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Abstract
Global pollution by plastics derived from petroleum has fostered the development of carbon–neutral, biodegradable bioplas-
tics synthesized from renewable resources such as modern biomass, yet knowledge on the impact of bioplastics on ecosystems 
is limited. Here we review the polylactic acid plastic with focus on synthesis, biodegradability tuning, environmental conver-
sion to microplastics, and impact on microbes, algae, phytoplankton, zooplankton, annelids, mollusk and fish. Polylactic acid 
is a low weight semi-crystalline bioplastic used in agriculture, medicine, packaging and textile. Polylactic acid is one of the 
most widely used biopolymers, accounting for 33% of all bioplastics produced in 2021. Although biodegradable in vivo, poly-
lactic acid is not completely degradable under natural environmental conditions, notably under aquatic conditions. Polylactic 
acid disintegrates into microplastics faster than petroleum-based plastics and may pose severe threats to the exposed biota.

Keywords Biota · Degradation · Microplastics · Petroleum-based plastics · Polylactic acid · Toxicity

Introduction

The production of durable plastics started in 1940s (Chia 
et al. 2021). Plastics became an integral part of human life 
and as a result a huge amount is being produced every year, 
with around 370 million tons in 2021 (EuropeanBioplas-
tics 2022). The non-biodegradable character of most petro-
leum-based plastics in addition to a low rate of recycling, 

for example only 9% of the total plastic produced until 2015 
has been recycled (Almeshal et al. 2020), are the key fac-
tors of its accumulation in the natural environment. Plastic 
wastes are prone to natural weathering processes including 
ultraviolet radiations, oxidation, and biodegradation, which 
result into tiny pieces of 1 µm to 5 mm in size, termed as 
microplastics (Frias and Nash 2019). The presence of micro-
plastics has been reported in almost all types of environ-
mental media, including the ice blocks of Antarctic region 
(Kelly et al. 2020; Obbard et al. 2014). Marine organisms 
accidently take up microplastics from their ambient envi-
ronment with food (Matijaković Mlinarić et al. 2022). As a 
result, the presence of microplastics has been reported in a 
wide range of organisms, ranging from zooplankton (Thery 
et al. 2022) to fish (Alomar et al. 2021), followed by their 
accumulation in the food chain via trophic transfer (Sarker 
et al. 2022). Consequently, a wide range of implications 
has been reported in the exposed individuals ranging from 
physical damage (Eltemsah and Bøhn 2019) to hormonal 
disruption (Ismail et al. 2021) and even mortality (Eom et al. 
2020), suggesting that the impact of petroleum-based plastic 
on aquatic ecosystems is becoming severe (Nandhini et al. 
2022).

Bioplastics, biodegradable and or compostable, may 
be considered as a relevant alternative to petroleum-based 
plastics. Polylactic acid is one of the most widely produced 
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biopolymers which constituted 33% of all the bioplastics 
produced in 2021 (EuropeanBioplastics 2022). This ali-
phatic polyester is made from renewable resources (Nanda 
et al. 2022) and is used in agriculture, medicine and medical 
devices including temporary implants (Shruti and Kutralam-
Muniasamy 2019), as well as for packaging, in automotive, 
and is now emerging for textile applications. The investiga-
tion of its degradation in natural environment is thus of great 
interest. Although polylactic acid is known for its in vivo 
biodegradable character, its biodegradation in the natural 
environment, notably in aquatic, is not so easy. Several 
review papers have summarized the applications, degrada-
tion mechanisms, modifications and ecotoxicological evalu-
ation of polylactic acid over the last few years (Ainali et al. 
2022; Chamas et al. 2020; Hubbe et al. 2021; Karamanlioglu 
et al. 2017; Qin et al. 2021; Ribba et al. 2022; Taib et al. 
2022; Zaaba and Jaafar 2020). A comprehensive presenta-
tion on polylactic acid including the strategies available to 
promote biodegradability, the synthesis of microplastics and 
their impact on aquatic biota is still missing. This is the 
objective of the present contribution.

Polylactic acid as bioplastic

Polylactic acid is a low weight, in vivo biodegradable and 
compostable semi-crystalline bio-based polymer, synthe-
sized from natural sources like corn starch, sugarcane or cas-
sava roots (Grigoras 2021). For the very first time polylactic 
acid was synthesized in 1845 by Théophile-Jules Pelouze 
(Benninga 1990) and was commercialized in 1990s by Car-
gill and Dow Chemicals. However, polylactic acid and its 
copolymers were used as biomedical material during 1970s 
(Masutani and Kimura 2015). Due to its bio-absorbable 
and biocompatible nature, polylactic acid has been used in 
various biomedical applications ranging from instant drug 

delivery (Hu et al. 2003; Miao et al. 2011) to tissue engi-
neering (Zhang and Ma 2004) (Fig. 1).

Due to its mechanical properties, for example, Young 
modulus of 1–3 GPa and elongation at break around 6–7% 
for poly(l-lactide), and biodegradable nature, polylactic 
acid has also been utilized for short-term use ranging from 
packing to coating (Garlotta 2001) (Fig. 1), since the mid 
of 1990s, with the aim to replace petroleum-based plas-
tics. Polylactic acid has a glass transition temperature (Tg) 
around 60 °C and is relatively brittle. Improvements are 
being achieved by means of copolymerization (Meimoun 
et al. 2021), blending, compounding and additives (Kfoury 
et al. 2013), which reflect the hopes and interests of both the 
researchers and public for replacing petroleum-based plas-
tics with the bioplastic, polylactic acid.

Synthesis of polylactic acid

The precursor of polylactic acid is lactic acid, 2-hydroxy 
propionic acid, which exists in two stereo isomeric forms 
(Fig. 2). They are mainly produced by microbial fermenta-
tion and/or chemical synthesis. During chemical synthesis, 
an equal amount of l-lactic acid and d-lactic acid is pro-
duced (Juodeikiene et al. 2015), while during fermentation 
either type of lactic acid is produced depending on the type 
of bacteria used. It is then subjected to purification process 
in which a number of techniques are used, ranging from 
nanofiltration and electrodialysis to reactive distillation 
(Msuya et al. 2017). Once purified, an oligo(lactic acid) is 
synthesized by the process of polycondensation, which gives 
rise to a cyclic dimer, lactide, by depolymerization reaction 
(Filachione and Costello 1952; Masutani and Kimura 2015) 
(Fig. 2). l-lactide, d-lactide and meso lactide are obtained, 
as shown in Fig. 2. Polylactic acid can be synthesized from 
these monomers either by ring-opening polymerization or 

Fig. 1  Polylactic acid has been 
used as a potential alternative 
to petroleum-based plastics 
in many sectors. In agricul-
ture, polylactic acid is used in 
greenhouses, drip irrigation and 
as a protective layer against soil 
erosion. Medical applications 
of polylactic acid range from 
surgery to dentistry. It is also 
used in automotive industry to 
produce different parts of vehi-
cles. It is also used in increasing 
amount in packaging to produce 
cartoons, cups and plastic lined 
paper bags
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polycondensation, catalyzed by metallic and organic cata-
lysts mainly. However, ring-opening polymerization was the 
first method of polylactic acid synthesis (Taib et al. 2022) 
and still being used for the manufacturing of polylactic acid 
on industrial scale. The resultant stereo forms of polylactic 
acid, poly(l-lactide), poly(d-lactide), and poly(dl-lactide) 
(Nair et al. 2013), and their properties depend on the ste-
reo isomeric form of lactide and the catalyst used for their 
synthesis. For example, the resultant polylactic acid can be 
either semi-crystalline, poly(l-lactide) or poly(l-lactide), or 
amorphous, poly(dl lactic acid) (Naser et al. 2021).

Biobased versus biodegradable/degradable 
nature of polylactic acid

According to the International Union of Pure and Applied 
Chemistry, biodegradable plastics are macromolecular sub-
stances which can be degraded as a result of biological activ-
ity, leading to reduction in molecular weight. Not all bioplas-
tics are degradable. For example, biobased polyamides are 
not degradable (Vardar et al. 2022). The misconception that 
all bioplastics are biodegradable became the base of their 
popularity (Reddy et al. 2013).

Fig. 2  Synthetic route of 
stereo forms of polylactic acid 
from biomass. Stereo forms 
of lactic acid are synthesized 
from biomass. Oligo(lactic 
acid) is formed from lactic 
acid by polycondensation. 
Oligo(lactic acid) gives rise to 
different stereo forms of lactide 
through depolymerization 
reaction. Polylactide is mainly 
synthesized by the ring opening 
polymerization of lactide in the 
presence of catalyst
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The biodegradation of polylactic acid depends on sev-
eral factors including its material properties, first and higher 
order structure, environmental conditions, ultraviolet radia-
tions, temperature, pH and humidity (Karamanlioglu et al. 
2017), catalytic species, microorganisms and/or enzyme 
(Nampoothiri et al. 2010; Qi et al. 2017). The biodegrada-
tion of polylactic acid occurs in two main steps: fragmenta-
tion and mineralization. Fragmentation of polylactic acid 
is achieved by means of hydrolysis which can be biotic or 
abiotic. For instance, biotic hydrolysis involves microorgan-
isms and/or enzymes, whereas abiotic hydrolysis involves 
mechanical weathering. The second step, mineralization, is 
achieved by microbes resulting into  CO2, water and methane 
(Fig. 3) depending on the presence and/or absence of oxygen 
in the medium.

Many studies have assessed the biodegradation of pol-
ylactic acid and its blends with other polymers. Narancic 
et al. (2018) studied the biodegradation of polylactic acid 
and other polymers along with some of their blends using 
standards of biodegradation. The authors reported that poly-
lactic acid alone or other polylactic acid-based plastics were 
not degraded in 56 days experiment in a simulated aquatic 
environment, anaerobic sludge, derived from wastewater 
treatment plant, under 35 ± 2 °C. The authors concluded 
that polylactic acid and its blends are similar to non-biode-
gradable plastics in terms of biodegradation in aquatic envi-
ronment. Bagheri et al. (2017) studied the degradation of 
polylactic acid, along with other biopolymers and synthetic 

polymers, in artificial freshwater and sea water, in a thermo-
static chamber at 25 °C and under fluorescence light of 16 h 
light and 8 h dark cycle. The authors found that polylactic 
acid did not show any significant degradation as compared to 
others during a 400 days experiment. Other studies have also 
reported very low or negligible degradation rate of polylactic 
acid in the aquatic environment (Martin et al. 2014; Pinto 
et al. 2015; Tsuji and Suzuyoshi 2002a).

Similarly, Weinstein et al. (2020) conducted a 32-week 
experiment in intertidal salt marshes, where samples were 
submerged at high tide for 6 h and exposed to low tide for 
approximately 6 h too, and compared the degradation of 
polylactic acid, as a commercial biobased case study poly-
mer, to conventional petro-based plastics. The conventional 
petro-based plastics included poly(ethylene terephthalate), 
high density polyethylene and polystyrene, some of which 
contain additives to enhance the degradation. The authors 
reported the formation of biofilms and microplastics, and 
polylactic acid showed the slowest rate of degradation of 
all polymers tested. Kliem et al. (2020) proposed that low 
temperatures along with low bacterial density make the sea 
water unsuitable for the biodegradation of polylactic acid.

It can be concluded from these results that polylactic acid 
is having no or very low degradability in the natural envi-
ronment at room temperature. Consequently, like majority 
of other petroleum-based plastics, polylactic acid will be 
fragmented by mechanical weathering and due to uncom-
mon microorganisms for polylactic acid degradation and 

Fig. 3  A huge amount of 
polylactic acid is produced 
each year. After its use, a small 
portion is either recycled or 
incinerated. The rest of polylac-
tic acid goes to dumping sites 
where it is prone to environ-
mental degradation to form low 
molecular weight polymer. The 
low molecular weight polymer 
is either degraded by microbes, 
to form carbon dioxide, water, 
methane and biomass, or 
fragmented, to form pieces of 
less than 5 mm in size termed 
as microplastics. Microplastics 
accumulate in phytoplankton 
and then in zooplankton via 
ingestion, hence make their way 
to the aquatic food chain. The 
prey–predator relationship in 
aquatic ecosystems makes the 
microplastics to reach higher 
trophic levels, including humans
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assimilation (Ribba et al. 2022), these fragments will turn 
to microplastics by the actions of several environmental 
factors including interaction with biota (Wang et al. 2021), 
which will have impact on aquatic biota. It should be noted 
in turn that polylactic acid is a compostable polymer which 
can be degraded under controlled conditions. In fact, the 
degradation of polylactic acid requires a high temperature 
(55–175 °C), which is beyond the limits of the natural envi-
ronment (Garlotta 2001; Haider et al. 2019).

Modifications strategies for promoting 
the biodegradability of polylactic acid

Efforts are being made to modify polylactic acid for long 
term utilities. Literature survey reveals that blending with 
other polymers in the presence of eventual compatibilizers 
and the use of additives, such as plasticizers, have a signifi-
cant effect on the degradability of polylactic acid as shown 
in Table 1.

Plasticizers

Plasticizers are used as additives which increase elongation 
at break, the stretching of plastic before it breaks, along with 
reduction in glass transition temperature and elastic modu-
lus. Many studies have reported the use of different additives 
as plasticizers which promote degradation of polylactic acid. 
For example, Arrieta et al. (2014b) reported that the use of 
polyethylene glycol and acetyl-tri-n-butyl citrate, as plasti-
cizer, can enhance polylactic acid degradation, where weight 
loss was higher than 90% after 28 days of incubation under 
composting conditions. In another example, Gardella et al. 
(2017) investigated the effects of a dendrimer like structure, 
a hyperbranched polyglycerol core poly(d-lactide) arms, as 
a plasticizer on the degradation rate of polylactic acid under 
composting conditions. The authors reported a faster deg-
radation and increase in hydrophilicity of the polymer, up 
to about 30%. The authors attributed the faster degradation 
to increased hydrophilicity of the modified polylactic acid. 
Similar results were also reported by many other authors 
including Xie et al. (2014) and Sharma et al. (2021) while 
investigating the degradation of plasticized polylactic acid.

The degradation of modified polylactic acid depends on 
the nature of the additive used. In some cases, the use of 
plasticizer is shown to have very little or no effects on the 
degradation of polylactic acid. For example, Balart et al. 
(2018) reported that the use of epoxidized linseed oil, as 
plasticizer and or compatibilizer, can delay the degrada-
tion of polylactic acid. The authors reported that plasticized 
polylactic acid showed a weight loss of 61% only, while 
this value for unplasticized polylactic acid was 86%. Like-
wise, literature review reveals that other additives, when 

used as plasticizer, including d-limonene, glucose pentaac-
etate, sucrose octaacetate and glucose hexanoate esters, are 
reported to have slight or no effects on polylactic acid in 
terms of degradation (Fortunati et al. 2014; Nair et al. 2012; 
Yang and Hakkarainen 2015).

Blends with hydrophilic polymers

Blending with hydrophilic polymers is another approach 
for the modification of polylactic acid to improve mechani-
cal properties as well as degradability. As polylactic acid is 
hydrophobic in nature, therefore blending it with hydrophilic 
polymers/polysaccharide has been shown to increase its 
degradability, attributed to an increase in hydrophilic char-
acteristic of the polymer. For example, Claro et al. (2016) 
have shown that polylactic acid/chitosan and polylactic acid/
cellulose acetate blends allow rapid biodegradation as com-
pared to neat polylactic acid. Lv et al. (2017) studied the 
biodegradation of polylactic acid blended with starch and 
wood flour for 105 days under ambient environmental condi-
tions and reported an accelerated degradation of polylactic 
acid. The authors concluded that the degradation of starch 
created holes in the polylactic acid matrix which facilitated 
the diffusion of water, leading to an enhanced hydrolysis of 
polylactic acid.

In another example, Wilfred et al. (2018) investigated 
the biodegradation of polylactic acid/starch blend in a com-
mercial compost and soil for 14 and 28 days. The authors 
reported that the degradation rate of polylactic acid/starch 
blend was higher as compared to neat polylactic acid. These 
results also reveal a positive correlation of starch content and 
degradation rate, as proposed by Yamano et al. (2014) that 
biodegradability is correlated with hydrophilicity. Likewise, 
a number of studies have shown that blending of polylac-
tic acid with hydrophilic polymers and or polysaccharides 
can make them more susceptible to degradation as shown 
in Table 1.

Blends with hydrophobic polymers

Chuayjuljit et al. (2017) studied the degradation of polylactic 
acid blended with poly(butylene succinate) in natural envi-
ronment, buried in soil under ambient environmental tem-
perature for 90 days. The authors reported faster degrada-
tion of blended polylactic acid and attributed it to the faster 
degradation of poly(butylene succinate). Similar results 
were also reported for blending of polylactic acid with other 
hydrophobic polymers, for example poly(β-hydroxybutyrate) 
(Bonartsev et al. 2012) and poly(vinyl acetate) (Haque et al. 
2017).

However, not necessarily the blending of polylactic acid 
with hydrophobic polymers could contribute to their degra-
dability profile. For example, Luzi et al. (2016) reported a 
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decrease in the degradation of polylactic acid blended with 
poly(butylene succinate), compared to neat polylactic acid, 
attributed to higher crystallinity induced by poly(butylene 
succinate). These contradictions in the results, as compared 
to Chuayjuljit et al. (2017), could be attributed to the differ-
ence in the percentage of poly(butylene succinate) content in 
the blend and composting conditions as well. Furthermore, 
in some cases the blending of polylactic acid with hydro-
phobic polymers is shown to have varying effects on the 
degradation of polylactic acid, as shown in Table 1.

Composites

Compounding of polylactic acid with other materials, hav-
ing significantly different characteristics, either synthetically 
or artificially to obtain composites is another approach to 
improve the degradation rate of polylactic acid. Many stud-
ies have reported significant improvements in the degrada-
tion rate of the resultant polylactic acid composites. For 
example, Yaacob et al. (2016) investigated the degrada-
tion of paddy straw powder/polylactic acid composite and 
reported an improved degradation rate of polylactic acid in 
natural soil burial experiment. The authors attributed the 
improved degradation rate to the hydrophilic nature of paddy 
straw. In another work, Zandi et al. (2019) investigated the 
benzylated pulp (rich in cellulose)/polylactic acid and pulp-
ing liquor (rich in lignin)/polylactic acid composites in an 
indoor soil biodegradation experiment. The authors reported 
considerable biodegradation of polylactic acid composites, 
attributed to lower glass transition temperature and higher 
water absorption, in addition to larger biodegradation of 
filler. Similar results were also reported by many other 
authors as shown in Table 1.

Compatibilizers for polymer blend and composite

Many studies have reported that the use of compatibilizers 
can affect the degradation rate of polylactic acid in blends 
and composites. For example, Fortunati et al. (2013a) inves-
tigated a blend of polylactic acid with ethylene–vinyl ace-
tate-glycidylmethacrylate copolymer, on the degradation rate 
of polylactic acid. The authors reported a faster degradation 
of the blend, 71% weight loss, under aerobic conditions in 
the presence of compost inoculum at 58 °C, as compared to 
neat polylactic acid. The authors attributed it to the faster 
diffusion of water in to the polymer mixture. Persenaire 
et al. (2014) also studied the biodegradation of polylactic 
acid/poly(butylene succinate) blends in the presence of a 
compatibilizer, maleic-anhydride-grafted polylactic acid 
and maleic-anhydride-grafted poly(butylene succinate), 
under composting conditions, in a test chamber under 50 °C 
and humidity of 50% for 475 h. The authors reported an 
enhanced molar mass loss in the presence of compatibilizer 

as compared to the polylactic acid/poly(butylene succinate) 
blend. Similar results were also reported by many other 
studies, including Olewnik-Kruszkowska et al. (2020), Sun 
et al. (2021), Wan and Zhang (2018) and Wan et al. (2019), 
while investigating the degradation of polylactic acid after 
the addition of compatibilizers, as shown in Table 1.

In contrast to these results, a few studies have shown 
that the use of compatibilizer can also negatively affect the 
degradation rate of polylactic acid. For example, Carbonell-
Verdu et  al. (2018) reported that the use of epoxidized 
cotton seed oil derivatives, as compatibilizer in polylactic 
acid/poly(butylene adipate-co-terephthalate) binary blends, 
reduced the disintegration ability of polylactic acid. The 
authors attributed the reduced disintegration rate of the 
blend to the lower disintegration rate of poly(butylene adi-
pate-co-terephthalate). However, it is worthy to note that the 
compatibilizer do improve some of the mechanical proper-
ties of the blend as reported by Luzi et al. (2016).

Conversion of polylactic acid 
into microplastics

The term microplastic was introduced to the scientific lit-
erature by Thompson et al. (2004), and defined it as micro-
scopic plastic pieces, while investigating its accumulation in 
sediments and water of European territory. This definition 
was further refined by Arthur et al. (2009) as plastic frag-
ments less than 5 mm in size. In term of size, this is the most 
used definition in the literature with controversy on lower 
size limit. However, many authors have set different lower 
size limits ranging from 1 to 20 µm. To address this issue, 
Frias and Nash (2019) defined microplastic as any synthetic 
polymeric particle of 1 µm to 5 mm in size, irrespective of 
shape and source of origin (primary or secondary).

As discussed earlier, polylactic acid is having no or very 
low biodegradability in the natural environment; as a result 
it will remain for a long time in the environment. Like petro-
leum-based plastics, many biotic and abiotic factors will lead 
to its fragmentation and consequently microplastics will be 
generated from it. For example, Lambert and Wagner (2016) 
reported the release of microscopic size particles into the 
surrounding solution while investigating the biodegrada-
tion of polylactic acid along with polyethylene, polyethylene 
terephthalate, polystyrene and polypropylene in the weather-
ing chamber. The authors also reported that polylactic acid 
generated significantly higher rate of particles, 11.6 ×  106 
particles per milliliter, as compared to other polymers, where 
polyethylene, polyethylene terephthalate, polystyrene and 
polypropylene generated 8.0 ×  106, 9.4 ×  106, 9.9 ×  106, and 
9.8 ×  106 particles per milliliter, respectively. This could be 
attributed to the fact that bioplastics are more susceptible to 
degradation factors as compared to petroleum-based plastics 
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and consequently bioplastics are having high degradation 
rate (Napper and Thompson 2019; Wei et al. 2021), leading 
to the generation of huge number of microplastics. 

Niu et al. (2022) assessed the disintegration of polylactic 
acid and its capacity to form microplastics using sea water 
and accelerated ultraviolet radiations for 18 months. The 
authors reported that polylactic acid forms almost 18 times 
fewer microplastics as compared to the petroleum-based 
plastic, polypropylene. However, the capacity of polylactic 
acid to form microplastics was double as compared to poly-
propylene in control. In contrast to Lambert and Wagner 
(2016), the number of generated microplastics were very 
less. The possible reason might be difference in the experi-
mental conditions, for example, temperature which is known 
to have impact on the degradation of polylactic acid, and 
chemistry of polylactic acid used in both the studies. In a 
recent study, Le Gall et al. (2022) studied the formation of 
microplastics from self-reinforced polylactic acid (homo-
composite of two comingled grades of polylactic acid fibers) 
using artificial sea water and accelerated ultraviolet radia-
tions for 18 months. The authors reported the formation of 
microplastics in both, control (without ultraviolet radiations 
exposure and kept in dark) and experimental group. How-
ever, the experimental group had double number of micro-
plastics (17 ± 18) as compared to control (9 ± 5).

Many recent research studies including Shruti and 
Kutralam-Muniasamy (2019), Wei et al. (2021) and Wei 
et al. (2022) show that other bioplastics also give rise to 
microplastics under laboratory conditions. The findings of 
these studies indicate that bioplastics including polylactic 
acid can give rise to microplastics, similar to petroleum-
based plastics. Consequently, very recently, a few studies 
have identified polylactic acid microplastics in sediments 
(Bancin et  al. 2019), marine ecosystems (Kazour et  al. 
2019) and wastewater treatment plant (Granberg et al. 2019), 
which further makes it an alarming issue. Yagi et al. (2012) 
reported that polylactic acid microplastics degradation rate is 
much slower as compared to large fragments, which reflects 
their persistent nature similar to petroleum-based micro-
plastics. Polylactic acid microplastics are also resistant to 
degradation under normal environmental conditions and will 
persist in ecosystems, where they will pose potential threat 
to the natural environment and biota.

Environmental factors affecting formation 
of microplastics from polylactic acid

The degradation of polylactic acid requires both abiotic and 
biotic processes therefore the term environmental degrada-
tion was suggested for the overall mechanisms of degra-
dation (Nampoothiri et al. 2010). Both types of processes 
are crucial for the degradation of polylactic acid, as there is 

evidence that polylactic acid can be degraded by biotic fac-
tors, for example enzymes, after decrease in its molecular 
mass by an abiotic mechanism (Stloukal et al. 2015). Like 
for all other plastics, there are several factors which affect 
the degradation of polylactic acid and lead to the formation 
of microplastics.

Ultraviolet radiations

Ultraviolet radiations can cause changes in the polymer 
microstructure by different pathways including chain scis-
sion and/or cross linking (Kijchavengkul et al. 2010). Con-
sidering the latter, polymers exposed to ultraviolet radia-
tions were found to have reduced biodegradation because of 
higher molecular weight which in turn decreases its assimi-
lation by microorganisms (Kijchavengkul et al. 2008). Jeon 
and Kim (2013) reported that exposure of polylactic acid 
to ultraviolet radiations for a long period reduced its bio-
degradation by microorganisms which suggested the forma-
tion of poorly assimilated solids or microplastics. However, 
Stloukal et al. (2012) reported that exposure of polylactic 
acid to ultraviolet radiations leads to chain scissions and 
specific surface area is more important factor than photo-
oxidation for degradation. It is very clear from the above dis-
cussion that ultraviolet radiations can affect the degradation 
of polylactic acid and lead to the formation of microplastics.

Temperature

Temperature is another factor which can influence the 
degradation of polylactic acid. It is shown by many stud-
ies that an increase in temperature can accelerate poly-
lactic acid degradation. The possible reason is that high 
temperature enhances water's affinity for the polymer and 
increases hydrolysis rate (Goto et al. 2020), resulting in a 
faster degradation of the polymer. The hydrolysis of poly-
lactic acid starts from its amorphous region (Growney Kalaf 
et al. 2017), which allows water to diffuse more readily as 
compared to the crystalline region. Consequently, with the 
passage of time, portion of crystalline region increases and 
the rate of degradation decreases (Siparsky et al. 1998). 
The degradation of polylactic acid was investigated by Le 
Duigou et al. (2009) considering 20 and 40 °C tempera-
ture for 3 months. The authors reported slight change in 
the molecular weight of polylactic acid at 20 °C and 48% 
decrease at 40 °C after 3 months.

Lyu et al. (2007) reported significant variations in abiotic 
hydrolysis of polylactic acid considering a range of tem-
perature from 37 to 90 °C. Similarly, Karamanlioglu et al. 
(2017) reported that the polylactic acid chains become more 
flexible at or above glass transition temperature, therefore 
rate of polylactic acid degradation is higher above this tem-
perature which accelerates both hydrolysis and attachment 
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of microbes. The attachment of microbes to polylactic acid 
could be very rare in the aquatic environment, as two studies 
have reported that there is no evidence of microbial degrada-
tion after 10 weeks of polylactic acid immersion in static and 
dynamic seawater (Tsuji and Suzuyoshi 2002a, 2002b). The 
degraded portion might be that of the amorphous region of 
polylactic acid and the crystalline region will persist which 
could lead to the formation of microplastics.

pH

Hydrolysis of polylactic acid in acidic and basic media 
occurs by bulk erosion and surface erosion, respectively 
(Rodriguez et al. 2016). There is evidence that pH can also 
influence the degradation of polylactic acid. The degrada-
tion of polylactic acid has been reported under both, acidic 
and basic media driven by different mechanisms of depo-
lymerization. For example, chain end scission hydrolyzes 
polylactic acid under acidic medium where protonation 
activates hydroxyl group, resulting in the depolymerization 
of polylactic acid to lactic acid (Codari et al. 2012; Lazzari 
et al. 2014). It should be noted that the rate of degradation 
was independent of chain length due to high hydrophilicity 
of chain end and hydrophobicity of polymer chain.

On the other hand, back biting reaction leads to random 
chain scission under basic medium, which depolymerizes 
polylactic acid into lactide followed by hydrolysis (de Jong 
et al. 2001; van Nostrum et al. 2004), as shown in Fig. 4. 
During hydrolysis, hydroxide ions catalyzed the cleavage of 
ester. At higher pH, the concentration of hydroxide ions is 
higher and therefore enhances the degradation of polylactic 
acid (Cam et al. 1995; Tsuji and Ikada 1998). However, the 
complete degradation of polylactic acid in natural environ-
ment takes time and the resulting disintegrated fragments 
or microplastics will aid in microplastic pollution before 
mineralization. Additionally, the reduction in the size of 
microplastics makes them likely of ingestion by organisms 
(Naqash et al. 2020). The question is whether these micro-
plastics will pose the same threat to the ecosystems as petro-
leum-based microplastics or they will have different effects?

Impact of polylactic acid microplastics 
on aquatic biota

Recently some studies have shown that polylactic acid 
microplastics have a prominent impact on marine biota. 
Due to their compostable nature, polylactic acid microplas-
tics cannot be degraded and are assimilated as all marine 
biota do not have the specific enzymes responsible for their 
degradation. In case of petroleum-based microplastics, it is 
well known that ingestion of these contaminants can cause a 
number of adverse effects. However, in the case of polylactic 

acid microplastics, very recently scientific community has 
shown an interest in their ecotoxicological evaluation. Very 
few studies have been conducted on the impact of polylac-
tic acid microplastics on limited number of aquatic species 
which revealed that in some cases these contaminants can 
negatively affect the exposed individuals analogous to petro-
leum-based microplastics. The literature survey reveals that 
Green et al. (2016) is pioneer in assessing the toxic effects 
of polylactic acid microplastics on aquatic biota. After this, 
many research studies focused on the ecotoxicological evalu-
ation of polylactic acid microplastics using a range of experi-
mental model species (Table 2).

Microbial communities

Sediment microbial communities consist of large number 
of the earth’s biodiversity and which play a key role in bio-
geochemical cycling of nutrients (Vincent et al. 2021) and 
ecological purification of pollutants (John et al. 2022). The 
presence of microplastics in the environment provides a new 
habitat to these microbes (McCormick et al. 2014), but on 
the other hand, the degradation of these polymers can pro-
duce toxic substances which will have negative effects on 
these microbes (Kong et al. 2018). A few species of bacteria 
will be benefited but the others will be negatively affected 
(Li et al. 2020), as different species of bacteria respond dif-
ferently to the presence of microplastics (Wang et al. 2020). 
The impact of petroleum-based microplastics on microbial 
communities is well studied. However, studies focusing on 
the impact of polylactic acid microplastics on microbial 
communities are scarce.

Seeley et al. (2020) have conducted a 2-week microcosm 
experiment to investigate the effects of petroleum-based 
and bio-based microplastics on composition and function 
of sedimentary microbial communities. They reported a 
significant alteration in microbial communities exposed 
to petroleum-based microplastics. Surprisingly, polylactic 
acid microplastics were found to promote nitrification and 
denitrification. Based on the results, the authors suggested 
that the microorganisms might have utilized the microplas-
tics as organic carbon for the energy which facilitated these 
phenomena. However, degradation and assimilation of poly-
lactic acid microplastics in 2 weeks have not been reported 
in the literature.

Algae

Microalgae are the primary producer of aquatic ecosystems 
which play an important role in their functioning (Casado 
et al. 2013). Being a primary producer, microalgae account 
for 50% of net production (Barbosa 2009), and therefore, 
any alteration in microalgae population can have serious 
effects on food webs. Many studies have been carried out to 
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Fig. 4  Mechanism of polylactic acid degradation. a Back biting reaction, 
where polylactic acid is depolymerized into lactide followed by hydroly-
sis. b Chain end scission under acidic environment, where polylactic acid 

is depolymerized into lactide by the activation of hydroxyl group through 
protonation. Scheme is adapted from (c) and (d) [de Jong et  al. (2001), 
used with permission from Elsevier]
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investigate the impact of petroleum-based microplastics on 
several parameters of microalgae, including growth (Long 
et al. 2017), morphological changes (Mao et al. 2018), chlo-
rophyll content (Prata et al. 2018), photosynthesis (Zhang 
et al. 2017) and gene expression (Lagarde et  al. 2016). 
The results of all these studies reveal that petroleum-based 
microplastics have deleterious effects on microalgae ranging 
from individual to population level.

The impact of polylactic acid microplastics on microal-
gae has also been investigated. Su et al. (2022) investigated 
the effects of petroleum-based microplastics and bio-based 
microplastics including polylactic acid on marine alga Chlo-
rella vulgaris. The authors reported that both types of micro-
plastics inhibited the growth of microalgae. However, poly-
lactic acid microplastics were reported to have severe effects 
on growth of algae with highest inhibition rate of 47.95%, 
as compared to other petroleum-based and bio-based micro-
plastics. The authors attributed these effects to the physi-
ochemical properties and chemical changes of microplastics. 
The authors also reported that microplastics can stimulate 
pigments content (chlorophyll a, chlorophyll b and carot-
enoid), attributed to the cellular defense against stress. These 
findings are very interesting in two domains. Firstly, in the 
context of adaptation and or defense mechanisms against 
microplastics pollution, secondly, in understanding the fact 
that polylactic acid microplastics appear to be more toxic as 
compared to petroleum-based microplastics.

Phytoplankton community

Being primary producers, phytoplankton plays a key role 
in maintaining aquatic ecosystems. Due to their key role in 
food chains/webs, there is a serious concern about the impact 
of microplastics on phytoplankton (Koenigstein 2020). Any 
alteration or threat to the primary producers will have sig-
nificant effects on the food chains/webs and consequently 

on the entire ecosystems, therefore, assessing the impact of 
emerging pollutants on primary producers is crucial. Litera-
ture survey revealed that petroleum-based microplastics have 
deleterious effects on various parameters of phytoplankton 
including photosynthetic capacity and growth (Sánchez-
Fortún et al. 2021).

Studies on the impact of polylactic acid microplastics on 
phytoplankton are scare. Only a few studies have assessed 
their impact on phytoplankton. For example, Yokota and 
Mehlrose (2020) have assessed the impact of polylactic acid 
microplastics, originated from body wash scrub, on natural 
phytoplankton communities in a 7-days incubation experi-
ment conducted in temperate mesotrophic lake. The authors 
reported that polylactic acid microplastics eliminated crypto-
phytes and increased chrysophytes, resulting in the alteration 
of taxonomic composition of the phytoplankton in the meso-
cosms. They suggested that chrysophytes contain a protec-
tive siliceous loricae against the polylactic acid microplas-
tics whereas cryptophytes do not have any such protection 
and thereby got affected by the polylactic acid microplastics.

Zooplankton

Zooplanktons are primary consumers and located at the 
base of food chains/webs, thereby channeling nutrients and 
energy from the primary producers to higher trophic levels. 
Most researchers investigating the effects of microplastics 
on aquatic biota have focused on the primary consumers. As 
compared to other species, zooplanktons are more prone to 
microplastics and therefore documented as potential micro-
plastics consumers (Cole and Galloway 2015). Microplastics 
act as analogues of zooplankton prey (Gambardella et al. 
2017) and can have negative impact on different ecologi-
cal processes. Recently, many studies have reported adverse 
effects of petroleum-based microplastics on a range of zoo-
plankton species. The results of those studies reveal that 

Fig. 4  (continued)
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petroleum-based microplastics have adverse effects on 
survival rate and reproduction (Yu et al. 2020; Zhang et al. 
2019a), feeding capacity and selectivity (Cole et al. 2019; 
Coppock et al. 2019) and behavior (Suwaki et al. 2020). 
However, studies investigating the effects of polylactic acid 
microplastics on zooplankton are scare and only a few stud-
ies are available.

Zimmermann et al. (2020) investigated that how polylac-
tic acid microplastics affected the survival, reproduction, and 
growth of Daphnia magna in a 21-days experiment. They 
found that polylactic acid microplastics cause the mortality 
of 60% individuals exposed to 500 mg/L, while in control 
the mortality was 5%. The authors also reported decrease 
in reproductive output and body length in the exposed indi-
viduals, induced by the microplastics themselves rather than 
leachates or additives. Similarly, very recently Di Gian-
nantonio et al. (2022) studied the effects of polylactic acid 
microplastics on uptake of microplastics, immobility, and 
behavior of two zooplankton species, the crustacean Artemia 
franciscana and the cnidarian Aurelia species (common jel-
lyfish) in a 24 h experiment. The authors reported polylactic 
acid microplastics in the digestive system of A. franciscana 
and in the gelatinous tissue of Aurelia species exposed to 
100 mg/L, with no effects on the immobility of both the 
species. However, significant alterations were reported in 
the swimming behavior (pulsation) of Aurelia species at all 
the exposure concentrations (1, 10 and 100 mg/L), attributed 
to the direct toxicity of polylactic acid microplastics. It is 
worthy to note that the concentration of microplastics used 
in majority of the ecotoxicological studies, to evaluate their 
potential effects on the exposed organisms, are much higher 
as compared to their concentrations found in the natural 
environment.

Annelids

Annelids are invertebrates which play an important role 
in benthic ecosystems by serving as a link from primary 
producers to higher trophic levels and in the cycling of 
minerals (Rafia and Ashok 2014). They are the dominant 
invertebrates of the deep sea and mostly occupy sediments. 
Recent studies reported that petroleum-based microplas-
tics can have deleterious effects on various parameters of 
annelids which include decrease in food intake (Wright 
et al. 2013), impairment of immune system, physical stress 
and even death (Browne et al. 2013), leading to a drastic 
impact on ecological processes (Green et al. 2016). To the 
best of our knowledge, only three studies have assessed the 
negative effects of polylactic acid microplastics on annelids. 
Klein et al. (2021) investigated the impact of polylactic acid 
microplastics (mixed and or layered on sediment surface) on 
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freshwater worms (Lumbriculus variegatus) under labora-
tory conditions. The authors reported a significant reduction 
in the survival of the worms exposed to microplastics mixed 
with the sediments. However, they attributed the toxicity to 
the associated chemicals rather than to the polymer.

Similarly, Green et al. (2016) assessed the effects of poly-
lactic acid and petroleum-based microplastics on lugworms 
(Arenicola marina) using concentrations of 0.02, 0.20 and 
2% (wet sediment weight) in a 31-days mesocosm experi-
ment with focus on health, biological activity and nitrogen 
cycling, in addition to the primary productivity of the sedi-
ments. The authors reported a significant impact of both 
types of microplastics on the health and behavior of the 
exposed individuals, as well as reduction in the primary 
productivity of the sediments they inhabited. Polylactic acid 
microplastics exposure not only reduced the feeding activity 
of the exposed individuals but also reduced the biomass of 
the algae on the surface of sediments. They also found that 
polylactic acid microplastics reduced the concentration of 
ammonia in pore water, which might be due to the potential 
of carbonyl and hydroxyl groups of polylactic acid to adsorb 
cations.

In another study, Green et al. (2017), while investigating 
the ecological impacts of polylactic acid and petroleum-
based microplastics, high-density polyethylene, on the 
biodiversity and ecosystem functioning, found a difference 
in faunal invertebrate assemblages in the exposed groups, 
with less polychaetes and more oligochaetes, highlighting 
the potential of polylactic acid microplastics to affect eco-
system. These results are quite interesting in the context of 
species-specific response to microplastics (Bai et al. 2021) 
or other contaminants, as both the species were exposed 
to the same types and concentrations of microplastics but 
showed completely different responses.

Mollusks

Mollusks are a diverse group of filter feeders which can be 
found in a variety of aquatic habitats. They provide ecologi-
cal services to a number of organisms ranging from habitat 
to food (Fernández-Pérez et al. 2018). Being filter feed-
ers, mollusks can accumulate and transfer microplastics to 
higher trophic levels, which will have detrimental effects on 
their consumers including humans. Therefore, many eco-
toxicological studies have used mollusks as bioindicators 
of pollution (Capillo et al. 2018). However, there are only a 
few studies available on the impact of polylactic acid micro-
plastics on mollusks. Green et al. (2017) studied the ecologi-
cal impacts of polylactic acid and petroleum-based micro-
plastics on the biodiversity and ecosystem functioning of 
bivalve-dominated European flat oysters (Ostrea edulis) and 
blue mussels (Mytilus edulis) habitats in outdoor 50-days 
mesocosms experiment, using two different concentrations 

of 2.5 and 25 μg/L for each type of microplastics. The 
authors reported a significant reduction in filtration by M. 
edulis (exposed to 25 μg/L), while no effects were observed 
on ecosystem functioning or the associated assemblages of 
invertebrates. On the other hand, the authors reported a sig-
nificant increase in filtration by O. edulis after exposure to 
2.5 and 25 μg/L and decrease in the pore water ammonium 
and biomass of benthic cyanobacteria.

Khalid et al. (2021) also studied the effects of polylactic 
acid microplastics on blue mussels (M. edulis) using two 
different concentrations, 10 and 100 μg/L, in an 8-days 
experiment with biochemical endpoints. The authors found 
no significant effects of polylactic acid microplastics on M. 
edulis in terms of oxidative stress (catalase, glutathione-
S-transferase, and superoxide dismutase activities), neuro-
toxicity (acetylcholinesterase), and immunotoxicity (lysoso-
mal membrane stability and acid phosphatase activity). In 
contrast to these results, Green et al. (2019) found a signifi-
cant alteration in the immunological profile of haemolymph 
of Mytilus edulis exposed to polylactic acid microplastics 
in a 52-days mesocosms experiment. However, the authors 
found no adverse effects of polylactic acid microplastics on 
the attachment strength of the exposed individuals.

Green (2016) investigated that how polylactic acid and 
petroleum-based microplastics at low and high concentra-
tions (0.8 and 80 μg/L) affect the health and biological func-
tioning of European flat oysters (Ostrea edulis) along with 
the impact on structure of associated macro faunal assem-
blages in a 60-days mesocosm experiment. They reported 
minimal effects on the exposed individuals, but the asso-
ciated macro faunal assemblages were significantly altered 
which were ~ 1.2 and 1.5 times reduced as compared to the 
control. For instance, the biomass of Scrobicularia plana 
(peppery furrow shell clam), the abundance of juvenile Lit-
torina sp. (periwinkles) and Idotea balthica (an isopod) were 
decreased 1.5, 2.0 and 8.0 times in groups exposed to either 
type of microplastics compared to the control.

Beside the mussels, other filter feeder organisms were 
also used for the ecotoxicological evaluation of microplas-
tics. For example, Anderson and Shenkar (2021) investigated 
the impact of polyethylene terephthalate and polylactic acid 
microplastics on the biological and ecological features of a 
solitary ascidian (Microcosmus exasperatus). The authors 
reported that both polylactic acid and petroleum-based 
microplastics had similar impact on the exposed individu-
als; for example, both types of microplastics reduced the 
fertilization rates in the exposed individuals.

Fish

Fish are a good source of unsaturated fatty acids and pro-
teins; therefore, their consumption is recommended in 
human diet (Ali et  al. 2017). Therefore, assessment of 
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microplastics and its consequent impact on fish is of major 
environmental importance. Many ecotoxicological studies 
have used fish as bioindicator of water quality and ecosystem 
health. Fish have the potential to accumulate and magnify 
pollutants which may have potential impacts on their con-
sumers including humans. Many studies have reported the 
ingestion and accumulation of petroleum-based microplas-
tics in a range of fish species, while studies on polylactic 
acid microplastics are very few.

Recently, Chagas et al. (2021) studied the bioaccumula-
tion of polylactic acid microplastics, at a concentration of 
2.5 and 5 mg/L, in adult zebrafish and its consequent impact 
on behavioral, biochemical, and morphological parameters 
in a 30-days experiment. The authors reported the accumu-
lation of microplastics in the liver, brain, gills, and carcass 
of the exposed group in addition to behavioral and morpho-
logical changes. The reported behavioral and biochemical 
changes were shoals predictive of co-specific social interac-
tion and an anti-predator defense response defect, attributed 
to cholinergic changes inferred by an increase in the activ-
ity of acetylcholinesterase and redox imbalance whereas the 
morphological changes were alteration In the pigmentation 
pattern. However, in contrast to de Oliveira et al. (2021), no 
locomotor damages or anxiety-like behavior was observed 
in the exposed individuals. The possible reason might be 
difference in the life stages of the test organism as early life 
stages are more sensitive to different contaminants.

Most studies, while investigating the effects of various 
contaminants on aquatic organisms, have focused on early 
life stages of fish, for example larvae and embryo (Mu et al. 
2022), because of their sensitivity to different contaminants 
(Schweizer et al. 2018), which are critical on individual and 
population health's point of view. For instance, zebrafish 
(Danio rerio) has been widely used as a biological model 
and/or as a representative of fish group by many research-
ers to investigate the toxicological impact of microplastics. 
de Oliveira et al. (2021) investigated the effects of polylac-
tic acid microplastics (3 and 9 mg/L) on zebrafish larvae 
in a 5-days exposure experiment with behavioral and bio-
chemical endpoints. The authors reported a decrease in the 
swimming speed and distance of the exposed individuals in 
open field test. The authors attributed these outcomes as a 
consequent impact of microplastics on fish locomotor and 
exploration activities. They also reported anxiety like behav-
ior and accumulation of microplastics, which inhibited the 
activity of acetylcholinesterase leading to the reinforcement 
of neurotoxic action in the exposed group.

Similarly, another study also focused on the impact of pol-
ylactic acid microplastics (virgin and degraded) on zebrafish 
larvae (Zhang et al. 2021). They found a slower efflux and 
detoxification of degraded polylactic acid, mediated by 
ABC transporters and P450 enzymes, leading to increase 
in bioaccumulation of microplastics and thereby inhibiting 

the skeletal development of larvae. They also pointed the 
higher toxicity of degraded polylactic acid microplastics 
by identification of crucial mechanisms, for example, mito-
chondrial structural damage by oxidative stress, apoptosis, 
depolarization, and fission inhibition. However, no effects 
were reported on the hatching rate of larvae when exposed 
to both types of polylactic acid microplastics. The authors 
attributed these outcomes to the fact that the size of micro-
plastics was larger as compared to the chorionic pore canals 
and the resistance of the chorionic barrier to polylactic acid 
microplastics.

Very recently, Duan et al. (2022) compared the accu-
mulation and toxicity of polylactic acid and poly(ethylene 
terephthalate) microplastics using zebrafish (Danio rerio) 
as a model organism. The authors reported 170 times 
higher polylactic acid microplastics in the fish as compared 
to poly(ethylene terephthalate) microplastics resulting in 
intestinal epithelial tract damage followed by affecting the 
diversity of intestinal microbiota. The authors attributed 
these results to the depolymerization of polylactic acid in 
the digestive tract of fish, which decreased the intestinal pH 
and changed the carbon source structure. These results are 
quite interesting in understanding the toxicity of polylac-
tic acid microplastics. These findings strongly support the 
concept that polylactic acid microplastics will have severe 
effects, similar to petroleum-based plastics, on the exposed 
individuals.

Conclusion

Due to the persistence and non-biodegradability of most 
petroleum-based plastics, efforts have been made to develop 
ecofriendly and environmentally safe substitutes. Polylactic 
acid is considered as a potential substitute of petroleum-
based plastics. A comprehensive literature review shows 
that polylactic acid is compostable rather than biodegrad-
able in the natural environment, leading to the formation 
of microplastics. Recent research has clearly identified that 
microplastics originating from polylactic acid are emerging 
environmental contaminants similar to microplastics from 
petroleum-based plastics. They are severely toxic to aquatic 
biota and might be a threat to human population as well 
through the food chain.
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