydrolase-type with an active site
capped with a closing lid domain in LIP2 and an exposed
substrate binding pocket in LIP1. Most lipases function at an
organic-aqueous interfaces facilitated by a mobile subdomain
flap or lid located over the active site (Brocca et al., 2003; Khan
et al., 2017). The lid protects the active site and is therefore
responsible for catalytic activity (Barbe et al., 2009). In
aqueous media, the lid is mostly closed, whereas in the
presence of a hydrophobic layer, the open form is likely to
be the predominant structure. The lids of lipases are
amphipathic structures; in the closed from, their
hydrophobic side is directed toward the catalytic pocket,
while the hydrophilic side faces the solvent (Brocca et al.,
2003). When the enzyme changes to the open conformation,
the hydrophobic side becomes exposed so that it contributes to
the substrate-binding region (Yang and Lowe, 2000). The
amphipathic nature of the lid and its specific amino acid
sequence are important factors contributing to the enzyme
activity and specificity of lipases (Holmquist et al., 1995).
However, some lipases do not have a lid structure such as
CalB, the lipase from Candida Antarctica B (Uppenberg et al.,
1994).

Interestingly, LIP1 and LIP2 showed broad substrate
specificity with the ability to degrade pNP-alkanoates (C2-
C12), scl- (C4) and mcl-PHAs (C6-C10), PLA, PCL and PES.
The PueB lipase from Pseudomonas chlororaphis was also
reported that have esterase activity with various pNP-
alkanoates such as pNP-acetate, pNP-propionate and pNP-
butyrate (Howard et al., 2001). While the LIP1 and LIP2
enzymes exhibited maximum activity with pNP-octanoate a
different relative activity with the polyesters was found. LIP1
showed high relative activity to pNP-butyrate (C4) compared to
LIP2. LIP1 has a comparatively high substrate preference for
medium-chain PHAs which can be attribute to its high relative
activity for PHO, PHN and PHD. In contrast, LIP2 has
comparatively low degradation activity for PHD. The
difference in substrate specificity maybe related to the different
amino acid composition of the oxyanion pocket (GGX-type
oxyanion in LIP1 versus GX-type in LIP2) and the active site
configuration of the enzymes with different binding energy with
the substrates.

PES is a poly(alkenedicarboxylate), while PCL is an aliphatic
polyester composed of repeatingω-hydroxyalkanoate units. These

polymers are mainly used in thermoplastic polyurethanes among
many other applications (Fatma et al., 2014). The cell-free
supernatant of yeast culture, Pseudozyma japonica-Y7-09
showed significant ability to degrade PCL (Fatma et al., 2014).
The extracellular lipases of P. aeruginosa revealed the degradation
of aromatic–aliphatic polyesters and polyesteramides (Wilkes and
Aristilde, 2017). However, none of the studies determined the
degradation activity of lipases for PES (Santos et al., 2013). In
contrast, both LIP1 and LIP2 were able to hydrolyze both PES and
PCL to some extent. An intracellular mcl-PHA depolymerase of
Pseudomonas putida LS46 also showed detectable activity towards
PES (Mohanan et al., 2020). The Gel Permeation
Chromatography revealed a significant degradation of the
polymers by LIP1 and LIP2, as shown from the decrease in
molecular weights of the polymers treated with the enzymes
(18–40% molecular weight loss of PHAs), which clearly shows
its high degradation potential compared to the known lipases/
esterases. PHA treated with Bacillus subtilis lipase reported the
molecular weight decrease of 21% (Kanmani et al., 2016). The
major distinguishing feature of LIP1 and LIP2 from other lipases
available in literature (Table 7) is their broad substrate specificity.
In addition to PHAs, PLA and p-nitrophenyl esters of fatty acids,
the enzymes were able to hydrolyze synthetic polyesters, PES and
PCL. Further, majority of the studies have been done using
extracellular lipases (Table 7); this report study will be the first
to provide complete characterization of intracellular lipases from
bacterial and/or Pseudomonas species for biodegradation of
polymers.

CONCLUSIONS AND FUTURE PROSPECTS

The present study demonstrated the characteristic features and
structure-function relationship of the two lipases, LIP1 and
LIP2 of P. chlororaphis PA23. It provides further evidence for
the remarkable versatility of lipases with respect of their
potential application for the degradation of various
polyesters, including pNP-alkanoates, PHAs, PLA, and to
some extent, the petrochemical-based polymers, PCL and
PES. Our data suggests that LIP1 and LIP2 lipases can
contribute to the biodegradation of various polyesters.
Thus, the increasing demand for biodegradation agents for
plastics could be satisfied by the use of microbial lipases.
Directed evolution strategies/mutagenesis to improve the
degradation potential and/or substrate specificity of the
enzymes (LIP1 and LIP2) so as to degrade other synthetic
polyesters such as PE/PET as well as analysis and comparison
of the degradation behavior of the wild type and mutant
enzymes will be our future target. Further, future studies to
determine the high-resolution 3D structure of these enzymes
will shed more light in elucidating their specific interactions
with polyesters and other substrates of interest. Furthermore,
this structural information will be also useful in engineering
binding pockets of these enzymes either by classical
mutagenesis of AI-assisted directed evolution to study and/
or improve or even redesign their degradation potential
towards different polyesters.
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Synthesis of Poly(Hexamethylene
Succinate-Co-Ethylene Succinate)
Copolymers With Different Physical
Properties and Enzymatic
Hydrolyzability by Regulating the Ratio
of Monomer
Menglu Li†, Jing Jing† and Tingting Su*

School of Petrochemical Engineering, Liaoning Petrochemical University, Fushun, China

Poly(hexylene succinate) (PHS), poly(ethylene succinate) (PES), and their random
copolyesters, poly(hexylene succinate-co-ethylene succinate) ((P(HS-co-ES)), were
synthesized by melting polycondensation. Simply varying the ratios of HS/ES afforded
control over the copolymer crystallinity, thermal andmechanical properties, wettability, and
enzymatic hydrolyzability as shown by X-ray diffraction (XRD), differential scanning
calorimetry (DSC), tensile tests, and water contact angle (WCA) measurements. The
enzymatic hydrolysis rates of all prepared copolyesters were higher than those of the
corresponding homopolyesters. The hydrolysis rates were affected by crystallinity, melting
temperature, and hydrophobicity of the copolyesters, and therefore, the degradation rates
could be tuned along with the ES content. The library of copolymers prepared here with
tunable degradation rates, ranging from HS-enriched to ES-enriched copolyesters, is
promising for a variety of different applications. The P(HS-co-ES51) copolyester that did
not fully degrade is particularly promising for use in long-term storage applications,
whereas P(HS-co-ES13) and P(HS-co-ES76) that rapidly degrade are good for use in
very short-term applications.

Keywords: aliphatic polyester, poly(hexamethylene succinate-co-ethylene succinate), enzymatic hydrolysis,
cutinase, physical properties

INTRODUCTION

Although the polymer-based products are widely used, traditional polymers do not easily degrade
and are amajor source of pollution in soil, air, and water (Papageorgiou et al., 2014; Balart et al., 2020;
Blanco et al., 2020; de Araújo Veloso et al., 2021). Degradable polymers as potential green material
candidates for use in such applications have received extensive attention. One promising class of
degradable polymers is aliphatic polyesters which are biocompatible, biodegradable, and thermally
stable. As such, copolyesters have attracted growing attention and are used in a wide range of
applications, including biomedical materials, disposable packaging, and agricultural films (Pan et al.,
2018; Polyák et al., 2018; Siracusa and Blanco, 2020; Kesavan et al., 2021).

Both poly(hexylene succinate) (PHS) and poly(ethylene succinate) (PES) are aliphatic polyesters
with similar chemical structures. The difference between the two polyesters is the number of diol
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units in the repeat units. PHS with more carbons per repeat unit
not only has a faster crystallization rate and is more flexible but
also has poor tensile strength and low flow melting point. In
contrast, PES has a high melting point but a low elongation at
break and a lower crystallization rate. Therefore, both polyesters
have drawbacks and need to be modified to expand their
application ranges. Yang et al. prepared poly(hexylene
succinate-co-3 mol% ethylene succinate) (poly(HS-co-3 mol%
ES)) copolyesters and studied their crystallization kinetics and
melting behaviors(Yang and Qiu, 2013). They concluded that the
two prepared P(HS-co-3 mol% ES) copolymers had the same
characteristics as the pure PHS polymer, and the small number of
ES units were in the amorphous regions of the copolyester, not in
the crystalline PHS regions.

Few studies have considered the degradation behaviors of
poly(hexamethylene succinate-co-ethylene succinate) (P(HS-
co-ES)) copolyesters and associated changes in the physical
properties of the polymer films before and after degradation.
In this study, pure PHS, pure PES, and P(HS-co-ES) copolyesters
with varying ES contents were synthesized using a two-step
esterification and polycondensation reaction. The effects of the
hydroxyl content on the physical properties of the resulting
polyesters, including the crystal structure, thermal properties,
and mechanical properties, were investigated. In addition, the
polyesters were enzymatically degraded using cutinase, and the
effects of polymer composition on the enzymatic hydrolysis rate
are discussed. Moreover, the difference in film morphology,
crystallinity, and thermal properties before and after enzymatic
hydrolysis are compared.

MATERIAL AND METHODS

Material
Succinic acid (SA, 99.5%) and titanium isopropoxide (TTIP, 95%)
were obtained from Shanghai Aladdin Biochemical Company
(Shanghai, China). Ethylene glycol (EG, 98%), 1,6-hexanediol
(HD, 98%), and decahydronaphthalene were purchased from
Chengdu Aikeda Chemical Reagent Co., Ltd. (Chengdu,
China). Chloroform was obtained from Shenyang Xinxing
Reagent Factory (Shenyang, China). Anhydrous methanol was
obtained from Tianjin Damao Chemical Reagent Factory
(Tianjin, China). Cutinase was prepared following the
procedure reported in our previous work (Hu et al., 2016). All
chemicals and reagents were of analytical grade.

Synthesis of Polyesters and Preparation of
Samples
The molar ratio of SA to total diol(s) was 1:1.1. The reagents,
including SA, EG, and HD, were added to 60 ml
decahydronaphthalene containing TTIP at a mass
concentration of 1/600 of the total reactant mass. The
esterification reaction was carried out at 140°C for 2 h under a
nitrogen atmosphere, and subsequently, the polycondensation
reaction was carried out at 230°C for 4 h below 3 mmHg. The
products were dissolved in 100 ml of chloroform and then

precipitated into three times the volume of pre-cooled
methanol. The precipitate was then washed with alcohol until
the solution was clear, collected, and dried at 37°C under vacuum
before use. The feed ratios of the diols used to prepare the
different polymers are listed in Table 1.

The prepared polyesters were hot-pressed at 160°C and then
cold-pressed at room temperature to obtain films with
thicknesses of 1 and 0.5 mm, respectively. The 1-mm films
were cut into 40 × 4 × 1 mm dumbbell-shaped pieces with a
mold for the mechanical property tests. The 0.5-mm polyester
films were cut into 30 × 10 × 0.5 mm rectangular pieces for the
enzymatic hydrolysis and swelling experiments.

Enzymatic Hydrolysis
The polyester films (30 × 10 × 0.5 mm) were vacuum-dried until
their weight was kept constant, weighed, and then placed in 10 ml
of Na2HPO4-NaH2PO4 buffer (0.1 M, pH = 7.4) containing
0.096 mg/ml cutinase at 37°C. The polyester films were
removed from the buffer at regular intervals, rinsed with
distilled water, dried with a clean absorbent wipe, and
weighed. The removed films were dried under vacuum until
the mass was constant to ensure that the water was removed
and re-weighed. The weight loss ratios were calculated according
to Eq. 1:

R � W0 −Wd

W0
× 100%, (1)

where R is the weight loss ratio of the films; W0 is the initial film
weight before the hydrolysis experiments, and Wd is the film
weight after the films were incubated with the enzyme solution.

Proton Nuclear Magnetic Resonance
The compositions of the polyesters were analyzed using 1H NMR
spectroscopy (Bruker BioSpin, AVANCE III HD 400,
Switzerland). Deuterated chloroform (CDCl3) was used as the
solvent, and tetramethylsilane (TMS) was used as the internal
standard.

Attenuated Total Reflectance Fourier
Transform Spectroscopy
ATR-FTIR data were collected using the ATR mode of an FT-IR
spectrometer (Agilent Cary 660, United States of America) with a
slide-on ATR accessory (Agilent, United States of America). The
reported spectra are the average of sixteen scans that were
collected over a frequency range from 4,000 to 400 cm−1 at a
resolution of 2 cm−1.

X-Ray Diffraction
The crystal structures of the polyester films were determined by
XRD (S8 Tiger, Bruker, Germany). The XRD was equipped with
Cu–Kα radiation source (λ = 0.1541 nm, 40 kV, 40 mA), and data
were collected at 25°C. The scattering data were collected over a
range of diffraction angles from 5 to 50° using a 0.02° step size.
The crystallite sizes were evaluated from the XRD patterns
according to the Debye–Scherrer Equation (Klug and
Alexander, 1974).
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Differential Scanning Calorimeter)
The thermal properties of the polyester films were determined
using DSC (TA Instruments, New Castle, DE, United States of
America). The measurements were performed in a nitrogen
atmosphere (50 ml/min). The polyester samples were heated
from 0 to 150°C, held at 150°C for 3 min, cooled to 0°C, and
then reheated to 150°C. The temperature ramp rate during all
steps was 10°C/min.

Thermogravimetry
The thermal decomposition behaviors of the polyester films were
studied using TG analysis (TA Instruments, Q600, United States
of America). About 8 mg samples were heated from room
temperature to 500°C at a rate of 10°C/min under a nitrogen
atmosphere (50 ml/min).

Scanning Electron Microscopy
The surface morphologies of the polyester films before and after
enzymatic hydrolysis were observed by SEM (SV810, Hitachi,
Tokyo, Japan). For imaging, the film surfaces were sprayed with
gold, and the films were placed on the sample stage for
observation at 20 kV.

Water Contact Angle Assay
The hydrophilicity of the dried polyester films surfaces was
quantified by WCA measurements (KRUSS, DSA100,
Hamburg, Germany). Static WCA angles were measured with
an injection volume of 0.3 μL at 0.5 μl/s. The WCA values are
reported as the average of five measurements at room
temperature (25°C).

Swelling Property Analysis
The polyester films (30 × 10 × 0.5 mm) were vacuum-dried to a
constant weight, weighed, and the dimensions were measured
and recorded. The polyester films were immersed in 50 ml of
deionized water at room temperature. After 24 h of immersion,
the films were removed from water, wiped dry, weighed, and the
dimensions were re-measured. The swelling degree, Sw, of the
polyester films was calculated according to Eq. 2:

SW � Ws −Wd

Wd
× 100%, (2)

and the swelling ratios (Sr) were determined by Eq. 3:

Sr � Ad

As
, (3)

where Wd is the dry wet weight of the polyester films, Ws is the
weight of the film after it was immersed in water for 24 h, Ad is the
side length of the dry polyester film, and As is the side length of
the polyester film after it was swollen with water.

Mechanical Property
The mechanical properties of samples were analyzed using an
Instron 5500R universal testing machine (Instron Corp., Canton,
Massachusetts, United States of America). The measurements
were performed at room temperature with a tensile speed of
20 mm/min. The mechanical testing was carried out five times.

RESULTS AND DISCUSSION

Composition of P(HS-co-ES) Copolyesters
The compositions of the synthesized P(HS-co-ES) copolyesters were
determined by 1H NMR, and the measured 1H NMR spectrum and
chemical structure for P(HS-co-ES76) are shown in Figure 1. The
peak at 2.67 ppm is due to the protons on the COCH2 group in SA,
labeled as 1 in the corresponding chemical structure. The peaks at
1.38, 1.64, and 4.09 ppm are assigned to the protons labeled 2, 3, and 4
in the HS units, respectively, and the peak at 4.30 ppm is assigned to
proton 5 in the ES units. The ratios of the area of peak 4 from

TABLE 1 | Composition and mechanical and thermal properties of P(HS-co-ES) copolyesters.

Polyester HD/EG HS/ES Tensile strength/MPa Elongation at break/% Young’s modulus/MPa Tm/
oC Xc/%

PHS 100/0 100/0 15.9 ± 1.9 52.5 ± 0.8 160.0 ± 2.2 55.5 50.9
P(HS-co-ES13) 80/20 87/13 13.7 ± 1.4 363.5 ± 6.4 49.8 ± 1.7 42.2 45.3
P(HS-co-ES32) 60/40 68/32 2.8 ± 0.6 66.0 ± 3.3 15.4 ± 0.5 30.6 39.5
P(HS-co-ES51) 40/60 49/51 0.4 ± 0.1 53.1 ± 1.8 3.0 ± 0.3 - 20.7
P(HS-co-ES76) 20/80 24/76 6.0 ± 0.4 7.7 ± 0.6 76.6 ± 2.6 58.2 49.8
PES 0/100 0/100 30.1 ± 1.7 8.5 ± 0.3 193.2 ± 4.7 104.1 58.3

FIGURE 1 | Chemical structure and 1H NMR spectrum of the prepared
P(HS-co-ES76) copolyester.
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-O(CH2)6O- in theHSunits to the area of peak 5 from -O(CH2)2O- in
the ES units were used to calculate the molar ratio of HS/ES in the
synthesized polymers (Tan et al., 2017; Bi et al., 2018). Polymers 10,
90. doi: 10.3390/polym10010090). The experimentally determined
HE/ES ratios are expressed as mol%, and the deviation from the
theoretical ratios is due to the volatilization of the ethylene glycol
monomer during the reaction.

Chemical Structure of P(HS-co-ES)
Copolyesters
FT-IR spectra of all synthetic polyesters are shown in Figure 2. The
peaks at 2,930 and 2,860 cm−1 are attributed to -CH2- stretching
vibrations. The peaks at 1720 cm−1 are attributed to the C=O
stretching vibrations in the crystalline regions of the copolymers
(Sato et al., 2004) and shifted to lower wavenumbers by
approximatively 25 cm−1 compared to the unconstrained C=O
groups due to the regular packing arrangement in the crystalline
regions of the films(Sato et al., 2005). The band at 1,150 cm−1 is
attributed to the C–O vibrations in the crystalline or amorphous
regions of the films (Sato et al., 2004; Sato et al., 2005). The small
absorption peak near 720 cm−1 in the FT-IR spectra measured for the
PHS, P(HS-co-ES13), and P(HS-co-ES32) is assigned to the rocking
vibrations of the - -(CH2)4- structure in the dibasic hydroxyl groups in
HS (Karayannidis et al., 2003). In contrast, the diols used to synthesize
PES only contained one methylene group, and therefore, the
polyesters containing higher molar ratios of ES content did not
have an absorption peak at 720 cm−1 from these in-plane swinging
vibrations. The absorption peaks between 1800 and 1,650 cm−1 in the
spectra measured for the P(HS-co-ES) copolyesters were similar to
those of the pure PHS and PES polymers (Figure 2B); however, the
positions, intensities, and shapes of the absorption peaks between
1,500 and 1,000 cm−1 are different (Figure 2C). In particular, the peak
positions and shapes measured for copolyesters with HS contents
>51mol% are similar to those of PHS, while the peaks of the majority
of ES copolyesters are similar to those of pure PES.

Crystal Structure of P(HS-co-ES)
Copolyesters
The XRD diffraction patterns and crystal sizes of P(HS-co-ES) are
shown in Figure 3. The data in Figure 3A show that PHS forms a
monoclinic crystal with the diffraction peaks at 21.38°, 24.33°, and
30.22° that correspond to the (220), (040), and (240) planes,
respectively. Meanwhile, PES is an orthorhombic crystal with
diffraction peaks at 20.13°, 22.79°, and 23.22° from the (121),
(200), and (220) planes, respectively (Bai et al., 2018a; Jing et al.,
2021). The XRD diffraction patterns of copolyesters with ES
contents of 13 mol% and 32 mol% are similar to those of PHS,
indicating that ES was amorphous in these copolymers, while the
XRD diffraction pattern of the copolyester with ES content
greater than or equal to 51 mol% was similar to that of PES,
indicating that the ES unit was crystalline in these copolyesters.

The degree of crystallinity (Xc) in each sample was calculated
from the areas of XRD diffraction peaks(Gigli et al., 2013), and the
results are summarized in Table 1. The degree of crystallinity of all
P(HS-co-ES) copolyesters is less than that of either the pure PHS or
PES, regardless of the copolyester composition. The copolyester with
an ES content of 51 mol% had the lowest degree of crystallinity
among all the prepared polymers.

The crystallite sizes (L) were calculated from the half-width-half-
max (HWHM) of the diffraction peaks using the Debye–Scherrer
equation (Gigli et al., 2013). As shown in Figure 3B, the crystallite
size of the (040) plane first increased and then decreased in the
copolyesters compared to PHS, and the crystallite size of the (121)
plane increased with increasing ES content. The crystallite sizes in
the copolyester films are larger than those of pure PHS and PES, and
the largest crystallite size was observed in the copolyester with an ES
content of 76 mol% (Jing et al., 2021).

The melting temperatures (Tm) determined from the second
heating curves of the DSC measurements are listed in Table 1. No
melting peaks were observed in the copolyester with an ES content of
51 mol% due to the low crystallinity of P(HS-co-ES51). The Tm of

FIGURE 2 | FT-IR spectra of PHS, PES, and P(HS-co-ES) copolyesters at various frequencies: (A) 4,000–500 cm−1; (B) 1800–1,650 cm−1; and (C)
1,500–1,000 cm−1.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 8940464

Li et al. Synthesis and Properties of P(HS-co-ES)

80

doi:%2010.3390/polym10010090
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


the copolyesters was lower than that of PHS and PES because
introducing ES units into the copolyesters increases the number of
methylene groups between the ester bonds, which reduces the chain
order and packing (Nikolic andDjonlagic, 2001; Shi et al., 2019). The
melting temperature also depends on the crystallite sizes in the
polyester and the number of defects in the films, where the films with
smaller crystals or more defects have lower Tm (Castilla-Cortázar
et al., 2012). The DSC results revealed that P(HS-co-ES32) and
P(HS-co-ES51) have low Tm values, while the XRD results showed
that these samples had large crystal sizes, suggesting that the films
formed by these two copolyesters had more crystal defects.

Mechanical Properties of P(HS-co-ES)
Copolyesters
The mechanical properties of the polyesters are summarized in
Table 1. Although the tensile strengths for the different polyesters
were similar, the elongations at break varied with the copolyester
composition and first increased and then decreased with an
increase in the ES content. The P(HS-co-ES13) copolyester
had the highest elongation at break of 363.5%, while the
P(HS-co-ES76) copolyester had the lowest elongation at break
of 7.7%, which was also lower than that of either the pure PHS or
PES polyesters. Furthermore, comparison of the properties of the
different polyesters reveals a correlation between the mechanical
properties and thermal and crystal properties. The melting
temperature and crystallinity of the copolyesters are lower
than those of PHS and PES, while the elongations at break are
higher, which may be because the degree of crystallinity decreases
with increasing ES content, and the corresponding increase in the
size of the amorphous regions of the films leads to a decrease in
the stiffness. Meanwhile, the tensile strength and Young’s
modulus of P(HS-co-ES32) and P(hs-co-ES51) are very low
possibly because of their low degrees of crystallinity and
melting temperatures as the soft amorphous phase leads to
more defects in the films and makes the copolyesters softer
and less viscous at room temperature. The change in the
tensile properties of P(HS-co-ES) is consistent with other
reported results (Zhang et al., 2021).

Enzymatic Hydrolysis of P(HS-co-ES)
Copolyesters
Figure 4A shows the weight loss of the hydrolyzed polyester films
after they were incubated with cutinase at pH 7.4 and 37°C. There
was no measurable weight loss in the control samples incubated
in the same buffer without cutinase (data not shown). The P(HS-
co-ES32) and P(HS-co-ES51) samples (Figure 4A) were not
completely hydrolyzed during the experiments because the
films curled as they degraded. The total surface area decreased
during the curling process; therefore, the weight loss of the
P(HS251-co-ES32) and P(HS-co-ES51) was less.

Figure 4B shows that the amount of water absorbed by the
polyesters increased throughout the enzymatic hydrolysis process,
where P(HS-co-ES32) adsorbed the most water absorption, followed
by P(HS-co-ES52). The degree of swelling of the other four
polyesters did not exceed 15%, and PHS absorbed the least water.
After 4 h of incubation with the enzyme solution, the enzymatic
hydrolysis rates of PHS, P(HS-co-ES13), P(HS-co-ES32), P(HS-co-
ES51), P(HS-co-ES76), and PES were 42.03, 63.50, 21.61, 36.10,
48.37, and 15.74%, respectively. In addition, it took about 5, 3, 10, 8,
5, and 14 h to hydrolyze 50% of the mass of each polyester. The
addition of ES significantly increased the rate of enzymatic
hydrolysis of the copolyesters, with the exception of P(HS-co-
ES32) and P(HS-co-ES51). P(HS-co-ES13) and P(HS-co-ES76)
completely hydrolyzed in less time than pure PHS and PES, and
P(HS-co-ES13) has the highest enzymatic hydrolysis rate under the
same experimental conditions.

P(HS-co-ES13) has the fastest enzymatic hydrolysis rate. In the
first, rapid degradation stage, the ester bonds were degraded, resulting
in shorter polyester segments and significant weight loss. In the
second, slower degradation stage, the terminal fragments were
enzymatically hydrolyzed, forming water-soluble oligomers that
dissolved away from the film surface (Rizzarelli et al., 2004;
Bikiaris et al., 2006). The pH of the surrounding buffer solution
decreases as the ester bonds are cleaved and water-soluble substances
are produced (Figure 4C), and cutinase is less active at lower pHs,
which leads to a slowing down of the enzymatic hydrolysis rate. The
total surface area of the P(HS-co-ES32) and P(HS-co-ES51) samples

FIGURE 3 | XRD patterns of PHS, PES, and P(HS-co-ES) copolyesters (A) and the corresponding crystallite sizes calculated using the Debye–Scherrer
equation (B).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 8940465

Li et al. Synthesis and Properties of P(HS-co-ES)

81

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


decreased when the films curled, and as a result, these samples did
not completely hydrolyze. Overall, the enzymatic hydrolysis rates of
these samples were relatively slow, especially in the second stage,
when the enzymatic hydrolysis rate was almost zero. Except for
P(HS-co-ES32) and P(HS-co-ES51), the enzymatic degradation rate
of the other polyesters followed P(HS-co-ES13) > P(HS-co-ES76) >

PHS > PES. The main factors affecting enzymatic hydrolysis are
hydrophilicity, melting temperature, and crystallinity, each of which
is discussed in the next sections.

The FT-IR spectra of polyesters after enzymatic hydrolysis are
compared in Figure 5A–F. The peak positions did not change
significantly; however, the intensity of the C=O (1720 cm−1) and

FIGURE 4 | Weight loss curves (A), degree of swelling curves (B), and pH curves (C) of polyester films after hydrolysis by cutinase.

FIGURE 5 | FT-IR spectra measured of the polyesters at different extents of enzymatic hydrolysis. (A–F): PHS, P(HS-co-13ES), P(HS-co-32ES), P(HS-co-51ES),
P(HS-co-76ES), and PES.
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C–O (1,150 cm−1) absorption peaks decreases with an increase in the
hydrolysis time. The decrease in peak intensity is due to the pores
that formed as the films degraded.

Figure 6 and Figure 7 show the surface morphology of the
polyester films after enzymatic hydrolysis. Before enzymatic
hydrolysis, the polyester films had smooth surfaces (Figures 6a0-
f0). The surface morphologies of neat PHS and PES films are rough
and nonuniform after 2 h of incubation with the cutinase solution,
and pits and cracks appear with an increase in the hydrolysis time as
more of the ester bonds are cleaved. At the end stages of hydrolysis,
the pits are deep and large (Figures 6a5/f5) due to the penetration of
water into the amorphous regions of the films, which in turn increases

the rate of enzymatic hydrolysis (Azevedo et al., 2003). The results
show that enzymatic hydrolysis occurs on the surface of the polyester
films. The surface morphologies of P(HS-co-ES13) and P(HS-co-
ES76) films are similar to those of the neat PHS and PES films,
respectively. Meanwhile, the surface morphology of the P(HS-co-
ES32) and P(HS-co-ES51) films did not change significantly after
enzymatic hydrolysis. The surface of the P(HS-co-ES51) film
remains relatively smooth after 12 h with only a few cracks due
to incomplete enzymatic hydrolysis. These copolyesters are molten
during the enzymatic hydrolysis experiments at 37°C and then
recrystallized at room temperature for imaging, leading to
formation of some cracks. Figure 7 compares the surface

FIGURE 6 | SEM images of the polyester films after enzymatic hydrolysis with cutinase. (A–F): PHS, P(HS-co-13ES), P(HS-co-32ES), P(HS-co-51ES), P(HS-co-
76ES), and PES.

FIGURE 7 | SEM images of the polyester films after 80% of their masses were enzymatically hydrolyzed. (A–F): PHS, P(HS-co-13ES), P(HS-co-32ES), P(HS-co-
51ES), P(HS-co-76ES), and PES).
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morphologies of the copolyester films after 80% of their mass is lost,
except for the image of the P(HS-co-ES51) film, where the degree of
degradation was 50%. The water molecules easily penetrate the pits
and cracks on the surface of the films, which leads to further
corrosion and increases the rate of weight loss.

XRD patterns and the corresponding Xc of the hydrolyzed
polyesters are presented in Figure 8; Table 2, respectively. As
shown in Figure 8A–F, the positions of diffraction peaks did not
change after enzymatic hydrolysis, indicating that the crystal
structure did not change(Bai et al., 2018b); however, the degree
of crystallinity varied with the copolyester chemical composition.
The degree of crystallinity impacts the rate of enzymatic hydrolysis
of the polyester (Bai et al., 2018a), where the materials with higher
degrees of crystallinity have slower enzymatic hydrolysis rates
(Seretoudi et al., 2002; Yasuniwa and Satou, 2002; Bikiaris et al.,
2006). Although P(HS-co-ES51) has the lowest crystallinity (about
20.7%), the film was in a molten state during the hydrolysis
experiments and did not completely hydrolyze at 37°C,
suggesting that low degrees of crystallinity may also prevent the
films from solidifying in the hydrolysis experiment conditions.
Similarly, P(HS-co-ES32) eventually became molten during the
long hydrolysis experiments, which causes the surface area to
decrease and results in incomplete hydrolysis. Yet, P(HS-co-ES32)
and P(HS-co-ES51) also have a greater hydrolysis rate in the earlier
period. The degree of crystallinity of the prepared polyesters
increases as P(HS-co-ES13) < P(HS-co-ES76) < PHS < PES, and
the enzymatic hydrolysis rate follows the exact opposite trend, with
P(HS-co-ES13) > P(HS-co-ES76) > PHS > PES, emphasizing that
the polyester films with lower degrees of crystallinity degrade faster
(Marten et al., 2003; Abou-Zeid et al., 2004; Zhang et al., 2021).

The cutinase used in this work was expressed with the gene
from Fusarium solani and had excellent degradation performance
as it was able to penetrate and hydrolyze the polyesters (Bai et al.,
2018a). As the hydrolysis time increases, the area of the diffraction
peaks in the XRD pattern measured of the hydrolyzed films has no
obvious changes, but some of them decrease at the end of hydrolysis,
indicating a decrease in Xc (Table 2). At the end of hydrolysis, the low
molecular degradation products and the increasedwater absorption in
the film decrease the degree of crystallinity (Sato et al., 2004).

The melting temperatures of polyester films also impact their rate
of enzymatic hydrolysis (Bai et al., 2018a). Table 2 lists the melting
temperature of the polyesters before and after enzymatic hydrolysis
determined from the first DSC heating curve. Because P(HS-co-ES32)
and P(HS-co-ES51) became molten during the enzymatic hydrolysis
process at 37°C, the total surface area of the films became smaller,
which affected their enzymatic hydrolysis rate. The melting

FIGURE 8 | XRD patterns of the polyesters at different extents of enzymatic hydrolysis. (A–F): PHS, P(HS-co-13ES), P(HS-co-32ES), P(HS-co-51ES), P(HS-co-
76ES), and PES.

TABLE 2 | Thermal properties of the polyesters after enzymatic hydrolysis.

Polyester Time (h) Tm (oC) Xc (%) T5% (oC)

PHS 0 59.9 50.9 321
2 59.6 49.8 317
4 55.9 50.1 315
8 61.6 50.6 313
12 56.2 47.6 303
16 60.0 45.8 308

P(HS-co-ES13) 0 55.3 45.3 330
2 51.9 43.8 321
4 45.5 44.5 326
8 50.1 42.2 327
12 51.7 41.3 325

P(HS-co-ES32) 0 44.9 39.5 343
2 46.6 38.8 318
4 46.7 39.1 327
8 43.9 37.6 323
12 32.7 33.7 315

P(HS-co-ES51) 0 - 20.7 333
2 - 20.1 328
4 - 19.9 299
8 - 18.9 318
12 - 18.4 254

P(HS-co-ES76) 0 71.8 49.8 322
2 69.7 48.2 397
4 69.8 48.6 307
8 70.0 49.5 309
12 70.4 49.4 309
16 - 48.2 309

PES 0 103.9 58.3 303
2 102.2 57.8 302
4 101.9 56.4 302
8 102.1 56.2 301
12 102.1 55.9 297
16 102.6 56.6 293
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temperature of the P(HS-co-ES13) copolyester is lower than that of
the neat PHS and PES, and as expected, the enzymatic hydrolysis rate
of this film was faster than either of the neat polyester films. In
addition, there is no significant difference in Tm before and after
hydrolysis. Moreover, only P(HS-co-ES76) has a higher melting
temperature than neat PHS, yet it hydrolyzes faster than neat
PHS, indicating that there must be other factors that can influence
the rate of enzymatic hydrolysis.

The thermal decomposition temperature (T5%) at an initialmass loss
of 5% is listed inTable 2 for thepreparedpolyesters. It is to benoted that
the T5% values of the P(HS-co-ES) copolyesters are higher than those of
either of the pure polymers. As the extent of the enzymatic hydrolysis
increases, the thermal decomposition temperature decreases because
more end groups form as the polymers degrade, which further facilitates
the thermal decomposition of the polyesters (Bikiaris and Karayannidis,
1998). As the macromolecular chains degrade into small molecular
oligomers and fragments, the number of carboxyl and hydroxyl end
groups increases (Bikiaris and Karayannidis, 1999). Therefore, the
thermal decomposition temperature of the polyester decreases, but
this decrease is not significant, particular for P(HS-co-ES13), where the
temperature decreases by less than 10°C.

The surface wettability of the polyester films was evaluated by
measuring thewater contact angle, and the results are listed inTable 3.
The water contact angles of the P(HS-co-ES) copolyester films are
smaller than those of PHS and PES, indicating that copolyesters films
are more hydrophilic than either of the neat PHS and PES films. In
particular, the P(HS-co-ES32) and P(HS-co-ES51) copolyester films
have lower water contact angles and are more hydrophilic, while the
P(HS-co-ES13) and P(HS-co-ES76) copolyester films have higher
water contact angles and were more hydrophobic. It should be noted
that the wettability only reflects the hydrophilicity of the surface of the
polyester films and is not directly related to the hydrophilicity of
polyesters (Zeng et al., 2011). The experimental results show that the
surface of the copolyester films was more wettable.

The swelling properties of the polyester films are related to the
amount of water absorbed by the films to some extent (Lee et al.,
2013). It can be seen from Table 3 that the swelling ratio of the
polyesters did not change after the films were degraded; however, the
degree of swelling did change with the ES content in the copolyester

and is higher than that of pure PES. The largest degree of swelling
was measured for the copolyester with an ES content of 13 mol%.

Based on the water contact angles, the hydrophilicity of polyesters
follows P(HS-co-ES13) > P(HS-co-ES76) > PHS > PES, the same
trend as the enzymatic hydrolysis rate. In other words, the most
hydrophilic polymers have the fastest degradation. In summary, the
main factors affecting the rate of enzymatic hydrolysis are
hydrophilicity, melting temperature, and crystallinity, which can
be tuned by adjusting the composition of the hydroxyl monomers in
the copolyesters.

CONCLUSION

In this work, a series of P(HS-co-ES) copolyesters containing different
HS/ES ratios were synthesized by adding HD/EG to improve the
performance of the pure PHS and PES polyesters and expand their
fields of application. The research results show that the mechanical
properties of the P(HS-co-ES) copolyesters improved compared to the
pure polyesters. The crystal structures of the copolyesters were similar
to those of the corresponding pure polymer which was the majority
monomer unit in the copolymer. The thermal decomposition
temperatures of all polyesters were higher than 290°C and met the
temperature requirements for industrial production. The enzymatic
hydrolysis rates of the copolyester films using cutinase were faster
than those of the pure polyesters. The physical and biodegradability
properties of the polyesters could be tuned by adjusting the
composition of the hydroxyl monomers in the copolyesters,
where polyesters that were more hydrophilic had lower melting
temperatures, lower degrees of crystallinity, and biodegraded faster.
Among the prepared copolyesters, P(HS-co-ES13) was a soft but
tough polymer with a high hydrolysis rate, while P(HS-co-ES76) was
a partially brittle copolymer that also had a high hydrolysis rate. The
tunable properties show that the copolyesters with different
compositions can be applied in different fields.
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Plasticulture, the practice of using plastic materials in agricultural applications,

consumes about 6.7 million tons of plastics every year, which is about 2% of the

overall global annual plastics production. For different reasons, plastic material

used for agriculture is difficult to recycle. Therefore, most of it is either buried in

fertile soils, thereby significantly causing deterioration of their properties, or, at

best case, end in landfills where its half-life is measured in decades and even

centuries. Hence, developing biodegradable plastic materials that are suitable

for agricultural applications is a vital and inevitable need for the global human

society. In our labs, two types of potentially biodegradable plastic polymer films

were prepared and characterized imidazolium in terms of their bio-

degradability. In the first approach, polymers made of ionic liquid monomers

were prepared using photo radical induced polymerization. The second

approach relies on formation of polyethylene-like n-alkane disulfide

polymers from 1,ω-di-thiols through thermally activated air oxidation. These

two families of materials were tested for their biodegradability in soils by using a

simulation system that combines a controlled environment chamber equipped

with a respirometer and a proton-transfer-reaction time of flight mass

spectrometer (PTR-TOF-MS) system. This system provides a time-dependent

and comprehensive fingerprint of volatiles emitted in the degradation process.

The results obtained thus far indicate that whereas the ionic-liquid based

polymer does not show significant bio-degradability under the test

conditions, the building block monomer, 1,10-n-decane dithiol, as well as its

disulfide-based polymer, are bio-degradable. The latter reaching, under basic

soil conditions and in room temperature, ~20% degradation within three

months. These results suggest that by introduction of disulfide groups into

the polyethylene backbone one may be able to render it biodegradable, thus

considerably shortening its half-life in soils. Principal component analysis, PCA,

of the data about the total volatiles produced during the degradation in soil

indicates a distinctive volatile “fingerprint” of the disulfide-based bio-

degradable products which comes from the volatile organic compounds

portfolio as recorded by the PTR-TOF-MS. The biodegradation volatile
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fingerprint of this kind of film was different from the “fingerprint” of the soil

background which served as a control. These results can help us to better

understand and design biodegradable films for agricultural mulching practices.

KEYWORDS

plastic biodegradation, soil respiration, microbial volatile organic compounds, PTR-
ToF-MS (proton transfer reaction time-of-flight mass spectrometry), disulfide-based
polymer binder

Introduction

Plastic waste is an increasing concern around the world. The

use of plastics in agricultural practices such as mulching is on the

rise as well (Huang et al., 2020). Plasticulture, i.e. agricultural

practices that include the use of plastic materials, is essential for

food security in most parts of the world. The usage of plastic

polymers in agriculture is quite diverse, including for example:

greenhouse covers, trailing, packaging, irrigation systems, silage,

soil mulching andmore (Briassoulis and Dejean, 2010; Zumstein

et al., 2019; Zurier and Goddard, 2021). Although necessary, the

use of plastics in agriculture can lead to wide environmental

adverse effects, such as contamination of ground water,

disturbance of the ecosystems of terrestrial and aquatic fauna

and flora (Zhou et al., 2020), deterioration of soil properties of

agricultural lands (for example their gas exchange and water

retention capacity), spread of toxic microplastics particles

(Sander, 2019; Huang et al., 2020; Zurier and Goddard, 2021)

etc. Plastic mulching is probably the most abundant

plasticulture practice. Agricultural plastic mulching is done

for various reasons, including water preservation, crop

protection, soil remediation, treatments against weeds and

soilborne pathogens (such as solarization and fumigation

(Achmon et al., 2017)) and other important practices used to

increase the yields of crops. Mulching is estimated to cover an

agricultural area of more than 128,500 km2 around the world

(Zhou et al., 2020) and China is the global leader in terms of

plasticulture mulching practices (Huang et al., 2020). For these

reasons, the need for biodegradable plastics for agricultural

mulching is critical from the environmental point of view.

Although it is an obvious need, not many commercial

solutions are currently available and most of the agricultural

mulching done today utilizes non-degradable plastic polymers,

mainly polyethylene (PE), (Briassoulis et al., 2015; Ahmed et al.,

2018; Zhang et al., 2019). Unlike the slow implementation of

biodegradable plastic polymers in commercial agricultural

mulching systems, research in this field receives increased

attention and has a fast progress pace (Kyrikou and

Briassoulis, 2007; Sander, 2019; Huang et al., 2020). There

are several important characteristics that plastic mulching

materials must possess along their entire service life in order

to be widely applied in the field: 1) durability (mechanical,

chemical, resistance to water and solvents, etc.), 2) mechanical

flexibility (ability to be stretched over various shapes of field

plots), 3) light weight, 4) modularity (can have variable

thickness, color and gas permeability), 5) non-toxicity, and

most important, 6) affordability (being inexpensive and easy

to produce in very large quantities). The combination of these

characteristics makes it hard to find alternative biodegradable

plastic polymers to replace the current non-degradable ones.

Moreover, it is challenging to define what can be considered as a

biodegradable plastic in soil and what is only bio-available (a

material that judging from its chemical formula looks

biodegradable, but does not actually degrade in a relevant

pace (Zumstein et al., 2019)). Some recent progress was done

in this area by introducing the European Standard EN 17033:

Plastics–Biodegradable mulch films (EN17033 Plastics, 2018).

Additionally, most degradation processes are complex and are

not sufficiently characterized, and hence are less understood

from microbiological and chemical perspectives (Sander, 2019).

Yet there are some examples of biodegradable mulching

materials that are available, such as cellulose, starch, poly-b-

hydroxybutyrate and alike (Kyrikou and Briassoulis, 2007;

Sander, 2019). To date, most polymer soil biodegradability

studies have been using standard methods such as respiration

or polymer size reduction (Achmon et al., 2019) to assess the

biodegradability rate. Some recent studies used 13C-labeled

polymers to closely monitor the degradation of the carbon

skeleton of the polymer (Thomas et al., 2021). The analysis

of biodegradability is still a debatable issue and although

standards are available and are being updated

(EN17033 Plastics, 2018), there is still a lot of room for

improvement. Generally, the biodegradability can be looked

upon through the carbon conversion by Equation 1.

Equation 1:

Cpolymer
n + xO2 → Cbiomass

n−(x+y) + xCO2 + Cresidues
y (1)

Where Cpolymer is the polymers’ carbon backbone, Cbiomass is

the utilization of the carbon to build live biomass (mainly

microbial) and Cresidues represents the carbon remaining in

polymer residues as long as biodegradation is not completed

(Sander, 2019). However, a more precise equation is presented in

Equation 2.
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Equation 2:

Cpolymer
n + xO2 → Cbiomass

n−(x+y+z) + xCO2 + Cresidues
y

+ Csecondary products
z (2)

Where Csecondary products are additional secondary metabolites

produced by those microbes that are not converting all of the

polymer into biomass and emit secondary products back to the

environment. In most of the studies on biodegradability of

polymers the focus is on the CO2 and Cpolymer, and sometimes

on Cresidues, but rarely on Csecondary products. Csecondary products can also

be divided according to Equation 3.

Equation 3:

Csecondary products
z � Cnon−volatile products

a + Cvolatile products
b (3)

Only few studies have looked at the Cnon-volatile products

(Zumstein et al., 2019; Thomas et al., 2021) which are

mainly soluble residues secreted by the microbial activity,

and as far as the authors know, no study to date has looked

at the Cvoltile products emanating by the polymer’s biodegradation

process in the soil.

In this study we tested two new synthetic materials as

potential candidates to be used as biodegradable plastic

polymers for agricultural mulching. We also report here a first

insight into Cvoltile products (Volatile Organic Compounds (VOCs))

emitted during the biodegradation process of those two new

types of polymers. This study is opening a hatch to a new way of

looking at the complex mechanisms underlying the

biodegradation of polymers in the soil through VOCs

production during the process.

Materials and methods

Apparatus

Respirometery experiments were performed using a Micro-

Oxymax Respirometer (Columbus Instruments, United States).

Detectors of CO2 Carbon Dioxide Sensor 0–10% CH4 Methane

Measuring (0–10%) and O2 Paramagnetic Oxygen Sensor

0–100% - (Columbus Instruments, United States) where used

to monitor the simulated process of the biodegradation of

plastics in soil. Mass spectrometry was performed using a

PTR-TOF-MS 1000 (Ionicon Analytik Ges.m.b.H.,

Innsbruck, Austria).

Materials

Ethyl bromoacetate, 1-vinyl imidazole, butylated hydroxyl

toluene (BHT), 1,10-decanedithiol, sodium hydroxide (NaOH),

phenylbis (2,4,6-triethylbenzoyl) phosphine oxide were

purchased from Sigma-Aldrich (Merck) and used as received.

Microcrystalline cellulose was purchased from Alfa Aesar Co.

and used as received. All solvents, such as ethyl acetate, methanol,

THF and acetone, as well as other materials used in the present

research were purchased from Shanghai Macklin Biochemical

Co., and were of the highest purity available. All commercial

materials were used as received unless specifically noted. Tryptic

Soy Agar (TSA) was purchased from BD, MD, United States.

Oxytetracycline-Glucose Yeast Extract (OGYE) Agar Base was

purchased from Solarbio, Beijing, China. Oxytetracycline

hydrochloride was purchased from Solarbio, Beijing China.

Bacillus cereus (BC) Agar Base was purchased from OXOID,

Basingstoke, United Kingdom. Eosin Methylene Blue Agar

(EMBA) was purchased from HuanKai Microbial, Guangdong,

China.

1-vinyl-3-(2-ethoxy-2-oxoethyl)
imidazolium bromide

Ethyl bromoacetate (10.0 ml, 225 mmol) and 50.0 ml of ethyl

acetate were added to a 100 ml round bottom flask equipped with

a magnetic stirrer. 1-vinyl imidazole (8.17 ml, 90.2 mmol)

containing 100 ppm butylated hydroxyl toluene (BHT) was

added dropwise to the flask while stirring, and the mixture

was left to stir for 24 h at room temperature. The precipitate

was filtered and washed with three portions of ethyl acetate, then

dried in a vacuum oven at 40°C for 24 h. The product, 1-vinyl-3-

(2-ethoxy-2-oxoethyl) imidazolium bromide, in the form of an

off-white solid, was obtained with an 81% yield.

Off white solid, M.P. = 95°C; 81% yield; 1H NMR (400 MHz,

D2O, δ): 9.10 (s, 1H, 2-Im), 7.80 (s, 1H, 4-Im), 7.57 (s, 1H, 5-Im)),

7.11 (dd, J = 16.0, 8.0 Hz, 1H, N-CH = CH2), 5.78 (dd, J = 16.0,

4.0 Hz, 1H, CH = CH2), 5.42 (dd, J = 8.0, 8.0 Hz, 1H, CH = CH2),

5.21 (s, 2H, -N+C-CH2-C=O-), 4.23 (q, J = 6.0 Hz, 2H, CH3-CH2-

O), 1.20 (t, J = 8.0 Hz, 3H, -CH2-CH3);
13C NMR (400 MHz,

D2O, δ): 167.86, 135.95, 128.18, 124.23, 119.47, 110.30, 63.74,
50.35, 13.32; HRMS (MALDI-TOF) (ESI) m/z: [M-Br]+calc. for

C9H13N2O2, 181.216; found, 181.052.

Poly-(1-vinyl-3-(2-ethoxy-2-oxoethyl)
imidazolium bromide)

15 uL of photoinitiator stock solution (0.3 g of phenylbis

(2,4,6-triethylbenzoyl) phosphine oxide in 1 g of THF) was added

to 1 g of a 1:1 w/v liquid mixture of 1-vinyl-3-(2-ethoxy-2-

oxoethyl) imidazolium bromide and 1-vinyl imidazole. The

combined solution was spread over glass slides and exposed to

UV-VIS light to induce polymerization. The product is obtained

in the form of a yellowish-brown film (Sevilia et al., 2022; Zertal

et al., 2022).
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Poly 1,10-disulfanyl-n-decane

1,10-decanedithiol (9.5ml, 43.7 mmol) was added to a solution of

NaOH (18 g, 450 mmol) in methanol (300 ml) using a 500ml round

bottom flask equipped with a compressed air inlet and an outlet. The

reactionmixture was stirred vigorously for 5 days with the addition of

250ml of methanol each day to compensate for evaporation. The

crude, in the form of white color suspension with some lumps, was

dried and washed with several portions of water until it became

neutral, then with several portions of methanol and acetone, and then

dried in a vacuumoven at 45 °C for 48 h. The product, in the formof a

white solid, was obtained with a 54% yield (Tada et al., 2012).

White solid, 54% yield; 1H NMR (400 MHz, CDCl3, δ):
2.66–2.49 (t, q, J = 4 Hz, J = 8 Hz 8H, -H2C-S-S-CH2-),

1.60–1.67 (complex multiplet, 8H, -CH2-CH2-S-S-CH2-CH2-),

1.28–1.39 (complex multiplet, 24H, central alkyl chain); 13C

NMR (400 MHz, CDCl3, δ): 39.17, 34.03, 29.4–29.43,

28.36–28.52, 24.65.

Determination of inherent
biodegradability

The biodegradability of polymer poly-(disulfanyl-n-decane)

1,10 decanedithiol (carbon content: 58.8%wt.) and of monomer

1,10-decane dithiol (carbon content: 58.2%wt.) in soil under

basic conditions and unadjusted conditions was investigated

in this preliminary experiment. The biodegradability of plastic

materials was determined according to ISO 17556:2019 (ISO,

2019) by measuring the amounts of evolved CO2. Soil samples

were collected from the field experiment station of the GTIIT, in

Shantou, Guangdong, China (23°31′4″N, 116°45′6″E). After

collection, the soil was sieved to give particles smaller than

2 mm in size and obvious plant materials, stones and other

inert materials were removed. The sieved soil was then air-

dried under the sun for three days. In the test, a

biodegradable reference material, microcrystalline cellulose

(Alfa Aesar Co. Inc.), was used as a positive control. Samples

were prepared by thoroughly mixing 60 g of dry soil with 0.6 g

polymer/monomer/reference material. 24 g of distilled water

were added to each sample to reach approximately 50% total

water-holding capacity. To adjust the sample to the basic

environment, 4.2 ml NaOH solution (1 M) was added to the

samples at the beginning of the experiment. Throughout the

experiment, samples’ pH was maintained at 8.5–8.8 for basic

groups and at 5.0–5.5 for unadjusted groups. Soil with only water

addition served as the blank group of the test. The soil mixtures

were placed inside 100 ml flasks which were connected to a

Micro-Oxymax Respirometer (Columbus Instruments,

United States). The system was set in aerobic mode and was

capable of measuring CO2, O2 and CH4 quantities (CO2 Sensor

0–10% CH4 Measuring (0–10%) and O2 Paramagnetic Sensor

0–100% - Columbus Instruments, United States) with a cycle of

approximately 4 h for each individual flask. All flasks were

incubated in triplicates at 25°C. Every 10 days, water was

added to keep the water content between 40 and 60%wt. of

the total water-holding capacity and the soil was gently re-mixed.

The amount of CO2 evolved was measured by the Micro-

Oxymax Respirometer and the data was collected with the help of

the Micro-Oxymax Windows software. Since the amount of CO2

was recorded in volume units, the measuredmass of CO2 (m) was

calculate by using the ideal gas law, Equation 4, and Equation 5.

Equation 4:

PV � nRT � m

Mw
RT (4)

Equation 5:

m � PVMw

RT
(5)

where V is the volume, P is the pressure in the respirometer

(811 mmHg), R is the ideal gas constant, T is the system

temperature (298°K), V is the measured volume of CO2, and

Mw is the molecular weight of CO2 (44.01 g/mol).

In accordance with ISO 17556:2019, the percentage

biodegradation (Dt) was calculated from Equation 6 and

Equation 7:

Equation 6:

ThCO2 � 44
12

× MT × wC (6)

Equation 7:

Dt � ∑mT −∑mB

ThCO2
× 100 (7)

where ThCO2 is the theoretical amount of CO2 that can be

evolved by the test material, MT is the mass of test material

introduced into each flask, wc is the carbon content of the test

material determined from the chemical formula, ΣmT is the

cumulative amount of CO2 evolved in the flask containing test

material and soil mixture, ΣmB is the cumulative amount of CO2

evolved in the flask containing mere soil (blank). The test was

done until 60% of the reference material, microcrystalline

cellulose, was degraded given what can be named “inherent

biodegradability” that indicates the potential of the materials

to be bioavailable in a relatively short period of time.

PTR-TOF-MS analysis

Samples were prepared in 100 ml flasks as done for the

biodegradability test at 25°C. An additional abiotic group was

prepared by placing 0.9 g of plastics inside an empty flask. The

flasks were capped with screw caps having two channels, one for

aeration and one for injection into the apparatus. The headspace
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composition of the samples was measured using a PTR-TOF

1000 (Ionicon Analytik Ges.m.b.H., Innsbruck, Austria) under

the following working conditions: 630 V drift voltage, 2.30 mbar

drift pressure, 6.5 sccm inlet flow, 80°C drift tube and inlet

temperature. H3O
+ was employed as the primary ion and the

instrument was operated at an E/N ratio (E corresponds to the

electric field strength and N to buffer gas number density within

the drift tube) of 142 Td (1 Td = 10–17 Vcm2). For each flask,

more than 120 cycles (2 min each) were recorded, and a stable

stage (generally 90 to 120 cycles) was used for the analysis. All the

samples were measured once a day.

Microbial cultures of soil samples

A microbial test was done for microbial load in the tested

samples. Four kinds of culture media were prepared for testing

the microbial culture growth: Tryptic Soy Agar (TSA) (BD, MD,

United States), Oxytetracycline-Glucose Yeast Extract (OGYE)

Agar Base (Solarbio, Beijing, China)) with the supplement of

Oxytetracycline hydrochloride (Solarbio, Beijing China), Bacillus

cereus (BC) Agar Base (OXOID, Basingstoke, United Kingdom)

and Eosin Methylene Blue Agar (EMBA) (HuanKai Microbial,

Guangdong, China). All media were prepared and sterilized

according to their corresponding specifications. For each soil

sample, 2 g of soil mixtures were transferred to 20 ml sterilized

saline, followed by mixing using a vortex. After the dirt grains

settled down, the supernatant (addressed as a 10–1 dilution) was

collected and diluted to 10–2. For each medium, 0.1 ml dilution

was used for plating. TSA and EMBA were incubated at 37°C for

24 h, while OGYE and BC were incubated at 30°C for 24 h.

Data analysis

Statistical ANOVA tests were performed using the R

4.1.1 software (R Foundation for Statistical Computing, Vienna,

Austria) to evaluate the differences in the CO2 evolution rate

between plastic/reference material degradation processes and their

corresponding blanks. The PTR data were pre-processed and

analyzed using PTR-MS Viewer 3.2 (Ionicon Analytik

Ges.m.b.H., Innsbruck, Austria). Principal component analysis

(PCA) was carried out using R 4.1.1, and 3D plots of the PTR

spectra were generated usingMATLAB R2021b (TheMathWorks,

Inc., Natick, MA, United States), based on the exported PTR data.

Results and discussion

Polymers

Two prototypes of polymer backbones were investigated,

with the aim of developing novel biodegradable polymers,

based on their biodegradability properties. A first prototype,

poly-VI-VIM, is composed of a mixture of 1-vinylimidazole

(VI) and 1-vinyl-3-(2-ethoxy-2-oxoethyl) imidazolium

bromide (VIM), and was prepared by photoinduced radical

polymerization, according to Figure 1, where n/m = 3.75. A 1:

1 wt. mixture of VI and VIM was prepared, then 0.0045 mg/ml of

photo initiator (Irgacure 819) was added, and the mixture was

well mixed, spreaded atop a glass plate and cured using a 100 W

white LED. Curing was monitored by FT-IR, and irradiation

proceeded untill the complete disappearance of the vinyl

absorption bands. The resulting films were used as prepared

for the biodegradation experiments.

The second prototype material, poly-(disulfanyl-n-decane),

was prepared in a single step from commercially available 1,10-

decanedithiol through air oxidation under basic conditions,

(Figure 2). 1,10-decanedithiol was dissolved in methanol

containing NaOH and exposed to air flow for 5 days at room

temperature. A white color thick melt was obtained, which was

washed with several portions of distilled water until it became

neutral, then washed with several portions of methanol and

acetone, and then it was filtered and dried in a vacuum oven

at 45°C for 48 h. The bright white powder, poly-(disulfanyl-n-

decane), was used for the preparation of disk samples, Φ =

25 mm, thickness = 2 mm, through compression molding, done

for 1 h at 125°C under 13 Mpa pressure between two smooth

PTFE sheets.

Biodegradability of plastic polymers in the soil is usually

measured by monitoring the emission of CO2 during the process

(Briassoulis et al., 2020; Huang et al., 2020; Zurier and Goddard,

2021). In this study the Micro-Oxymax respirometer system was

used to monitor the CO2, O2 and CH4 evolution caused by the

biodegradation of the two polymers poly-VI-VIM and poly-

(disulfanyl-n-decane), in the soil (Figure 3).

The system allowed a real-time and continuous measurement

of the three relevant gases. The results showed that poly-VI-VIM

exhibited very low biodegradability under the tested

experimental conditions and it did not show any significant

difference from the control soil system (data not shown). In

contrast, poly-(disulfanyl-n-decane) showed significant

biodegradability in the soil (Figures 4–6 and Table 1). A

preliminary experiment was done to evaluate the optimal soil

biodegradation conditions in terms of pH (Figure 4). In this

experiment both poly-(disulfanyl-n-decane) and its monomer

were tested for their bioavailability. The biodegradation

assessment was done by monitoring the accumulation and

evolution rate of CO2 and O2 respiration of the soil

(Figure 4A,B,C,E). The accumulation and evolution rate of

CH4 was also monitored to see that no release of this potent

greenhouse gas (GHG) takes place as part of the biodegradation

process (Figure 4C,F). The results indicate a significantly more

efficient degradation under basic conditions (pH~8.5) of the soil

than under neutral conditions (pH~6) (Figure 4). The pH level is

known to be an important factor that may have a significant
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FIGURE 1
Synthesis of poly-VI-VIM copolymer, n/m = 3.75.

FIGURE 2
Air oxidation of 1,10-decanedithiol to poly-(disulfanyl-n-decane). Measuring the biodegradation of the polymers in the soil.

FIGURE 3
Flow chart of the biodegradability test and volatile compounds analysis. Test plastic (or reference material) and dried soil were mixed
homogeneously with the supplement of distilled water. The soil mixture was incubated in a low temperature incubator with a constant temperature
of 25 °C. The changes of CO2, O2 and CH4 concentrations were measured by a Micro-Oxymax Respirometer System in real time and the volatile
compounds were analyzed using a PTR-TOF-MS.

TABLE 1 CO2 evolution rate of poly-(disulfanyl-n-decane).

Materials Average rate (μg/min) Maximal rate (μg/min)

poly-(disulfanyl-n-decane) 6.88 ± 0.197b 39.13 ± 0.895a

Crystalline cellulose (References material) 10.50 ± 0.280a 25.61 ± 0.458b

Blank 4.04 ± 0.152c 25.27 ± 3.265b

Values are means ± SD (n = 3).

*: The p value was obtained by an ANOVA, test with the blank at the same time span. Different letters indicate a significant difference between groups within each time section (α = 0.05).
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impact on plastic biodegradation in the soil (Emadian et al., 2017;

Fernandes et al., 2020; Liu et al., 2021). A recent study found that

residues of plastic mulches have a lower negative impact on rice

growth under basic conditions (pH 8.5) (Liu et al., 2021). In this

study the “inherent” biodegradability was measured rather than a

complete “ultimate biodegradability” which is a complete

mineralization of the plastic polymer. The “inherent”

biodegradability is a sufficient measurement to indicate how

much of the plastic polymer is available for a relatively short

period of biodegradation.

To get a better understanding of the biodegradation process

of poly-(disulfanyl-n-decane) an additional study was performed

under optimal pH conditions (pH ~8.5) and for a longer period

(Figure 5). Poly-(disulfanyl-n-decane) showed significantly higher

accumulation and evolution rate of CO2 and O2 respiration than

those measured in the control soil respiration (Figure 5).

FIGURE 4
The cumulative amounts and rate of CO2, O2 and CH4 emission for the biodegradability test of poly-(disulfanyl-n-decane) and monomer 1,10-
decane dithiol under basic conditions (pH~8.5) and unadjusted conditions (pH~5.3): (A) the cumulative CO2 evolution. (B) The cumulative O2

consumption. (C) The cumulative CH4 evolution. (D) The CO2 evolution rate. (E) The O2 consumption rate. (F) The CH4 evolution rate.
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Both CO2 and O2 respiration patterns were similar during the

three months of the degradation in soil experiment. Around

0.8 and 0.4 g of CO2 were produced during the three months

from the reference material (cellulose microcrystalline) and the

tested poly-(disulfanyl-n-decane) polymer respectively (after

subtraction of the results from the soil control). A similar trend

was observed for the oxygen consumption with close to 0.6 and

0.2 g of O2 consumed during the three months more than the

reference material (microcrystalline cellulose) and the tested poly-

(disulfanyl-n-decane) polymer respectively (after subtraction of

the results from the soil control). It is worth noticing that oxygen

consumption is a relative measure of the reduction of oxygen

below the atmospheric levels (this is why the results are lower than

the CO2 production results). The known biodegrading reference

material showed as expected the highest biodegradability and

reached a 60% degradation in three months (Figure 6), while at

the same time the tested poly-(disulfanyl-n-decane) polymer

reached only 20% degradation. It is also interesting to note that

FIGURE 5
The cumulative amounts and rate of CO2, O2 and CH4 for the biodegradability test of poly-(disulfanyl-n-decane). (A) The cumulative CO2

evolution. (B) The cumulative O2 consumption. (C) The cumulative CH4 evolution. (D) The CO2 evolution rate. (E) The O2 consumption rate. (F) The
CH4 evolution rate.
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for an unknown reason the reference material had a certain “lag”

phase in the degradation process which was different from the

tested material. While at a first glance the observed degradation

rate of poly-(disulfanyl-n-decane) seems slow, for many

plasticulture applications, including mulching films, it is too

fast. Mulching films are used under harsh conditions and their

service life ranges from 1 month for short soil treatments to

6 months in some crop protection techniques (Kasirajan and

Ngouajio, 2012; Achmon et al., 2018). Along this period of

time, these polymer sheets are required to perform with no

significant loss of their chemical and physical properties. In

order to achieve this, the bio-degradation of the polymer

should be by far slower than that of the reference material. The

exact optimal degradation conditions test should be done in the

specific needed field conditions in the future.

These results are encouraging as the biodegradability of poly-

(disulfanyl-n-decane) suggests that it is bioavailable to the soil

microbial population in the tested conditions. It was even shown

that a significantly maximal rate of respiration was observed with

poly-(disulfanyl-n-decane) than with the negative soil control as

well as with the positive reference material (Table 1). As this study

focuses on the potential of biodegradability rather than on looking

at the complete mineralization of the polymer, the test was

FIGURE 6
The percentage of biodegradation of poly-(disulfanyl-n-
decane) and of the reference material.

FIGURE 7
Score plot of the principal component analysis (PCA) for PTR-TOF-MS spectral data of the poly-(disulfanyl-n-decane) polymer, the reference
material and the blank after 25 days. The first principal component (PC1) and the second principal component (PC2) described 46.4 and 13.1% of the
sample variability, respectively.
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conducted until 60% degradation of the reference material was

reached (Briassoulis and Dejean, 2010). Additionally, all the tested

polymers did not show any significant methane production

(Figures 4, 5). Methane production from plastic degradation is

attracting increasing attention as methane is a potent GHG and it

was shown that plastic degradation may have an impact on the

overall release of methane into the atmosphere (Royer et al., 2018).

The fact that the tested polymer degraded in the soil without any

significant production of methane is encouraging in terms of the

environmental impact of the biodegradation in the soil of future

mulching applications with such polymers.

Volatiles profile of polymer
biodegradation

Many studies about biodegradation of plastic polymers in

soil have overlooked the characterization of non-CO2 volatile

products that are being produced during the process. Previous

studies recognized the risks of formation of carcinogenic and

toxic VOC materialss by plastic degradation (He et al., 2015;

Kuchmenko et al., 2020). The present study is among the first

to study the profile of VOCs emitted during the biodegradation

of plastic polymers in the soil. Cvolatile products of the poly-

(disulfanyl-n-decane) shows a distinct profile of volatiles

that is markedly different from the reference material and

from the control soil, as can be seen from the PCA plot

(Figure 7). Additionally, by using the ability of the PTR-

TOF-MS to constantly monitor VOCs emission during the

entire biodegradation in soil processes, a plot of the time

dependent VOCs emission was created (Figure 8).

Interesting phenomena were observed in the production of

VOCs over time during the biodegradation in soil process.

The tested poly-(disulfanyl-n-decane) polymer showed a

high concentration of a molecule with an m/z ratio of 63

(Figure 8A) mainly in the initial first 15 days (this molecule is

FIGURE 8
A 3D plot of PTR-TOF-MS spectra for m/z 40–120 from Day 1 to Day 25. (A) poly-(disulfanyl-n-decane) and soil mixture, (B) reference material
and soil mixture, (C) only soil (blank), (D) only poly-(disulfanyl-n-decane). The black, blue and red arrows mark the peaks of m/z 63, 59 and 99,
respectively.
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probably ethanethiol), whereas the reference material showed

significantly lower amounts of VOCs production during the

tested period and also in the blank soil control (Figures 8B,C).

When testing the polymer under basic conditions a high

emission with an m/z ratio of 59 was observed which might

be an indicator for these conditions as it was not observed under

natural conditions. The PTR-MS Viewer 3.2 programwas used to

assess the chemical composition of the VOCs, based on a library

FIGURE 9
Plating of soil mixtures with a dilution of 102 in Tryptic Soy Agar (TSA), Oxytetracycline Glucose Yeast Extract (OGYE), Bacillus cereus Agar (BC)
and Eosin Methylene Blue Agar (EMBA) in the end of the biodegradability test.

TABLE 2 Tentative volatile compounds detected during the biodegradation of 1,10-decanedithiol polymer.

m/z Ion formula Parent formula Tentative volatile compounds*

41a, b (C3H4)H
+ C3H4 Propyne

45a, b (CO2)H
+ CO2 Carbon dioxide

49a (CH4S)H
+ CH4S Methanethiol

59b (C3H6O)H
+ C3H6O Acetone

63a (C2H6S)H
+ C2H6S Ethanethiol

69a (C5H8)H
+ C5H8 Penta-1,3-diene

73a, b (C4H8O)H
+ C4H8O 2-Butanone

87a (C5H10O)H
+ C5H10O 2-Pentanone

a: The ion intensity was relatively high in the soil mixture with poly-(disulfanyl-n-decane) polymer.

b: The ion intensity was relatively high in the control sample.

*: One tentative volatile compound was suggested according to the chemical formula.
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of recognized materials (Table 2). Among these recognized

molecules, detailed in Table 2, those which could have a

special interest are the ones that showed a significantly higher

signal coming from the tested poly-(disulfanyl-n-decane)

polymer. The major VOCs originating from poly-(disulfanyl-

n-decane) polymer were methanethiol, ethanethiol, penta-1,3-

diene and 2-pentanone. The presence of these molecules

(especially the thiols) might be used as indicators for the

biodegradability of poly-(disulfanyl-n-decane) in soil and, as

shown in the 3D plot, was predominant at the beginning of

the process (Figure 8A). Additional future studies may be able to

correlate between the presence and amounts of these molecules

and the rate of degradation, as well as to unveil the mechanism of

the biodegradation process, in order to see how well the presence

and amounts of these molecules can be used to assess the

degradation pace of the specific polymer.

Culturable microbial profile of polymer
biodegradation

Even though the soil microbial population responsible for

the degradation of the polymer was not the focus of the current

study, a general plating test was performed to see if any changes

in this population can be observed (Figure 9). The results clearly

indicate that the tested polymer had an impact on the soil

microbial population expressed by higher numbers observed in

the general count of microbes in the TSA plats. While no major

differences were observed in the fungal population in the OGYE

media, a distinctive difference was observed in both the Bacillus

cereus agar and the gram-negative Eosin Methylene Blue Agar

(EMBA) between the soil with the tested polymer and the

positive and negative control soils (Figure 9). It should be

noted that these are merely initial results that may suggest

that a certain shift in the soil microbial population did occur

and that a further study, including next generation DNA

sequencing, should be carried out in order to better elucidate

these changes.

Conclusions

The current study looked at two new plastic synthetic

polymers which are prototype candidates for future

biodegradable plastic mulching films. The initial results

showed that one of the tested polymers, poly-(disulfanyl-

n-decane), may be bio-available and degrade in the soil under

standard conditions, especially under slightly basic soil

conditions. Poly-(disulfanyl-n-decane) degrades at a rate of

losing ~20% %wt. of the total polymer mass in three months,

which might be too fast for mulching films that must retain

their properties for periods of up to 6 months. It is important

to note that the tests were done in laboratory conditions and

the materials were introduced into the soil which means that

a longer period in field conditions should also be tested in the

future. Poly-(disulfanyl-n-decane) is essentially a

polyethylene into which disulfide bridges were inserted in

order to allow biological entities, such as microbes, to break

the undigestable long alkane chain into segments that are

bioavailable and, as the present work shows, also

biodegradable. As the results indicate that poly-(disulfanyl-

n-decane) has high bioavailability, the next step will be to

further dilute the disulfide bridges in the polyethylene

skeleton, thereby creating polymers with mechanical and

physical properties that are closer to those of ordinary

polyethylene, while achieving at the same time also the

desired biodegradability rate for mulching films.

A unique simulation system of biodegradation in field

conditions allowed monitoring of the VOCs emitted by the

degradation of the poly-(disulfanyl-n-decane) polymer. The

system showed a specific volatile “fingerprint” containing

methanethiol and ethanethiol which suggest degradation of

the polymer through a combination of reduction of the

disulfide bridges and cleavage of carbon-carbon bonds in

positions αcarbon-βcarbon and βcarbon-χcarbon relative to the

sulfur atom. Monitoring of these materials might serve as

markers for determining the rate of biodegradation of this

polymer in the future. The microbial population of the soil

appears to be impacted by the incorporation of the poly-

(disulfanyl-n-decane) polymer into the soil. Future tests will

be needed to further tailor this polymer for agricultural usage

and to further understand its impact on the soil biological,

chemical and physical properties as well as for looking at the

fate of the degradation products in real agricultural systems.
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Plastic pollution is one of the most serious environmental problems of this century because
most plastics are single-use, and once their useful life is over, they become pollutants,
since their decomposition takes approximately 100–400 years. The objective of this
research is to evaluate the efficacy of low-density polyethylene (LDPE) biodegradation
byG.mellonella in the district of Pangoa, Junín, Peru. For the development of the study, the
G. mellonellawas conditioned in three groups of beekeeping residues (beeswax, balanced
diet, and wheat bran); after the conditioning stage, the biodegradation treatment was
developed, which consisted of placing the G. mellonella in terrariums with the LDPE, the
treatments were carried out at three different times (24, 36, and 48 h). To evaluate the
efficacy of biodegradation, two analyses were taken into account: the Raman analysis of
the low-density polyethylene samples and the weight reduction of the treated LDPE. The
results of the Raman analysis indicated that the best treatment was the one applied withG.
mellonella conditioned with beeswax, obtaining a wavelength intensity of 0.45 μ.a., while
the weight reduction of the LDPE indicated that the best results were given at 36 h and
conditioned with beeswax with a reduction of 236.3 mg. In conclusion, the use of G.
mellonella for the biodegradation of low-density polyethylene is effective when it is
conditioned with beeswax and the treatment is carried out at 36 h.

Keywords: pollution, plastic, Galleria mellonella, LDPE, biodegradation

1 INTRODUCTION

Could anyone live without plastic in the 21st century? Well, no, since a large part of the objects
we see and use is made of that material (Cáceres, 2017). It has become so ubiquitous that it is
hard to believe that it has only been produced on an industrial scale since 1950 (Geyer et al.,
2017).

According to the United Nations Environment Program, plastic pollution is one of the serious
environmental problems of this century (Abaza, 2012). Estimates show that to date, 8,300 million
metric tons of plastic (MT) have been produced, but about half was created in 2004; and of the total
plastics produced, 30% is still in use; the rest (6,000 millionMT) has become waste (9% recycled, 12%
incinerated, and 79% in a landfill or thrown into the environment) (Geyer et al., 2017). With regard
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to plastic bags, 10 million bags are used in the world every minute
and 5 billion a year, of which about 5–13 million tons are dumped
into the ocean (Ellen MacArthur Foundation, 2016). With the
appearance of the pandemic caused by COVID-19, its use has
increased greatly (Flores, 2020).

In South America, plastic pollution has caused the formation
of “plastic islands” in the North Pacific Ocean, and 80% of this
waste comes from land sources (Elías, 2015), which is why it is
vitally important to find adequate treatments and carry out good
management of this type of waste (Urdaneta, 2014).

In the same way (Ministerio del Ambiente, 2014), 886 tons of
plastic per day is generated in Lima and Callao (Ministerio del
Ambiente, 2017). Currently, each citizen uses 30 kg of plastic per
year and the total number of plastic bags is around 3,000 million,
almost 6 thousand bags per minute (Ministerio del Ambiente,
2017); most of it is single-use and once its useful life is over, it
becomes a pollutant, since its decomposition takes approximately
100–400 years (Bombelli et al., 2017). Since 2016, there have been
environmental laws and comprehensive management plans to
treat this type of waste, in which the ministries of the
environment, health, and education; municipalities; and
regional governments are involved (Ministerio del Ambiente,
2016a). Incidentally, in 2018, the law that regulates the use of
plastic (Ministerio del Ambiente M, 2019) was enacted; however,
due to the lack of control and inspection, the non-existence of
control measures, and the absence of environmental education
among citizens, not much has been achieved so far (Flores, 2020).
On the other hand, the Ministry of Environment has lines of
research that encourage this type of study in favor of the
environment. This study is within this line of research:
Component: Solid and Hazardous Waste; Thematic area:
Treatment of solid and hazardous waste; Research line: Solid,
organic, hazardous, and chemical waste treatment technologies
(Ministerio del Ambiente, 2016b).

Low-density polyethylene (LDPE) is a plastic composed of
olefin monomers, and it is polymerized at high pressure,
highlighting its flexibility and chemical and dielectric
resistance: undoubted characteristics that make it useful for
the manufacture of bags and industrial packaging, among
others items (Martin, 2012). Their great durability and slow
biodegradation mean that these synthetic polymers can
tolerate the ocean environment for years, decades, and even
longer periods (Gutierrez, 2018). This causes marine animals
to get trapped by the garbage; birds and other marine creatures
consume plastic when they confuse it with their food; and this
waste can act as a raft and move some species out of their area
(Gutierrez, 2018). The plastic can be reduced in an ecological way
with the help of soil bacteria and water availability, but it depends
on the type of material that is made, for example, starch-based
polymer is degraded by microbes and hydrolytic enzymes, and
polymers to petroleum-based polyolefins, degraded through
photodegradation (Pathak and Navneet, 2017).

The development of this study proposes an alternative
treatment to plastic, as well as the reduction of the volume of
plastic waste that arrives at the CEPAP (Pangoa District Sanitary
Landfill) in order to increase the useful life of the transitory cells.
The district of Pangoa, Satipo, Junín, has a population of 24,939

inhabitants in the urban area alone; the per capita generation of
waste is 0.45 kg/person/day; and 4,113.6 tons of waste are
generated per year, with plastic being the waste material with
the second highest generation: 168.2 tons per year
(Municipalidad Distrital de Pangoa, 2019).

That is why the objective of this research is to evaluate the
efficiency of polyethylene biodegradation by treating plastic with
G. mellonella larvae conditioned with three beekeeping residues
(beeswax, balanced diet, and wheat bran) and subjected to three
different times (24, 36, and 48 h).

2 MATERIALS AND METHODS

The study was carried out in the district of Pangoa, Junín, Peru
(latitude: −11.4281, longitude: −74.4881, latitude: 11°25′41″south,
longitude: 74°29′17″west), under laboratory conditions.

2.1 Materials and Equipment
The materials to be used for the packaging of theG. mellonella are
the following:

- Balanced diet [to be prepared with wheat bran (150 gr),
ground rice (70 gr), puppy biscuits (25 gr), honey (250 gr),
and pollen (8 gr)].
- - Beeswax 3 kg
- - Wheat bran 3 kg
- - LDPE bag

- 2 packs of low-density polyethylene bags—PEBD (brand:
Plásticos Alfa, material: low-density polyethylene,
measurements: 86 mm × 19 mm, color: transparent,
quantity: 50 units); each bag weighs 425.25 mg, and they
were obtained from the local market.
- - Pieces of cardboard (to place the eggs).
- - Clamp (to remove the LDPE sample without altering or
damaging it).

FIGURE 1 | Biological cycle of G. mellonella. Source: Lucila Galan
(Galán, 2012). (A). Egg, (B). Larva or caterpillar (worm), (C). Pupa or chrysalis,
(D). Adult or Imago.
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- - Latex gloves (to handle the sample without altering it).
- - Cooler
- - Digital multi-function electronic Scale
- - Thermo-hygrometer BOECO Germany
- - Photographic camera
- - Terrarium (glass box with measurements: 15 cm wide ×
20 cm long × 10 cm high, covered with metal mesh and
tulle fabric).

- One thousand larvae of G. mellonella (30 larvae for each
treatment).

2.2 Conditioning of G. Mellonella
The work area was conditioned, and the wooden boxes for breeding
were prepared. The G. mellonella was obtained from the company
“Apícola Ayni S.A.C.” in the pupal and adult stage, and breeding
was carried out in three groups with a different food for each group:
A, balanced diet; B, beeswax; andC, wheat bran (Anwar et al., 2014).
When G. mellonella reaches the larval stage, the stage in which it
biodegrades LDPE (see Figure 1), the study begins.

2.3 Treatment
The low-density polyethylene-LDPE was previously analyzed in
terms of weight and Raman spectroscopic effect to submit them
to the treatments and control group. Surgical gloves and sterilized
tweezers were used for handling and taking samples to avoid
possible contamination of the sample. Then, it was subjected to
treatment with G. mellonella obtained from the three groups
mentioned (A, beeswax; B, balanced diet; and C, wheat bran),
developing at three different times (24, 36, and 48 h) with three
repetitions for each treatment (Montgomery and Wiley, 2004),
and using 30 larvae for each treatment; the treatments were
carried out by applying the larvae and adding 5 g of residue in
each polyethylene treatment. Finally, the final weighing of the
low-density polyethylene PEBD and the Raman spectroscopic
effects of each of the treatments were carried out. For the
latter, the services of the Mycology and Biotechnology
Laboratory of the La Molina National Agrarian University
were provided. It should be noted that among all the
treatments, only 3 G. mellonella larvae died in the
treatments: C1, 24 h; C3, 48 h; and A1, 48 h because they
were at the beginning of the growth stage, the larval stage, and
were just adapting to survival conditions. Polyethylene
ingestion did not cause significant growth of G. mellonella.

2.4 Data Processing
The data obtained were processed for the publication of the results.
The statistical design chosen for this study was the 32 factorial design
since in this study we worked with 2 factors: A (beekeeping residue)
and B (biodegradation time) and each factor had three levels: factor
A (beeswax, balanced diet, and wheat bran) and factor B (24, 36, and
48 h); the product of the interaction of the factors with the levels,
nine combinations of treatments, were obtained (Montgomery and
Wiley, 2004). A normality test was performed by applying the
Shapiro–Wilk test, verifying that a normal distribution was
fulfilled, and the ANOVA parametric test was applied for the
difference in means; these tests were carried out at a confidence
level of 95%. The comparison of the degraded sample was carried out

by measuring the weight and the Raman effect of the low-density
polyethylene before and after the treatment.

3 RESULTS

3.1 Weight Results of Low-Density
Polyethylene
The analysis of the LDPE remnant was carried out due to the fact
that readings of the stool samples of the larvae were not obtained;
this remnant was evaluated in the vicinity of the holes made in the
consumption of the LDPE of the larvae, and said evaluation was
carried out in these points since Bombelli et al. (2017) mentioned
that one of the beings responsible for the biodegradation of LDPE
was the intestinal flora of G. mellonella.

Table 1 presents the results of the analysis of variance
(ANOVA of 2 factors) applied to the data obtained from the
weight reduction of the LDPE applied the treatment. The results
of the statistical test indicated that at a confidence level of 95%,
the beekeeping residue applied in the breeding of G. mellonella
has a very marked effect on the weight reduction of the LDPE and
that the treatment time also has a very marked effect on the
weight reduction of the LDPE; in addition, it indicated that the
interaction between the beekeeping residue applied in the
breeding of the G. mellonella and the treatment time has great
significance in the weight reduction of the LDPE.

In Figure 2, the interaction between the treatment time and
the effect of the beekeeping residue applied in the breeding of G.
mellonella can be seen. This graph indicates that for the larva
conditioned with beeswax, the best time of treatment is 36 h,
obtaining a greater average weight reduction of LDPE of 55.6%
(263.3 mg); for the larva conditioned with the balanced diet and
for the larva conditioned with wheat bran, the best treatment time
is 48 h, obtaining an average LDPE weight reduction of 27.8%
(118.1 mg) and 15.6% (66.2 mg), respectively.

In Figure 3, we can observe the weight reduction of the LDPE
when subjected to the treatment; of the nine applied treatments, it is
observed that the one with the greatest weight reduction is the
treatment applied with the larva conditioned with beeswax at a
treatment time of 36 h, with an average weight reduction result of
LDPE of 55.6% (263.3mg). In addition to this, it is observed that the
second best result is obtainedwith the larva conditionedwith beeswax
at a treatment time of 48 h with an average LDPE weight reduction
result of 40.0% (170.1 mg). These results indicate that the LDPE
subjected to treatment with the larva conditioned with beeswax
obtains better results compared to those conditioned with a
balanced diet and wheat bran; in addition, the treatment of the
larva conditionedwith beeswax obtains better results with a treatment
time of 36 h.

3.2 Low-Density Polyethylene Raman
Analysis Result
3.2.1 Quantitative Analysis
Table 2 presents the results of the analysis of variance (ANOVA)
applied to the data obtained from the wavelength intensity of the
spectrum of the LDPE Raman analysis; the results of the statistical
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test indicated that at a confidence level of 95%, the beekeeping
residue applied in the breeding ofG. mellonella has a very marked
effect on the reduction of the intensity of the wavelength of the
LDPE Raman spectrum and that the treatment time has no
marked effect on the reduction of the wavelength intensity of
the LDPE Raman spectrum.

In Figure 4, the results of the Tukey analysis of the wavelength
intensity of the LDPE Raman spectrum highlighted with the
beekeeping residues and with the treatment control are presented;
the results of the statistical test indicated that at a confidence level
of 95%, the wavelength intensity of the control is the only result
that differs from the averages of beekeeping waste, thus indicating
that there is a significance in the reduction of the wavelength
intensity applying this treatment.

3.2.2 Qualitative Analysis
In Figure 5, the Raman spectrum of the control low-density
polyethylene (LDPE) is shown, highlighting the most significant
peaks, and Table 3 details the functional group obtained in the
peaks. The Raman bands of the spectrum for the crystal chain
(1,063, 1,131, 1,295, and 1,418 cm−1) were taken, and these bands
were used as a standard to compare the variations of the LDPE
crystallinity (Kida et al., 2016).

The Raman spectra of the treatments carried out were
compared with the control sample of the LDPE, and it was
found that 74% of the treatments obtained a reduction in the
intensity observed in the wavelength 1,063 cm−1; 56% of the
treatments, in the wavelength 1,131 cm−1; 96% of the
treatments, at the wavelength 1,295 cm−1; and 100% of the
treatments, at the wave number 1,418 cm−1. In this sense, the
intensity reduction in these Raman bands indicated a decrease in
the crystallinity of LDPE as a result of the treatment applied to the
samples, in addition to a decrease in the functional groups C-H
and CH2. The breaking of the C-C bonds implies a level of
degradation of the low-density polyethylene molecules—LDPE.

TABLE 1 | Result of analysis of variance (ANOVA for 2 factors).

Df Sum sq Mean sf F value p value

Beekeeping waste 2 0.2534 0.12671 33.84 7.98*10−7

Treatment time 2 0.3645 0.18226 48.67 5.49*10−8

Interaction between applied beekeeping residue and treatment time 4 0.1602 0.04004 10.69 0.000129
Residuals 18 0.0674 0.00374

FIGURE 2 | Interaction between treatment time and beekeeping residue
in the rearing of G. mellonella.

FIGURE 3 | LDPE weight reduction.

TABLE 2 | Results of the analysis of variance (ANOVA) of the wavelength intensity
of the Raman spectrum.

Df Sum sq Mean sf F value p value

Beekeeping waste 3 0.4276 0.14253 5.068 0.00587
Treatment time 2 0.1707 0.08535 3.035 0.06305
Residuals 30 0.8438 0.02813

FIGURE 4 | Result of the Tukey analysis of the intensity of the
wavelength of the treatments.
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Therefore, there is a decrease in polyethylene as a contaminating
factor due to its interaction with G. mellonella.

Figure 6 shows the Raman spectrum of the control LDPE and
the A-36 h treatment since it is the treatment that obtained the
best results.

3.3 Result of the Physical Change of the
Low-Density Polyethylene
Figure 7 shows the differences between the control sample
(Figure 7A) and the A1-36 h treatment of low-density
polyethylene—LDPE (Figure 7B), showing a slight change
in brightness and the appearance of some cracks; this was
analyzed in 100% of the sample and with a level of 90 μm, a
×20 Zeiss EC Epiplan objective (numerical aperture 0.4) with
a white light LED for Köhler illumination was used; all
micrographs were exported in TIF format with dimensions
of 1,024 × 653 pixels; the activity that the G. mellonella larvae
had on the LDPE was also observed with the naked eye
(Figure 7C), an optical view made at the edges of the holes
left by the G. mellonella larvae in the low-density polyethylene
sample. LDPE (Figure 7D) was analyzed in the region “a” with
a level of 23.36 µm.

4 DISCUSSION

The analysis of the LDPE remnant was carried out due to the fact
that readings of the stool samples of the larvae were not obtained,
this remnant was evaluated in the vicinity of the holes made in the
consumption of the LDPE of the larvae, and the said evaluation
was carried out in these points since Bombelli et al. (2017)
mentioned that one of those items responsible for the
biodegradation of LDPE is the intestinal flora of G. mellonella.
In the present investigation, it was found that 30 larvae of the
lepidoptera G. mellonella conditioned with “beeswax”
biodegraded 263.3 mg (55.6%) of low-density
polyethylene—LDPE—in 36 h at an average temperature of
25°C and a relative humidity average of 83%; it belongs to
Treatment A1-36.

One of the ways to assess biodegradation efficiency is the
amount of LDPE weight lost; in other words, how many
milligrams of LDPE did G. mellonella consume? Bombelli
et al. (2017) mention that 100 G. mellonella larvae are capable
of biodegrading 92 mg of polyethylene in 12 h. Although we
extended the time to 36 h, but applied only 30 larvae, we obtained
a greater amount of biodegraded LDPE; in other words, 263.3 mg
of biodegraded LDPE, which is higher, even if we double
Bombelli’s 92 mg.

Alkassab et al. (2020), found that 10 larvae of G. mellonella
degrade 0.0210 mg in 12 h at a temperature of 25°C. In our study,
we obtained a degradation of 263.3 mg, and it is very high; this is
because we increase the time and the number of larvae. However,
we kept the same temperature of 25°C.

Márquez (Mandal and Vishwakarma 2016) showed that
480 G. mellonella larvae were conditioned at a temperature of
27°C and 70% relative humidity biodegraded 0.173 mg of
polyethylene in 7 days. In this study, we see that the results
are below the other results obtained in our study despite the fact

FIGURE 5 | Raman spectrum of the control LDPE.

TABLE 3 | Wave number and functional group [the values were assigned by
comparing with the spectra reported by Kida et al. (2016)].

Wave number (cm−1) Functional group

1,063 C-C
1,131 C-C
1,295 CH2
1,418 CH2
1,446 CH2
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that the treatment time was longer. Mandal and Vishwakarma
(2016) mention that there is no relationship between relative
humidity and larval growth. Yang (Yang et al., 2014)- Rivas

(Rivas, 2020) reported that the American Periplaneta cockroach,
conditioned at a temperature of 35°C and 60% relative humidity,
biodegrades 0.6 mg of plastic bag (LDPE) in 7 days, obtaining an

FIGURE 7 |Result of the physical change of the LDPE. In (A), the optical micrograph of the control sample is observed and in (B), the A1-36 h treatment; (C) shows
the evidence of LDPE consumption of the A1-36 h treatment with a normal scale view, and (D) presents a light micrograph view of sample A1-36 h-a2.

FIGURE 6 | Raman spectrum to contrast the difference between the LDPE control and the treatment A-36 h.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2022 | Volume 10 | Article 9153316

Poma et al. Biodegradation of Low-Density Polyethylene

105

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


efficiency of 7.6%. This is very similar to G. mellonella, as both are
active at night and like the same conditions of temperature and
relative humidity.

Nevertheless, in our research, it was found that the larvae of G.
mellonella biodegraded more low-density polyethylene at 36 h than
at 48 h, due to the fact that at 36 h, a great concentration of the larvae
was observed in the central part of the box (which has a reduced size
of 10 cm × 20 cm) and they fed, very different from the activity at
48 h where the dispersion of the larvae was observed and they did
not consume the LDPE in the same way, that is why Kwadha
(Kwadha et al., 2017) mentions that the larvae feed more when they
are together. On the other hand, the larvae that were at 36 h were
more active and those that were at 48 h were not, since they were
already beginning to pupate (Rodriguez, 2015).

Compared to these studies, it is shown that our research
obtained better results of LDPE biodegradation in terms of
weight loss, and taking into account the time, it was also
relatively short. On the other hand, the temperature played an
important role in the biodegradation of LDPE. Alkassab et al.
(2020) worked with G. mellonella larvae at 25°C and 35°C,
showing that the optimal temperature to carry out
biodegradation is 25°C. Márquez (Mandal and Vishwakarma
2016) also worked with the same type of larvae at a
temperature of 27°C. Rodríguez (Rodriguez, 2015) mentions
that the larvae of G. mellonella have a normal development
when they are at a temperature of 25°C and their lifetime
ranges between 28 days. But if the temperature is too low,
their activity becomes slow and their lifetime is prolonged; on
the contrary, if the temperature is too high, their activity is
accelerated and their lifetime is greatly shortened. For this
reason, in our research, we work at a temperature of 25°C.

Regarding the feeding and conditioning of G. mellonella, we
apply beeswax, a balanced diet, and wheat bran, since Salas (Salas,
2015) considers that the best diet to raise G. mellonella contains
wheat bran, sugar, and honey. Rodríguez (Rodriguez, 2015) also
includes in his diet: wheat bran, rice, croquettes of can, sugar
honey, and honey; that is why we opted for these beekeeping
residues as food to raise and condition G. mellonella. Márquez
(Mandal and Vishwakarma 2016) found that treatments that
include beeswax have a higher consumption of plastics; this is
similar to our work, since the treatment with beeswax obtained
better results because under natural conditions, these larvae feed
on beeswax and your body is already used to it, you do not need to
undergo an adaptation process that generates delayed
development or slow activity (Kwadha et al., 2017). It should
be noted that the contaminants do not show detectable impacts
on beeswax (Alkassab et al., 2020). It should be noted that the
contaminants do not show detectable impacts on beeswax
(Alkassab et al., 2020), so the use of this residue to condition
G.mellonella does not affect its growth.Moreover, it was observed
that the growth of G. mellonella was not affected by the intake of
low-density polyethylene-LDPE due to the fact that the
composition and chemical structure of LDPE are very similar
to those of beeswax (Bombelli et al., 2017).

Finally, Coreño (Coreño and Méndez, 2010) indicates that the
crystallinity of polymers is a fundamental part of the solubility
and permeability of said elements, that is to say, the reduction of

the crystallinity contributes to increasing the solubility and
permeability; it also indicates that a reduction in crystallinity
reduces the density of the polymer and therefore its resistance.

5 CONCLUSION

With the development of this research work, the following results
are obtained:

- The comparison of the Raman spectra indicates that there is
a reduction in the crystallinity of LDPE, finding that G.
mellonella conditioned with beeswax obtains better results
with an average wavelength intensity of 0.45 µ.a.

- Beeswax is the residue of beekeeping conditioned with G.
mellonella, and it obtains better results compared to the
other applied treatments, which obtains an average weight
reduction of 141.8 mg (33.3% reduction).

- The treatment developed at 36 h is the one that obtains the
best results with an average weight reduction of low-density
polyethylene of 122.9 mg (28.9% reduction).

In general, it is concluded that the most effective treatment is
the one given with G. mellonella conditioned with beeswax and
with a treatment time of 36 h, since the best results were obtained
with an average weight reduction of low-density polyethylene of
236.3 mg (55.6% reduction) in addition to obtaining the best
wavelength intensity of 0.45 µ.a.
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