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known from the literature by means of a
Design of Experimental.

e Non-enzymatic and enzymatic degrada-
tions are studied at the same time.

e A flux diagram highlighting all these
parameters, with their hirerchization.

o An illustrated mechanism showing, step
by step, how the two types of degrada-
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e Plastics  degradation understanding
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ABSTRACT

Plastic pollution persists due to polymers’ resistance to depolymerization, making eco-design and enzymatic
recycling essential for sustainability. However, understanding plastic depolymerization is complex, and studies
often separate enzymatic from non-enzymatic degradation, despite their interconnectedness in practice. This
study aims to simplify this process, unifying key factors into a single mechanism using polylactide (PLA) as a
model. We demonstrate that the local glass transition temperature of the soaked material (Tz) —a novel
parameter—is the central factor enabling chain mobility for enzyme interaction, with chain mobility as the
primary driver in degradation. Enzymatic hydrolysis initiates perforation, triggering non-enzymatic depoly-
merization when chain-end density is sufficient. This unified mechanism complements enzymologists’ work,
providing an innovative pathway to optimize enzymatic plastic recycling and accelerate polyester degradation
under practical conditions.
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1. Introduction

The role of plastics in modern society is undeniable. Their versatility,
low cost, and superior mechanical properties, particularly lightness,
make them indispensable across industries. However, the current plas-
tics model is unsustainable [1,2]. Plastics are at the center of environ-
mental and health concerns, mainly due to (1) their production from
fossil resources and (2) improper waste management, leading to accu-
mulation in ecosystems. This depletion of fossil fuels, coupled with
persistent microplastic pollution, poses significant challenges [3,4].
While the reliance on petroleum is being addressed by bio-based poly-
mers (e.g., bio-polyethylene terephthalate (Bio-PET), polylactide (PLA),
bio-polypropylene (Bio-PP), bio-polybutylene succinate (Bio-PBS)),
projected to grow to 9.3 million tons by 2027 [5,6], the primary chal-
lenge remains end-of-life management. Plastics’ durability, advanta-
geous during use, results in environmental persistence as microplastics,
with evident detrimental impacts [7-9].

Consequently, both scientific and political communities promote a
circular economy, valuing waste as raw material for new plastics [5,10].
Chemical recycling, particularly enzyme-catalyzed hydrolysis, emerges
as a promising method [11, 12]. Carbios has demonstrated industrial
feasibility for enzymatic poly(ethylene terephthalate) (PET) recycling
[13]. Enzymes enable depolymerization using water as a solvent, at
mild temperatures, with high substrate selectivity, avoiding additional
sorting. This bio-inspired recycling mimics nature’s enzymatic degra-
dation of polymers [14]. Enzymatic depolymerization is also critical in
biodegradable plastics, offering potential to prevent microplastic for-
mation if the process is sufficiently rapid [15-17].

In a circular economy context, depolymerization represents the most
effective route for plastics. Returning polymers to their monomers could
enable a truly sustainable approach. However, optimizing plastics for
enzymatic depolymerization requires eco-design, considering end-of-life
factors. Numerous parameters influence enzymatic hydrolysis, compli-
cating our understanding of this process and eco-design success (Fig. 1).

The objective of our study is to unify the most relevant parameters in
a way to sustain a successful eco-design approach, highlighting unified
multi-factor process. As a model polymer, PLA was herein selected to
study both enzymatic and non-enzymatic depolymerizations. Indeed,
despite the existence of dozens of enzymes capable of degrading PLA, it
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is resistant to depolymerization, resulting in the formation of micro-
plastics. This clearly shows that scientists lack knowledge of the mech-
anism that exists between a solid polymer and the enzyme. Moreover,
polylactide is the most produced biobased plastic thanks to its superior
tensile strength and modulus, with an annual production that is ex-
pected to increase from 300,000 to 3000,000 tonnes by 2027 [6].
However, PLA biodegradation is only achievable in industrial com-
posting environments, generating debate on its classification as a "green"
material [18]. Another advantage of PLA is its synthesis from two
monomers, L-lactide (PLLA) and D-lactide (PDLA), influencing me-
chanical properties. Typically, as the amount of D-monomers relative to
L-monomers increases, PLA is less able to crystallize.
Nano-reinforcements are commonly used to tailor PLA’s properties for
specific applications. As a polyester, PLA undergoes hydrolysis via ester
bond cleavage, forming alcohol and carboxylic acid, which accelerates
hydrolysis through acid autocatalysis [19, 20]. The process, extensively
studied, follows an exocision mechanism where end-chain esters (a-es-
ters) hydrolyze faster than internal chain esters (B-esters) [19]. Factors
such as water absorption, oligomer diffusion, and sol-
ubility—determined by PLA’s molar mass and crystallinity—govern
hydrolysis, leading to surface or bulk degradation [20, 21]. In contrast,
enzymatic hydrolysis of PLA has received less attention [22, 23]. While
dozens of enzymes, primarily hydrolases (e.g., esterases, cutinases, li-
pases), can degrade PLA, it is considered non-biodegradable under
natural conditions [15]. Enzymatic hydrolysis is faster in amorphous
regions than crystalline ones [24], but only surface crystals can degrade
by enzyme [25-27]. Proteinase K has been reported as a highly effective
enzyme for PLA degradation, preferentially cleaving f-ester bonds along
the polymer chain, highlighting its endoenzyme nature [28, 29]. Key
studies from the 2000s further demonstrated that enzyme adsorption,
surface hydrophilicity, and nanomechanical reinforcement affect
degradation rates [30-32].

Another challenge that hinders the success of eco-design is that the
scientific literature on

polyester hydrolysis is still divided into enzymatic and non-
enzymatic studies. To the best of our knowledge, these two types of
degradation have never been examined simultaneously. However,
existing literature demonstrates that the morphological and chemical
changes in the material vary significantly during hydrolytic
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Fig. 1. Main parameters involved in polyester hydrolysis. Hydrolysis can be enzymatic (interphase liquid/solid) or acidic (bulk), and both types of catalysis can occur

simultaneously.
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degradation, regardless of whether it is enzyme-, base-, or acid-
catalyzed. These changes during material breakdown could potentially
allow for other types of catalysis to occur, a possibility that has never
been considered before.

Upon the type of degradation, there are several behaviors reported:
(a) due to the enzyme large size, it cannot penetrate between the bulk
PLA chains, meaning the PLA-enzyme interaction occurs predominantly
at the water/material interface [30]; (b) non-enzymatic surface hy-
drolysis is negligible compared to surface enzymatic hydrolysis.
Furthermore, Michel Vert’s work in the 1990s demonstrated that sam-
ples thinner than 0.5 mm preferentially degraded in bulk [33]; (c)
non-enzymatic bulk hydrolysis can only be acidic. While a few hydroxyl
ions may cleave some ester bonds, acidic ions are quickly generated
within the material, favoring acidic autocatalysis in bulk. On the surface,
where the pH is buffered to 8, basic hydrolysis is considered negligible
compared to enzymatic hydrolysis, which can cleave the chain at any
point (B-ester bonds) [28], unlike non-enzymatic catalysis, which
operates via an exocision mechanism (a-ester bonds) [19]. This means
that for a commercial PLA with a molecular weight of around 40,
000 g/mol (72 g/mol per repeating unit), proteinase K is approximately
500 times more likely able to find the correct substrate ($-esters) than
hydroxyl ions (OH") or hydronium (H30™) ions are to find theirs (a-es-
ters). This is why, in this study, we consider only two catalysts: pro-
teinase K at the solid/liquid interface and H30™ in bulk.

Our aim was to highlight the physical parameters that prevent PLA
from degrading rapidly, despite its promising chemical structure for the
living world. This is why the research hypothesis is primarily grounded
in the premise that, during enzymatic catalysis, an entire segment of a
polymer chain must disengage from its neighboring segments to effec-
tively interact with the enzyme’s active site. This suggests that the solid/
liquid boundary is not as well defined as previously thought, indicating
the existence of a semi-dissolved phase that possesses sufficient mobility
to interact with the enzyme’s active site at the material’s surface.

The objective of this paper is to unify all the parameters influencing
polyester hydrolysis into a single framework, proposing a coherent
mechanism that encompasses both enzymatic and non-enzymatic hy-
drolysis. To achieve this, we first need to understand the in-
terconnections between these parameters, specifically how they
influence one another. In this study, the properties of nanochitin (NCh)
are explored to introduce acidic species directly into the material bulk,
enhancing acidic hydrolysis. Chitin, a structural polysaccharide derived
from crustaceans and insects, was first identified by French chemist
Auguste Odier in 1823 [34] . Exhibiting antimicrobial properties, chitin
has found applications in food packaging [35], and its fungal inhibition
and barrier properties have been studied in PLA/NCh samples [36, 37].
Recent advancements in chitin extraction and surface functionalization
techniques have popularized NCh [38]. Recognized and processed by
microorganism-derived enzymes, particularly marine-origin enzymes,
chitin is widely regarded as an eco-friendly additive [39-41]. The choice
of NCh as an additive was driven by several criteria: the additive had to
be chemically modifiable to introduce acidic functionalities,
eco-friendly, and improve material properties within the context of
eco-design. For instance, mechanical reinforcement should serve as a
"depolymerization-inducing" additive [42]. Carbohydrate-based sub-
stances, such as natural fibers [43, 44], and protein-based substances
that trigger protease secretion [45], have shown promise. Among these,
NCh have demonstrated good mechanical reinforcement in PLA [36,
46-48] and biodegradability [39, 44].

To achieve these objectives, various PLA formulations were metic-
ulously prepared, taking into account several critical factors: the
manufacturing method (either solvent or melt casting), the type of PLA
used upon the D-content (whether amorphous or crystallizable), and the
inclusion of additives that introduce acidic functionalities into the ma-
terial. Different formulations were thereby developed, including non-
functionalized NCh (NCh-HCI), and lactic acid-functionalized NCh
(NCh-Lact). The capacity of these formulations to release acidic species
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was thoroughly assessed. Given that these nanocrystals are recognized
as effective nucleation agents, we employed two types of PLA: amor-
phous and crystallizable. This approach was essential because crucial
properties, such as the glass transition temperature (Tg), water absorp-
tion, and surface morphology, can be significantly influenced by the
crystallization process. The sample hydrolysis was examined in the
presence of proteinase K, a well-established enzymatic system known for
its efficiency in rapidly depolymerizing PLA.

2. Materials and methods
2.1. NCh synthesis

Non-functionalized NCh (NCh-HCI), lactic acid-functionalized NCh
(NCh-Lact) were prepared as described by Magnani et al. in 2022 [49].
The size of nanochitin was measured by Scanning Transmission Electron
Microscopy (STEM). A drop of solution was deposited on a copper grid
covered with a thin layer of carbon. After drying, images are taken under
a Hitachi SU8020 scanning electron microscope equipped with a trans-
mitted electron detector, at a voltage of 30 kV. The functionalization
was verified by FT-IR.

2.2. Acidic species releasing from NCh

Nanocrystals were immersed (0.2 mg/mL) in 3 mL of deionised
water at 37 °C during 4 days. Then, each media was centrifuged at
20,000 g for 5min to wash the nanocrystals. After two successive
washes, the supernatant (2 x1.5 mL) was retained, and the nanocrystals
were freeze-dried. FT-IR analyses was performed on the nanocrystals,
and the conductivity was measured on supernatant with SI Analytics Lab
945 equipment.

2.3. Samples preparation

PLA 4060D and PLA 4032D were supplied by NatureWorks. Ac-
cording to the manufacturer, PLA 4060D contains 10 % of D-lactide and
PLA 4032D contains 1.7 % of D-lactide. Both have a number average
molecular weight (M) of approximately 70,000 g/mol (relative to GPC
polystyrene calibration). The technical grade chloroform was supplied
by Sigma Aldrich.

To perform solvent cast samples, PLA (amorphous PLA 4060D (10 %
D-lactide) or crystallizable PLA 4032D (1.7 % D-lactide)) and NCh
(mixture = 1.8 g) were solubilized under magnetic stirring in 30 mL
chloroform. After adequate NCh dispersion (three hours), the solution
was poured into a small crystallizer (diameter 7 cm). A larger crystal-
liser is turned upside down over the smaller one. The setup was placed
on two layers of paper towels to slow chloroform evaporation over 10
days. Subsequently, films were placed under vacuum at 40 °C, and the
temperature was increased by 5 °C every hour until reaching 110 °C. The
samples are cooled to room temperature under vacuum. Detaching the
films from the crystallizer required freezing the amorphous PLA films at
—20 °C and scraping the edges. The films made with crystallizable PLA
detached easily. Rectangles (2 cmx1 cm) were cut with a paper cutter
(Dahle - Professional guillotine paper cutter 533, 13 3/8 in equipment).

To prepare melt cast samples, PLA and NCh were preliminary mixed
by solvent casting in chloroform to protect nanocrystals prior to extru-
sion heat and films were dried under vacuum at 110 °C. Then, films were
cut into small pieces (about 1 cm?) before extrusion (DSM Miniextruder
15¢c, 180 °C, 3 min at 30 rpm and 2 min at 60 rpm). Extruded formu-
lations were cut into small pieces (about 3 mm), then dried in vacuum at
60 °C before compression molding (Carver 4120 hydraulic press equip-
ment) at 180 °C during 5 min (1.4 g in mold (450 um x 5 cmx5 cm),
2 min contact, 1 min 3 tons, 1 min 5 tons, 1 min 7 tons, degassing every
30 seconds). Rectangles (2 cmx1 cm) were cut with a paper cutter
(Dahle - Professional guillotine paper cutter 533, 13 3/8 in equipment).

Several missing samples among those prepared by melt casting are
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due to an insufficient quantity of nanochitins remaining for their prep-
aration, due to technical reasons. To avoid introducing variability into
the experimental design, we chose not to produce a new batch of
nanochitins. For this reason, the experimental design results do not
include any samples at 3 %: even the solvent-cast samples at 3 % were
entirely removed from the experimental plan.

2.4. Immersion in (non)-enzymatic solution

First, samples were immersed in enzymatic solution (0.2 mg/mL
proteinase K (Zellbio ZXB-06-107, 28,500 Da, activity > 30 U/mg), pH
= 8.0 (TRIS HCI buffer 0.1 M)) at 37 °C for 4 days. Moreover, the
enzymatic solution was changed every 24 hours to ensure constant
enzymatic activity. In parallel, these formulations were also immersed
under the same conditions but without any enzyme. After immersion,
samples were cleaned with desionised water, then dried in oven under
vacuum at 25 °C for 2 days. The mass loss and the molar mass loss were
measured.

After this initial immersion in enzymatic solution, the samples (about
1 cm?) were re-immersed under exactly the same conditions, but
without the enzyme (only two replicate). Beforehand, the samples were
dried overnight at 110 °C to remove any water that might have adhered
during storage, and to ensure that no active enzymes remained on the
sample surface prior to immersion in non-enzymatic solution. After
immersion, samples were cleaned with desionised water, then dried in
oven under vacuum at 25 °C for 2 days. The mass loss was measured.

To assess the effect of factors such as manufacturing, crystallization
rate, type of PLA, NCh type and NCh weight%, on the measured response
(mass loss or molar mass loss), we compared specific sample populations
according to the method of Design of Experiments (DOE) by Taguchi
procedure [50].

When oligomers are formed and reach a sufficient size to be soluble
in the immersion media, they leave the material. This phenomenon is
called "erosion" and is assessed by measuring the material mass loss. The
mass of each sample was measured with analytical balance and was
calculated with Eq. 1.

Massy, —
S

Mass,s
Massss =

(€8]

With Massp,, = sample mass before immersion (mg)

With Mass,s = sample mass after immersion (mg)

With S = sample contact surface area with enzymatic solution,
measured with a caliper

To assess the chain size and oligomers still present in the material,
the molar mass was measured. Samples were analyzed by Gel Perme-
ation Chromatography (GPC). GPC analysis was performed in tetrahy-
drofuran at 35 °C using an Agilent liquid chromatograph equipped with
an Agilent degasser, an isocratic High Performance Liquid Chromatog-
raphy (HPLC) pump (flow rate = 1 mL/min), an Agilent autosampler
(loop volume = 100 pL, solution conc. = 2 mg/mL), an Agilent-DRI
refractive index detector and three columns: a PL gel 10 ym guard col-
umn and two PL gel Mixed-D 10 um columns (linear columns for sepa-
ration of MW ranging from 500 to 10,000,000 g/mol of polystyrene (PS)
used as standard). To evaluate the oligomer quantity inside the material,
GPC curves have been integrated over the whole curve to take account of
the presence of oligomers formed in the material, and calculate the My,
All the molar masses are relative to PS calibration. The molar mass loss
was calculated with Eq. 2.

Mnbe — Mnaf

Molar mass;s; =
M Npe

100% (2)

With Mnp, = M, of sample before immersion measured by GPC (g/
mol)

With Mny = M, of sample after immersion measured by GPC (g/
mol)

In order to highlight the impact of factors such as manufacturing, the
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PLA type, the crystallization rate, the NCh weight% and the NCh func-
tionalization, on the mass loss and molar mass loss, the data were treated
in the manner of a design of experiment. Table S1 shows which sample
populations were compared for each factor.

We name the response y as mass loss or molar mass loss. y and e are
defined as the mean response and standard deviation respectively, of the
formulation obtained from the responses of the replicates (y*, y* and y®).
Then, for each formulation, two other responses are calculated: y~ =y -
e, and y© =y + e. To summarize, we transform y', y? and y* into three
other values y~, y and y*, whose y means are equal and where y is always
centered between y~ and y*. Values are shown in tables S2 and S3.

To assess the effect of factors such as manufacturing, crystallization
rate, type of PLA, NCh functionalization and NCh weight%, on the
measured response, we compared specific sample populations according
to the method of Design of Experiments (DOE) by Taguchi procedure
[50]. For example, the effect of manufacturing was evaluated by
comparing amorphous solvent cast samples (code Sa...) and amorphous
melt cast sample (code Ma...).

To assess the manufacturing effect, simply compare Ys, and Yjz,
where Yg, is the average of the y responses of samples with code Sa and
Yuq is the average of the y responses of samples with code Ma. The
standard error of Yg, is calculated with Eq. 3. With the same principle, it
is possible to calculate the effect of crystallization rate, the %D-Lactide,
the functionalization of NCh and the NCh weight%.

Sterror of You = Yo — Ysa= VYsu— Yy &)

Where Yy, is the average of y responses of Sa population samples.

Where Y{, is the average of y'" responses of Sa population samples.
It’s the high average.

Where Yg, is the average of y~ responses of Sa population samples.
It’s the low average.

2.5. Samples characterization

2.5.1. Scanning electron microscopy

The material surface morphology was assessed qualitatively by
Scanning Electron Microscopy (SEM) before and after hydrolytic
degradation. The pictures were taken on the surface (top view) and on
the cross section (edge view) of samples with 0 and 2 % of NCh-Lact. For
the cross section, the samples were immersed in liquid nitrogen for a few
minutes and then manually fractured. Then, a 5 nm tungsten deposit
was sputtered onto the samples using a Leica ACE 600 equipment. Pic-
tures were acquired in a Hitachi SU8020 scanning electron microscope,
using SE(L) and SE(U) as Secondary Electron detectors, at voltages of
3kVand 5 kV.

2.5.2. Water uptake

Squares immersed in 5 mL TRIS-HCI buffer 0.1 M (pH = 8.0) during
4 days at room temperature. After immersion, the samples were
immediately wiped with paper then weighed. Then, samples were dried
for 48 hours under vacuum at room temperature, and then at 80 °C for
48 hours. After drying, the samples were weighed again. The water
uptake (% by weight) in the material was calculated using Eq. 4.

Mass?

Massb, —
dry Y 100% [€))

Water uptake = e
Massgy,

With Massgfy: sample mass before drying

With Massgfy = sample mass after drying

2.5.3. Differential Scanning Calorimetry

The chain mobility (and thus their accessibility for the enzyme) in
the amorphous region was assessed by measuring the Tg on samples of
about 5 mg immersed in TRIS-HCI buffer 0.1 M pH= 8.0 during 4 days
at room temperature using TA DSC Q2000 equipment. The DSC were
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carried out under Ny atmosphere at 20 °C/min in hermetic pan. The
soaked sample was put in hermetic pan with 5 pL of buffer. In the
reference pan, 5 uL of buffer was put also. In parallel, the dry material T
was measured in the same conditions, but without buffer in the pan.
Moreover, the crystallinity rate was calculated by DSC (10 °C/min, first
heat cycle) with Eq. 5.

Am — A
Cryst. = % 100% ®)
With Am = melt enthalpy measured by DSC (J/g)
With Ac = cold crystallisation enthalpy measured by DSC (J/g)

With Al%% = melt enthalpy of pure crystal of PLA (93 J/g) [48]

2.5.4. X-ray diffraction

The chain accessibility in the crystalline region was assessed by XRD.
XRD analysis was carried out with a Panalytical Empyrean diffractom-
eter with an area detector operating under Cu Ka radiation (1.5418 A,
40 kV, 40 mA). By XRD, the crystallinity rate calculation was inspired
from the method of Hsieh et al in 2020 [51] (Fig. S1).

3. Results and discussion
3.1. Identifying early trends: Immersion in enzymatic solution

PLA/NCh samples were prepared by melt casting or solvent casting
in the presence of functional (NCh-Lact) and non-modified NCh (NCh-
HCI) [49] (Table 1). The average NCh-HCI length was estimated at 215
+ 50 nm and that of NCh-Lact was estimated at (226 + 46) nm (based
on 11 representative samples) using Transmission Electron Microscopy
(TEM) (Fig. S2). The Fourier Transform-Infrared Spectroscopy (FT-IR)
confirmed the successful NCh functionalization and show the NCh-lact
capacity to release acid species unlike NCh-HCl (Fig. S3), where the
structure of nanocrystals were detailed.

The PLA/Nch sample thickness was measured by Scanning Electron
Microscopy (SEM) after cryofracture on samples with 0 or 2 % of NCh-
Lact, and was 418 + 56 um. The sample mass before immersion was
106 + 9.7 mg (Fig. S4).

Fig. 2 A depicts the sample visual characteristics (only the first
replicate) before and after immersion in enzymatic solution. Following
immersion, the samples exhibited an increase in opacity. Previous
studies have investigated the evolution of opacity in these PLA-based
materials, revealing that several factors contribute to this phenome-
non, including: (a) light scattering due to water presence [52]; (b) the
formation of degradation products during hydrolysis [53]; (c) the
development of surface roughness due to the emergence of voids during
degradation [53, 54]; and (d) an increase in the polymer matrix crys-
tallinity [55] . Notably, our samples were dried prior to immersion, and
the crystallinity remained unchanged throughout the immersion process
(approximately 0 % or 45 % as measured by Differential Scanning
Calorimetry (DSC) [56] and confirmed by X-Ray Diffraction (XRD)
(Fig. S1) [51]. This suggests that the observed surface opacity primarily
results from the presence of degradation products within the material,
along with potential alterations in surface roughness induced by enzy-
matic degradation.

Fig. 2 B and C illustrate the changes in mass loss and molar mass loss
as a function of the NCh concentration within the polymer matrix, as

Table 1
Sample codes. Each formulation was prepared in 3 replicates. “a” = amorphous
PLA and “c” = crystallizable PLA.
Manufacturing PLA NCh NCh weight
S = Solvent casting a =10 % D-lactide H = NCh-HCl 0% =PLA
M = Melt casting ¢ = 1.7 % D-lactide L = NCh-Lact 1%
2%
3%
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well as their respective functionalization. Notably, no significant alter-
ation in mass or molar mass were observed in samples immersed in the
absence of proteinase K. Overall, the NCh incorporation resulted in
increased mass loss and molar mass reduction, with a pronounced effect
in samples prepared via solvent casting. This finding suggests that the
solvent casting method facilitates bulk degradation, particularly for
NCh-Lact, thereby enhancing the polymer’s susceptibility to hydrolytic
processes.

Fig. 2 D consolidates the mass loss data, elucidating the primary
factors influencing the hydrolytic degradation of PLA in the presence of
enzymes. The dominant factors identified include the manufacturing
method, the crystallization rate, and the NCh weight%. Notably, the
percentage of D-lactide within the PLA matrix emerges, alone, as a
negligible factor within the studied range (<10 % D-lactide), although
proteinase K is unable to hydrolyze D-unit of PLA [28]. Furthermore,
the NCh functionalization with lactic acid proves to be significant only
when the samples are produced via solvent casting.

Fig. 2 E aggregates the data on molar mass loss. Similar to the trends
observed in mass loss, the primary factors influencing molar mass loss
are the manufacturing method the crystallization rate, and the NCh
weight%. The corresponding GPC curves are presented in Fig. S5.

The most significant trends observed include the influence of the
manufacturing method (solvent versus melt casting), the crystallinity
rate (well-documented in the literature[57, 58]), and the presence of
NCh. The NCh incorporation facilitates greater mass loss, even when the
molar mass remains constant during immersion. This suggests that
degradation occurs primarily at the surface rather than in the bulk,
particularly in samples prepared via melt. Consequently, NCh enhances
bulk degradation through acidic catalysis—an effect that is amplified in
samples prepared by solvent casting or those featuring functionalized
NCh. Furthermore, it also promotes surface degradation via enzymatic
catalysis. Given that samples produced through solvent casting
demonstrate more advanced bulk degradation, they appear to be more
susceptible to non-enzymatic hydrolysis compared to their melt-cast
counterparts. Notably, NCh-Lact enhances acidic hydrolysis by
releasing acidic species (Fig. S3); however, the NCh specific role in
enhancing enzyme catalysis remains to be elucidated.

To advance our understanding, we aim to (a) investigate why certain
samples exhibit greater "accessibility" to the enzyme, (b) identify the key
parameters through which manufacturing methods and the presence of
NCh-Lact enhance PLA hydrolysis, (c) discern why the NCh impact is
more pronounced in samples prepared by solvent casting, and (d)
demonstrate that solvent-cast samples can undergo hydrolysis without
the presence of an enzyme, unlike those produced by melt casting.

3.2. Identifying the most accessible samples for the enzyme

The specific surface area is widely recognized as a crucial factor in
the degradation processes of materials [30]. In this study, we qualita-
tively assessed the specific surface area using SEM on both the surface
and cross-section of cryo-fractured samples (Fig. 3 and 4). Notably,
samples immersed without proteinase K exhibited no significant changes
in surface morphology (Fig. S5 and S6).

Fig. 3 displays SEM images of amorphous PLA samples, taken before
immersion (cross-section) and after immersion (both cross-section and
surface). Collectively, images indicate that the degraded samples exhibit
a "sponge-like network structure," a phenomenon previously observed
by Kurokawa et al. in 2008 [59]. Importantly, the enzyme does not
merely act on the surface; it penetrates the material, creating a network
of galleries at varying depths. While non-enzymatic degradation pri-
marily occurs within the bulk, enzymatic degradation is characterized
by a perforation mechanism, where hydrolysis occurs at the water/-
material interface and can extend into the material due to the galleries
formed by the enzyme (deep perforation). It is essential to note that even
when degradation is confined to the surface (as exemplified by the
MaPLA sample) the enzyme continues to operate via a perforation
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Fig. 2. Immersion in enzymatic solution (0.2 g/L proteinase K, pH = 8.0) at 37 °C during 4 days. A Sample visual aspects before and after immersion (only first
replicate); Mass loss (solid lines) and molar mass loss (dotted lines) depending on the NCh weight% of B 10 % D-lactide PLA samples and of C 1.7 % D-lactide PLA
samples; Design of experiment [50] : effects of manufacturing (black), crystallization rate (pink), PLA type (gray), NCh type (green) and NCh weight% (yellow) on D

the mass loss and on E the molar mass loss.

mechanism (superficial perforation).

As illustrated in Fig. 3 the NCh effect and the manufacturing method
on the enzymatic degradation of PLA is pronounced. Solvent casting, in
conjunction with the presence of NCh, significantly facilitates the en-
zyme’s ability to penetrate the material. This enhanced perforation
likely results from increased chain accessibility, allowing the enzyme to
interact more rapidly with the polymer chains and thereby accelerating
the degradation process.

Fig. 4 presents SEM images of crystallizable PLA samples. In the case

of amorphous materials (McPLA and McL2%), the results mirror those
observed in MaPLA and MaL2% (Fig. 2) with the perforation mechanism
remaining primarily superficial. However, when transitioning from
amorphous (SaPLA in Fig. 3) to semi-crystalline (ScPLA in Fig. 4), the
enzyme’s perforation appears to be hindered (absence of galleries). This
reduced accessibility arises from the significantly lower chain mobility
within the crystalline regions compared to the amorphous domains,
which fosters interaction between the polymer chains and the enzyme
[24, 60]. Notably, the introduction of 2% of NCh-Lact (ScL2%
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Fig. 3. Immersion in enzymatic solution (0.2 g/L proteinase K, pH = 8.0) at 37 °C during 4 days: Scanning Electron Microscopy (SEM) pictures of samples prepared
with amorphous PLA (containing 10 % D-lactide) before (cross section) and after immersion (cross section and surface). The depth perforation is shown in yellow
(um), and the mass loss is reminded. Sample codes are shown in Table 1. SEM pictures of the samples surface before immersion are shown in Fig. S6. The crystallinity

rate (Cryst.) was measured by Differential Scanning Calorimetry (DSC).

compared to ScPLA in Fig. 4) markedly alters the surface and
cross-sectional morphology prior to degradation, as NCh serves as
nucleation points [61] . This enhancement of specific surface area results
in a greater quantity of enzyme adsorption onto the material [30].
Before immersion, the ScL2% sample surface appears highly irregular,
featuring deep chasms that likely contribute to the significant perfora-
tion depth (124 pm), in contrast to other samples which exhibit depths
of less than 30 pm.

It is crucial to emphasize that perforation depth alone does not
dictate the measured mass loss. For instance, the SaL2% sample (Fig. 3)
shows a perforation depth of 27.5 um, correlating with a mass loss of
12.33 £ 0.03 mg/cm?, while the ScL2% sample (Fig. 4), exhibiting a

perforation depth of 124 um, has a mass loss of 11.33 + 0.15 mg/cm?.
This observation suggests that other hydrolytic mechanisms, such as
non-enzymatic degradation, are facilitated within the amorphous
regions.

3.3. Key parameters in enzymatic and acidic hydrolysis

After initial immersion in enzymatic solution, the samples were re-
immersed under exactly the same conditions, but without enzyme
(only two replicate) during 4 days, to highlight which samples are able
to continue degradation without enzymes (Fig. S8).
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3.3.1. Water uptake

The findings presented in Fig. 2 suggest that NCh facilitates the
entrapment of oligomers within the material, as indicated by the
decrease in the M,, which is characteristic of non-enzymatic bulk
degradation. This degradation pathway is favored when water readily
diffuses through the material, enhancing water uptake [20]. To eluci-
date the factors influencing water uptake in various PLA/NCh formu-
lations, we measured the water absorption by weight before any
degradation. The study of the influence of pH on water uptake was not
considered, as it is in fact the ionic force of the media that is involved,
and not the pH itself [62].

Initially, Fig. 5 A illustrates water uptake as a function of sample

formulation. The manufacturing method (Sa samples vs. Ma samples)
and the crystallinity rate (Sa samples vs. Sc samples) emerge as the most
significant determinants. This may be due to the fact that the hydro-
philic carbonyl groups “point” towards the surface when the solvent
evaporates during solvent casting sample preparation, due to the hu-
midity in the air. The surface of these samples is then more hydrophilic
than their melt-cast counterparts, facilitating plasticization of the water
and thus interaction with the enzyme. Furthermore, the NCh function-
alization and its concentration within the material exert a substantial
influence on water uptake, particularly in samples produced via solvent
casting. Specifically, samples prepared by solvent casting that incorpo-
rate NCh-Lact demonstrate higher water absorption, which correlates



S. Dufour et al.

Journal of Hazardous Materials 494 (2025) 138544

A 9% 18
8% 16
7% 14
=
o 6% Vs 12 mmm Water uptake
S 5o 1 = Mass loss during enzymatic hydrolysis
g 5% z - 10 g genzy ydroly:
=] o Mass loss during non-enzymatic hydrolysis
D 4% 8 )
57 2 —— Totalmass loss
= 3% 6 3
2% ‘ 4 <D
1% A ALY I I il I 2
/
0% A 1 I I I I L‘«iwg.g— 2T 0
TEISRRE ITSLISLY IILLY <2888
AONOAN® FAANNOAN®O FANASN FoAANANO
SELL=zz gLLtitosg SLiss O558303
PFZonn P2Fzanon =2ZIss =ZLLsss
18
60
B 16
50 /1 14
LA
/ \/ / 12 5 T
o 40 N\ L @ -
’9: 4+ T1 10 5 - Tgs
30 s & —— Media température (37 °C)
3 Mass loss during enzymatic hydrolysis
20 6 g - Mass loss during non-enzymatic hydrolysis
s = Total mass loss
10 11'»" | 2
0 AL Sl 0
TR IS8 SR8 SIERELR
age209% 292099 aggady affadq9y
F333888 8838383 2ggse =ggeEse
18
60000 -
C I I I I I I I g 16
I1 ’1 II E r
50000 i L 14
=2
3 12 3 M, before enzymatic hydrolysis
£ 40000 — @ : 4
= ] p |/ N~ 10 & wmm M, after enzymatic hydrolysis
~ w
= 30000 . » —— M,threshold (~40,000* g/mol for PLA)
8 033 Mass loss during enzymatic hydrolysis
ps ; : !
20000 6 3 — Mass loss during non-enzymatic hydrolysis
~— —— Total mass loss
4
10000 AT ”
{ 111 ;
0 | LS L TN 0
TR TR SERER IEERERER
ACNO—TN®O FAAOAN® FoddNAN FodN—N®
sTITIsss 35552900 SEtLtss &5L5gooo
PRARO0N PEHEAAA =ZI55 2233

Fig. 5. Key parameters influencing the enzymatic and non-enzymatic hydrolysis of polyesters. The sample codes are shown in Table 1. The samples were first
immersed in enzymatic solution (0.2 g/L proteinase K, pH = 8.0, at 37 °C during 4 days), and then re-immersed under the same conditions, but without the enzyme.
A The material water uptake before any degradation; B The soaked material glass transition temperature (Tg) before any degradation; C The molar mass, which plays
a pivotal role in non-enzymatic hydrolysis through the exocision mechanism. These findings suggest the existence of a physico-chemical threshold state that governs
the onset of non-enzymatic hydrolysis: for polylactide (PLA), only samples with a molar mass below approximately 40,000 g/mol (*relative to GPC polystyrene

calibration) are capable of enzyme-free hydrolysis.

with enhanced degradation performance (Fig. 2). These findings un-
derscore the advantages of functionalization: the introduction of acidic
functionalities enhances the material’s hydrophilicity, promoting
greater water absorption and subsequently improving degradation. It is
well established that water acts as a plasticizer, further facilitating this
process [63]. Thus, NCh indirectly enhances the chain accessibility of
the amorphous region through water-induced plasticization.

Secondly, as indicated in Fig. 5 A, water uptake alone does not fully
account for the observed differences in degradation rates. For instance,
the Sc samples and the M samples exhibit similar enzymatic degradation
profiles despite significant disparities in water uptake. This suggests that
enzymatic degradation is predominantly influenced by the chain
mobility; sufficient chain mobility is necessary for effective interaction
with the enzyme’s active site. Therefore, it is essential to examine the
soaked material Ty to further understand these dynamics.

3.3.2. Glass transition temperature of soaked material (Tg)

The chain accessibility of the amorphous region was evaluated
through the T, of the soaked material (T;), by DSC (Fig. S9).

Fig. 5 B presents the T, of non-degraded samples, both unsoaked (Tg)
and soaked material (ng). Samples prepared by solvent casting (Sa...)
exhibit better chain mobility and, consequently, greater chain accessi-
bility than those produced by melt casting. This difference explains the
more efficient perforation observed in samples prepared by solvent
casting. Additionally, as expected, the crystallinity rate significantly
influences the T,: amorphous samples (Sa...) have a lower T, than their
semi-crystalline counterparts (Sc...). Notably, while NCh has no signif-
icant effect on the Ty, it does influence the Tg.

Fig. 5 B clearly shows that the amorphous samples prepared by
solvent casting (Sa samples) and immersed in the buffer exhibit a Tg
lower than the temperature of the surrounding media (37 °C). Conse-
quently, the enzyme interacts with chains capable of sliding each other,
allowing translational movement. At the material surface, it is
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reasonable to conclude that the enzyme operates in a semi-dissolved
state on the Sa samples, which made digging the gallery easier into
the material. These findings are consistent with the SEM images (Fig. 3)
that demonstrate the enzyme’s perforation: chain accessibility is
enhanced when samples are prepared by solvent casting. Furthermore,
the Tg elucidates how NCh enhances enzyme penetration. It is worth
pointing out that the T, recorded by DSC corresponds to an average
value for the entire analyzed sample. If a reduction is observed for the T,
it means that the polyester chains at and underneath the top-surface are
more "plasticized" by water molecules leading to a "local’ T appearing at
lower temperature with resptect to the values that would have been
measured lower in the core of the sample. Therefore, the reduction of the
overall ("average") Tg as recorded by DSC for the entire sample does not
represent the reduction of the Tg at the interface with water, which is
most likely more pronounced.

To our knowledge, the Tg has not been considered an essential factor
in the hydrolysis of materials. Until now, research has focused primarily
on the T, of dry materials. However, as shown in Fig. 5 B an additive like
NCh may not affect the dry material T—thus preserving mechanical
properties-but may have a significant impact on the soaked material Tg.
This finding illustrates the potential to enhance both the mechanical
properties and degradation characteristics of a material, challenging the
long-standing notion that these attributes are antagonistic in eco-design
approaches. Ultimately, the Ty emerges as a central key parameter in
polyester hydrolysis. More broadly, the Tg is crucial to all enzymatic
polymer degradation processes. Indeed, the T, which quantitatively
reflects the mobility of polymer chains, is a universal property of all
polymers. The mobility of chains located at the outermost surface of an
immersed material will inevitably differ from that of chains at the ma-
terial/air interface. Consequently, the enzyme perceives Tg, never the Ty
of the dry material. It is important to note, however, that highly hy-
drophobic materials may not experience such a decrease in T upon
immersion, as they cannot benefit from effective plasticization by water,
thereby limiting the enzyme penetration depth. Therefore, when
considering biodegradation at room temperature, the importance of Tg
relative to T, will be much more pronounced in high T, matrices such as
PLA or polyethylene terephthalate (PET) [64]. Conversely, polyesters
with a low Tg, such as polybutylene adipate terephthalate (PBAT) or
polybutylene succinate (PBS), are less constrained by their Ty because
their low Ty already allows for excellent biodegradation [65] .

Inputs What is measurable
A A
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3.3.3. Molar mass

The central key parameter in the non-enzymatic hydrolysis of poly-
esters is molar mass, specifically the chain end density. Acidic catalysis
operates via an exocision mechanism, where chain ends serve as the
primary reactants. Additionally, a higher chain-end density enhances
chain mobility, which in turn increases water permeability.

As highlighted by Tsuji and Hyon in the 90 s [66-68], non-enzymatic
hydrolysis accelerates significantly once the M, approaches approxi-
mately 40,000 g/mol for PLA (relative to GPC polystyrene calibration).
In our experiments, samples that attained this threshold during enzy-
matic degradation (referred to as Sa samples) were subsequently able to
degrade further in the absence of enzymes. By contrast, samples pre-
pared by melt casting, which primarily experienced surface degradation
during enzymatic hydrolysis, exhibited minimal degradation without
enzymatic assistance. This observation clearly indicates that enzymatic
hydrolysis occurs at the solid/liquid interface of the material, whereas
acidic hydrolysis takes place within the material bulk. Furthermore,
these findings suggest that enzymatic hydrolysis can serve as a precursor
to initiate non-enzymatic hydrolysis.

3.4. Key parameters interconnections

Fig. 6 illustrates the interconnections among various parameters
influencing both enzymatic and acidic hydrolysis of polyesters. We have
delineated the effects of solvent casting and the presence of NCh on the
parameters evaluated either directly or indirectly. These parameters
may facilitate the interaction between the enzyme and PLA at the ma-
terial scale, enhance the enzyme-PLA interaction at the enzymatic scale,
or promote non-enzymatic bulk degradation at the molecular scale. The
degradation types, highlighted in yellow, include both non-enzymatic
(bulk) and enzymatic (superficial or deep perforation). Ultimately, our
output encompasses mass loss and molar mass loss, where the phe-
nomenon of erosion refers to the reduction of oligomers to a size that
allows solubility in the media, thereby contributing to mass loss.

Regarding the influence of solvent casting method, our results indi-
cate that the manufacturing method (solvent vs. melt casting) is the most
significant factor affecting the mass loss of materials immersed in
enzymatic solution. Fig. 6 elucidates the physico-chemical parameters
through which solvent casting enhances the hydrolytic degradation of
PLA. On one hand, the solvent casting method facilitates crystallization,
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which can reduce the degradation rate, as crystalline regions are less
accessible and thus less mobile, limiting interaction with the enzyme’s
active site. Conversely, solvent casting substantially improves the
accessibility of amorphous chains (as indicated by the Tg) effectively
outweighing the adverse effects of crystallization on hydrolytic degra-
dation. Moreover, crystalline phases within the matrix tend to confine
the chains of the amorphous phase, restricting their mobility and
increasing the material’s Ty [27]. It is reasonable to assume that the
influence of crystals on T follows similar mechanisms. However, in
restricted amorphous regions between crystalline lamellae, water may
have a reduced effect on chain mobility due to the presence of crystals,
which partially immobilize multiple chain segments in these regions.
Regarding the NCh influence, it enhances both enzymatic and non-
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enzymatic hydrolysis of PLA by operating across all levels of the hy-
drolytic degradation process: material, enzymatic, and molecular scales.
At the material scale, NCh increases the specific surface area, particu-
larly when acting as nucleation points, thereby statistically elevating the
frequency of hydrolytic reactions occurring simultaneously. Addition-
ally, the presence of NCh promotes the crystalline o’ form of PLA, which
is more susceptible to hydrolysis than the o form (Fig. S10) [69, 70].
Furthermore, NCh enhances the material water uptake, facilitating
two types of catalysis. [1] The increased water uptake enables the
enzyme to create deeper galleries within the material. This effect is
primarily attributed to the plasticizing action of water on PLA, which
enhances chain mobility and thus facilitates enzyme perforation. The
galleries formed contribute to a greater specific surface area, thereby

3. Interaction in active site

A

4. Enzymatic hydrolysis
(endocision on surface)

Gallery dug by enzymes

8. Acidic hydrolysis

(exocision in bulk)

Acidic hydrolysis widens the gallery

Fig. 7. Polyester enzymatic hydrolysis mechanism: how key parameters intervene in the hydrolysis of a polyester, and how these key parameters enable enzymatic

hydrolysis (endoenzyme) on the surface to initiate acidic hydrolysis in bulk.
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benefiting both enzymatic and non-enzymatic hydrolysis. This obser-
vation explains the lack of degradation in samples absent of enzymes, as
the galleries created by the enzyme promote non-enzymatic hydrolysis.
[2] From a chemical hydrolysis perspective, NCh facilitates higher water
absorption into the material, especially when functionalized with lactic
acid. The water present in the material (augmented by the galleries
formed by the enzyme) hydrolyzes the NCh-Lact surface, releasing lactic
acid (Fig. S3) that becomes trapped within the material. This localized
acidity catalyzes hydrolysis, resulting in the formation of oligomers and
promoting acid autocatalysis of PLA.

Chain mobility emerges as a central parameter in exhibiting the most
connections to other parameters and comprising two critical positive
feedback loops: water uptake via plasticization and molar mass loss due
to increased chain-end density. Consequently, it is essential to consider
water uptake and molar mass as key parameters, as they are intrinsically
linked to the soaked material Tg. The relationship between Ty and Ty is
closely linked to water uptake: the greater the material’s ability to
absorb water, the more T; deviates from Tg. However, this relationship is
also influenced by the surrounding temperature. As the temperature
increases, chain mobility increases, facilitating higher water uptake,
which in turn further enhances chain mobility.

Lastly, local pH should also be regarded as a significant factor in the
non-enzymatic hydrolysis of polyester. However, local pH is directly
influenced by both water uptake and molar mass. Therefore, the effects
of local pH will manifest through those of water uptake and molar mass
loss. If significant quantities of acidic species are incorporated into the
matrix, for example through the addition of specific additives, then local
pH should be regarded as an additional key parameter.

3.5. Mechanism

Based on the comprehensive information gathered in this work, we
propose a coherent mechanism that highlights the key parameters
involved in the hydrolysis of a polyester, illustrated in Fig. 7. This
mechanism encompasses both enzymatic (endoenzyme) and non-
enzymatic (H30") hydrolysis of polyester, illustrating how enzymatic
hydrolysis can initiate non-enzymatic hydrolysis.

For enzymatic hydrolysis to occur, the Tz must be lower than the
media temperature (step 2), facilitated by water uptake (step 1). How-
ever, the assumption is made that the chains at the surface are always
sufficiently solvated (step 3) to undergo hydrolysis, even when the Tg
exceeds the media temperature. In essence, the local Tg is the critical
parameter in this context (step 3). Subsequently, the endoenzyme hy-
drolyzes the mobile chains (step 4), resulting in the production of an
alcohol and a carboxylic acid functional group. This enzymatic action
creates galleries (step 5) with increasingly hydrophilic walls, leading to
enhanced water uptake in the material (albeit locally), which further
promotes chain mobility and, consequently, enzymatic hydrolysis (step
6). For significant acidic hydrolysis to occur, a sufficient chain-end
density must be achieved (approximately 40,000 g/mol for PLA), as
the chain ends serve as the reactants. Additionally, the local pH must be
acidic, which is closely related to chain-end density through the pres-
ence of carboxylic acid groups (step 7). Ultimately, acidic hydrolysis
proceeds, releasing lactic acid and resulting in increased acidity and
chain mobility (step 8), thereby triggering autocatalysis.

This mechanism underscores a central parameter: chain mobility
linked to related chain-water interactions with the concomitant decrease
of local Ty and the water-soaked polymer interface. In enzymatic hy-
drolysis, the catalyst is relatively large, necessitating an entire segment
of a chain disengage from neighboring chains to interact with the en-
zyme’s active site. Conversely, in acidic catalysis, chain mobility be-
comes a less critical factor, as the reactions occur on a molecular scale.
The limiting stages of the proposed mechanism are steps 2 and 7.
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4. Conclusion

Understanding the enzymatic depolymerization of plastics is crucial
for enhancing biodegradability and facilitating enzymatic recycling. In
this pursuit, we investigated the influence of specific parameters—such
as the manufacturing method, type of PLA, and the addition of acidic
species on the depolymerization of a polyester during both enzymatic
and non-enzymatic degradation.

This study underscores the importance of considering these two
types of degradation concurrently. It is increasingly untenable to study
the enzymatic hydrolysis of a material without accounting for non-
enzymatic hydrolysis. Eventually, the measured mass loss reflects both
types of catalysis, rather than solely enzymatic hydrolysis. Conse-
quently, enzymatic degradation rates are often overestimated in litera-
ture. Enzymatic hydrolysis is highly sensitive to the local soaked
material T, while non-enzymatic hydrolysis is primarily influenced by
chain-end density and local pH in the bulk. In summary, the key pa-
rameters deemed most relevant and impactful on polyester hydrolysis
are the soaked material Tg, which is closely linked to water uptake, and
the local pH in bulk, influenced by acidic species from additives or end-
chain carboxylic acids.

Ultimately, this study demonstrates that only the local chain
mobility in the enzyme vicinity is crucial. Other parameters discussed in
the literature do not directly affect the degradation rate; instead, they
influence chain mobility, which in turn governs the degradation rate.
This study elucidates the detailed mechanism of hydrolytic degradation
of polyesters, revealing critical intermediate steps that control the
breakdown process.

The chain mobility "perceived" by the enzyme (i.e., local mobility), as
revealed in our study, could be the key factor underlying the competi-
tion between the amorphous and crystalline phases. The mobility of the
chain encountered by the enzyme may be the alone determining
parameter, regardless of whether the chain is located in the crystalline
or amorphous phase. This would unify the degradation kinetics of both
phases under a single model.

Our study complements the valuable work of enzymologists. For
example, it would be interesting to design enzymes that require only
short chain segments to enter their active site. Optimizing such enzymes,
which would necessitate the movement of smaller chain segments,
would reduce the energy required to achieve the desired mobility,
enabling catalysis to occur at lower temperatures.

By comprehending the hydrolysis mechanism of polyesters and un-
derstanding how this newly identified key parameter operates, polymer
researchers can direct their efforts toward optimizing this aspect,
enabling the rapid and efficient design of new and more eco-friendly
materials. The significant reduction in the number of parameters al-
lows for the development of a simplified kinetic model, wherein the
enzyme operates in a semi-dissolved media. Such a model could predict
the degradation rate of plastics, representing a substantial advancement
in biodegradable polymer research.

Environmental implication

This paper clearly shows that all the physico-chemical parameters
studied in the literature actually converge on a single parameter: the
glass transition temperature of soaked material (Tg). By incorporating
the effect of Tj into a predictive kinetic model, this research could
provides will offers a faster and more reliable way to evaluate the
degradation rates of plastics well before they are marketed.

This innovation is a significant step forward in the development of
biodegradable plastics, as it can substantially reduce the time and re-
sources required to assess plastic waste management.
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