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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Effective enzymatic degradation of pol
ylactic acid (PLA) films and 
microparticles.

• Treated materials exhibited changes in 
surface morphology and chemical 
structure.

• Lipase degraded the amorphous region 
of PLA leading to an increased 
crystallinity.

• Lactic acid monomers production during 
the biodegradation process was 
confirmed.
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A B S T R A C T

This study investigates the enhanced biodegradation of polylactic acid (PLA) films and microparticles using a 
commercial lipase enzyme from Aspergillus oryzae. To evaluate the effect of pH on the bioprocess efficiency, the 
enzymatic hydrolysis of PLA films was initially examined at pH values ranging from 7.0 to 8.5, at 37℃, for 28 
days, using an enzyme activity of 2,425 U/mL. Changes in the surface morphology and chemical structure of the 
films were more pronounced at pH 8.0, while it was found that the lipase preferentially targets the amorphous 
regions of PLA, leaving its crystalline structures intact during the treatment period. The treated PLA films 
exhibited significant alterations in their surface morphology, with enhanced roughness and increased hydro
philicity compared to the untreated films. Using pH 8.0 as the optimum condition, the effect of higher lipase 
enzyme activities on the biodegradation of both PLA films and microparticles was studied, showing a clear ac
celeration in enzymatic hydrolysis. Additionally, the production of lactic acid during the degradation process was 
confirmed through high-performance liquid chromatography. These findings highlight the potential of enzymatic 
approaches to efficiently degrade PLA-based materials, enabling their bioconversion into valuable lactic acid 
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monomers. By addressing the end-of-life challenges of PLA, this work demonstrates its viability as a sustainable 
alternative to conventional plastics, contributing to a circular economy and reducing environmental impact.

1. Introduction

Plastic pollution has become one of the most important environ
mental problems worldwide, mainly due to the non-biodegradable na
ture of conventional plastics (Gilani et al., 2023). As an alternative, 
biodegradable and compostable polymeric components from renewable 
resources are currently being explored to combat plastic pollution is
sues. To this end, poly(lactic acid) (PLA), a thermoplastic aliphatic 
polyester of lactic acid, derived from microbial fermentation of renew
able carbon resources such as sugarcane and corn (Karamanlioglu et al., 
2014; Mo et al., 2023) is a valuable alternative of certain conventional 
polymers, since it can be completely converted to carbon dioxide (CO2) 
and water under certain conditions (Lee et al., 2014; Xu et al., 2022). 
PLA has found numerous applications in agriculture, textile, and pack
aging industry and it represents an ideal alternative to petroleum-based 
plastic materials due to its distinctive mechanical and thermal properties 
(Satti et al., 2018). On the top, the non-toxic nature of PLA-based ma
terials and their degradation products make them also suitable candi
dates for drug delivery systems (Abu Hajleh et al., 2020). For all the 
above reasons, PLA is currently the most widely used biobased polymer 
accounting for 31 % of all biodegradable plastics produced in 2023, 
while its global production capacity is expected to triple to 3,237 million 
tonnes by 2028 (European bioplastics, 2023).

Since lactic acid exists in two optically active forms D- and L-, PLA 
can be synthetized in three stereochemical forms called poly-L-lactide 
(PLLA), poly-DL-lactide (PDLLA), and poly-D-lactide (PDLA) depending 
on the polymerization conditions applied, which endows different 
physicochemical properties (Qi et al., 2017; Zaaba and Jaafar, 2020). 
PLA degradation occurs through the cleavage of the ester bonds of the 
polymer backbone and depends on the polymer’s intrinsic properties 
such as crystallinity and molecular weight, on its final composition, 
shape and size, as well as on the degradation conditions such as tem
perature, humidity, and pH among others (Araújo et al., 2014; Casalini 
et al., 2019; Cui et al., 2022). Between the different degradation pro
cesses that have been explored so far, i.e., chemical, thermal, biological 
and photodegradation (Velghe et al., 2023; Zaaba and Jaafar, 2020), the 
biological is the most interesting and complicated to study owed to the 
great variety of conditions and microorganisms present in the environ
ment that can perform such action (Teixeira et al., 2021). In practice, at 
their end-of-life, PLA products can be degraded under industrial com
posting conditions at temperatures close to or higher than the glass 
transition temperature (Tg) of the polymer i.e., 60-65℃, high relative 
humidity (~60 %) and in the presence of oxygen (Kulikowska et al., 
2020). Although PLA has achieved OK industrial compost certificates, 
the composting industry remains skeptical about introducing bioplastics 
in their facilities due to the distinct degradation pathways required 
compared to natural components. Currently, the composting method of 
PLA has a relatively slow biodegradation rate (up to 12 weeks), and 
monomer recovery cannot be achieved (Rezvani Ghomi et al., 2021). 
Therefore, methods to enhance and accelerate PLA biodegradation 
could provide a compelling solution, encouraging the composting in
dustry to incorporate bioplastics by offering a viable end-of-life 
pathway. Furthermore, if chemical recycling proves preferable in 
certain contexts, methods are needed for the recovery of the building 
block, lactic acid, which can be reused to synthesize new PLA or other 
products, thus supporting a circular economy approach. Indeed, the 
primary end-of-life challenges for PLA-based materials is enhancing 
composting process efficiency, minimizing process duration, and 
enabling the recovery of lactic acid, thereby integrating PLA more 
effectively into the circular economy for sustainable bioplastic use.

Enzyme-mediated biodegradation, specifically targeting desired 

polymeric chains, represents an efficient and environmentally friendly 
novel approach to tackle these issues (Ellis et al., 2021). Specifically, 
extracellular enzymes, excreted from microorganisms, can attack the 
long polymer chains and break them down into monomer or oligomer 
subunits of lower molecular weight to be assimilated by the cells 
(Karimi-Avargani et al., 2020; Noor et al., 2020). The PLA degrading 
enzymes reported in the literature belong principally to the family of 
hydrolases. Serine proteases were mainly used due to the similarity in 
the molecular structure of L-lactic acid units and silk fibroin proteins, a 
natural substrate of serine proteases (Cui et al., 2022; Luo et al., 2024; 
Penkhrue et al., 2015), whereas esterases, lipases and cutinases were 
also studied (Hajighasemi et al., 2016; Nakajima-Kambe et al., 2012; 
Noor et al., 2020; Wang et al., 2011). Lipases constitute a subclass of 
esterase enzymes which catalyze the hydrolysis, esterification and 
interesterification/transesterification of ester bonds (Chandra et al., 
2020), while many species of fungi, bacteria and microalgae found in 
terrestrial or marine habitats have been identified as potential lipase 
producers (Chandra et al., 2020; Spier et al., 2020). Although microbial 
lipases have been studied for the biodegradation of plastics such as poly 
(ethylene terephthalate) (PET) (Carniel et al., 2017; de Castro et al., 
2017; Safdar et al., 2024) and polyurethane (PU) (Khan et al., 2017), 
only a limited number of studies involve them in PLA degradation (Lee 
et al., 2014; Meza Huaman et al., 2024; Nakajima-Kambe et al., 2012). 
Specifically, a lipase enzyme from Candida cylindracea induced some 
changes in the surface morphology of PLA nonwovens after 21 days in 
buffer solution at 40℃ (Lee et al., 2014). A decrease in turbidity of an 
emulsified PLA solution was observed after 3 days at 37℃ when using a 
purified lipase from Aspergillus niger (Nakajima-Kambe et al., 2012), and 
a chemically modified lipase from Candida antarctica was able to 
degrade PLA cup fragments into lactic acid monomers within 24 h at 
90℃ in ionic liquids (Meza Huaman et al., 2024). However, a compre
hensive and detailed study on enzymatic degradation of PLA materials 
under mild and environmentally friendly conditions without using toxic 
substances and ensuring lower energy consumption has not yet been 
explored in the literature.

The aim of this study is to investigate the depolymerization of PLA 
films and microparticles without being subjected to any pretreatment 
using a commercial lipase enzyme from Aspergillus oryzae under neutral 
and alkaline conditions, at temperature lower than the Tg of PLA. 
Aspergillus oryzae is an edible filamentous fungus, mainly used in the 
food industry to produce fermented food thanks to its ability to secrete 
high concentration of extracellular enzymes, including lipases. The non- 
toxic nature of this fungus is a significant advantage for scale-up ap
plications, as risks associated with microbial source toxicity or patho
genicity are reduced. Additionally, A. oryzae is a well-studied fungus 
with established genetic manipulation techniques, allowing for the 
enhancement of lipases properties such as stability, activity or substrate 
specificity through genetic engineering (Daba et al., 2021). Herein, as a 
first step, the effect of different pH values and enzymatic activities on the 
bioprocess efficiency was examined. Detailed studies on the morpho
logical, structural and chemical changes of the PLA materials were 
conducted indicating high efficiency of the degradation process, while 
the production of PLA oligomer components was proved and monitored 
through high-performance liquid chromatography (HPLC). To the best 
of our knowledge, this is the first report on the enzymatic degradation of 
PLA components using lipase from A. oryzae, paving the way for accel
erated biodegradation and demonstrating that composting can serve as a 
viable end-of-life solution for bioplastics. Moreover, lactic acid recovery 
enables chemical recycling for new PLA synthesis, advancing circular 
economy efforts.
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2. Materials and methods

2.1. Materials

A commercial lipase enzyme produced from Aspergillus oryzae, 
chemicals for preparing culture media, enzyme assay, and the other 
analyses were purchased from Sigma–Aldrich. All chemicals are of 
analytical grade and used as received. Deionized water was obtained 
from Milli-Q Advantage A10 purification system. Poly-L-lactic acid 
(PLLA) pellets Ingeo 4043D (Mw = 160 kDa) were purchased from 
Nature Works and were converted into 100 μm thick film samples 
through melt extrusion process (Minicast, Eur.Ex.Ma S.r.l.). The profile 
of temperature had a range between 165 ◦C to 195 ◦C, with the speed of 
the screws of about 35 rpm. The film came out from the extruder die and 
collected on the heated roll at a temperature of 45 ◦C each. The col
lecting system ended with a final collecting roll set at 10 % of its speed. 
PLLA microparticles of two size ranges, i.e. 2.00–3.00 mm and 
0.30–0.75 mm were also prepared through mechanical grinding. For 
both cases, PLLA pellets (4.00 mm) were ground using Dry mill – IKA – 
PILOTINA MC equipped with a 3.00 mm pilotina sieve, operating at 
1500 rpm. The particles with a size range between 2.00 and 3.00 mm 
were then manually collected for the experiments. To achieve particle 
sizes between 0.30 mm and 0.75 mm, a subsequent sieving cycle with a 
0.75 mm electrical sieve was then performed, and the obtained grains 
were subjected to a final sieved using an electrical sieve (VWR Test Sieve 
200 × 50 mm) with a 0.30 mm mesh size. The material that did not pass 
through the sieve with the size range 0.30–0.75 mm was collected and 
employed in the subsequent phases of the study. Even though this study 
focused on the degradation of PLLA, the term PLA is used throughout the 
text to maintain unity in terminology.

2.2. Experimental conditions and design

Pieces of PLA films (1 × 1 cm2) weighing about 16 mg each were 
placed in tubes containing 3 mL Tris-HCl buffer solution 20 mM with 
different pH values (7.0, 7.5, 8.0 and 8.5) and lipase enzyme activity of 
2,425 ± 35 U/mL. The pH values were measured with a pH meter 
(Hanna Edge instrument). Only the alkaline pH values were considered 
since the water absorption into the polymer matrix is higher in alkaline 
conditions compared to acidic ones due to the difference in osmotic 
pressure of the alkaline buffer solution and carboxylic end groups 
formed inside the polymer (Li and Mccarthy, 1999). Additionally, lipase 
enzymes are stable in a pH range between 6 and 9 (Kumar et al., 2020). 
Two higher lipase enzymatic activities of 4,650 ± 71 and 11,250 ± 177 
U/mL were also tested at the optimum pH value (Table 1) to evaluate if 
the efficiency of degradation could be increased. Experiments with PLA 
microparticles of two different sizes (2.00–3.00 mm and 0.30–0.75 mm) 
were also performed at the optimum pH value using lipase activities of 
2,425 ± 35, 4,650 ± 71 and 11,250 ± 177 U/mL and keeping the same 
experimental conditions (~16 mg of material per each tube containing 
3 mL Tris-HCl buffer solution 20 mM) in order to study the impact of 
particle size in the biodegradation process. Note that before adding 
lipase enzyme, the mixture of PLA and buffer solution was sterilized 

under UV light in a biohazard hood (VBH 48, ANGELANTONI LIFE 
SCIENCE Srl) for 1 h to avoid any action from microorganisms during 
the experiments. Experiments were performed in triplicate at 37 ◦C in a 
rotary incubator (100 rpm) for 28 days. Control experiments (without 
lipase enzyme addition) were conducted at the same conditions used in 
each experiment. At sampling times, PLA samples were removed from 
the tubes, rinsed thoroughly with deionized water, and then dried at 
37℃ until a constant weight was achieved. The weight loss % was 
calculated by subtracting the final weight from the initial weight of the 
film divided by the initial weight and multiplied 100 %.

2.3. Enzymatic activity and protein content analysis

The lipase (EC 3.1.1.3) activity was determined by titration of free 
fatty acids according to the Sigma lipase assay (Sigma in-house pro
cedure). The reaction mixture consisted of olive oil (3 mL), Tris-HCl 
buffer (1.0 mL, 200 mM, pH 7.2), deionized water (2.5 mL) and lipase 
enzyme solution (1 mL). The mixture was incubated for 30 min at 37 ℃ 
in a rotary incubator. The reaction was stopped by the addition of 95 % 
(v/v) ethanol (3 mL), and then 4 drops of 0.9 % (w/v) thymolphthalein 
indicator solution were added. The liberated fatty acids were deter
mined by titration with NaOH solution (50 mM) until the pH of the 
solution reached 10.0. One unit (U) of lipase activity is defined as the 
hydrolysis of 1.0 microequivalent of fatty acid from a triglyceride in 30 
min at pH 7.2 at 37 ◦C. Protein concentration was determined according 
to the Bradford method by reference to a standard curve for bovine 
serum albumin (BSA) (Bradford, 1976).

2.4. Fourier transform infrared spectroscopy analysis

Chemical characterization of dried PLA films and microparticles 
before and after lipase enzyme treatment was performed by Fourier 
transform infrared (FTIR) spectroscopy (VERTEX 70v, FT-IR, Bruker). 
The instrument had an attenuated total reflection (ATR) accessory 
(MIRacle ATR, PIKE Technologies) scanning over the wavenumber 
range of 4000–600 cm− 1 at a resolution of 2 cm− 1 and 64 scans. For all 
samples, the mean spectrum line of triplicate measurements (three 
measurements of three different samples) is presented. All peaks were 
normalized to the reference peak of 1454 cm− 1 which was assigned to 
the CH3 asymmetric deformation modes (δasCH3) and used as internal 
standard for PLA (Kister et al., 1998; Oliveira et al., 2016). Spectral 
analysis was performed with OriginPro 2022 software.

2.5. Nuclear magnetic resonance

Proton Nuclear Magnetic Resonance (1H NMR) analysis of initial and 
treated PLA films was conducted at room temperature using 5 mm tubes 
on an Advance III 400 MHz spectrometer, Bruker, equipped with a 
Broadband Inverse probe. Chemical shifts are reported in ppm and were 
determined in reference to Tetramethylsilane (TMS). Quantitative 1H 
NMR analysis was recorded with NS = 16 scans and D1 = 30 s. The 
samples were prepared by dissolving about 5–6 mg of PLA film (treated 
and untreated) in 0.5 mL of CDCl3. The spectra were processed and 
analyzed with TOPSPIN software.

2.6. X-ray diffraction (XRD)

XRD measurements of PLA film and microparticles were performed 
via XRD analysis by a Malvern PANalytical Empyrean diffractometer 
equipped with a 1.8 kW Cu Kα ceramic X-ray tube and a PIXcel3D 2 × 2 
area detector, operating at 45 kV and 40 mA. The degree of crystallinity 
was calculated dividing the crystalline area regions (absolute area of 
peaks positioned at 2θ ~ 16.7ο and ~ 19.0◦) by the total area as follows 
(Rahmayetty et al., 2018): 

Table 1 
Enzymatic activity of lipase, protein content of enzyme, specific lipase enzyme 
activity and mg of protein per g of PLA material used in this study.

Enzyme 
activity 
(U/mL)

Protein content 
(mg/mL)

Specific enzyme 
activity 
(U/mg protein)

mg protein/ 
g PLA

2,425 ± 35 0.55 ± 0.01 4,441 ± 65 102.43 ±
2.61

4,650 ± 71 1.11 ± 0.03 4,189 ± 64 208.14 ±
4.93

11,250 ± 177 3.17 ± 0.12 3,513 ± 56 593.99 ±
22.15
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Crystallinity(%) =
Crystalline area(8 − 50o)

Total area(8 − 50o)
× 100 

The absolute total and crystalline area regions were estimated by using 
OriginPro 2022 software.

2.7. Scanning electron microscopy

Dried samples before and after lipase enzyme treatment were 
attached to aluminum stubs by using carbon tape and coated with 10 nm 
gold by sputtering. The surface morphology of the samples was inves
tigated by scanning electron microscopy (SEM) in a JEOL JSM-6490LA 
microscope using the secondary electrons detector. The images were 
acquired with 10 kV accelerating voltage, load current of 78 μA and a 
magnification of 2000 × .

2.8. Profilometer

Surface roughness of the PLA films before and after enzymatic 
treatment was measured by a 3D Optical profilometer Zeta-20 by Zeta 
Instruments complies with ISO 4287–1997 for the calculation of the 
roughness parameters.

2.9. Wettability study

Static water contact angles of dried film samples were measured at 
room temperature by using a contact angle goniometer OCA-20 (Data
Physics Instruments GmbH, Filderstadt, Germany). Deionized water 
droplets of 5 μL were deposited on the film surface and the contact angle 
was calculated from the side view with the help of the built-in software. 
Five measurements on different areas of each sample were acquired to 
ensure repeatability.

The contact angles values of enzymatically treated PLA films were 
also theoretically calculated according to the Wenzel equation (Wenzel, 
1936): 

cosθr = r × cosθy (1) 

where θr is the contact angle of a rough surface, θy is the Young’s contact 
angle determined on a flat surface of the same material, and r is the 
surface roughness defined as the ratio of the actual wetted surface area 
over the geometric (projected) surface area of the material.

2.10. High-performance liquid chromatography (HPLC)

The depolymerization of PLA was analyzed and quantified by high- 
performance liquid chromatography with refractive index detection 
(HPLC-RID). The analyses were performed on an Agilent 1260 Infinity 
HPLC system consisting of a diode array detector (DAD) and a refractive 
index detector (RID). The analyses were run on an Agilent Hi-Plex H 
PL1170-6830 (300 x 7.7 mm ID, particle size 8 μM), using 5 mM H2SO4 
in H2O as mobile phase at 0.6 mL/min in isocratic mode. 10 v/v% 1 M 
KOH was added to all calibrators, qualitative controls and samples prior 
to analysis.

3. Results and Discussion

3.1. Modifications of PLA films upon enzymatic treatment

In enzymatic degradation of polymers, enzymes initially attack the 
surfaces and gradually alter their structure and morphology (Lee et al., 
2014). In this study, the surface morphology of PLA films after enzy
matic treatment at different pH values (7.0, 7.5, 8.0 and 8.5) and time 
points (7, 14, 21 and 28 days) with enzyme activity of 2,425 U/mL was 
studied using SEM. The SEM images in Fig. S1 show that after 7 days for 
all cases, the smooth surface of the films becomes rougher, with the 

changes being more intense at pH values of 8.0 and 8.5. Specifically, the 
effect of the enzymatic treatment on the PLA becomes evident after 7 
days with the creation of rough structures on the surface of the films, 
while these changes become more intense over time until the end of the 
treatment at 28 days (Fig. 1А). As expected, no noticeable modifications 
were observed in the control experiments conducted at different pH 
values in the absence of the lipase enzyme. Indeed, it is well-known that 
PLA hydrolysis is favored under strongly alkaline conditions (i.e., at pH 
13) and not in moderate alkaline or neutral conditions at 30℃, used 
herein (Jung et al., 2006). In fact, Tsuji and Ikada (Tsuji and Ikada, 
2000) observed changes in the surface morphology of PLA films only 
after 150 days of alkaline treatment using a NaOH solution with pH 11.0 
at 37℃. However, this process can be significantly accelerated at tem
peratures above the Tg, which favor the chain scission. In fact, as proved 
by Rodriguez et al. (Rodriguez et al., 2016), intense changes in the 
surface of a PLA film were observed after only 5 days of alkaline hy
drolysis at 70℃ in a medium with pH 12.0. Instead, in the presence of 
the enzyme, similar with our case, changes in the polymer surface 
morphology have been reported after 21 days when a commercial lipase 
enzyme from Candida cylindracea (powder form) was used at a con
centration of 10 % (weight of enzyme to weight of material) for enzy
matic treatment of PLA fibers in Tris buffer solution with pH 8.0 at 40℃ 
(Lee et al., 2014). Penkhrue et al. (Penkhrue et al., 2015) also found that 
protease, esterase and lipase enzymes produced from the bacterium 
Amycolatopsis sp. changed the surface of PLA films after 7 days of 
treatment at 30℃ in a liquid medium with pH 7.0. In our work, pH 8.0 
was selected as the optimum condition to study further the bioprocess, 
as enzymatic activity remained largely stable over 28 days of treatment. 
Specifically, the lipase activity was reduced by approximately 12 % at 
pH 8, compared to a reduction of 26 % in the experiments at the other 
pH values after the same period. As illustrated in Fig. 1A, the surface of 
the PLA films was severely modified after 28 days at pH 8.0, in the 
presence of the enzyme, with the pores’ size clearly increasing when 
higher activities of lipase enzyme (4,650 and 11,250 U/mL) were used. 
The roughness of the untreated and enzymatically-treated PLA films was 
also measured by optical profilometry to quantify the modification on 
the surface roughness, observed in the SEM analysis, and is shown in 
Table 2. In all cases, the roughness increased significantly, between 2.3 
and 3.2 times, after enzymatic treatment of 28 days.

It is well known that both the surface roughness and chemistry affect 
the wettability of a solid surface (Wenzel, 1936). Thus, the water contact 
angles (θ), of untreated and treated PLA films were also measured and 
compared. As shown in Fig. 1B, the PLA films are slightly hydrophobic 
with θ values of 87.55 ± 0.26◦. After 28 days of treatment with lipase of 
2,425 U/mL, the θ values of the films decreased to 56.39 ± 2.85◦, 57.83 
± 3.75◦, 38.01 ± 3.18◦ and 30.11 ± 4.83◦, at pH values 7.0, 7.5, 8.0 and 
8.5, respectively, demonstrating that the enzymatic treatment increases 
the hydrophilicity of PLA surface in more alkaline environments. By 
introducing the contact angle of the flat PLA film (θy = 87.55◦) along 
with the measured surface roughness of the films into the Wenzel model 
(Equation (1), which predicts how surface roughness affects the 
apparent water contact angle on a surface, the theoretical water contact 
angles of the treated/rough PLA films were calculated (Fig. 1B), and 
compared with the experimentally measured values (Athanassiou et al., 
2006). As shown in Fig. 1B, the experimental contact angles deviate 
significantly from the theoretical predictions. This discrepancy suggests 
that, in addition to changes in surface roughness, the surface chemistry 
of the films was notably altered after enzymatic treatment, as the Wenzel 
model predicts the water contact angle of rough surfaces assuming their 
chemistry is identical to that of the corresponding flat surface. This is in 
accordance with previous findings that report the creation of hydro
philic functional groups on polymer surfaces due to the enzymatic 
interaction with the medium (Srikanth et al., 2022), as well as the 
transformation of PET fabrics to hydrophilic materials after the treat
ment with a lipase enzyme from Pichia pastoris (Gao et al., 2017). On the 
other hand, the θ values of the PLA films remained practically unaltered 
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Fig. 1. Morphological, physical, chemical and crystallographic modifications of PLA films. A) SEM images of the surface of untreated PLA films and enzymatically 
treated PLA films with different lipase enzyme activities at pH 8.0 after 28 days. B) Water contact angles of untreated and enzymatically treated PLA films with 
different lipase enzyme activities and pH values after 28 days. Triangle symbols represent the respective theoretically predicted contact angle values using the Wenzel 
equation. C-E) ATR-FTIR spectra of untreated and enzymatically treated PLA films with lipase enzyme activity of 2,425 U/mL at different time points at pH 8.0. F) 
XRD curves of PLA films untreated and treated with lipase of enzymatic activity 2,425 U/mL and 11,250 U/mL, at pH 8.0, for 28 days. G) Schematic representation of 
lipase enzyme action on PLA.
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in the control experiments after 28 days (Fig. S2), confirming the 
effective action of lipase enzyme on the surface of the PLA. It is worth 
noting that the surface roughness and the wettability did not signifi
cantly change when higher activities of lipase enzyme were used (4,650 
and 11,250 U/mL, pH 8.0) (Table 2 and Fig. 1B) even if the surface after 
28 days of treatment presented larger pores (Fig. 1A).

Notably, the transparent PLA films became whitish after enzymatic 
treatment in all the conditions tested, while the films in control exper
iments remained transparent after 28 days in the buffer solutions 
(Fig. S3). In general, transparency is associated with nonporous and/or 
amorphous polymer films, while porous or semi-crystalline/crystalline 
polymer films tend to appear opaque or translucent. This is due to 
light scattering caused either by the presence of pores, when they are 
close to the size of the light’s wavelengths, or by variations in the 
refractive index between crystalline and amorphous regions, respec
tively (Yu et al., 2023). Thus, the herein observed phenomenon can be 
attributed both to the creation of pores on the films’ surface after 
enzymatic treatment, as well as to possible changes of crystallinity after 
biotreatment. Similar modifications in the transparency of PLA films 
during biodegradation in compost have been also correlated with a 
decrease in molecular weight of the polymer (Araújo et al., 2014). Ac
cording to the literature, the molecular weight, composition, and matrix 
dimensions of PLA play the most important role in the biodegradation 
studies (Lin and Anseth, 2013; Von Burkersroda et al., 2002), while 
there is an induction period until a significant weight loss is observed 
during hydrolysis of PLA (Tsuji and Ikada, 2000) accompanied with a 
drastically reduced molecular weight (Rodriguez et al., 2016). In our 
study, a small weight loss of about 3 % (data not shown) was recorded at 
the end of the biotreatment, for all cases of enzymatic treatment studied. 
In fact, similar results, with no significant weight loss, have also been 
reported in other enzymatic biodegradation studies of PLA using the 
lipase enzyme for a limited treatment period. Specifically, Lee et al. (Lee 
et al., 2014) observed less than 5 % weight loss after 21 days of treat
ment of PLA nonwovens at 40℃, using Tris buffer solution at pH 8. 
Similarly, the weight loss of PLA films treated with the fungus Tricho
derma viride, which is characterized by lignocellulosic enzymatic activ
ities, was about 1 % after 21 days cultivation at 28℃ (Lipsa et al., 2016). 
Longer treatment periods have been associated with higher weight los
ses, as in the case of the chemical hydrolysis, with loss ranging between 
10 and 40 % after 3 years (phosphate buffer solution, pH 7.4 at 37℃) 
(Tsuji and Ikada, 2000). In contrast, complete hydrolysis (100 % weight 
loss) has been reported to occur within 40 days when higher tempera
tures e.g., 60 ◦C are applied at the same experimental conditions (Li and 
Mccarthy, 1999). Alternatively, it was shown that the weight loss of PLA 
films after biotreatment with the fungus Trichoderma viride can reach 18 
% after 21 days at 28◦C when epoxidized soybean oil is introduced as 
plasticizer in the PLA formulation (Lipsa et al., 2016). Similarly, in 
another study, epoxidized cardanol oleate was used as a chain extender 
in the melting process of PLA, and the weight loss of PLA films reached 
about 70 % after four days of enzymatic treatment with proteinase K 
enzyme in Tris-HCl buffer solution, pH 8.0 at 50 ℃ (Luo et al., 2024).

The chemical changes of the PLA films induced by the enzymatic 
treatment were analyzed by ATR-FTIR spectroscopy as shown in Figs. 1C 

and S4–S6, with major changes observed in the range of 1900–600 
cm− 1. Similarly to the other treatment conditions, at pH 8.0 and lipase 
enzyme activity of 2,425 U/mL, the band observed at 1746 cm− 1 was 
assigned to C––O stretching (vC=O) and associated with lactic acid es
ters of PLA. This region is sensitive to the morphology and conformation 
of PLA structure as the ester groups are affected by hydrolysis reactions 
(Kister et al., 1998; Wang et al., 2013) and can split into four confor
mational bands of tt, tg, gt, and gg (Meaurio et al., 2009; Zhu et al., 
2022). According to Figs. 1D and S4–S6, the band at 1746 cm− 1 was split 
into double bands at 1756 and 1748 cm− 1 during the enzymatic treat
ment, corresponding to gt and tt conformers, respectively (Meaurio 
et al., 2009). The gt conformation has the lowest energy and corresponds 
to a 103 helix representing the crystalline and amorphous conformers, 
while the peak at 1748 cm− 1 corresponds to the tt conformations of 
amorphous components (Meaurio et al., 2009; Zhu et al., 2022). This 
trend was first observed after 14 days of enzymatic treatment at pH 8.0 
and 8.5 (Figs. 1D and S6) and after 21 days at pH 7.5 (Fig. S5), while it 
was clear in all experiments after 28 days of biotreatment (Figs. 1D and 
S4–S6). Similar observations on the splitting in the C––O stretching band 
have been reported in the literature during biodegradation of PLA under 
composting conditions at 58℃ (Kulikowska et al., 2020). The splitting in 
the C––O stretching band is also a common phenomenon during the PLA 
crystallization process (Zhu et al., 2022). Therefore, the above changes 
in the ATR-FTIR spectra indicate that enzymatic treatment causes 
conformational changes in the PLA material.

Furthermore, a distinct increase in intensity was observed in the 
1680–1550 cm− 1 region, which was attributed to the formation of non- 
esterified carboxyl groups (COO ̵ ) during enzymatic treatment, also 
confirming the hydrolysis of lactic esters (Monsoor et al., 2001; Painter 
et al., 1983). The bands within the region of 1300–1000 cm− 1 are 
assigned to the C–O–C stretching vibrations of ester groups (Krikorian 
and Pochan, 2005). Specifically, the bands at 1265 cm− 1 and 
1210–1180 cm− 1 assigned to the vibrations of δCH + vCOC and vasCOC 
+ rasCH3, respectively, reflect the crystallinity in PLA structures (Kister 
et al., 1998; Urayama et al., 2003). The small peak at 1210 cm− 1 was 
detected in enzymatically treated PLA films. This peak was observed 
after 14 days in media with pH 8.0 and 8.5 (Figs. 1E and S6) and after 21 
and 28 days in media with pH 7.5 and 7.0, respectively (Figs. S4 and S5). 
A decrease in the intensity of the 1265 cm− 1 peak was also observed over 
time in all experiments conducted, expect for PLA films in media with 
pH 7.0 (Fig. 1C) These observations at the above bands most plausibly 
indicate a modification of the crystalline configuration of the PLA 
structure during enzymatic treatment.

This hypothesis is also supported by a new absorption band that 
appears at 920 cm− 1 during the enzymatic treatment, which is assigned 
to the C–C backbone stretching vibrations mixed with CH3 rocking 
modes (rCH3 + vCC). In general, the region from 970 to 850 cm− 1 re
flects the crystallinity of PLA and the type of helical conformation 
(Beltrán et al., 2016; Zhang et al., 2005). As can be seen in Figs. 1C and 
S4–S6, the band at 920 cm− 1 was more intense in PLA films treated at pH 
from 7.5 to 8.5 at the end of experiments. According to the literature, the 
presence of this peak indicates that the PLA films used in this study 
crystallize in 103 helical conformation after enzymatic treatment 
(Meaurio et al., 2009; Zhang et al., 2005). The above change suggests an 
increase in crystallinity in the PLA films after enzymatic treatment due 
to the degradation of the amorphous phase (Beltrán et al., 2016; Zhang 
et al., 2005; Zhu et al., 2022). No changes were observed at the bands at 
866 cm− 1, assigned to the vC–COO stretching mode (Krikorian and 
Pochan, 2005), and 754 and 705 cm− 1 which correspond to δC=O in- 
plane bending and γC=O out-of-plane bending, respectively (Babichuk 
et al., 2022). It is worth mentioning that none of the above chemical 
changes were observed in the control experiments (PLA films in buffer 
solution without lipase enzyme) (Fig. S7a–d).

Moreover, the effect of higher lipase enzyme activities i.e., 4,650 and 
11,250 U/mL on the biotreatment process was evaluated at optimum pH 
conditions (pH 8.0) to investigate if the degradation time could be 

Table 2 
Average roughness (Sa) and root mean square roughness (Sq) measurements of 
untreated and enzymatically treated PLA films obtained with 3D optical 
profilometer.

Sample Sa (μm ± μm) Sq (μm ± μm)

Untreated PLA film 0.0475 ± 0.0043 0.0604 ± 0.0056
pH 7.0 – lipase: 2,425 U/mL 0.1360 ± 0.0202 0.1679 ± 0.0228
pH 7.5 – lipase: 2,425 U/mL 0.1188 ± 0.0116 0.1523 ± 0.015
pH 8.0 – lipase: 2,425 U/mL 0.1107 ± 0.0091 0.1408 ± 0.0105
pH 8.5 – lipase: 2,425 U/mL 0.1437 ± 0.0076 0.1850 ± 0.0150
pH 8.0 – lipase: 4,650 U/mL 0.1508 ± 0.0117 0.1913 ± 0.0166
pH 8.0 – lipase: 11,250 U/mL 0.1261 ± 0.0232 0.1647 ± 0.0307
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shortened, since it has been proved that the rate of polymer degradation 
increases with increasing enzyme concentration (Cui et al., 2022). As 
shown in Figs. S8 and S9, the same chemical changes in all characteristic 
absorption bands were observed, but in shorter periods of treatment. For 
example, the spitting of the band at 1746 cm− 1 into double band at 1756 
and 1748 cm− 1 was clearly observed after 21 and 14 days in the ex
periments conducted with 4,650 and 11,250 U/mL, respectively, instead 
of 28 days in the experiments with lower enzymatic activity. Also, a 
higher peak intensity at 920 cm− 1 was detected at the experiments with 
the highest enzymatic activity after 28 days of treatment (Fig. S8 and 
S9). At the same time, it was observed that the intensity of the band at 
955 cm− 1, which is attributed to amorphous vibrations of PLA decreased 
during the treatment process (Meaurio et al., 2009; Zhang et al., 2005).

XRD analysis of the untreated and enzymatically treated PLA films 
confirms the conclusions reached by the ATR-FTIR analysis. Specifically, 
as shown in Fig. 1F, the XRD pattern of the untreated PLA films did not 
show any characteristic crystalline peaks, indicating a predominantly 
amorphous structure, according to the ICDD 00–064-1625 database. In 
contrast, two dominant diffraction peaks at 2θ ~ 16.7ο (200/110 plane) 
and ~ 19.0◦ (203/113 plane), corresponding to reflections of the semi- 
crystalline PLA α-phase (Babichuk et al., 2022), were detected in the 
enzymatically treated PLA films. Notably, these peaks were more intense 
in the treated PLA films with the highest enzymatic activity. These 
changes demonstrate that the lipase enzyme can degrade the amorphous 
region of PLA, revealing the α-crystalline phase of PLA (Fig. 1G).

To further explore the chemical modifications of the PLA after the 
enzymatic treatment, 1H NMR analyses were carried out. The spectrum 
of the pristine PLA showed the typical quadruplet of CH protons in the 
range 5.19–5.13 ppm and the doublet of CH3 at 1.59–1.52 ppm 
(Fig. S10), in agreement with what is reported in the literature (Carrasco 
et al., 2010; Oliveira et al., 2016). The ratio between the areas of the two 
signals CH3/CH was 3.19, close to the theoretical value of 3. The 1H 
NMR spectra of the treated PLA films resulted in unchanged chemical 
shifts and similar proton intensity ratios CH3/CH (3.11–3.19) 
(Table S1). These findings confirm that the degradation of PLA occurred 
through scission of ester bonds, as expected for a lipase enzyme mech
anism of action, without the participation of other side reactions as 
pyrolytic elimination (which forms CH2=CH from CH-CH3) (Oliveira 
et al., 2016). Based on the literature, the active site of the lipase enzyme 
from Aspergillus is characterized by a catalytic triad (Ser-His-Asp), 
similar to serine proteases and carbonyl esterases. This active pocket 
typically has a high specificity for monoacylglycerol and diacylglycerol 
substrates and catalyses the hydrolysis of ester bonds. The hydrolysis 
mechanism firstly involves the nucleophilic attack of serine on the 
carbonyl carbon of the ester bond, forming an acyl-aminoacid inter
mediate by releasing an alcohol. In this step, histidine and aspartic acid 
stabilize the serine hydroxy group and help the formation of the acyl- 
enzyme adduct. A second nucleophile attack by water on the acyl- 
enzyme adduct completes the hydrolysis and forms the carboxylic acid 
(Mehta et al., 2017). Having a PLA ester bond as an oleophilic substrate, 
a similar enzymatic mechanism capable of exploiting its functional ac
tivity in degrading this polymer could be hypothesized.

As further characterization, the byproducts of the enzymatic treat
ment of the PLA films were identified and quantified by using HPLC after 
28 days of treatment at pH 8.0 for different enzymatic activities. Until 
now, there is a limited number of studies reporting on degradation 
products in liquid broth after biological or enzymatic treatment of PLA 
materials (Hajighasemi et al., 2016; Meza Huaman et al., 2024; Noor 
et al., 2020). In accordance with the physicochemical changes observed 
on the treated PLA films so far, the quantity of the produced by-products 
identified as lactic acid, was higher when higher lipase enzyme activity 
was applied for the biodegradation process. In particular, the average 
lactic acid concentration was 160, 171 and 473 μg/mL, after bio
treatment with lipase enzyme activity of 2,425, 4,650 and 11,250 U/mL, 
respectively. The obtained results indicate that the bioconversion of PLA 
films to lactic acid ranges from approximately 3 % to 9 % after 28 days of 

enzymatic treatment, at pH 8 and 37℃, in a buffer solution (Fig. S12). 
The discrepancy between weight loss (about 3 % in all cases) and lactic 
acid production could be due to errors introduced by using a standard 
laboratory balance to weigh light samples. It is worth mentioning that 
lactic acid was not detected in the control experiments (without lipase 
enzyme). Using a temperature of 90℃, higher bioconversion efficiencies 
of PLA to lactic acid monomers have been reported in the literature e.g., 
75 % after 40 h when ionic liquids were used alone, while the complete 
conversion of PLA was achieved under the same conditions by using a 
chemically modified lipase enzyme (with a concentration of 12 mg/mL) 
from the fungus Candida antarctica. This approach involved a protein 
surface modification technique to solubilize and stabilize the lipase 
enzyme in ionic liquids and high temperatures (Meza Huaman et al., 
2024). Immobilization techniques that protect the enzyme from high 
temperatures can also improve the thermal stability of lipases 
(Panyachanakul et al., 2024), an important factor for efficient PLA 
degradation as well as the reusability of enzyme (Silva Almeida et al., 
2024). Consequently, enzyme engineering could boost their efficiency 
and thermostability at temperatures close to or above the glass transi
tion temperature of a polymer enhancing the biodegradation efficiency 
(Bell et al., 2022).

3.2. Modifications of PLA microparticles upon enzymatic treatment

Aiming to investigate the impact of particle size in the biodegrada
tion process, experiments were also conducted using PLA microparticles 
of two size ranges 2.00–3.00 mm and 0.30–0.75 mm. These experiments 
were performed at pH 8, using various lipase activities and maintaining 
the same experimental conditions. The morphology of the initial/un
treated and of the enzymatically-treated microparticles at pH 8.0 with 
lipase enzymatic activities of 2,425, 4,650 and 11,250 U/mL was 
analyzed by SEM (Fig. 2A for microparticles in the range 2.00–3.00 mm 
and 3A for microparticles in the range 0.30–0.75 and S11). Fig. 2A, 3A 
and S11 reveal that the lipase enzyme significantly affected the 
morphology of the microparticles after 28 days of treatment creating 
pores on their surface. Larger pores were observed in the case of the 
smaller microparticles and when higher lipase activity was used (Fig. 3A 
and Fig. S11).

Chemical changes of the microparticles during enzymatic treatment 
were also investigated by ATR-FTIR. Figs. 2B and 3B show respectively 
the spectra of PLA microparticles of 2.00–3.00 mm and 0.30–0.75 mm of 
diameter, untreated, and treated for 28 days with lipase activities of 
2,425, 4,650 and 11,250 U/mL, at pH 8.0. Both types of PLA micro
particles showed the typical absorption bands corresponding to the 
C––O stretching of the lactic acid esters at 1746 cm− 1, the CH3 asym
metric deformation modes at 1454 cm− 1 and the C–O–C stretching 
vibrations of the ester groups in the region of 1300–1000 cm− 1 (Kister 
et al., 1998; Urayama et al., 2003). The main differences between the 
untreated PLA microparticles and films were found in the spectral bands 
of 1640 and 1560 cm− 1, which are assigned to non-esterified carboxyl 
groups (COO ̵ ) (Monsoor et al., 2001), and 920 cm− 1, which reflects the 
crystallinity of PLA (Beltrán et al., 2016). All the above differences 
indicate that during the microparticles preparation through mechanical 
griding (See “Materials” Section), the polymer’s molecular arrangement 
is modified, becoming more crystalline. This can be attributed to the 
mechanical forces that induce local increase of the temperature during 
grinding that can lead to the reorganization of the molecular chains and 
other chemical transformations (Jung et al., 2023; Park and Peterson, 
2023). The chemical structure of PLA microparticles was monitored 
every 7 days during enzymatic treatment (data not shown), however 
clear differences in the FTIR spectra were observed after 28 days 
(Figs. 2B and 3B). According to Figs. 2B and 3B, the main changes were 
detected in the bands of 1640 and 1560 cm− 1 where an increased in
tensity was observed after enzymatic treatment, indicating increased 
numbers of carboxyl groups. Also, the appearance of a small shoulder at 
1210 cm− 1 was observed, reflecting the increased crystallinity (Kister 
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et al., 1998) (Figs. 2C and 3C). The above changes demonstrate the 
modification of the PLA microparticles’ chemical structure after the 
enzymatic treatment. However, the effect of enzymatic hydrolysis was 
less pronounced compared to the PLA films.

The crystallinity of the PLA microparticles was measured to gain a 
deeper insight into the effect of the enzymatic hydrolysis on the 
microplastics. Crystallinity was investigated both for untreated PLA 
microparticles and for microparticles treated with enzyme activities of 
2,425, and 11,250 U/mL at pH 8.0. As shown in Figs. 2D and 3D, mi
croparticles of both size ranges show the characteristic sharp peak at 2θ 
~ 16.7ο (200/110 plane), the peak at 2θ ~ 15.0◦ (010 plane), the peak at 
2θ ~ 19.0◦ (203/113 plane) and some other weak diffraction peaks, 
assigned to the reflection of the semi-crystalline PLA α-phase according, 
to the ICDD 00–064-1624 database. As can be seen in Figs. 2D and 3D, 
all the diffraction peaks were still present after 28 days of lipase treat
ment. Additionally, the degree of crystallinity of PLA microparticles 
before enzymatic degradation was determined to be 38.87 ± 0.10 % and 

28.99 ± 0.21 % for sizes of 2.00–3.00 mm and 0.30–0.75 mm, respec
tively. In general, the crystallinity of semi-crystalline PLA increases 
during the degradation since water/enzyme penetrate the amorphous 
parts of polymer matrix and hydrolyze the ester bonds (De Jong et al., 
2001). After this stage, the degradation rate decreases due to the higher 
crystallinity of the polymer. On the other hand, the increased number of 
carboxylic acid chain ends in the core of the polymer matrix results in 
autocatalytic hydrolytic reactions which accelerate the polymer degra
dation (Lin and Anseth, 2013). Herein, in the case of PLA microparticles 
of 2.00–3.00 mm, the crystallinity degree remained almost constant 
(36–38 %) after enzymatic treatment, while increased up to ~ 36 % in 
the case of 0.30–0.75 mm microparticles in both enzymatic activities 
used. It seems that lipase enzyme degrades more efficiently the micro
particles with lower crystallinity degree and particle size, a result that 
totally agrees with the related literature. Specifically, Hino et al (Hino 
et al., 2023) who studied the effect of particle size on enzymatic hy
drolysis and seawater biodegradation of PLA found that each 

Fig. 2. Morphological, chemical and crystallographic modifications of PLA microparticles with size 2.00–3.00 mm. A) SEM images of the surface of untreated and 
enzymatically-treated PLA microparticles of 2.00–3.00 mm with lipase enzyme activity of 11,250 U/mL at pH 8.0 after 28 days. B, C) ATR-FTIR spectra of untreated 
and enzymatically-treated PLA microparticles of 2.00–3.00 mm with different lipase enzyme activities at pH 8.0 for 28 days. D) XRD curves of untreated and 
enzymatically-treated PLA microparticles of 2.00–3.00 mm with lipase enzyme activity of 2,425 U/mL and 11,250 U/mL at pH 8.0 after 28 days.
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biodegradation process was accelerated when smaller particle size was 
used, since the smaller size favored the contact between the enzymes/ 
microbes and tested materials. In addition, it has been demonstrated 
that a small reduction in the crystallinity degree improves the enzymatic 
accessibility to a polymer increasing the degradation efficiency 
(Giraldo-Narcizo et al., 2023). The analysis of liquid broth by using 
HPLC-RID for lactic acid identification was also performed for the 
treated PLA microparticles with the highest enzymatic activity i.e., 
11,250 U/mL at pH 8.0 after 28 days of treatment. In those experiments, 
lactic acid was not detected, thus demonstrating that the initial crys
tallinity of the material plays an important role in bioprocess efficiency.

4. Conclusions

This work represents a comprehensive study for morphological, 
physicochemical and crystallographic changes during the enzymatic 
biodegradation of PLA materials revealing that the use of microbial 

enzymes could provide an effective and eco-friendly solution for 
addressing the end-of-life challenges of bioplastics. We demonstrate that 
lipase enzyme from Aspergillus oryzae is able to depolymerize PLA ma
terials without any pretreatment method at temperature of 37℃. 
Changes in surface morphology of the PLA films as well as increased 
hydrophilicity of PLA surface were observed after enzymatic hydrolysis. 
ATR-FTIR analyses also proved the hydrolysis of lactic ester bonds of 
PLA after 28 days whereas all the chemical modifications occurred led to 
an increased crystallinity of the PLA films after enzymatic treatment due 
to the degradation of the amorphous phase. Moreover, we saw that the 
conversion of PLA to lactic acid increases when higher lipase enzyme 
activity is applied for biotreatment with conversion efficiencies ranging 
from 3–9 %. The enzymatic degradation of two different size ranges of 
PLA microparticles was also confirmed. Our results offer new insights 
into chemical recycling technology regarding the bioconversion of 
polymeric wastes into their building blocks and provide sustainable 
solutions for bioplastics incorporation into composting process.

Fig. 3. Morphological, chemical and crystallographic modifications of PLA microparticles of 0.30–0.75 mm. A) SEM images of the surface of untreated and 
enzymatically-treated PLA microparticles of 0.30–0.75 mm with lipase enzyme activity of 11,250 U/mL at pH 8.0 after 28 days. B, C) ATR-FTIR spectra of untreated 
and enzymatically-treated PLA microparticles of 0.30–0.75 mm with different lipase enzyme activities at pH 8.0 for 28 days. D) XRD curves of untreated and 
enzymatically-treated PLA microparticles of 0.30–0.75 mm with lipase enzyme activity of 2,425 U/mL and 11,250 U/mL at pH 8.0 after 28 days.
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