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Optimization of the Degradation Processes for
» Polylactic Acid Using Microbial Enzymes: A Brief
= Summary

Ovinuchi Ejiohuo ¢

olylactic acid (PLA) has emerged as a desirable bioplastic due to its production
from renewable materials and biodegradability. However, its low toughness and
IJ fragility limit its applications, prompting the blending of PLA with other
biopolymers to enhance its properties. As the global demand for bioplastics
increases, efficient processes for PLA degradation are needed to match the high rate of
plastic production. Chemical, microbial, and enzymatic processing are the major
methods of PLA degradation, with enzymatic processing being environmentally friendly
and sustainable. recyclable products like lactic acid can also be recovered. This creates a
need to determine suitable enzymes that can hydrolyze polylactic acid. PLA exhibits high
resistance to direct microbial degradation, making microbial enzymatic processing a
more attractive alternative. Microbial enzymes, including proteases, lipases, esterases,
and cutinases, have shown potential for PLA degradation. Nevertheless, current research
on the enzymatic degradation of PLA needs comprehensive studies on optimal
processes, conditions, and influencing factors. This review aims to address this gap by
examining microbial enzymes and their processes for the enzymatic degradation of PLA.
Findings indicate that microbial enzymes like proteinase K, Savinase, and Alcalase show
promise for efficient PLA degradation under optimized conditions. Further research
should, therefore, focus on exploring these enzymes further, refining enzymatic
degradation processes, exploring genetic modifications of these enzymes, and
developing sustainable recycling methods to advance bioplastics like PLA and address
plastic pollution challenges effectively.

Keywords: Polylactic acid; enzymatic degradation; microbial enzymes; optimization;
bioplastic; biodegradability; plastic pollution; bioremediation
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INTRODUCTION

Plastic pollution is now a global threat to
human and environmental health, with
more than 6.3 billion tons of plastic waste
produced as of 2019 (Mazhandu &
Muzenda, 2019) and is predicted to reach
53 million metric tons by 2030. In 2016,
1% of the plastic waste was in the marine

environment (Borrelle et al, 2020).
According to Thushari et al, 2020,
microplastics have both ecological;

toxicological effects (chemical pollution
and cosmetic waste), starvation, the
emergence of invasive species, and socio-
economical; affecting tourism, fishing,
shipping, and human health. A recent
study by Leslie et al. (2022) found

polyethylene terephthalate (PET),
polyethylene, and polystyrene
microplastics in  human blood with

exposure able to cause damaging effects
on human cells. Another study by Yuan et
al. (2022) elucidated the role of
polystyrene microplastic in antibiotic
resistance genes (ARGs) transfer. This
shows the extent to which non-
biodegradable plastics are adversely
impacting global health. The importance
of plastics, their global demand, and the
high cost of recycling single-use plastics
have therefore necessitated a shift
towards an environmentally friendly
plastic alternative that is biodegradable
and bio-assimilable.

Bioplastics are biodegradable and bio-
based polymer plastics made from
renewable resources rather  than
petrochemical raw materials. According
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to Endres (2017), they are either made
from renewable materials, biodegradable,
or both (Endres, 2017). They, therefore,
can be degradable petrochemical-based
bioplastics, degradable bio-based
bioplastics, and non-degradable bio-
based bioplastics. This distinction is
important because biodegradable plastics
can also be made from petrochemical raw
materials (Endres, 2017), such as
polybutyrate adipate terephthalate (PBAT)
used in the production of bioplastics
(Muthusamy & Pramasivam, 2019).
Bioplastics can be categorized into three
types based on their origin: bioplastics
obtained from biomass (PLA), bioplastics
obtained from vegetable oils, and
bioplastics obtained from
polyhydroxyalkanoates (PHA) (Endres,
2017). Bioplastics contribute to climate
change mitigation and sustainable
development by reducing carbon dioxide
emissions (Spierling et al., 2018).

Polylactic acid (PLA) has become the
desired bioplastic for various industrial
applications since it can be produced
from affordable renewable materials
(Zaaba & Jaafar, 2020). PLA also degrades
easily, but since it has low toughness, it is
usually combined in varying ratios with
other biopolymers to create plastic blends
with enhanced properties (Ferri et al.,
2020). As global advocacy for bioplastics
increases due to its impact on climate
change mitigation and adaptation, there
is, therefore, a need for efficient
processes for PLA degradation that can
match the high rate of plastic production.
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PLA is a bio-based polymer and a
biodegradable bioplastic produced from
renewable sources. It is responsible for
over 39% of the demand for lactic acid
(Teixeira et al., 2021). A widely used
process in  synthesizing PLA s
condensation and polymerization of lactic
acid (Sikder et al., 2019). Polylactic acid is
highly stable and rigid and has increased
transparency and thermoplasticity
compared to other plastics (Muthusamy &
Pramasivam, 2019). It uses 55% less
energy, which could be reduced by 10% in
the future (Teixeira et al., 2021). PLA is
already widely used in biomedicine like in
the production of bio-compatible medical
devices (Jiménez, 2019), such as reusable
N95 face masks against Covid-19
(NatureWorks, 2020), artificial heart
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drug delivery systems (Mann et al., 2021).
These devices made from PLA have been
shown not to damage tissues or cause
cancers. This also means they can
degrade inside the human body without
needing removal. The packaging, textile,
agriculture, and automobile industries (Qi
et al.,, 2017) are industries where PLA is
extensively used. Attention is being given
to the use of PLA in the packaging
industry since this sector has the greatest
demand for plastics (Jiménez, 2019). PLA
has mechanical properties such as low
turbidity, high tensile strength, and tear
resistance that can be compared to
petrochemical polymers, making it a
better alternative for plastic production
(Jiménez, 2019; Rivero et al., 2017). Table 1
below shows the properties of the

valves, sutures in tissue engineering, and different types of polylactic acid.
Types of PLA PLA PLLA PDLA PDLLA

Full name Poly(lactide) Poly(L-lactide) Poly(D-lactide) | Poly(DL-lactide)
Crystalline structure Semi-crystalline Semi-crystalline Crystalline Amorphous
Glass transition temperature, Ty (°C) ROHSIS) 50-65 50-65 50-60

Melting temperature, Tm (°C) 150-162 170-200 120-150

Tensile modulus (GPa) 2.7-16 7-10 7-10 1.5-1.9

Tensile strength (MPa) 21-60 15.5-150 15.5-150 27.6-50
Elongation at break (%) 10-100 12-26 20-30 30-35

Density (g/cm3) 1.21-1.25 1.24-1.30 1.248 1.25-1.27

Table 1: Properties of PLA, PLLA, PDLA, and PDLLA (Zaaba & Jaafar, 2020, Farah et al.,

& Raza, 2019).

2016; Shuaib et al., 2019; Munim
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Current research involving the enzymatic
degradation of PLA has proven successful
(Sourkouni et al., 2023). A comprehensive
bioprocess is however needed for
examining potential enzymes and process
conditions suitable for the degradation of
PLA will provide a validated process useful
for further research and identify suitable
enzymes that can further be engineered
to be more effective. To optimize the
enzymatic degradation process of PLA, we
need to continuously review the microbial
enzymes involved to understand the
processing parameters and conditions.
This will give us an insight into the best
optimization strategies. The mechanism of
enzyme-substrate interaction during the

Microbial
enzymes

g% " g

Biopolymer blend

BLEND OF POLYLACTICACID
AND THERMOPLASTIC
POLYURETHANE

While PLA exhibits desirable properties,
such as being biodegradable and having
high tensile strength, it is easily degraded,
making it fragile and limiting how

S-Sl

Polylactic acid
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PLA degradation is also not well known
(Mohanan et al., 2020) hence, this review
makes an effort to focus on the microbial
enzymes, especially commercially
available enzymes, to shed more light on
them. This will highlight the effectiveness
of  microbial enzymes, particularly
proteases, in degrading PLA and identify
areas for further research, including
optimized experimental designs, genetic
modification, and investigation  of
biopolymer blends. The ultimate goal is to
contribute to developing efficient and
sustainable methods for the degradation
and recycling of PLA, addressing the
challenges of plastic pollution. Figure 1
below gives a summary of this process.

-

Recovery of recyclable materials

extensively it can be applied for varying
uses. On the other hand, thermoplastic
polyurethane (TPU) properties can solve
PLA’s problem with toughness. At high
temperatures, TPU becomes soft with low
pressure and exhibits a tensile strength
even higher than that of rubber (Szefer et
al., 2019). Its physical and chemical
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properties make it highly elastic, flexible,
and resistant to wear and tear, hence its
applicability in biomedicine (Princi, 2019;
Xiang et al., 2019). Thermoplastic
polyurethane has the following properties:
high hardness, difficult to burn, rough,
strong, high abrasion resistance, softens
and deforms above 250°C, unable to hold
a large amount of weight and has a
specific gravity of 1.2 (Kopal et al., 2019;
Allami et al., 2021). Thermoplastic
polyurethane is not traditionally
biodegradable, but hydrolytic degradation
can occur under a vacuum (Yuan et al.,
2019). Degradation under this condition
poses a challenge, for example, for
biomedical implants that are expected to
stay long in the human body (Herzberger
etal., 2019).

Research is blending PLA with other
biopolymers like TPU to produce long-
lasting materials such as laptops,
computer parts, mobile devices, and
automobile parts (Zhou et al., 2015). A
study describes a strategy for producing
AD materials that used a blend of
polylactic acid, thermoplastic
polyurethane, and carbon nanotube
(PLA/TPU/CNT) (Dong et al., 2021). Nordin
et al. (2019) observed a significant
increase in elongation at break when PLA
was blended with TPU to prepare polymer
blends to develop conductive polymers.
Another study found that PLA/TPU blends
of 80/20 and 60/40 had the most
desirable annealing effect on the shape
recovery ratio (Lai et al., 2016). In another
study, the PLA/TPU bend 80/20 had a
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higher recovery ratio than the 50/50
blend compared to Lee et al. (2011)
(Dogan et al., 2017).

Enzymatic degradation of PLA within
PLA/TPU blends is a valuable tool for
recycling and disposal as it offers a
sustainable and resource-efficient
approach to separate and recycle PLA
while preserving the properties of TPU.
The enzymes can selectively target the
PLA component. In the study by Dogan et
al., 2017, the enzymatic degradation rate
of PLA was faster than that of TPU (Dogan
et al., 2017). In the study by Liu et al.
2000, Proteinase K targeted only the
amorphous parts of PLLA rather than the
crystalline parts of PLLA and PCL. TPU is
highly crystalline and generally resistant
to enzymatic degradation. Enzymes like
Proteinase K do not have the same
specificity for TPU as they do for PLA
(Rodolfo et al., 2022). This process aligns
with circular economy principles, reduces
environmental impact, and encourages
responsible waste management practices
in the context of plastic recycling and can
be applied to the degradation of PLA in
other polymer blends.

ENZYMATIC
DEGRADATION OF
POLYLACTICACID

An optimal or ideal degradation process
of PLA manages the end-of-life of PLA and
ensures environmental  sustainability.
Under natural environmental conditions,
PLA materials can undergo degradation
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that might cause an irreversible change
and result in the loss of useful properties
(Zaaba & Jaafar, 2020). Under suitable
conditions, however, PLA breaks down
into water and carbon dioxide or lactic
acid (Da Silva et al.,, 2018), an important
recyclable product. Enzymatic
degradation of PLA is a two-step process
involving first the adsorption of the
enzyme on the surface of PLA and,
secondly, the hydrolysis of the PLA ester
bonds (Sukkhum & Kitpreechavanich,
2011; Tokiwa & Calabia, 2006). It generally
requires less energy compared to
mechanical separation techniques.
According to the review by Costa et al.
(2023), PLA energy requirement can be as
low as 7.4 MJ kg-1.

Enzymatic activity in the degradation of
PLA is low in acidic conditions, especially
when compared with enzyme activity in
alkaline conditions. This is because
hydrolysis of the ester bonds in PLA is
faster and more efficient in alkaline
conditions than in acidic conditions
(Koterwa et al., 2022). Gravimetric analysis
can confirm the percentage weight loss
following HPLC analysis. The weight loss
will result from the release of soluble
monomers and oligomers formed during
the hydrolysis of the PLA (Tsuji &
Miyauchi, 2001). In the study by Tsuji &

Miyauchi, 2001, positive enzymatic
hydrolysis rate (R(EH)) of 1.75
microg/(mm(2).h) values when the
polymer was dried under reduced

pressure for 14 days, and another study by
Lee et al. (2011), dried PLA nonwoven

REVIEW
Published December 1, 2023

samples in an oven at 1050C for 90
minutes. In a similar study by Czarnecka-
komorowska et al. (2021), samples of PLA
blends were weighted at intervals of 30
minutes to observe the mass stabilization.
This is a good approach, as penetrating
water molecules can cause a physical or
chemical change to polymer materials.
They dried the composite material again
and observed a slight weight loss of
0.08% in the PLA blend to obtain a more
precise result.

Applicable methods of PLA degradation
majorly involve chemical, microbial, and
enzymatic processing (Zaaba & Jaafar,
2020). While chemical processing causes
pollution (Reddy et al., 2008), microbial
and enzymatic processing is
environmentally friendly (Xu et al., 2022).
It ensures the sustainable recycling of
useful components (Sukkhum &
Kitpreechavanich, 2011). Microbial and
enzymatic processing is of greater
importance because they form water and
carbon dioxide (Zaaba & Jaafar, 2020).
PLA, however, is highly resistant to
microbial degradation (Teixeira et al,
2021), making enzymatic processing a
potentially more efficient and attractive
alternative. With enzymatic processing,
advantages include high specificity of the
enzyme, mild reaction conditions, and no
substrate loss due to chemical
modifications (Teixeira et al., 2021; Huang
et al., 2020; Myburgh et al., 2023; Singhvi
et al., 2019). In the study by Li et al. 2008,
PLA depolymerase enzyme isolated from
Amycolatopsis sp. was able to degrade
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PLA of a high molecular weight. The main
difference  between  microbial and
enzymatic processing is that the
microorganism acts on the plastic
material by releasing its plastic-degrading
enzyme or enzymes in the former. It is, in
fact, the enzymes that do the work and
not the microorganism. The study by
Bubpachat et al. (2018) focused on the
degradation of PLA by PLA-degrading
bacterium isolates that produced the
enzymes and wasn’t concerned with the
isolation and characterization of the
enzymes. Although the review by
Mohannan et al. (2020), gave an overview
of microbial enzymes involved in the
degradation of plastics, it did not discuss
the action of these enzymes on PLA
(Mohanan et al, 2020). Enzymatic
processing, on the other hand, involves
the direct action of the enzymes on the
plastic material; hence, it is considered
more specific in action. In enzymatic
processing, the enzymes used could be
synthetic or of microbial or plant origin.
The review by Xu et al. (2022) discussed
PLA's microbial and enzymatic
degradation and highlighted the enzymes
involved. It included the factors
influencing PLA degradation, such as
recycling, upcycling, physiochemical
conditions, geographical location, and
climate change. The main enzymes used
in the enzymatic degradation of PLA are of
microbial origin. Proteases that are
hydrolytic enzymes have been identified
to degrade PLA efficiently (Hegyesi et al.,
2019). Other enzymes, such as lipase,
esterase (Akutsu-Shigeno, et al., 2003),
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and cutinase (Masaki, et al., 2005), have
also been linked to PLA degradation.

The reality of PLA degradation s,
however, complex. Its production also
requires significant energy and resources,
with 54.1 MJ kg-1 required for producing
PLA, however lower than that needed for
producing petrochemical polymers (Costa
et al., 2023). Regarding resource strain,
for instance, the increased use of starch in
lactic acid fermentation makes starch less
available for human use (Sun, et al., 2022).
Without proper disposal infrastructure and
recycling practices, PLA can contribute to
plastic pollution by persisting in the
environment, harming ecosystems when
consumed by living systems, and
hindering efforts to mitigate the
environmental impact of plastic waste
(Rezvani Ghomi et al., 2021). A
comprehensive approach to waste
management, education, and sustainable
alternatives is needed to address these
challenges.

OVERVIEW OF KEY
MICROBIAL ENZYMES
INVOLVED IN PLA
DEGRADATION

The first study that employed the
enzymatic degradation of PLA used
proteinase K from Tritirachium album and
was published in 1981 by David F. Williams
(Williams, 1981). Previous studies have
shown that the most exemplary and
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efficient enzyme used in PLA degradation
is proteinase K. Enzymes that degrade PLA
are majorly proteases (especially serine
proteases) of microbial origin (Zaaba &
Jaafar, 2020; Hanphakphoom et al., 2014).

The study by Hegyesi et al. (2019)
describes the enzymatic degradation of
PLA catalyzed by lipase from Candida
rugosa and proteinase K from Tritirachium
album. The results show that the lipase
could not degrade PLA effectively.
However, proteinase K was efficient in
degrading PLA. Degradation occurred in
three steps:

(1) the adsorption of the enzyme on the
surface of the substrate,

(2) the enzymatic degradation of the
polymer, and

(3) the denaturation of the enzyme.

The degradation rate was highest initially
but decreased over time due to
denaturation of the enzyme. The
accumulation of lactic acid in the reaction
medium decreased pH to almost 4, which
subsequently caused the denaturation of
the enzyme (the degradation occurred
below pH 6.5). The solution's small ionic
strength and the cellulose nanocrystals in
the PLA mix positively influenced the
degradation of the PLA (Hegyesi et al.,
2019). In the study by Donate et al. (2020),
the enzymatic degradation of PLA by
proteinase K was studied in the context of
tissue engineering applications,
particularly in the development of
composite scaffolds made of PLA, calcium
carbonate (CaCOgs), and B-tricalcium

REVIEW
Published December 1, 2023

phosphate  (B-TCP). The enzymatic
degradation process caused the PLA to
break down more rapidly than neat PLA
scaffolds, especially during the initial
stages of the experiment. After 10 days, it
was observed that the release of additive
particles  contributed to increased
porosity, enhanced degradation rate, and
changes in the mechanical properties of
the scaffolds. Although enzymes usually
attack the amorphous part of PLA,
degradation of the crystalline part was
also observed.

Savinase is also an enzyme capable of
degrading PLA. In the study by Oda et al.
2000, 66 commercially  available
proteases were screened for their ability
to degrade PLA. Savinase, produced by
Bacillus sp., classified as an alkaline
protease, showed the fastest degradation
of PLA among the enzymes tested. Its
activity was 50% that of proteinase K. The
degradation of PLA in this study was
influenced by the type of protease, its
specific activity, pH conditions (activities
of the enzymes were tested at their
respective optimal pH values with
Savinase having an optimal pH of 8-12),
and the potential relationship between the
degradation of PLA and keratin. The origin
of the enzyme was also an influencing
factor. A similar study by Ejiohuo, 2022,
highlighted in a conference abstract, is an
effective enzymatic degradation of PLA
using commercially available microbial
enzymes. The results demonstrate that
alkaline conditions promote enzyme
hydrolysis of PLA, with Proteinase K and
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Savinase showing the highest enzymatic
activity in terms of lactic acid production.
Bioreactor experiments further validated
the effectiveness of Savinase in degrading
PLA and producing lactic acid.
Maintaining a constant and optimal pH of
10 enhanced the enzymatic activity and
degradation efficiency of Savinase in the
bioreactor (92.53% of polylactic acid
degraded), highlighting the importance of
optimizing pH conditions for efficient
enzymatic degradation of PLA. The
findings from this study are certainly
thought-provoking and agree with the
findings from the study by Oda et al.
(2000) that found Savinase to be second
best to Proteinase K. This means that
future optimized studies can further show
microbial enzymes such as Savinase to be
a suitable commercially available
candidate for genetic modification to
enhance its enzymatic activity (Lu et al.,
2022), as achieved by a study that used
Machine Learning to genetically engineer
a polyethene  terephthalate (PET)
hydrolase called FAST-PETase (functional,
active, stable, and tolerant PETase). It
could hydrolyse PET plastics in a day and
do this at varying pH ranges.

Alcalase is also another microbial enzyme
that has been shown to degrade PLA
efficiently. In the study by Lee et al.
(2014), alcalase, with its optimal treatment
conditions at pH 9.5 and 60°C,
demonstrates the highest biodegrading
activity, causing significant changes in
PLA nonwovens. The results showed
changes in the width and thickness of the
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PLA nonwovens, alterations in the degree
of crystallinity, surface roughening and
the formation of cracks on the fiber

surface, weight loss in the PLA
nonwovens, and reduction in tensile
strength, making the material more

fragile. The study investigated the effects
of enzymatic degradation over time. It
found that the duration of degradation
played a critical role. Different enzymes
had varying effects on PLA over time,
leading to changes in the PLA properties.
Alcalase degradation was conducted near
the Tg of PLA (around 60°C), affecting
crystallinity and the overall degradation
process.

Generally, proteinase K, Savinase, and
Alcalase are the most highly reported
microbial enzymes involved in the
degradation of PLA. However, there is not
much literature on their use. This creates
an avenue for further research on them
and other microbial and synthetic
enzymes that could degrade PLA. These
enzymes could be in their commercial or
modified form. An ideal degradation
process for PLA would involve using
microbial enzymes with proven efficiency
in degrading PLA, such as proteinase K,
Savinase, and Alcalase. It will involve
optimizing the conditions for degradation,
such as pH and temperature, controlling
the duration of the process, and
considering the intended application of
the degraded PLA and the influence of
other factors, such as the presence of
other materials.
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CONCLUSIONS AND
FUTURE PERSPECTIVES

This review highlights the significance of
microbial enzymes in PLA degradation. An
optimal PLA degradation process should
focus on  enzymatic  degradation,
especially under alkaline conditions, and
consider factors like pH, temperature, and
the influence of other materials. This
process offers a sustainable and
environmentally friendly approach to
managing PLA end-of-life products and
contributes to reducing plastic pollution.
Given the limited literature on the use of
microbial enzymes, there is a need for
ongoing research in this area. Therefore,
researchers should conduct in-depth
studies to further optimize and expand
the use of microbial enzymes for PLA
degradation. Promoting collaboration
between researchers from different fields,
including biology, materials science, and
engineering, to tackle the subject's
complexity and find innovative solutions
for plastic pollution will be a good
approach.

It is recommended that researchers and
industry  should continue exploring
microbial enzymes' potential for PLA
degradation. Enzymes like proteinase K,
Savinase, and Alcalase have efficiently
broken down PLA and should be further
investigated. There is a need to conduct
systematic and well-optimized
experiments to understand better the
most effective processes and conditions
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for microbial enzymatic PLA degradation.
This includes investigating optimal pH
levels, temperature ranges, and reaction
times. We should also consider the impact
of environmental factors on enzymatic
degradation. For example, cellulose
nanocrystals have been shown to
influence the degradation of PLA
positively. Understanding these factors
can lead to more efficient degradation
processes. Investigating genetic
modification techniques that can enhance
the enzymatic activity of microbial
enzymes will prove beneficial. This
approach could make  enzymatic
degradation  even more  efficient.
Policymakers should consider supporting
research and development efforts
focused on bioplastics and
environmentally  friendly  degradation
methods. This can include funding for
research and incentives for industries to
adopt sustainable practices. Industries
should explore and implement efficient
recycling methods for PLA. Microbial
enzymatic degradation can play a
significant role in the recycling of PLA
products.
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