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A B S T R A C T

The main goal of this work was to develop an environmentally friendly method for upcycling poly (lactic acid) (PLA) into functionalized oligomers, as well as to 
propose an innovative strategy enabling their direct use within the reaction environment. To this end, the investigated reaction—an alcoholysis based on the use of 
reagents derived from renewable sources—was carried out in the green solvent dihydrolevoglucosenone (Cyrene®, Cy). Indeed, upon the addition of virgin polymer, 
a PLA/oligomer mixture was obtained, providing a suitable system for the direct preparation of porous films. Specifically, the alcoholysis process, carried out using 
pentaerythritol (PE) as the polyalcohol and zinc stearate as the catalyst was optimized by monitoring the viscosity of the reaction mixture over time. 1H NMR analysis 
of the resulting oligomers confirmed a decrease in molecular weight and the formation of a branched structure, attributed to the multifunctionality of the polyalcohol 
and dependent on the amount of PE added. These structural characteristics significantly affected the thermal behaviour of the oligomers, as demonstrated by DSC and 
TGA analyses.

Porous films, prepared via the Non-solvent Induced Phase Separation (NIPS) technique using the reaction mixture directly as the casting solution, exhibited a leaf- 
like structure that was unaffected by the presence of oligomers in the mixture, as observed by FE-SEM analysis.

The enzymatic hydrolysability and retention capacity were evaluated using Humicola insolens cutinase (HiC) as the enzyme and pararosaniline hydrochloride 
(PARA) as a cationic organic dye, selected to mimic the behavior of amino-terminated drugs. The results indicated that, compared to neat PLA films, those incor
porating the developed oligomers exhibited enhanced dye retention capacity and faster degradation rate. These phenomena were attributed to the high functionality 
of the branched additives obtained through the alcoholysis process. Finally, a closed-loop process for Cy recovery through distillation was established, enabling its 
reuse and improving the overall sustainability of the process.

1. Introduction

The recycling of polymer materials is of great importance for our 
economy [1,2], the development of which must consider both the 
applicability of the resulting compounds and the use of environmentally 
friendly methods. These requisites apply to bioplastics, as it is necessary 
to use conditions that meet the requirements of the circular economy, 
which characterizes the production and end of life of this type of ma
terial [3–5].

In the case of PLA, the subject of the study, recycling can be carried 
out using both physical and chemical methods. Mechanical recycling is 
generally characterized by simplicity, cost-effectiveness and easy scal
ability [6], but can be associated with collateral degradation processes 
due to mechanical stresses and high temperatures [7], making the use of 
antioxidant agents or chain extenders necessary [8,9]. In particular, a 
decrease in molecular weight due to chain scissions after mechanical 

recycling processes was generally observed [10]. As underlined by Badia 
et al., [11] this leads to a significant deterioration in material perfor
mances after only two reprocessing steps. Żenkiewicz et al. demon
strated that multiple recycling cycles resulted in a decrease in the 
mechanical properties of PLA as well as a significant increase in melt 
flow rate [12]. Brüster et al. also reported comparable behaviour in 
plasticized PLA, which was no longer suitable for recycling or reuse for 
its intended application after reprocessing processes [13]. On the other 
hand, chemical recycling approaches lead to the fragmentation of 
polymer chains and conversion of the polymers into low molecular 
weight products with significant added value [14], which can be used 
for direct re-polymerization or other applications [15,16]. However, 
chemical recycling is generally based on the application of impactful 
separation and purification steps, which makes it difficult to scale-up the 
entire process. As far as the application of this process to PLA is con
cerned, alcoholysis has proven to be a particularly promising method, as 
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it has relatively low requirements in terms of conditions compared to 
other recycling techniques, even if it is subjected to the 
above-mentioned limitations [17]. In this scenario, an innovation over 
traditional alcoholysis approach was proposed by Damonte et al., [18] 
who demonstrated the possibility of applying this approach under 
molten conditions without requiring any purification steps of the 
resulting products. Indeed, the branched compounds obtained were 
successfully used in a formulation with a bio-based multifunctional 
epoxide.

In this work, the recycling of PLA was extended to a chemical process 
based on the application of an alcoholysis reaction in a solvent capable 
of dissolving both the polymer and the polyalcohol. Although this 
approach appears to be less effective than the melt blending process, as 
it relies on the use of a solvent, it was developed to adapt the upcycling 
of the alcoholysis products to a specific application, considering both 
sustainability and scalability. Indeed, the method developed consists of 
a closed loop based on the use of i) a solvent from renewable sources, 
namely dihydrolevoglucosenone (Cyrene®, Cy), in which the alcohol
ysis reaction takes place, ii) the same system without the need for pu
rification or treatment after the addition of a virgin PLA to produce 
porous films and iii) the recovery of the solvent used in the depoly
merization reaction. In this context, it is important to underline that 
porous films based on PLA are systems of considerable application in
terest. Indeed, they combine the properties of the polymer matrix, such 
as the origin from renewable sources, biodegradability and biocompat
ibility, with the features given by the particular geometry, especially in 
terms of porosity and mechanical properties.

The interest in these materials is evidenced by some recent works 
highlighting different preparation methods - e.g. phase separation, 
electrospinning, 3D printing - and various potential applications of the 
films, such as the biomedical sector and the field of separation [19–27]. 
In this context, an important aspect for the application of the films needs 
to be addressed: their functionalization, a property that the polymer 
matrix does not possess. In the case of PLA, the functionalization 
affecting the surface was achieved by applying various chemical or 
physical methods [28–32], or by adding inorganic and organic additives 
when the bulk was also involved [33,34]. In the latter approach, to 
improve the dispersibility of the additive, its compatibility with the 
polymer matrix must be taken into account, a property that can be 
improved by suitably designing its chemical structure. In this regard, 
additives that have a branched geometry and are therefore characterized 
by high functionality but hold arms with the same chemical structure as 
PLA, are the most suitable.

On this basis, and taking into account the possibility of upcycling 
products from the alcoholysis of PLA, a process was developed in a 
solvent in which not only a depolymerization reaction could take place, 
leading to the formation of branched oligomers, but which is also suit
able for the preparation of mixtures for the development of porous films, 
i.e., in which both the virgin polymer and the additives can be dissolved. 
Therefore, unlike other functionalization methods, such as blending 
with other polymers or additives, which require the preliminary prep
aration and purification of these compounds, our approach is based on 
matrix-compatible, highly functionalized additives and on an alterna
tive incorporation strategy that does not involve expensive or environ
mentally impactful steps and is therefore easily scalable.

In particular, the alcoholysis reaction was studied starting from a 
commercially available high molecular weight PLA in Cy using pen
taerythritol (PE) as polyalcohol and Zn stearate as catalyst, two com
pounds from renewable sources. In particular, regarding the choice of 
catalyst, it is important to underline that this compound, in addition to 
being active in the transesterification reaction of polyesters under 
molten conditions [35], possesses properties that make it suitable for use 
in polymeric materials as a plasticiser [36], as well as in cosmetics [37], 
due to its biocompatibility. In the developed formulation, since the 
catalyst is not removed, the above characteristic is essential for the 
production of films that can be used as drug carriers. The oligomers 

obtained by changing the amount of PE in the reaction mixture were 
characterized in detail by 1H NMR, DSC and TGA measurements. A 
virgin PLA was added to the same reagent mixture without purification 
steps and, after solubilization of the components, porous films were 
prepared by applying the simple Non-solvent Induced Phase Separation 
(NIPS) technique using deionised water as a non-solvent system (Fig. 1). 
The films containing the different oligomeric systems from the alco
holysis reactions were analysed in terms of their thermal, morpholog
ical, adsorption, biocompatibility and degradation properties. Finally, 
the possibility of recovering Cy, used in the preparation of films and 
containing water and low molecular weight compounds, was evaluated.

2. Experimental section

2.1. Materials

Poly (lactic acid) (PLA) Luminy LX175 (Mn = 100000 g/mol, melt 
flow index (MFI) = 6.0 g/10 min) was purchased from Corbion. Dihy
drolevoglucosenone (Cyrene®, Cy) (purity ≥98.0%), pentaerythritol 
(PE) (purity ≥99.0%), pararosaniline hydrochloride (PR) (purity 
≥85%), and KPO buffer salts (KH2PO4 and K2HPO4) were purchased 
from Sigma-Aldrich and used as received. Technical grade Zinc stearate 
(Zn stearate) was purchased from Faci S.p.A (Italy). Humicola insolens 
Cutinase (HiC) (Novozym® 51032, product code: 06-3135) was pur
chased from STREM Chemicals.

2.2. Preparation of PLA oligomers via alcoholysis reactions

Post-consumer PLA with a high molecular weight was subjected to 
alcoholysis reactions using PE. For each reaction, 2.0 g of PLA pellets, 
previously dried in a vacuum oven, were used. PLA was placed in a two- 
neck round bottom flask equipped with a stainless-steel stirrer and 
solubilised in 10 mL of Cy, with the temperature maintained at 100 ◦C 
and in an inert atmosphere obtained by means of argon flow. Subse
quently, the polyalcohol was added in varying concentrations, i.e. 2, 5 or 
10 wt% with respect to the weight of the mixture consisting of PLA, 
polyalcohol and catalyst. Following the complete solubilization of the 
polyalcohol, the catalyst, namely Zn stearate, was added at a concen
tration of 2 wt% by weight of the mixture. The alcoholysis reaction was 
then sustained for a 72-h period, during which the system was main
tained at a temperature of 100 ◦C and subjected to continuous stirring. 
Some samples were purified for 1H NMR and thermal analysis by slowly 
dropping the solution into deionised water while stirring vigorously. 
The system was then filtered through a Büchner funnel and washed 
twice more with deionised water to remove Cy and unreacted PE. 
Finally, the product was dried under vacuum at room temperature for 
three days.

The alcoholysis products were named according to the concentration 
of pentaerythritol, e.g. the oligomer obtained using 10 wt% of pen
taerythritol is denoted as PLA_PE10.

2.3. Porous films preparation

The polymer solutions used for the development of porous films were 
prepared by the direct addition of high-molecular-weight PLA into the 
alcoholysis reaction systems described above, maintaining a concen
tration of 20% w/v in Cy. The ratio of PLA to alcoholysis products was 
set at 80/20% w/w, with the type of oligomer (namely PLA_PE2, 
PLA_PE5, and PLA_PE10) serving as the only variable. The films were 
prepared via Non-solvent Induced Phase Separation (NIPS) technique. 
The polymer solutions were cast onto a glass substrate, using a doctor 
blade to obtain films with a thickness of 0.7 mm, allowing them to air- 
cool for approximately 30 s. Subsequently, the glass plate was immersed 
in a coagulation bath, filled with deionised water at 25 ◦C, for 24 h. The 
films were then subjected to three washes of 24 h each in deionised 
water. Thereafter, they were dried at room temperature for 72 h and 
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placed in a vacuum oven at 30 ◦C for one week.
To facilitate clear identification of the films, they were named ac

cording to the alcoholysis product added to the PLA matrix, e.g. 
m_PLA_PE5 refers to the film with PLA_PE5 present in 20 wt% with 
respect to high-molecular-weight PLA.

2.4. Characterization

2.4.1. 1H NMR analysis
Proton nuclear magnetic resonance (1H NMR) analysis was con

ducted on alcoholysis products and on distillation residue of Cy.
The measurements were performed using a Bruker Avance 500 MHz 

spectrometer (Bruker, Karlsruhe, Germany) at 25 ◦C on 30 mg/mL so
lutions prepared in CDCl3 containing 0.03% tetramethylsilane (TMS) as 
internal reference.

The mean molecular weight of the oligomers obtained via alcoholysis 
reactions was calculated by applying Equation (1). 

Mn =DP ⋅
MLA

2
=

(
A(a)

A(aʹ)
+1

)

⋅
MLA

2
(1) 

Where DP is the degree of polymerization, A(a) corresponds to the area of 
the signal at 5.16 ppm, A(a’) is the area of the signal at 4.35 ppm, and 
MLA is the molecular weight of lactide, which is equal to 144.13 g/mol.

2.4.2. Thermal analysis
The thermal properties of PLA oligomers and porous films were 

investigated via DSC and TGA analysis. DSC was performed with a 
Mettler Toledo DSC1 STARe System® differential scanning calorimeter. 
The analysis was carried out between − 10 and 200 ◦C, with a heating/ 
cooling rate of ±10 ◦C/min and a nitrogen flow rate of 20 mL/min. TGA 
measurements were performed from 30 to 800 ◦C, with an heating rate 
of +20 ◦C/min and under a nitrogen flow of 80 mL/min, using the in
strument Mettler Toledo TGA1 STARe System®.

2.4.3. Viscosity measurements
The viscosity of the alcoholysis reaction systems was analysed over 

time, with measurements taken after 24, 48 and 72 h of reaction. 
Additionally, analysis was performed on the polymer solutions utilised 
for the preparation of porous films. These tests were carried out using 
the Lamy RM200 CP4000 plus® cone-plate rheometer, equipped with a 
60 mm spindle (CP60-20), and operating at 100 ◦C. The shear rate 
ranged from 10 to 100 s− 1, and the average of 10 viscosity values was 

measured.

2.4.4. Porosity measurement of porous films
The porosity of films was determined by applying Equation (2), 

which considers the density of the film (ρf) and the density of the 
polymer (ρp). 

Porosity [%] =

(

1 −
ρf

ρp

)

⋅100 (2) 

Where ρf and ρp were calculated as shown in Equation (3) and Equation 
(4): 

ρf =
mf

Vf
(3) 

ρp =
mp

Vp
=

mp1 + mp2

Vp1 + Vp2
=

mp1 + mp2
mp1
ρp1

+
mp2
ρp2

=
1

Xp1
ρp1

+
Xp2
ρp2

(4) 

Where mf is the mass of the film and Vf is its volume, while mp and Vp 
denote the mass and the volume of the polymer, respectively. The vol
ume of the polymer was calculated by considering the weight fractions 
of high-molecular-weight PLA and PLA oligomers present in each 
formulation (Xp1 and Xp2, respectively) and their density (ρp1 and ρp2, 
respectively), which was assumed to be identical for PLA and alcoholysis 
products, so equal to 1.26 g/cm3.

2.4.5. Morphological analysis of porous films
The morphology of the porous films was analysed using a Zeiss Supra 

40 VP Field Emission Scanning Electron Microscope (FE-SEM) equipped 
with a backscattered electron detector. Prior to imaging, the samples 
were cryogenically fractured by immersion in liquid nitrogen and sub
sequently coated with a thin graphite layer using a Polaron E5100.

2.5. Enzymatic hydrolysis experiments

Enzymatic hydrolysis tests were performed on rectangular specimens 
(approximately 0.5 × 1.0 cm2) which were meticulously weighed and 
immersed in 1.0 mL of a 5.0 μM solution of Humicola insolens cutinase 
(HiC, Novozym® 51032) in 0.1 M KPO buffer (pH = 8.0). The experi
ments were carried out at physiological temperature (i.e. 37 ◦C), with 
each polymer film undergoing analysis on to ensure the robustness of the 
results. After the degradation process, the specimens were washed with 

Fig. 1. Schematic representation of the work: (1) development of branched PLA oligomers through an alcoholysis process using PE as a polyol, zinc stearate as a 
catalyst, and Cy as a solvent, (2) preparation of porous films based on high-molecular-weight PLA and alcoholysis products via NIPS technique, (3) recovery of the 
solvent by distillation of the of water/Cy mixture derived from the film-development step.
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MilliQ water and dried in a vacuum oven at room temperature until 
constant weight was reached. Mass loss data for each specimen were 
collected after 0.5, 1, 2, 4, 6, 24, 48, 72, 120 and 168 h.

2.6. Retention and release tests

Retention and release tests were carried out on the film consisting of 
neat PLA (m_PLA) and the film containing the alcoholysis product ob
tained with a 10 wt% of pentaerythritol (m_PLA_PE10).

Specimens of approximately 0.5 × 1.0 cm2 were cut from each film 
and dried under vacuum until a constant weight was reached. The 
samples were immersed in 5.0 mL of an aqueous solution of para
rosaniline hydrochloride at a concentration of 2.0 μg/mL. Pararosaniline 
hydrochloride (PARA) was selected as a model organic dye to mimic the 
behaviour of pharmaceutical compounds or pollutants. The tests were 
performed at 37 ◦C, i.e. the physiological temperature. After 24 h, the 
supernatant was analysed via UV-Vis spectrometry, using a Shimadzu® 
UV 1800 UV-Vis spectrometer. A calibration curve was constructed 
using standard solutions at different concentrations by measuring their 
absorbance at 539 nm. To determine the amount of dye retained by our 
formulations, Equation (5) was applied. 

Absorbance [a.u.] =0.21758 ⋅ Concentration
[
μg mL− 1]+ 0.02848 (5) 

R2 =0.99769 

To investigate the ability of the films to release the dye in a 
controlled manner over time, the loading of pararosaniline hydrochlo
ride was performed as described above, using an aqueous solution at a 
concentration of 20.0 μg/mL. This higher concentration was selected to 
ensure adequate sensitivity of the UV-Vis determination. We evaluated 
the release capacity in 5.0 mL of MilliQ water at 37 ◦C, and the amount 
of dye released by the films was monitored for one week by performing 
UV-Vis analysis of the supernatant.

2.7. Water uptake measurements

The water uptake (WU) of films was assessed by immersing indi
vidual film disks (n = 3), accurately dried under vacuum, in Milli-Q 
water at room temperature. At predetermined time intervals, the sam
ples were removed, gently blotted to remove surface water, and 
weighed. The amount of water retained at a certain time was calculated 
using Equation (6). 

WU [%] =
wt − w0

w0
⋅100 (6) 

Where wt and w0 are the weight of the soaked samples after time t and 
the initial weight of the dry film, respectively.

2.8. Cell viability evaluation

Human neuroblastoma SH-SY5Y cells were cultured in T75 flasks 
and maintained at 37 ◦C in a humidified incubator with 5.5% CO2 in 
neuroblastoma medium based on DMEM/F-12 (Gibco, Thermo Fisher, 
Cat. 11320074) supplemented with 10% fetal bovine serum (FBS; Gibco, 
Thermo Fisher, Cat. 10270106), 1% Penicillin-Streptomycin (Gibco, 
Thermo Fisher, Cat. 15140122), and 1% GlutaMAX (Gibco, Thermo 
Fisher, Cat. 35050038). The culture medium was replaced twice a week 
during the growth process. Once 80% confluence was reached, SH-SY5Y 
cells were washed with sterile phosphate-buffered saline (PBS), trypsi
nized, and centrifuged at 1200 rpm for 5 min. For the cell viability 
evaluation, the cells were plated at a density of 3 × 105 cells per well in 
6-well plates. After 24 h, the cells were exposed to the different samples 
for 24 h, 48 h, and 7 days.

Before exposure to the cell cultures, all PLA samples were sterilized 
by immersion in 70% ethanol for 30 min. They were then washed in 

ddH2O three times for 10 min each and subsequently immersed in cul
ture medium for 24h. After this preparation step, the samples were ready 
for use in the experiments. Cell cultures that were not exposed to the 
samples were used as controls.

For the cell viability evaluation, an MTT assay was performed. The 
cells were washed with Dulbecco's Phosphate-Buffered Saline (DPBS, 
Gibco) and incubated for 4 h at 37 ◦C with a 5 mg/mL solution of 
Thiazolyl Blue Tetrazolium Bromide (Sigma, Cat. No. M2128) dissolved 
in DPBS, under sterile conditions. Following incubation, the MTT solu
tion was removed, and isopropanol (RS Pro) was added to each well to 
dissolve the formazan crystals. To achieve complete solubilization, an 
additional incubation step of 1 h was performed. Absorbance measure
ments were performed at 570 nm using a Cary 60 UV-Vis spectropho
tometer (Agilent Technologies).

2.9. Recycling of the solvent

To investigate the potential for recycling Cy, approximately 70 mL of 
the aqueous mixture derived from the coagulation bath of the film 
preparation process was transferred to a round-bottomed flask. A short- 
path distillation setup equipped with a Vigreux column was connected 
to the boiler, followed by a Y-connector, a thermometer, a Liebig 
condenser, and a collecting flask. The mixture was first distilled at 
ambient pressure, collecting the fraction boiling up to 100 ◦C, which 
consisted mainly of water, thereby leaving a higher-boiling fraction 
enriched in crude Cyrene. After complete water removal, the remaining 
fraction in the boiler was recovered by vacuum distillation, reducing the 
pressure to 10 mbar and collecting the liquid distilled at around 110 ◦C. 
The recovered Cy fraction was subjected to 1H NMR analysis and 
compared to fresh Cy to confirm its composition.

3. Results and discussion

3.1. Study of the alcoholysis reaction

The alcoholysis reaction of PLA, carried out in the same solvent 
system used to produce porous films, was studied by evaluating both its 
progress over time through viscosimetric measurements and the influ
ence of the amount of polyalcohol on the final properties of the products 
obtained by applying the optimized conditions. As previously 
mentioned, a solvent from renewable sources, namely Cy, was chosen 
together with environmentally friendly reagents, i.e. PE as polyalcohol 
and Zn stearate as a catalyst, both soluble in Cy as starting PLA. Three 
different polyalcohol concentrations with the same amount of catalyst 
were used, namely 2, 5 and 10 wt%.

3.1.1. Investigation of the reaction mixture viscosity
The kinetics of the alcoholysis reaction have not been investigated in 

detail, as this would require the use of different reactants, such as 
simplified model substrates (e.g., linear monohydric alcohols and 
methyl esters) [38]. Moreover, the viscosity of polymer solutions, 
especially at higher concentrations, may significantly influence reaction 
kinetics [18]. Indeed, monitoring viscosity over time may provide an 
indirect indication of reaction progress.

The viscosity of the reaction mixtures was analysed over time (after 
24, 48 and 72 h) at 100 ◦C, i.e. at the temperature chosen to allow 
complete polymer solubilization and at which the alcoholysis processes 
were carried out. It was not possible to determine the viscosity of the 
mixtures at time zero as the polyalcohol dissolves during and as a result 
of the reaction. Viscosity values with a small deviation are obtained after 
about 24 h, so that this time represents a kind of initial value. Never
theless, it is interesting to compare the viscosity values of the three 
formulations analysed, listed in Table 1, with that of the PLA solution in 
Cy at the concentration used in the mixtures, i.e. 20% w/v. It was found 
that the measured viscosity, which is 234 ± 4 mPa‧s and constant over 
time, is significantly higher than that of the PLA/polyalcohol/catalyst 
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systems. This phenomenon may be related to the presence of the poly
alcohol, a low molecular weight compound, but also to the alcoholysis 
reaction, which can cause a breaking of the macromolecular chains and 
therefore a decrease in the viscosity of the system.

Indeed, the dependence of viscosity on polyalcohol amount is 
evident for the three formulations after 24 h, with values decreasing 
almost linearly with the polyol amount, being 93 mPa‧s, 52 mPa‧s, and 
28 mPa‧s for PLA_PE2, PLA_PE5, and PLA_PE10, respectively. With 
increasing the reaction time, a significant decrease in viscosity was 
observed only for the systems with 2 and 5 wt% polyalcohol, from 93 to 
54 and from 52 to 29 mPa‧s for PLA_PE2, and PLA_PE5, respectively. 
This decrement was attributed to the alcoholysis reaction, which causes 
a reduction in the macromolecular weight through a transesterification 
reaction, as the composition of the mixture remained unchanged. The 
behaviour of the mixture with the highest PE content deserves further 
analysis. In contrast to the formulations with 2 and 5 wt% PE, the vis
cosity of PLA_PE10, remains stable during the three time periods ana
lysed. Conversely, for PLA_PE2 and PLA_PE5, an almost constant value 
was reached only after 48 h, with a higher value of about 50 mPa‧s for 
the formulation with 2 wt% PE, i.e. PLA_PE2. These results can be 
attributed to several factors. Indeed, in addition to the solubility limit of 
PE in the reactive system, the fact that the reactivity of the branched 

compound, formed as a result of the alcoholysis reaction, may be limited 
by steric factors that hinder subsequent transesterification processes 
must also be taken into account, as shown in other works [39]. Although 
the results obtained are only preliminary, they evidence not only the 
effectiveness of the conditions used for the alcoholysis reaction, but also 
that a reaction time of at least 48 h is required to achieve the formation 
of compounds with a constant molecular weight.

3.1.2. Characterization of the alcoholysis products
To better identify the chemical structure of the products obtained by 

the alcoholysis process, the samples prepared using optimized condi
tions, i.e. with a reaction time of 72 h, and precipitated in deionised 
water, were characterized by 1H NMR. The NMR spectra of the formu
lations prepared from the three polyalcohol concentrations, namely 
PLA_PE2, PLA_PE5, and PLA_PE10, were compared with those of the 
linear, high molecular weight starting PLA (Fig. 2c).

As shown in Fig. 2c and widely reported, the spectrum of neat PLA 
exhibits two characteristic signals, labelled a and b, associated with 
protons of the repeating PLA unit [40–42]. The signal a (multiplet, CH) 
at 5.17 ppm was assigned to the methine proton, while the signal b 
(multiplet, CH3) at 1.57 ppm was attributed to the methyl group. A 
further signal at 4.35 ppm (labelled a'), corresponding to the proton of 
the terminal methine, was barely detectable due to low concentration of 
terminal groups of the high molecular weight PLA.

The spectra of the alcoholysis products, namely PLA_PE2, PLA_PE5, 
and PLA_PE10, exhibited the typical signals of the repeating PLA unit as 
previously described at 5.17 ppm (a, multiplet, CH) and 1.57 ppm (b, 
multiplet, CH3). In addition, signals at 4.35 ppm (a’, quadruplet, PLA- 
CH-OH) and 1.49 ppm (b’, multiplet, CH3) were detected, associated to 
the terminal methine and terminal methyl protons, respectively. The 
presence of these signals is consistent with a high concentration of 

Table 1 
Viscosities of the reaction mixtures (PLA_PE2, PLA_PE5 and PLA_PE10) over 
time at 100 ◦C.

Sample code η(24h) [mPa‧s] η(48h) [mPa‧s] η(72h) [mPa‧s]

PLA_PE2 93 ± 2 54 ± 0.5 49 ± 2
PLA_PE5 52 ± 0.4 29 ± 1 26 ± 1
PLA_PE10 28 ± 0.3 27 ± 2 25 ± 2

Fig. 2. (a) Structure of PLA, (b) structure of a branched compound obtained via the alcoholysis reaction of linear high-molecular-weight PLA and PE, (c) 1H NMR 
spectra of neat PLA and PLA_PE2, PLA_PE5 and PLA_PE10.
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terminal groups, thus confirming a decrease in molecular weight of the 
above compounds compared to the original PLA. Moreover, peaks at 
4.19 ppm (c', multiplet, PE-CH2-O-PLA) and 3.61 ppm (c, singlet, PE- 
CH2–OH) were detected, assigned to the methylene protons of PE arms 
functionalized with PLA and the methylene protons of PE with free OH 
groups, respectively. Since all the alcoholysis products were purified 
with deionised water to remove unreacted PE, the presence of peak c in 
all the samples can be attributed exclusively to PE that partially reacted 
with PLA and still exhibited free OH groups. This finding indicates that 
the PE remaining in the reaction mixture was only partially involved in 
the transesterification with PLA, resulting in a fraction of its OH groups 
not being converted. As shown in Fig. 2b, these results evidence the 
formation of branched structures characterized by arms functionalized 
with PLA chains and others with free hydroxyl groups. Although the end 
groups of pentaerythritol initially exhibit equivalent reactivity due to 
their chemical equivalence, the residual OH groups become increasingly 
sterically hindered as the alcoholysis proceeds due to the trans
esterification reactions with the PLA ester bonds. As a result, their 
reactivity decreases over time. This phenomenon has been demonstrated 
in several studies, which found a decrease in both the rate and the 
reactivity of the OH end groups in various polyalcohols - including the 
one used in the present work - as the steric hindrance around the core 
increases [39,43–45].

The molecular weight of the products derived from the alcoholysis 
reaction was determined from specific signals in the NMR spectra, using 
Equation (1); the results obtained are summarized in Table 2.

As previously reported, the linear starting PLA had a molecular 
weight of about 90000 g/mol [18]. The Mn of the three alcoholysis 
products resulted to be much lower than that of the starting polymer, 
being 5300, 2300 and 2000 g/mol for PLA_PE2, PLA_PE5 and PLA_PE10, 
respectively. The above findings, which are consistent with the viscosity 
measurements, once again demonstrate the effectiveness of the trans
esterification reaction in reducing the molecular weight of the polymer. 
Furthermore, a comparison of the behaviour of the three developed 
systems shows that the sample produced from 2 wt% PE has about twice 
as high Mn as the samples PLA_PE5 and PLA_PE10, which were both 
characterised by a similar Mn of about 2000 g/mol. As already 
mentioned in the results of the viscosity measurements, a kind of PE 
reactivity limit can be assumed.

In this regard, it is worth underlining that the sample treated for the 
same time and with 5 wt% PE without adding the catalyst to the reaction 
mixture, exhibited a spectrum that almost matched that observed for 
neat PLA (Fig. S1). Specifically, while peaks a and b, associated with the 
repeating unit of PLA, were clearly visible, peak a’, associated with 
terminal methine protons, was weak and difficult to detect, suggesting a 
low number of terminal groups, as previously observed for PLA. In 
addition, peak c’ assigned to the protons of PE arms functionalized with 
PLA was undetectable, while peak c associated with the protons of PE 
arms with OH terminal groups was very weak. As this was precipitated 
like the other samples tested and washed with deionised water prior to 
the 1H NMR measurement to remove the unreacted PE from the system, 
the lower intensity of c and c’ indicates that almost all of the added 
polyalcohol did not react with PLA and was therefore removed during 
the washing steps. These results demonstrate that in the absence of 
catalyst, the extent of reaction between PE and PLA was negligible, 
highlighting the crucial role of this component in promoting the trans
esterification reaction between the hydroxyl groups of PE and the PLA 

ester bonds. In this context, it is worth underling that although Zn-based 
catalysts, such as Zn acetate, were used in the PLA alcoholysis [46,47], 
in this work for the first time Zn stearate and a new solvent system, 
namely Cy, were used. Although a detailed kinetic study was not un
dertaken due to the intrinsic complexity of applying kinetic models to a 
macromolecular polymeric system undergoing partial trans
esterification, the results obtained clearly demonstrate that the Cy/Zn 
stearate system can effectively promote the alcoholysis reaction, as 
evidenced by the significant reduction in PLA molecular weight and the 
formation of functionalized branched oligomers. Moreover, these find
ings indicate that the use of Cy as a solvent does not negatively affect the 
catalytic activity of zinc stearate, suggesting its potential applicability in 
the development of alternative sustainable catalytic systems.

The thermal properties of the alcoholysis products were analysed 
using a differential scanning calorimeter (DSC) and thermogravimetric 
analysis (TGA). The thermograms for the neat PLA and the oligomers 
obtained by alcoholysis reactions are shown in Fig. 3, while Table 3
contains a detailed summary of the extrapolated data.

PLA used in this study exhibited the typical behaviour of an amor
phous polymer, as evidenced by the presence of an exothermic peak 
corresponding to cold crystallization, followed by an endothermic peak 
indicative of melting, characterized by equal enthalpy values. The 
alcoholysis products also exhibited thermal behaviour indicative of their 
amorphous nature, with comparable enthalpy values associated with 
cold crystallization (ΔHcc) and melting (ΔHm). However, the tempera
tures associated with these transitions differed from those determined 
for neat PLA. Indeed, both the cold crystallization (Tcc) and melting 
temperatures (Tm) of the alcoholysis products were shifted to lower 
values compared to neat PLA, phenomenon which can be ascribed to a 
reduction of their molecular weight. It is also interesting to note that 
ΔHm and ΔHcc of PLA_PE2 are much higher than those of neat PLA, the 
former being about 7 J/mol and that of PLA less than 1 J/mol, and 
higher than those of systems based on 5 and 10 wt% PE. This result could 
be related to the peculiar structures of the oligomers formed after the 
alcoholysis reaction. As described in other works, it can be inferred that 
a low PE content favours more linear structures with low branching 
while more branched compounds obtained with higher PE concentra
tions tend to hinder structuring [48,49].

Regarding the glass transition temperature (Tg), the DSC trace of neat 
PLA showed a Tg of about 60 ◦C, which is consistent with the values 
reported in the literature [50,51]. The samples which were subjected to 
the alcoholysis reaction had a Tg that is approx. 20 ◦C lower than that of 
neat PLA. Again, the different thermal behaviour of the oligomers 
compared to the pristine polymer can be attributed to their lower mo
lecular weight and their peculiar, branched structure resulting from the 
alcoholysis process, which promotes the chain mobility and free volume.

For neat PLA, the TGA analysis showed an onset degradation tem
perature (Tonset) of ca. 350 ◦C and a maximum degradation rate (Tmax) at 
ca. 400 ◦C. In the case of the alcoholysis products, the already proven 
reduction in molecular weight leads to a decrease in the two tempera
tures mentioned above, with no significant differences among the three 
samples. It is worth underlining that, despite their lower thermal sta
bility compared to the neat polymer, the oligomers still have acceptable 
degradation temperatures, which makes them suitable for high- 
temperature processes.

3.2. Characterization of porous films

3.2.1. Investigation of the viscosity of the solutions used to prepare the films 
and their porosity

The additives, produced under optimal conditions, were used in the 
development of porous films by adding virgin PLA directly to the reac
tion mixture, containing the branched oligomers. Systems prepared 
from three different amounts of PE were exploited in a ratio 80/20 w/w 
respect to the high molecular weight PLA, maintaining a final concen
tration of 20% w/v of the dissolved polymer in Cy.

Table 2 
Degree of polymerization and molecular weight values for alcoholysis products.

Sample code A(a)
a [a.u.] DP Mn [g/mol]

PLA_PE2 73 74 5300
PLA_PE5 31 32 2300
PLA_PE10 27 28 2000

a By considering A(a’) = 1.
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Viscosity measurements were carried out both on the solution based 
on neat PLA and on those containing the alcoholysis products, as the 
above parameter can directly influence the film porous structure. These 
measurements were carried out at 100 ◦C, i.e. the temperature used for 
film production, with shear rates from 10 to 100 s− 1; the results are 
given in Table 4.

Regarding neat PLA-based film, a direct comparison with the liter
ature is challenging, as, to the best of our knowledge, no previous studies 
have investigated the viscosimetric behaviour of PLA solutions in Cy at 
100 ◦C.

The results show a slight decrease in viscosity for m_PLA_PE2, while 
the decrease was more significant for m_PLA_PE5 and m_PLA_PE10, with 
both systems exhibiting a similar viscosity of approximately 120 mPa‧s. 
The reduction observed in these samples is attributable to the incorpo
ration of oligomers which, being characterised by a lower molecular 
weight than the matrix, tended to reduce the viscosity of the mixture, as 
reported for other systems [49,52,53]. Nevertheless, the reduction was 
limited due to their low concentration, i.e. 20 wt%. Furthermore, it is 
worth underlining that the observed trend is comparable to that found in 
the viscosimetric analyses of the oligomers, for which a similar viscosity 
was obtained for the m_PLA_PE5 and m_PLA_PE10 samples.

The porosities of the films obtained from PLA-based solutions 
calculated using Equation (2) and reported in Table 4, showed nearly 

constant values for all the systems investigated. To explain this result, it 
is important to consider that in the applied technique the main factor 
governing the porosity as well as pore morphology is the exchange ki
netics between solvent and non-solvent [54,55], which in turn can be 
affected by several variables such as temperature and viscosity. 
Considering the latter parameter, noticeable variations in porosity are 
expected only when solutions with extremely different viscosities are 
used [56], thus explaining the limited influence of viscosity on the 
structure of the developed films.

3.2.2. Study of the film morphology
In order to evaluate the influence of the branched oligomers on the 

resulting morphology, FE-SEM analysis was performed on neat PLA- 
based film and on films containing the additives. Fig. 4 shows the mi
crographs of the cross-sections, which provide an insight into the 
structural features of the analysed samples.

To better explain the creation of the porous structure, it is worth 
discussing its formation mechanism [57]. Film formation by phase 
inversion typically begins with a homogeneous, thermodynamically 
stable polymer solution. When the cast polymer solution is brought into 
contact with a liquid phase containing a non-solvent (NIPS), a new 
equilibrium point is established within the miscibility gap of the system. 
The thermodynamic state of the system then shifts toward this new 
equilibrium, entering a metastable region where phase separation oc
curs, leading to the formation of a polymer-rich phase and a 
polymer-lean phase, which rapidly separate. Both phases subsequently 
undergo coarsening, and the polymer-rich phase ultimately solidifies, 
thereby locking in the interpenetrating two-phase morphology. In 
particular, the leaf-like morphology, observed in the neat PLA film 
(Fig. 4a) is consistent with the findings of Milescu et al., [58] who 
applied the NIPS technique using the same solvent/non-solvent pair, i.e. 
Cy/water, and reported that this peculiar morphology results from to the 
rapid solvent/non-solvent exchange. The incorporation of the alcohol
ysis products into PLA matrix did not result in any appreciable 
morphological variations (Fig. 4b–d). This observation is consistent with 
the porosity data discussed above, confirming that, under identical 
processing conditions, pore formation is primarily governed by the 
solvent/non-solvent exchange process more than solutions viscosity.

It is worth underlining that, despite the highly porous structure and 
the presence of additives, the handling of the developed films is not 
limited (Fig. S2).

Another noteworthy finding from this analysis is the homogeneity 
exhibited by the developed systems. Indeed, high magnification images 
of both the cross-section (Fig. S3) and the dense surface (Fig. S4) 
revealed no evidence of aggregates or distinct domains of the branched 
oligomers. This finding confirms the effectiveness of the NIPS technique 
in ensuring a uniform dispersion of additives within the matrix, previ
ously reported in several studies [20,59], and indicate good 

Fig. 3. DSC thermograms for the second heating phase (left) and TGA curves (right) for PLA (black), PLA_PE2 (maroon), PLA_PE5 (red) and PLA_PE10 (orange). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3 
Thermal properties of neat PLA and alcoholysis products.

Sample Tg 

[◦C]
Tcc 

[◦C]
ΔHcc 

[J/g]
Tm 

[◦C]
ΔHm 

[J/g]
Tonset 

[◦C]
Tmax 

[◦C]

PLA 60 133 − 0.54 155 0.70 351 404
PLA_PE2 46 118 − 6.3 135/ 

144
7.0 267 355

PLA_PE5 42 122 − 0.41 137 0.60 273 353
PLA_PE10 43 120 − 1.2 135 1.5 285 346

Tg = glass transition temperature; Tcc = cold crystallization temperature; ΔHcc 
= cold crystallization enthalpy; Tm = melting temperature; ΔHm = melting 
enthalpy; the enthalpy values were calculated on the assumption that the 
enthalpy of fusion for a completely crystalline PLA is equal to 93 J/g.
Tonset = temperature at which a weight loss of 2% was recorded; Tmax = tem
perature at which the maximum rate of the degradation process occurs, obtained 
from DTG curves.

Table 4 
Viscosity of polymer solutions and porosity of the developed films.

Sample Viscosity of the starting solution [mPa‧s] Porosity [%]

m_PLA 234 ± 4 89 ± 0.4
m_PLA_PE2 192 ± 2 87 ± 0.7
m_PLA_PE5 120 ± 1 90 ± 0.6
m_PLA_PE10 122 ± 1 89 ± 0.5
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compatibility and miscibility between the alcoholysis products and the 
PLA matrix. Another interesting feature of the prepared films is their 
mechanical stability over time, as demonstrated by the retention of 
flexibility and physical integrity, which indicates good structural sta
bility, as shown by photographs of the m_PLA_PE10 film aged for 
approximately one year (Fig. S5). The same behaviour was observed in 
the other developed films. Furthermore, chemical stability is confirmed 
by the complete overlap of the IR spectra of the pristine and aged 
samples (Fig. S6).

3.2.3. Study of film thermal properties
The films based on neat PLA and the PLA/oligomer mixture were 

characterised in terms of thermal properties using DSC and TGA anal
ysis. The thermograms are shown in Fig. 5, while thermal data are listed 
in Table 5.

The neat PLA film exhibited thermal behaviour typical of its amor
phous nature, with a cold crystallization peak (exothermic) followed by 
a melting peak (endothermic), both characterized by nearly identical 
enthalpy values. The same behaviour was observed for films containing 
the additives, which also showed equivalent ΔHcc and ΔHm values. 
Apart from the sample m_PLA_PE10, the incorporation of the alcoholysis 
products did not significantly affect the cold crystallization (Tcc) melting 
(Tm) and glass transition (Tg) temperatures compared to m_PLA, whose 
Tg of 57 ◦C was consistent with previously reported values [60]. In the 

case of m_PLA_PE10, the effect of the additive on the thermal properties 
of the film was more pronounced, as evidenced by a slight decrease in Tg, 
an increase in both ΔHcc and ΔHm, and a decrease in Tcc, indicating 
enhanced polymer structuring compared to neat PLA. This behavior can 
be attributed to a possible nucleating effect of the additive, which, due to 
its more highly branched structure compared to PLA_PE2 and PLA_PE5, 
exhibited a greater tendency towards aggregation and the formation of 
nanodomains. Although these nanodomains are not detectable by SEM, 
they are likely capable of promoting the structuring of the polymer 
matrix.

Fig. 4. FE-SEM micrographs of the cross-section of: (a) m_PLA, (b) m_PLA_PE2, (c) m_PLA_PE5, (d) m_PLA_PE10.

Fig. 5. DSC thermograms for the second heating phase (left) and TGA curves (right) for m_PLA (black), m_PLA_PE2 (maroon), m_PLA_PE5 (red) and m_PLA_PE10 
(orange). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 5 
Thermal properties of neat PLA-based film (m_PLA) and films containing alco
holysis products.

Sample Tg [◦C] Tcc [◦C] ΔHcc [J/g] Tm [◦C] ΔHm [J/g]

m_PLA 57 129 − 5.1 154 5.0
m_PLA_PE2 57 128 − 7.2 153 7.1
m_PLA_PE5 57 128 − 5.7 152 6.0
m_PLA_PE10 52 117 − 20 142/150 20

Tg = glass transition temperature; Tcc = cold crystallization temperature; ΔHcc 
= cold crystallization enthalpy; Tm = melting temperature; ΔHm = melting 
enthalpy; the enthalpy values were calculated on the assumption that the 
enthalpy of fusion for a completely crystalline PLA is equal to 93 J/g.
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3.3. Enzymatic hydrolysis of the films

Enzymatic hydrolysis tests were carried out to assess the hydrolytic 
stability of the developed films, with particular attention to the role of 
the additives. The experiments were performed at 37 ◦C, using Humicola 
insolens cutinase (HiC) and KPO as the medium. The selection of the 
above enzyme was supported by several studies describing HiC as one of 
the most effective enzymes for polyester hydrolysis [61–63]. The tem
perature was chosen because it is the standard operating temperature 
used in enzymatic tests on various polyesters, including PLA, when 
physiological conditions are to be simulated [64,65]. The same mea
surements were performed by immersing the films in buffer without 
enzyme to distinguish pure hydrolytic degradation from enzymatically 
catalysed degradation. For all the systems studied, no weight loss was 
detected during the time range examined in the enzymatic hydrolysis 
analysis. The results of the enzymatic hydrolysis tests, calculated as 
percentage weight loss (WL) versus time, are shown in Fig. 6 and Fig. S7.

Fig. 6 shows the data of the measurements taken after one day of 
immersion of films within the enzyme-containing solutions, since the 
results evidenced considerable fluctuations at shorter times. Thus, 
considering the trend shown in Fig. 6 in detail, the presence of the ad
ditive appears to have a significant influence on the kinetics of the 
degradation process. While the neat PLA film and the sample containing 
PLA_PE2 exhibited a similar behavior after one day of treatment, with a 
weight loss of about 15 %, the PLA_PE5 and PLA_PE10 based systems 
showed a higher degradation, reaching 24 and 34 % for m_PLA_PE5 and 
m_PLA_PE10, respectively. The behavior of the tested systems after two 
days of treatment showed remarkable differences, as while the m_PLA 
and m_PLA_PE2 samples shared a similar behavior, reaching a weight 
loss of 36 and 47% respectively, the PLA_PE5 and PLA_PE10 based films 
exhibited a significant acceleration of the hydrolytic process, reaching a 
weight loss of around 80%. These results cannot be explained by 
considering the film morphologies, as these were quite similar, as the 
SEM measurements showed, but by considering the specific properties of 
the additives, and particularly their molecular weight, which influences 
the concentration of the end groups. As already reported, PLA_PE2 was 
characterized by a higher molecular weight compared to PLA_PE5 and 
PLA_PE10, reaching values of around 2000 g/mol under the conditions 
used to produce the films. This property directly influences the con
centration of –OH groups present in the system, which increases by 

decreasing the molecular weight of the additive for the same amount. In 
addition, it is worth underlining that the branched geometry promoted 
by the alcoholysis reaction performed with the polyol also favors the 
formation of systems rich of hydroxyl groups and therefore their con
centration in the mixture used for film preparation. In this context, 
several studies demonstrated the key role of the above-mentioned 
functionality in the degradation process of polyesters. Indeed, hydrox
yl groups were introduced into polyesters to improve degradability. In a 
recent study [66], for example, the behavior of conventional polyesters, 
such as PCL and poly (11-hydroxyundecanoate) (PHU) was compared 
with that of a polymer bearing hydroxyl groups, namely poly (10, 
11-epoxyundecanoic acid) (PEUA), finding that the hydroxyl groups had 
a positive effect on the degradability of the polyesters in both hydrolytic 
and enzymatic media. In another study [67], some hydroxy-functional 
copolyesters were synthesized from adipic acid, 1,8-octanediol and 
glycerol, whereby the hydroxyl groups concentration was modified by 
increasing the ratio of 1,8-octanediol to glycerol. The degradation 
measurements, investigated in phosphate buffer (pH ~ 7.4 at 37 ◦C) for 
a specific time, evidenced that the observed weight loss after 7 days 
ranged from 20%, for the polymers with an adipic acid:1,8-octanediol: 
glycerol ratio of 1:0.8:0.2 to 55% for polymers characterized by a 
higher glycerol concentration, demonstrating that the biodegradation 
rate increases with increasing hydroxyl content. This phenomenon was 
attributed to the combined effect of increased hydrophilicity, decreased 
crystallinity as well as to the catalytic effect of free hydroxyl groups, all 
of which promote the breaking of polymer ester bonds under hydrolytic 
conditions.

After three days, the sample with PLA_PE2 also achieved a high 
weight loss, namely around 80 %, but its degradation kinetics was 
slower than that of the two other systems analysed, which had almost 
completely decomposed by this time. This result also seems to support 
the effect of the hydroxyl functionalities in the degradation of the 
polymer, as the PLA_PE2-based film was less rich in OH groups for the 
same amount of additive added to the mixture. Finally, all three films 
containing the branched additive were completely degraded after five 
days, while neat PLA sample was only degraded after seven days.

The results obtained of the enzymatic hydrolysis experiments 
demonstrate that the degradability of PLA-based films can be tuned by 
incorporating the developed additives which are highly compatible with 
the polymer matrix, and whose production is based on a simple and an 
environmentally friendly method, whereby the film preparation does 
not require separation of the compounds originating directly from PLA 
recycling.

3.4. Study of the film retention and release capacity

To evaluate the retention capacity of PLA-based films and the in
fluence of the branched oligomers on this property, retention tests were 
performed with aqueous solutions of pararosaniline hydrochloride 
(PARA), a cationic organic dye which mimics the behaviour of amino- 
containing drugs. For this reason, this compound is suitable as a 
model for studying drug-polymer interactions [68]. In the retention 
tests, the neat PLA film and the film containing the oligomer obtained 
using the highest concentration of PE, namely m_PLA_PE10, were ana
lysed. The experimental tests were carried out at 37 ◦C, i.e., at the 
physiological temperature, and the resulting supernatants were ana
lysed after 1 and 14 days of contact with the films using a UV-Vis 
spectrometer. The amount of dye retained by the films was calculated 
using Equation (5). The results are shown in Fig. 7a, which also includes 
photographs of the porous and dense surfaces of the films after exposure 
to the PARA solution.

After 24 h, the amount of retained dye was relatively low for both 
films, measuring 59 ± 18 μg/g for m_PLA and 65 ± 6 μg/g for 
m_PLA_PE10. After 14 days, m_PLA exhibited a modest increase, 
reaching 71 ± 6 μg/g, while m_PLA_PE10 showed a significant increase, 
achieving a retained dye value of 153 ± 13 μg/g. The variation in PARA 

Fig. 6. Percentage of weight loss as a function of time, for m_PLA (white), 
m_PLA_PE2 (maroon), m_PLA_PE5 (red) and m_PLA_PE10 (orange). (For inter
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.)
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uptake among the films was further confirmed by the discoloration 
observed on their surfaces after 14 days of exposure to the solution. The 
pure PLA film displayed a non-uniform pink color, whereas the 
m_PLA_PE10 film was characterized by a very uniform coloring, with the 
porous surface showing a more intense shade, suggesting that the larger 
surface area of the above-mentioned part of the film promoted dye 
retention.

Comparing the results of the analysis of the neat PLA film with those 
of the system containing the oligomer, the low affinity of the high mo
lecular weight PLA for cationic molecules can be deduced, a phenome
non due to the limited number of functional end groups available for 
interactions. Indeed, it is possible to hypothesize that despite the large 
surface area provided by the porous structure of the film, the lack of 
functionality limits its retention capacity. In this context, it is worth 
underlining that several studies highlighted that the functionalization of 
PLA plays a crucial role in improving effective interactions with drugs, 
dyes or bioactive molecules, thereby increasing loading efficiency and 
affinity [69–71]. On the other hand, the incorporation of the branched 
oligomer into the system, which, as reported above, did not affect the 
porosity and morphology of films, led to an increase in the content of 
functional groups which can promote the adsorption of PARA thanks to 
non-specific interactions.

As the retention tests were carried out in aqueous solutions, films 
wettability must be taken into account to obtain a more comprehensive 
interpretation of the results. To this end, the water uptake (WU) was 
measured for both m_PLA and m_PLA_PE10. The WU values over time, 
calculated according to Equation (6), are reported in Fig. S8, while 
Fig. 7b shows the results obtained after 1 day and 14 days, corre
sponding to the time points of the retention tests. The neat PLA-based 
film exhibited a WU of 27 ± 4 % after 24 h, which increased to 65 ±
4 % after 14 days. In contrast, m_PLA_PE10 showed higher WU values 
after the same time, reaching 59 ± 18 % and 96 ± 10 % after 1 and 14 
days, respectively. These results, which indicate that the water absorp
tion capacity is increased by the introduction of the alcoholysis product 
characterized by the presence of hydroxyl terminal groups, are in 
agreement with the study by Singh et al., [72] who demonstrated that 
for PLA with molecular weight below 5000 g/mol, the presence of –OH 
end groups significantly increases the water retention. On this basis, it 
can be deduced that the presence of –OH groups resulting from the 
introduction of the additive promotes the uptake of the dye both through 
the specific interactions between the molecule and the above-mentioned 
functionalities. Moreover, the increase of the wettability of the film due 
to the polarity of the additive can favor the diffusion of the dye within 
the porous structure.

In addition, the ability of the films m_PLA and m_PLA_PE10 to release 
PARA in a controlled manner over time was investigated, as this is a key 
parameter for evaluating the strength and efficacy of dye-polymer in
teractions [73]. PARA loading was carried out using an aqueous solution 
at a concentration of 20 μg/mL, and the release capacity in MilliQ water 

at 37 ◦C was evaluated by UV-Vis analysis (Fig. 8).
A rapid initial release was observed for both films, with a burst in the 

first hours, followed by a gradual decrease in release rate until 
completion, which occurred after 7 days. Interestingly, after 5 min, 
while the neat PLA film, m_PLA, showed a cumulative release of 
approximately 86%, the sample containing the additive, m_PLA_PE10, 
exhibited a lower cumulative release of approximately 60%. Although 
both films eventually achieved complete release within one week, their 
release kinetics were markedly different: the average release rate for the 
neat PLA system was 0.015 μgˑ(mLˑh)− 1, compared to 0.009 μgˑ(mLˑh)− 1 

for m_PLA_PE10, indicating a slower and more controlled release from 
the additive-containing film. As with other PLA-based systems, these 
results can be explained by the fact that the increased hydrophilicity 
caused by the presence of the branched oligomer tunes the release 
behavior of the film, further confirming the effectiveness of the devel
oped materials [74,75]. Although these were preliminary tests, the 
release profiles observed are encouraging, as controlled release is a key 
prerequisite for biomedical and drug-delivery applications, allowing 
prolonged therapeutic action and avoiding frequent dosing [76]. Spe
cifically, release profiles characterized by an initial burst followed by 
sustained delivery, similar to that of m_PLA_PE10, have been reported 
for PLA-based systems designed for the release of antibiotics and bac
teriocins [77–79]. This peculiar release behaviour is particularly ad
vantageous for antimicrobial applications, as the initial burst release can 
rapidly eliminate most of the pathogens, while the subsequent sustained 

Fig. 7. (a) Retained PARA and (b) water uptake for m_PLA (white) and m_PLA_PE10 (orange). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 8. Cumulative release over time for m_PLA (black) and m_PLA_PE10 (or
ange). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)

M. Cozzani et al.                                                                                                                                                                                                                                Polymer 351 (2026) 129825 

10 



release helps to keep the infection under control over time [79].

3.5. Cell viability evaluation

The biocompatibility of the developed films was assessed using the 
human neuroblastoma cell line SH-SY5Y. Cell morphology and adhesion 
were initially observed with an optical microscope before exposure and 
after 2 and 7 days of exposure to the samples (Fig. S9).

The acquired images revealed no significant differences between the 
control system, consisting of cells cultured in the absence of films, and 
cells maintained in contact with the developed materials. Moreover, a 
qualitative increase in cell density was observed over time, suggesting 
normal proliferation from day 2 to day 7.

For quantity evaluation of cytotoxicity and cell viability, the MTT 
assay was performed after 7 days of exposure. This commonly used assay 
measures the metabolic activity of living cells through the reduction of 
(3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) to 
insoluble formazan crystals, which provides a reliable indication of cell 
viability [80]. Cell viability percentages, shown in Fig. 9, were calcu
lated relative to untreated controls and were defined as the number of 
live cells divided by the total number of cells.

The results were very encouraging as all PLA-based systems, 
including those containing the additive, exhibited cell viability values 
above 100 %, indicating not only the absence of cytotoxic events but 
also successful cell proliferation over time. These findings are in 
agreement with previous studies demonstrating the biocompatibility of 
PLA and PLA-based composites for different cell phenotypes, including 
neuronal cells, fibroblasts and Chinese Hamster Ovary cell line [81–83]. 
Indeed, it was reported in the literature that lactic acid eventually 
released during PLA degradation can result in an increase in neural cell 
proliferation, which could be attributed to its ability to lower the 
intracellular redox state [84–86].

Moreover, this work demonstrated that the introduction of alcohol
ysis products does not compromise the intrinsic biocompatibility of the 
PLA matrix and may even support enhanced cellular growth.

3.6. Recycling of Cyrene®

With the aim of developing a PLA upcycling process in line with the 
principles of the circular economy, solvent recovery is a crucial step to 
minimize waste generation and reduce the environmental impact of 
polymer processing [87]. With this in mind, one objective of this work 
was to develop a “closed loop” approach, in which the solvent used both 

for the alcoholysis process and the preparation of polymer solutions for 
porous films could be recovered and reused for subsequent processing 
cycles. To this end, the mixture of Cy and water resulting from the 
application of the NIPS technique for film development was subjected to 
a distillation step. This process took advantage of the large difference in 
the boiling points of the two solvents [88,89], which are 100 ◦C for 
water and 227 ◦C for Cy, allowing selective evaporation of water and 
recovery of purified Cy. Moreover, Stini et al. specifically reported the 
possibility of recovering Cy by separating it from water via distillation, 
further supporting the approach adopted in the present work [90].

After the distillation process, the residue collected from the boiler 
was analysed by 1H NMR spectroscopy to assess the efficacy of the re
covery procedure. The spectrum of the recovered Cy was compared with 
that of virgin Cy (Fig. S10), and the observed signals were assigned 
according to the work of Cseri et al., [91] who reported the chemical 
shifts of several bio-based solvents in CDCl3, including Cy.

The spectrum of fresh Cy was consistent with the literature values, 
confirming the purity of the material employed [90,92]. The 1H NMR 
spectrum of the recovered Cy showed no significant deviations from that 
of the original solvent, and no additional signals attributable to impu
rities or degradation products were detected. These findings demon
strate the efficiency of the distillation process in recycling Cy and 
confirm that the recovered solvent can be reused without loss of quality. 
The possibility to recover and reuse Cy without compromising its purity 
and chemical integrity represents a significant step toward the imple
mentation of a robust, circular and environmentally friendly approach 
for PLA processing and upcycling.

4. Conclusion

In this work, a sustainable approach for upcycling polylactic acid was 
developed, along with a closed-loop method enabling the reuse of 
products derived from its chemical treatment. The reaction exploited – 
an easily scalable alcoholysis process performed in the green solvent 
dihydrolevoglucosenone (Cyrene®, Cy) with bio-based reagents such as 
pentaerythritol and zinc stearate – efficiently produced oligomeric 
products with a branched, highly functionalized structure. The closed- 
loop concept was validated by directly reusing the branched oligomers 
in the reaction medium, without any work-up, for the fabrication of 
porous films, as well as by recovering Cy after film preparation. The 
films, obtained by incorporating virgin polymer into the oligomeric 
mixture derived from the alcoholysis reaction to enhance processability, 
exhibited a characteristic leaf-like morphology resulting from the 
preparation method. Moreover, they displayed a high retention capacity 
for pararosaniline hydrochloride, a cationic organic dye, selected to 
mimic the behavior of amino-terminated drugs, a phenomenon attrib
uted to the functional properties imparted by the branched additives. 
The developed films, which demonstrated biocompatibility and accel
erated enzymatic hydrolysis compared to the neat polymer, could be 
used as controlled-release systems. Moreover, the overall process 
remained simple, low-impact, and scalable. These results highlight both 
the materials and the methodology as a promising advancement for 
sustainable PLA valorization.
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