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Abstract

A chemical platform for post-polymerisation methods was developed, starting from the ecodesign
and enzymatic synthesis of safe and sustainable bio-based polyesters containing discrete units of
itaconic acid. This unsaturated bio-based monomer enables the covalent linkage of molecules that
can impart desired properties such as hydrophilicity, flexibility, permeability or affinity for biological
targets. Molecular descriptor-based computational methods, which are generally used for modelling
the pharmacokinetic properties of drugs (ADME), were employed to predict in silico the
hydrophobicity (LogP), permeability and flexibility of virtual terpolymers composed of different
polyols (1,4-butanediol, glycerol, 1,3-propanediol and 1,2-ethanediol) with adipic acid and itaconic
acid. Itaconic acid, with its reactive vinyl group, acts as a chemical platform for various post-
polymerisation functionalisations. Poly(glycerol adipate itaconate) was selected because of its higher
hydrophilicity and synthetized via solvent-free enzymatic polycondensation at 50°C to prevent the
isomerization or crosslinking of itaconic acid. The ecotoxicity and marine biodegradability of the
resulting oligoester were assessed experimentally in order to verify its compliance with safety and
sustainability criteria. Finally, the viability of the covalent linkage of biomolecules viz Michael
addition to the vinyl pendant of the oligoesters was verified using four molecules bearing thiol and
amine nucleophilic groups: N-acetylcysteine, N-Ac-Phe-&-Lys-OtBu, Lys-Lys-Lys and glucosamine.

Keywords: functionalization; bio-based; polyesters; enzymatic polycondensation; itaconic acid;
Michael addition; peptides; glucosamine

1. Introduction

This study aims to the rational design and synthesis of polyesters acting as chemical platforms
for the linking of biomolecules, which can confer advanced technological properties or biological
activity. Furthermore, we present a multidisciplinary, integrated research approach intended to fulfil
the demand for 'Safe and sustainable by design’ chemicals and polymers, as set out in the European
Commission's strategy [1]. This approach involves developing low-input, enzymatic synthetic
processes that lead to renewable, bio-based polymers with low ecotoxicity and high biodegradability.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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We have recently reported on the enzymatic polycondensation of several bio-based monomers
to produce oligoesters with high biodegradability and low ecotoxicity against marine and freshwater
organisms [2]. The use of monomers, which are obtained from the fermentation or chemical
processing of biomass, is key to the transition towards non-fossil chemical feedstock [3-6]. The
biodegradability of polyesters also makes them potential candidates for use in products that are at
high risk of dispersing into open environments (e.g. cosmetics, lubricants, adhesives, etc.) due to their
intended use, or that are designed for biological recycling (e.g. mulching films for agriculture and
biocompostable packaging) [2,3]. Enzymes, due to their outstanding catalytic efficiency, can be used
in the polycondensation of these bio-based monomers under more benign experimental conditions
(e.g. T < 80°C, solvent-free systems) as compared to conventional chemical synthesis (T > 150°C).
Although the molecular weight of products obtainable from enzymatic polycondensation is modest
(generally <5 KDa in solvent-free systems), they have highly regular structures with low
polydispersity. These low or medium molecular weight polyesters can be applied as ingredients in
the cosmetic sector but also for pharmaceutical formulations and biomedical applications requiring
biodegradability (e.g. as elastomers and sealants in drug delivery vehicles and in tissue engineering
applications. [7-11] Finally, provided that the polymer chains includes suitable functional groups,
they can be used as prepolymers in the synthesis of polyesters with a higher molecular weight. [10]

We have previously demonstrated the scalability of the solvent-free enzymatic
polycondensation of azelaic acid with glycerol at laboratory scale [9] and the two step enzymatic
polycondensation of adipic acid (AA) with 1,4-butanediol (BDO) in pilot plants [12]. The high
viscosity of the reaction mixtures and the loss of activity of the biocatalyst during the recycling [7]
were overcome by developing thin-film systems, in which the robust, covalently immobilised
enzyme is only exposed to harsh conditions in the first phase of the process, thus enabling recycling
[11,12]. The combination of enzyme selectivity and mild processes enables the use of labile and
functionalized monomers that confer new chemical complexity to the polyesters [9,13,14]. In
particular, we have demonstrated that the vinyl group of itaconic acid (IA) is preserved when lipase
catalysed polycondensation is carried out at T <70°C and this reactive C=C bond can be exploited for
post-polymerizations modifications via Michael-addition or for chemical elongation [15,16].

Building on previous investigations, we now report on the enzymatic synthesis of
biodegradable, bio-based oligoesters containing discrete itaconic acid units that can be used to anchor
biomolecules. They can confer properties such as high hydrophilicity, biological activity, and affinity
for biological targets. To focus the experimental work solely on synthesising molecules with the
desired physical and chemical properties, an in silico pre-screening was performed. For this purpose,
computational methods based on molecular descriptors, which are usually used to model the
pharmacokinetic properties of drugs (ADME), were employed firstly to model and predict the
hydrophobicity (LogP), permeability and flexibility of the candidate oligoesters in silico [17,18]. This
rational design was followed by the enzymatic synthesis of the selected unsaturated terpolymer,
which was then tested for ecotoxicity and biodegradability. To demonstrate the feasibility of the 'post-
polymerisation functionalisation' concept, the ability of four biomolecules to increase the
hydrophilicity and flexibility of the oligoester was determined through computational analysis.
Finally, the biomolecules were linked to the vinyl group of the itaconic units via thia- and aza- Michael
additions.

2. Materials and Methods

Materials

Lipase B from Candida antarctica (CaLB) in the commercial form of Lipozyme® (CaLB, EC 3.1.1.3)
was purchased from Novozymes (Bagsyzerd, Denmark.

1,4-butanediol (BDO, 99%), adipic acid (AA, 299%), dichloromethane (DCM, 299.9%),
dimethylitaconate (DML, 299%), glycerol (GLY, 299.5%), methanol (299.9%), glucosamine
hydrochloride (299%), N,N-dimethyl formamide (=99.8%), pyridine (=99%), triethylamine (=99%),
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deuterated chloroform (99.8 atom % D) and deuterated dimethyl sulfoxide (99.8 atom D %) were
supplied by Merck.

Lipase Immobilization and Assessment of Hydrolytic Activity

Immobilized CaLB was prepared using the epoxy acrylic resin Relizyme® EC-EP (average pore
diameter 40-60 nm, kindly donated by Resindion, Milano, Italy) according to protocols previously
reported.[19] The loadings of the enzyme was of 10000 U per gram of resin. The activity of 368 U per
g of dry biocatalyst was determined via tributyrin hydrolysis assay. More than 98% of protein was
immobilized and it was verified that there was no enzyme leaching from the support using a method
previously reported [34]. Activity of lipases was assayed through hydrolysis of tributyrin as
previously described [19,20].

Enzymatic Synthesis of Terpolymers

The molar ratio of the reagents adipic acid, dimethyl itaconate and glycerol was 0.8 : 0.8 : 1.0,
corresponding to a total weight of monomer of 8.94 g. The polycondensation reactions were
performed in two steps for promoting the formation of the acyl enzyme between CaLB and DMI, as
previously reported by Corici et al.[15] First the dimethyl itaconate and the polyol were mixed (0.8 :
1.0 molar ratio) together with the 75% of the immobilized biocatalysts (totally 40% w/w, 1300 U)
referred to all monomers weight) at 50°C, 500 mbar for 4 h. The reaction was performed using a thin-
film approach [11] in a rotary evaporator system at 50°C at 500 mbar. In the second step the
correspondent amount of adipic acid and the remaining biocatalyst fraction were added to the flask
and pressure was decreased at 70 mbar. The reaction continued for 72 h and samples were taken after
24, 48 and 72 hours for the subsequent 'H-NMR analysis. At the end of the reaction, 40 mL of
dichloromethane were added and the enzyme was separated by filtration. The product was recovered
after solvent evaporation at 50°C and stored at 4°C until characterization without any further
purification.

Functionalization of PGAI oligoester via aza/thia-Michael Addition

Glucosamine functionalization: The reaction was performed using 400mg of PGAI oligoester
and 110mg g of glucosamine hydrochloride in the presence of 40 mg of pyridine as base to free the
primary amine. DMF (1mL) was used to improve the dissolution of the reactants, The reaction was
carried out at 65°C for 72 hours. The product was extracted with 20 x 4 mL dichloromethane (DCM).
Before solvent evaporation, the organic phase was washed with 20 mL saturated NaCl solution to
remove residual base and hydrophilic impurities. The product was characterized by mass
spectrometry (5 mg of product in 1 mL methanol with 1 uL formic acid) and '"H-NMR.

Thial-Michael addition with N-acetylcysteine: 0.511 g of PGAI were mixed with 0.430 g NAC
and solubilized in 0.5 mL of DMF. The reaction was carried out at 65°C for 72 hours. . The product
was extracted with 20 x 7 mL dichloromethane (DCM). Before solvent evaporation, the organic phase
was washed with 20 mL saturated NaCl solution to remove residual DMF and hydrophilic
impurities. The product was characterized by mass spectrometry and 'H-NMR.

Aza-Michael addition with N-Ac-Phe-e-Lys-OtBu: 0.170 g of AA-Gly-DMI was functionalized
with 0.300 g of the dipeptide dissolved in 0.34 mL DMF. The mixture was stirred at 65°C for 72 hours.
After reaction, the reaction mixture was extracted with 20 x 4 mL dichloromethane (DCM). Before
solvent evaporation, the organic phase was washed with 20 mL saturated NaCl solution to remove
residual hydrophilic impurities. Characterization was carried out by micro-TOF MS and '"H-NMR.

Aza-Michael Addition with Lys-Lys-Lys: the same procedure applied for the dipeptide was
adapted using 0.178 g AA-Gly-DMI and 0.250 g of tripeptide Lys-Lys-Lys. Reaction was performed
in DMF (0.5 mL), stirred at 50°C for 72 hours and worked-up as described above.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Biodegradation Studies

Biodegradation tests of the products were carried out in accordance with ISO 17556:2019 using
OxiTop® Control S6 systems which used a respirometric method for the biological oxygen demand
(BOD) measurement released during the aerobic biodegradation of organic materials, in our case
oligoesters as previously reported by Zappaterra et al. [21] For the BOD measurements the OECD 306
protocols and the OxiTop® system were used. The OxiTop® Control S6 system was equipped with six
measuring units (amber glass bottles (510 mL) and self-check measuring units), an inductive stirring
platform, and magnetic stirrer bars. The theoretical oxygen demand (TOD, mg/L) and the degree of
biodegradation were calculated as previously reported [21]. Experiments were carried out using sea
water collected in the in the same point of Trieste waterfront as inoculum (Northern Adriatic sea,
45.651698 N, 13.767406 E). All sea samples had a pH in the range 7.5-8.1.

Ecotoxicity Studies on Freshwater Organisms

Saccharomyces cerevisiae: The assay was performed with a stock solution of yeast reactivated in
sucrose solution. Specifically, 0.5 g of S. cerevisiae from commercial fresh yeast was added to 50 mL
of sucrose solution (20 g/L in natural freshwater, NFW). The yeast strain was then reacted at 30 °C
for 60-75 min (under dark conditions). The solutions to be tested were pipetted into 24-well plates (6
replicates for each treatment, 2.5 mL per well), immediately after measuring their absorbance at 600
nm using a UV-VIS spectrophotometer (UV-30 SCAN ONDA). In addition to the solutions to be
tested, a negative control (in NFW) and a positive control (in NaCl-saturated solution) were prepared.
After measuring all absorbances, 167 uL of reactivated yeast was inoculated into each well. The plates
were incubated at 30 °C for 24 h (in the dark). At the end of the 24 h, the absorbance in each well was
measured again at 600 nm. The optical density (OD) of each well at 24 h was corrected with the
corresponding absorbance at t=0 and weighed to obtain the mean and standard deviation of each
treatment. The mean value was used to calculate the number of yeast cells per mL of solution (cell
/mL) using a regression equation. The regression equation was obtained by measuring the absorbance
at 600 nm of 4 solutions containing different concentrations of yeast cells. The number of cells for
each solution was calculated using Burker’s chamber. The mean number of cells per mL of solution
was used for statistical analysis. Mann-Whitney non-parametric test was performed to find
differences between treatments and negative controls (p-value 0.05). Percentage of growth inhibition

(I) was calculated using the formula:
Gc — Gt

C

I= % 100,

where I is the growth inhibition in percent; GC the arithmetic mean of OD600 of the control cultures;
GT the arithmetic mean of OD600 of the test cultures.

Pseudokirchneriella subcapitata (unicellular algae) and Daphnia magna (crustacean, Cladocera)
were tested following normalized methods: UNI EN ISO 6341:2013 (D. magna) and UNI EN ISO
8692:2012 (P. subcapitata) following standardized conditions and positive or negative controls
reported by the cited methods. Tests on algae were performed by spectrophotometric lectures at 670
nm after 72 hours of exposure, using an internal calibration curve obtained by cell counts by a
Thomas’s chamber, while tests on D. magna were performed by direct lectures of survived animals
after 24 and 48 hours of exposure to dilutions of chemicals. Data calculations were performed as
reported in the followed normalized methods.

Ecotoxicity Studies on Seawater Organisms

Ecotoxicological tests were performed on three species owning to different trophic levels to
evaluate ecological impacts of both tested chemicals. Selected species were Aliivibrio fischeri (bacteria,
UNI EN ISO 11348-1:2019), Phaeodactylum tricornutum (unicellular algae, UNI EN ISO 10253:2017),
Paracentrotus lividus (Echinodermata, EPA/600/R-95-136/Sezione 15 + ISPRA Quaderni Ricerca
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Marina 11/2017); all tests performed are based on normalized methods following standardized
conditions and positive or negative controls reported by the cited methods.

ESI-MS Analysis

The ESI-MS analyses were performed as previously described by Corici et al. [15] About 1 mg
of crude reaction mixture was solubilized in 1 mL of methanol, with the addition of 0.1% v/v of formic
acid. The analyses were performed using an Esquire 4000 (Bruker) instrument in electrospray positive
ionization mode by generating the ions in an acidic environment. The generated ions were positively
charged with m/z ratios in the range of 200-1000. Weight average molecular weight (Mw) was
calculated according to the following equation:

_YiNM?
YSiNM,
Number average molecular weight (Mn) was calculated using the following equation:
_ ZiNiM;
LN
Where M; is the molecular weight of a chain and N; is the number of chains of that molecular
weight.
NMR Analysis

The 'H-NMR, BC-NMR and 2D-NMR spectra were recorded using a 400 MHz VarianR
spectrometer, using MeOD, DMSO and CDCls as solvents. 1D TOCSY NMR and Pulsed Gradient
Stimulated Echo Nuclear Magnetic Resonance (PGSTE) were also used for the characterization of the
functionalized products. The 'H NMR PGSTE measurements were carried out at 45°C on a Varian
VNMRS 500 NMR spectrometer (11.74 T) operating at 500 MHz for 'H, or a Varian 400MR
spectrometer (9.4 T) operating at 400 MHz for '"H. An enhanced stimulated echo pulse sequence with
spin lock rif was employed, with 21 different z-gradient strengths, Gz, between 2 and 60 G cm-! (for
500 MHz) or between 2 and 18 G cm-' (for 400 MHz), a pulsed gradient duration, 9, of 2 ms, and a
diffusion interval, A, 300 ms. The gradients were calibrated on the value of D=1.90 10 m? s-! for '"H
in D20 (99.9%).

Experiment (Varian software) DgcsteSL_cc: Gradient Compensated Stimulated Echo with Spin
Lock and Covenction Compensation pulse sequence.

Computational Analysis

For the molecular description, the VolSurf3 program was used (version 1.1.0b12) with the
default options [2,17,18]. The probes utilized for the calculation of the descriptors were as follows:
DRY (hydrophobic probe), OH2 (water probe), O (carbonyl probe) and N1 (nitrogen) as previously
described [2].

3. Results and discussion

3.1. Computational Analysis of Substrate Properties by 3D Molecular Interaction Fields

Molecular descriptors based on Molecular Interaction Fields (MIFs) were used to search for a
preliminary correlation between the structure of the oligomers and their theoretical properties in
terms of hydrophobicity, flexibility and permeability. The monomers considered in the in silico
analysis were AA, BDO, GLY, monoethylene glycol (MEG), 1 3-propanediol (PDO) and IA and their
corresponding dimers and trimers. The adipic acid AA was selected as diacid due to its bio-based
origin and because, in previous studies, it resulted to be an efficient substrate for CaLB, suitable for
chain elongation and offering a medium hydrophilicity to the oligoesters [22].

The analysis was performed using the software package VolSurf+, a computational procedure
specifically designed to produce descriptors related to pharmacokinetic properties, starting from 3D
molecular field maps [17,18]. MIF can be seen as a quantitative computation of the ability of the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.2008.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 August 2025 d0i:10.20944/preprints202508.2008.v1

6 of 26

molecule, in our case, the oligomers, to establish specific interactions. The GRID computational
method calculates interaction energies between a chemical group (PROBE) and each GRID node that
spams the structure (or a selected part) of a target molecule, in our case the dimers and trimers. The
matrix of the interaction energies forms the so-called MIF. The basic concept of VolSurf is to compress
the information present in 3D GRID maps into a few 2D numerical descriptors, which are simple to
understand and interpret. The molecular descriptors obtained refer to molecule size and shape, to
size and shape of both hydrophilic and hydrophobic regions and to the balance between them [23,24].

Figure 1. Illustration of GRID 3D molecular interaction fields for the trimer AA-GLY-DMI as calculated with the
hydrophilic waterprobe (cyan) and hydrophobic dryprobe (green).

The results obtained from VolSurf+ (Tables 1S and 2S in ESI) and the correlation between the
substrate flexibility and the logarithm of the partition coefficient between 1-octanol and water are
presented in Error! Reference source not found.. It can be observed that the highest flexibility was
obtained for the trimers and the oligoesters containing glycerol present the lowest hydrophobicity.
On the other hand AA-BDO-ITA is the most hydrophobic.
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Figure 2. Predicted flexibility values function of the logarithm of the partition coefficient between 1-octanol and
water of the raw materials, dimers and trimers. Legend: adipic acid (AA), 1,4-butanediol (BDO), glycerol (GLY),
monoethylene glycol (MEG), 1 3-propanediol (PDO) and itaconic acid (IA).k.

The same procedure was used for the physicochemical theoretical profiling of oligoesters
functionalized through Michael-type addition with the following selected biomolecules: N-
acetylcysteine (NAC_P), N-Ac-Phe-¢-Lys-OtBu (dipeptide_P), tri-lysine (3LYS_P), and glucosamine
(GA_P). We used three key molecular descriptors for this analysis: partition coefficient (logP n-
octanol/water), molecular flexibility (FLEX), and predicted membrane permeability. These
descriptors were evaluated for each derivative using both AA-GLY-ITA and AA-BDO-ITA polyester
backbones. The results (Figure 3a—c) show consistent trends across both series. This highlights how
the incorporated biomolecule influences the final properties of the functionalized materials.

From a lipophilicity standpoint, the lowest logP values were observed for the glucosamine-
functionalized derivative (GA_P), indicating a pronounced hydrophilic character. This aligns with
glucosamine's structural nature, as it possesses multiple polar hydroxyl and amino groups. In
contrast, the dipeptide-functionalized oligoesters exhibited the highest logP values, reflecting a
predominantly hydrophobic profile due to the presence of the bulky tert-butyl group and aromatic
phenylalanine side chains. The NAC_P derivative displayed intermediate-to-low logP values
consistent with its moderate polarity. The 3LYS_P derivative showed a nearly neutral logP value,
suggesting a balanced hydrophilic-hydrophobic character due to multiple charged amino
functionalities counterbalanced by peptide backbone contributions.

As shown in Figure 3b, flexibility predictions reveal that all functionalized oligoesters have
higher molecular flexibility than their non-functionalized counterparts (AA_X_ITA). This property is
generally favourable for bioactive polymer systems, especially in drug delivery and tissue
engineering. The 3LYS_P and dipept_P compounds exhibited the highest FLEX values, likely due to
their extended, conformationally adaptable side chains that contribute an increased number of
rotatable bonds and enhanced chain mobility. NAC_P and GA_P also exhibited improved flexibility
compared to the base oligomers, albeit to a lesser extent. This reflects their more compact and less
sterically hindered molecular configurations.

Predicted permeability data (Figure 3c) show that incorporating the selected biomolecules
significantly increases membrane permeability compared to nonfunctionalized oligoesters. The
3LYS_P derivative demonstrated the highest permeability values among the functionalized series,
suggesting a favourable balance of molecular size, polarity, and conformational dynamics that
facilitates passive diffusion. Interestingly, despite its high hydrophobicity, the dipept_P compound
exhibited relatively lower permeability. This may be due to its increased steric bulk and lower
solubility in aqueous environments. These factors are known to limit transmembrane transport.
GA_P and NAC_P exhibited moderate permeability enhancements, likely due to their smaller
molecular sizes and favourable hydrogen bonding potential.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Predicted values of the logarithm of the partition coefficient between 1-octanol and water (a), flexibility
(b) and permeability (c) of the functionalized oligoesters. For each set of data, the column in darker solid gray
color refers to AA-GLY-ITA whereas the column with a diagonal striped pattern refers to AA-BDO-ITA. Legend
for the oligoesters functionalized with the biomolecules: Lys-Lys-Lys (3LYS_P), N-acetylcysteine (NAC_P), N-
Ac-Phe-¢-Lys-OtBu (dipept_P) and glucosamine (GA_P). AA_X_ITA are the non-functionalized oligoesters.

Furthermore, the addition of glucosamine via an aza-Michael reaction produces the most
hydrophilic structures, as evidenced by their increased polar surface area (PSA > 740 UJ) and favorable
solubility predictions (LgS = —1.4). These properties suggest a high potential for dispersion in an
aqueous environment. In contrast, peptide-functionalized products, particularly those incorporating
a dipeptide (N-Ac-Phe-e-Lys-OtBu), exhibit significantly increased molecular weight (>1,600 Da),
enhanced flexibility (R >1.52), and the highest hydrophobicity. This is reflected in their lower LgS
values (approximately —2.4) and elevated globularity indices (G > 1.99). These features suggest
reduced solubility but improved membrane permeability, a desirable trait for specific drug delivery
applications. NAC-functionalized compounds occupy an intermediate position, offering a balance
between hydrophilicity and permeability. Furthermore, degradability descriptors (DD1-DD8)
indicate an increased potential for fragmentation of peptide-rich structures, suggesting susceptibility
to enzymatic hydrolysis and favorable biodegradability profiles (Tables 25). Overall, the descriptor
profiles show that molecular functionalization greatly affects the physicochemical properties of
itaconate-based oligoesters, such as solubility, permeability, flexibility, and biodegradability. These
findings provide a rational basis for designing bioactive, environmentally responsive polymeric
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materials. Functionalization with various biomolecules modulates hydrophilicity or hydrophobicity
in a tunable manner, consistently leading to enhanced molecular flexibility and membrane
permeability. The nature of the Michael donor governs this tunability, enabling the precise tailoring
of oligoester systems to meet specific biomedical requirements. Thus, this strategy provides a
versatile platform for developing advanced materials for use in controlled drug release, targeted
delivery, and tissue engineering.

3.2. Enzymatic Synthesis of Poly(Glycerol Adipate Itaconate) (PGAI)

Following the computational results, oligoesters formed by AA, GLY and ITA were
enzymatically synthetized with the aim to link covalently the selected biomolecules on the vinyl
moiety of the itaconic acid units. The dimethylester of itaconic acid (DMI) was used in the
polycondensation, since it is liquid at 50°C and that decrease the viscosity of the reaction mixture in
the solvent-free reaction. IA is produced by fermentation of Aspergillus terreus, [25,26] has been
previously used for the synthesis, via radical reaction of the vinyl group, of dental materials ,[27]
elastomers [28] and drug delivery systems [29]. However, few reports exist on the synthesis and
application of poly(itaconate)s, since it is widely documented that the vinyl group of IA undergoes
Ordelt saturation and crosslinking at temperatures > 80°C, which are required for chemical
polycondensations [30-33]. Previously, we have used lipase B from Candida antarctica (CaLB) for the
solvent-less polycondensation of DMI with different polyols at 50°C without any radical quencher,
demonstrating that the mild conditions allow to preserve the labile vinyl group [11,16]. Solvent-less
systems were developed, thus avoiding the use of high-boiling solvents, which incur severe limits as
regards to the scale-up of the process due to the formation of cyclic products [16].

Due to the low electrophilicity of the conjugated acyl groups of DMI, the polycondensation
reactions were performed in two steps as previously reported by Corici et al. [15]. First, the formation
of the acyl enzyme between CaLB and the poorly reactive DMI was promoted by working at 50°C,
500 mbar for 4 h. Then, the second step of the reaction involved the elongation of the chains by adding
adipic acid to the system and decreasing the pressure to 70 mbar. Notably, adipic acid was added in
a later stage because its esterification leads to the formation of H2O, which must be removed at lower
pressure to prevent hydrolysis. [34] The esterification reactions were catalysed by CaLB immobilised
on epoxy-functionalised methacrylic resins prepared in our laboratory for this purpose (Error!
Reference source not found.).

HO/Y\OH CH50H H,0

Scheme 1. Solvent-free polycondensation of adipic acid, dimethyl itaconate and glycerol catalysed by covalently

immobilised CaLB lipase.

The formation of the reaction products was demonstrated based on the assignments of the
masses from the ESI-MS spectra collected for the samples every 24 h and after the workup. After 72
h of reaction 90% of AA and DMI were converted. Error! Reference source not found. presents the
ESI-MS spectrum of AA-DMI-GLY and acquired after the workup, which shows the presence of two
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types of reaction products: the terpolymers as the main product (labelled in red in the figure) and the
copolymers of adipic acid with glycerol, labelled in blue. The range of molecular weights reached
after 72 h of reaction is between 400 and 1921 Da, with a maximum degree of polymerization of 6. It
is possible to observe the presence of different signals, that correspond to chains with more than one
incorporated itaconate residues (m/z = 673; 1077; 1205; 1276; 1608). The polydispersity coefficient
value is close to 1 and indicates the formation of homogeneous products.
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Figure 4. ESI-MS spectrum of the PGAI terpolymer reaction products obtained after 72 hours and work-up of
the reaction mixture obtained from the enzymatic polycondensation between adipic acid (m/z = 146.06), glycerol
(m/z = 92.05), and dimethyl itaconate (m/z = 158.15 g/mol), catalysed by covalently immobilised CaLB. Target
1200 m/z, range 100 — 1200 m/z, negative ion mode. Terpolymer products are labelled in red; copolymers of
adipic acid and glycerol are labelled in blue.

The 'H-NMR spectra (Figures 5 and 6) of the reaction products reveal that the enzymatic system
leads to an excellent preservation of the vinyl functionality of DMI after polymerization. Signal
assignments were confirmed by comparison with the literature [16,35].

These observations are in agreement with the data previously reported by our group for the
synthesis of poly(1,4-butylene itaconate).[16] In particular, the signals in the area between 6.35 and
5.70 ppm (Figure 6) correspond to the vinyl protons of bound DMI; from these signals, it is possible
to conclude that most of the DMI was included in the terpolymer as-is (signals e, e’), while about 11%
of the DMI underwent the hydrolysis of the methyl group and presents a free carboxylic acid group
(signals e*, e’*).
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Figure 5. "H NMR spectrum (500 MHz, DMSO-ds) for the PGAI terpolymer after purification. Labelled in blue,
signals of the adipic acid monomer; in red, signals of the dimethyl itaconate monomer; in purple, signals of

glycerol; in black, solvent impurities.
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Figure 6. Enlargements of the 'H NMR spectrum (500 MHz, DMSO-ds) for the PGAI terpolymer after
purification. (A) Range 6.35-5.62 ppm. (B) Range 5.40—4.65 ppm. (C) Range 3.55-3.60 ppm. (D) Range 2.45-2.10
ppm. Labelled in red, signals of the DMI monomer; in blue, signals of the adipic acid monomer; in purple, signals

of the glycerol monomer.
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From the strong overlap of signals present in the area between 3.8 — 4.25 ppm of the spectrum
relative to the PGAI reaction, it is possible to hypothesize that glycerol has undergone different types
of substitutions involving the tertiary C. Further analysis of the spectrum evidences the presence of
1,3-disubstituted glycerol units (Figure 5, signal h, h’), 1,2-disubstituted glycerol units (Figure 6B and
6C, signals g and g’) and trisubstituted glycerol units (Figure 6B, signal f).

Finally, the integrals of the signals between 2.10 and 2.45 ppm reveal that 7.5% of the adipic acid
(a’, Figure 6D) has a free carboxylic acid group, signalling its terminal position in the polymer chain.
The PGSTE 'H NMR spectrum of PGAI is available in ESI, Figure S1.

3.3. Marine Biodegradability Studies on PGAI

The enzymatically synthetized PGAI was assessed for its biodegradability in the marine
environment, according to the OECD 306 protocols, as previously reported by Zappaterra et al. [21].
The sea inoculum was taken in the same geographical location. Results in Table 1 indicate that the
oligoester is readly biodegradable in the conditions employed for the test. Detailed experimental data
are available in Table S3 in ESI.

3.4. Assessment of the Ecotoxicity of Poly(Glycerol Adipate Itaconate) (PGAI)

The simple analysis of the erosion, hydrolysis, or visual/chemical disappearance of the chemical
products or polymers is not sufficient to attest their safety and sustainability. Rather, ecotoxicity
studies on the effects of such small molecules are of major importance, since they are also prone to
disperse quickly in the environment through inland waterways, wastewater and outflows.

Previously we have reported that the use of natural feedstocks —such as vegetable seed oil and
their derivatives—can minimize these risks, not only because of their known low toxicity, but also
because microorganisms have evolved enzymes and metabolic pathways for processing such natural
molecules. Oligoesters composed of glycerol and adipic acid resulted endowed with negligible
toxicity when tested on both marine and freshwater organisms [2,21].

In the case of PGAI, itaconic acid poses a distinct issue that should be considered. Although it is
a bio-based product obtained by microbiological fermentation, its vinyl group represents a source of
potential toxicity because of its high reactivity when exposed to nucleophilic groups, especially
primary amines widely present in protein. According to the REACH registration data of the
European Union, itaconic acid (EC number 202-599-6, CAS number 97-65-4) no specific local effects
resulting from long term exposure have been identified in human and animals and the major acute
toxicological effect of concern is eye irritation in human [36].

In our study, the reactive vinyl group is expected to react with nucleophilic thiol or amine
groups, thus transforming in more stable functional groups. Nevertheless, in the proposed strategy
of functionalization of PGAI, the persistency of some unreacted vinyl groups on PGAI cannot be
excluded. Therefore, to evaluate the sustainability of the oligoester selected as a chemical platform
for post-polymerization functionalization, PGAI was tested for its ecotoxicity towards several
benchmark organisms.

Table 1. Summary of OECD 306 biodegradation (BOD/ThOD) and acute ecotoxicity endpoints for PGAI across
marine and freshwater species. The details of the ecotoxicity data are available in ESI, Tables S4-59).

Test Conc. . Most Preliminary

. . Key endpoint / . .

Assay / Organism mediu range i sensitive Toxicity

metric
m (mg L) effect classification*
Readily
OECD 306 Seawat — (400mg  %ThOD (BOD  >99 % ThO .
) biodegradable; no
(Seawater BOD) er fixed) vs. ThOD) D @28d .

OX.
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Saccharomyces Freshw -18 % .
. 100 Growth A (%) ) No toxicity
cerevisiae (24 h) ater (hormesis)
Pseudokirchneriella  Freshw -10 % .
) 0.3-60 Growth A (%) ) No toxicity
subcapitata (72 h) ater (hormesis)
Daphnia magna Freshw Immobilisation 10 % .
0.3-60 No toxicity
(48 h) ater (%) @60 mg L1
Aliivibrio fischeri ~ Seawat Luminescence 12%
0.028-28 No toxicity
(30 min) er inhibition (%) @28 mgL™
Phaeodactylum Seawat Growth 12%
. 0.031-31 Low toxicity
tricornutum (72 h) er inhibition (%) @31 mgL™
Paracentrotus lividus Seawat Abnormal 74 %
0.031-31 Moderate toxicity
(72h) er larvae (%) @31 mg L1

*Classifications follow OECD/REACH interpretation thresholds

The ecotoxicological battery was deliberately assembled to represent the principal
compartments into which PGAI residues are most likely to be released —waste-water effluents that
feed into rivers, estuaries and finally coastal zones —and to cover distinct biological functions that
can be impaired by synthetic oligomers. Primary producers were probed with both the freshwater
chlorophyte Pseudokirchneriella subcapitata and the marine diatom Phaeodactylum tricornutum. These
phototrophs are recognized OECD/ISO sentinels for evaluating interference with photosynthesis or
nutrient uptake; their limited sensitivity to PGAI (< 12 % growth inhibition at 60 mg L) indicates
that the hydrophilic glycerol- and adipate-rich fragments released during early hydrolysis neither
partition into cellular membranes nor disrupt chloroplast function.

Heterotrophic microorganisms were examined at two evolutionary levels. The budding yeast
Saccharomyces cerevisiae, widely used to gauge cytoplasmic stress and osmotic imbalance, displayed
moderate growth stimulation (+18 % relative to the untreated control), suggesting that low-
molecular-weight degradation products can actually serve as auxiliary carbon sources. By contrast,
the marine bacterium Aliivibrio fischeri —whose bioluminescence is exquisitely sensitive to respiratory
poisons—registered only marginal light inhibition (< 12 % at 27.9 mg L after 30 min). This finding
confirms that any residual a, 3-unsaturated ester motifs do not act as acute electrophilic toxins toward
prokaryotes under environmentally realistic exposures.

Higher-tier primary consumers were represented by the cladoceran Daphnia magna. Because
daphnids integrate both neuro-muscular and osmoregulatory pathways, the absence of
immobilization even at 60 mg L1 corroborates the low hazard already observed for poly(glycerol-
adipate) analogues. The most responsive endpoint proved to be early development of the sea-urchin
Paracentrotus lividus, a well-accepted marine embryo-toxicity assay that mirrors the vulnerability of
complex morphogenetic processes. At 31 mg L' PGAI induced 73.7 % abnormal plutei after 72 h,
whereas concentrations at or below 3.1 mg L™ produced no statistically significant malformations.
Even so, this effect concentration sits more than two orders of magnitude above the predicted
environmental concentration for biomedical or cosmetic applications (< 0.05 mg L), preserving a
substantial margin of safety.

Taken together with the > 99 % mineralization achieved in the OECD 306 seawater test, these
results show that PGAI is quickly removed from the marine compartment and exerts only minimal
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chronic toxicity at plausible environmental levels. The data therefore support the use of PGAI as a
sustainable platform for further thia- and aza-Michael functionalization, aligning with REACH “safe-
by-design” principles [1] and reinforcing its suitability for advanced biomedical, cosmetic and
environmentally benign materials. Details of the results of the ecotoxicity studies are available in ESI
(Tables S4-59).

3.5. Post polymerization functionalization of PGAI via Michael addition

The biodegradability, the bio-based origin and the negligible ecotoxicity of PGAI offer promising
potential for developing a versatile chemical platform that was investigated for developing advanced
materials potentially applicable to controlled drug release, targeted delivery, and tissue engineering
[37,38]. To this end, the IA units of PGAI were subjected to post-polycondensation functionalisations
via Michael addition, modifications aimed to introduce additional biofunctionality by covalent
anchoring on the exo-vinyl group of the itaconate moiety, preserved thanks to the mild enzymatic
synthesis conditions.

3.5.1. Thia-Michael addition of N-acetylcysteine

N-acetylcysteine (NAC) is an active ingredient used worldwide for its mucolytic action and as
treatment in a series of neuropsychiatric disorders. It is also an antioxidant that can protect cells from
oxidative stress [39,40]. The presence of a thiol group in its structure makes NAC an interesting
substrate for proving the feasibility of thio-Michael addition [41] to the vinyl groups of PGAL
According to the computational study, it is expected that the covalent bond of NAC to the polymer
could increase the hydrophilicity. Moreover, the introduction of the free carboxylic group would
introduce a negative charge at physiological pH. The synthesis of the NAC-functionalised polyester
was carried out through post-polymerisation thio-Michael reaction of PGAI with NAC. The first trial
of the reaction was performed in solvent-free conditions, but the formation of the product was not
observed. For this reason, further reactions were conducted by adding a small amount of DMF to the
reaction system, since both the PGAI terpolymer and NAC are soluble in this solvent. The reaction is
presented in Error! Reference source not found..

SH
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HA(T |
0 0 (o] (0] [0} OHO
N-acetyl-L-cysteine
+ —_— Mo 0 NJJ\
72 h, 65°C & OH H
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Scheme 2. Thia-Michael addition of N-acetylcysteine to the vinyl moiety of PGAI

The reaction was carried out at 65°C. Immediately after the start of the reaction, the colour of the
mixture changed from transparent colourless to intense yellow. Once the product had been isolated,
as described in the experimental section, its characterisation was performed through NMR
spectrometry. The 'H-NMR spectra of the starting PGAI terpolymer and of the functionalisation
product are presented in Figure 7. The disappearance of the signals around 6 ppm (in blue in Figure
7), present in the non-functionalized polymer, suggests the reaction of the vinyl moiety of DMI with
NAC. Assignment of the signals attributed to the NAC are detailed in Figure S2 (ESI).

The resulting product mixture was also analysed by PGSTE experiments, where the signals of
the polymeric species can be better observed, being those of the species with lower molecular weight,
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therefore faster diffusing, either disappeared or greatly attenuated. The resulting "H NMR spectrum
(Figure S3, ESI) shows the permanence of the signals of NAC in the spectrum, further supporting the
aminoacid binding to the polymer and confirming the success of the functionalization.

| Jm*m L

T T T T T T T T T T T T T T ]
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0
1 (ppm)

Figure 7. Comparison between the "H NMR spectra (400 MHz, DMSO-ds, 25°C) of the PGAI terpolymer (above)
and its reaction product with N-acetyl cysteine (below). In red, signals of NAC in the product spectrum; in blue,
signals of the vinyl protons of DMI. Blue asterisks indicate DCM impurities; red asterisks indicate DMF
impurities. Chemical shifts are referred to the DMSO residual signal (2.5 ppm).

3.5.2. Aza-Michael Addition of di- and tri-Peptides

The addition of secondary amines to secondary unsaturated diacids and their polymers has been
previously reported, [42] The addition of secondary amines onto itaconate polyesters requires long
reaction times, displaying also undesired side reactions such as the formation of the mesoconate
regioisomer [43]. On the contrary, the aza-addition of primary amines to IA appears more
challenging, since it leads to the fast formation of a secondary amine, that promptly attacks the acyl
carbon (C4) forming stable five-membered lactam rings [44-47]. More recently, Guarneri et al.
proposed the post-polymerization aza-Michael addition of primary amines to IA [16] by exploiting
the control of the structural rigidity of the polyester chain and the bulkiness of the amine donor.
Moreover, the study reports how, in the case of the addition of primary amines, the concentration of
the base is the key parameter influencing the isomerization and cyclisation of the IA double bond.
Conversely, the solvent-free aza-Michael addition was reported, using hexamethylenediamine
(HMDA) and 2-phenylethylamine (PEA) at 40°C, a temperature that maintains these amino donors
liquid. This preliminary study led to a mixture of linear and cyclic side products, and provided
information on the influence of the different parameters controlling the aza-Michael addition of
primary amines. On the basis of these previous information, the present study employed as
nucleophile donors two lysine-based molecules having sufficient steric hindrance to avoid the
formation of the lactam ring that would have cause the oligomer degradation: the protected dipeptide
N-Ac-Phe-e-Lys-OtBu (Error! Reference source not found.) and the tripeptide Lys-Lys-Lys.
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The synthesis of short oligoesters containing amino acids or short peptides as pendant moieties
presents a high interest for the cosmetic industry and for biomedical applications [48-52]. Several
small peptides, generated by the degradation of extracellular matrix proteins, mainly from collagen
proteolysis, may play a significant role in physiological or pathological processes such as tumour
invasion or wound healing. Renewing collagen is a key process in skin care and in the reduction of
wrinkles. Many cosmetic companies are thus interested in the incorporation of lysine-based small
peptides to their topical cosmetics. However, these peptides are hydrophilic and their trans-
epidermal penetration is too weak. In order to increase their lipophilic properties, these small
peptides can be transformed, for example, in palmitoyl derivatives, which exhibit a better delivery
across skin [48].
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+
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Scheme 3. Aza-Michael addition of N-Ac-Phe-¢-Lys-tOBu to the vinyl moiety of PGAI

The reactions employing N-Ac-Phe-¢-Lys-OtBu was carried out at 65°C. Immediately after the
start of the reaction, the colour of the mixture changed from transparent to pale yellow. After 72 h
from the start of the reaction, the workup was performed as described in the experimental section.
The dipeptide (Figure S4, ESI) and the products (Figure S5-57, ESI) were characterised by NMR
spectroscopy. Figure 8 reports a comparison of the proton NMR spectra of the PGAI (above) and the
raw reaction product (below). The disappearance of the signals from the vinyl functionality of
dimethyl itaconate suggests the successful Michael addition.

Since the reaction was conducted with a large excess of dipeptide, PGSTE NMR spectra [49-51]
were acquired to better assess the success of the functionalization (Figure S5-S7, ESI). In PGSTE
spectra obtained at high gradient, signals relative to small molecular species (such as the unreacted
dipeptide or solvent impurities) are removed; the remaining signals belong to large molecular
species, such as the functionalized polymer. The analysis of the PGSTE spectrum obtained with the
highest gradient (Figures S6 and S7, ESI) allowed to successfully identify signals related to
phenylalanine and lysine bound to the polymer. The assignment of the Ca signal of lysine bound to
the polymer was confirmed by 1D TOCSY NMR spectroscopy (Figure S6, ESI), further confirming
the success of the functionalization. However, signals relative to an unknown reaction side products
were also identified (purple dots in Figure 8).
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Figure 8. Comparison between the "H NMR spectra (400 MHz, DMSO-ds) of the PGAI terpolymer (above) and
its reaction product with N-Ac-Phe-¢-Lys-OtBu (below). In the blue square, signals of the vinyl protons of DMI.

Blue asterisks indicate DCM impurities; red asterisks indicate DMI impurities.

In conclusion, the functionalization of PGAI with the dipeptide N-Ac-Phe-e-Lys-OtBu was
successful, but further optimization is needed to prevent the formation of side products of the
reaction.

Less positive results were obtained when trilysine was used for the aza-Michael addition. This
was most probably due to the presence of four primary amine groups, three of which are unhindered
and therefore likely to promote the formation of secondary cyclic products and cross-links. Trilysine
was selected because it is often used for the production of three-dimensional absorbable hydrogels,
by virtue of its high cohesive strength [52]. A trilysine amine solution, combined with polyethylene
glycol (PEG), can adhere to the tissue cervices providing an excellent tissue adherence [53]. The
crosslinking derivative obtained from the PEG and trilysine amine solution is gradually degraded in
a uniform fashion, just like absorbable sutures. Renal absorption and secretion of the degraded
molecule is gradual. The adherence properties of trilysine were exploited to seal lung tissue after
thoracoscopic resection [54]. Kamali et al. evaluated the relative in vitro gene delivery efficacies of a
novel series of cationic amphiphiles containing trilysine [55].

The acetate salts of trilysine was employed in the presence of pyridine to obtain the free amine
required for the nuclephilic addition. The PGAI was suspended in water and pyridine at 65°. 'TH NMR
spectra of the reaction mixture were acquired after 3h (Figure 9, middle) and 10 days (Figure 9,
bottom) and compared to the spectrum of the initial PGAI (Figure 9, top). The NMR analysis
evidences a progressive disappearance of the signals corresponding to the vinyl group of dimethyl
itaconate (in blue in Figure 9), but this is accompanied by a progressive degradation of the substrate,
suggested also by the change of the spectrum in the region between 3.5 and 4 ppm, where are usually
found signals relative to free glycerol [56].

The reaction with trilysine also brought to a drastic change of the solubility of PGAI, which
resulted no more soluble in DMSQO; due to this reason, the NMR spectra of the reaction mixture were
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acquired in a 1:1 D20/pyridine-ds mixture. Change of solubility suggests possible crosslinking due to
the presence of four different amino groups.
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Figure 9. "H NMR spectra (500 MHz) of the PGAI terpolymer (above) and the reaction mixture of PGAI with
trilysine after 3 hours (middle) and 10 days (bottom). The spectrum of PGAI was obtained in DMSO-d6, while
spectra of the reaction mixture with trilysine were acquired in a 1:1 D20/pyridine-ds mixture. The spectra

chemical shifts are referred to the signal of adipic acid at 1.53 ppm.

3.5.4. Aza-Michael Addition of Glucosamine

Finally, D-Glucosamine hydrochloride (GA) was used in the functionalization of PGAL
Glucosamine is a naturally occurring amino sugar widely used in biomedical and cosmetic
formulations due to its non-toxic profile and high water solubility [57,58]. Its primary amine group
offers potential for selective aza-Michael addition to. However, as a sugar, the equilibrium with the
linear aldehydic form and the negligible solubility in most organic media poses major challenges for
its handling and the promotion of selective reactivity with the vinyl group on the PGAI backbone.

OH
0
HO
HO OH |
NH, o .o
pyridine, 72h, 65°C 0 0
Glucosamine o)
_— =
oy Mg 0

+
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Scheme 4. Expected product obtainable from the reaction of PGAI with glucosamine. Reaction conditions refer

to experiment number 4 of Table 2.

Table 2 reports the different reaction conditions tested in the synthetic reaction. In all
experiments, glucosamine was used in its salt form, requiring deprotonation for nucleophilic
activation. Reaction 4, employing pyridine as a base and a small volume of DMF at 65°C, led to the
most promising results. The addition of DMF was necessary to improve the dissolution of the
substrates, which was also favored by an increase of the temperature.

Table 2. Reaction conditions tested for the functionalization of PGAI with glucosamine (GA).

Exp. PGAI GA (mg) Base Solvent T (°C) Time

(mg) (h)
1 400 155 Pyridine (40 mg) — 50 72
2 400 110 Pyridine (40 mg) | DMF (1 mL) 50 72
3 400 110 Pyridine (40 mg) — 50 72
4 400 110 Pyridine (40 mg) | DMF (1 mL) 65 72
5 100 50 Triethylamine (40 — 50 168

mg)

Figure 10 reports a comparison of the 'H NMR spectra in DMSO obtained of the starting PGAI
polymer, reference glucosamine, and the reaction product. Signals pertaining to glucosamine
(indicated by black dots in the figure) are present in the NMR spectrum of the reaction product,
suggesting the successful coupling of GA with PGALI This is further confirmed by an analysis of the
PGSTE spectra of PGAI and of PGAI-GA obtained with the highest applied gradient (Figure S8, ESI).
The permanence of the glucosamine signals in the PGSTE spectrum of the product further points
towards the coupling of GA and PGAI Observing the integrals of the signals of the vinyl protons of
dimethyl itaconate (Figure 11), a 17% decrease in the intensity of the signal is observed after reaction
with glucosamine, further pointing towards the formation of a bond between the DMI and the amino
group of glucosamine.
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Figure 10. 'H NMR spectra (500 MHz, DMSO-ds, 45°C) of the PGAI terpolymer (above), its reaction product
with glucosamine experiment 4 (middle) and glucosamine used for the reaction (bottom). Black dots indicate
signals of glucosamine present in the reaction product spectrum. Chemical shifts are referred to the DMSO
residual signal (2.5 ppm).
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Figure 11. Enlargement of the range between 6.30 and 5.75 ppm of the "H NMR spectra of the PGAI terpolymer
(above), and its reaction product with glucosamine (below). Integral areas were normalized referring to the

signal at 1.5 ppm (4 H, aliphatic protons adipic acid).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.2008.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 August 2025 d0i:10.20944/preprints202508.2008.v1

21 of 26

The choice of the base was pivotal: triethylamine, a stronger, less hindered base, immediately
and irreversibly induced isomerisation of the vinyl group to internal double bond structures (namely,
mesaconate and citraconate derivatives), which are significantly less reactive in nucleophilic addition
reactions. This effect was evidenced by 1IH-NMR and confirmed the base-induced rearrangements of
itaconic acid [30,31].

4. Conclusions

Post-polymerisation functionalisation of bio-based polyesters and oligomers offers a wide range
of options for designing and producing new, advanced macromolecules and materials for use in
controlled drug release, targeted delivery, tissue engineering, cosmetic formulations, smart coatings
and packaging. This study presents a multidisciplinary, integrated strategy for the rational eco-
design and synthesis of bio-based, unsaturated terpolymers functionalised with various
biomolecules. The study aimed to demonstrate how the design and production of a new chemical
product can be planned with the 'safety and sustainability’ of the chemicals in mind from the initial
stages of the implementation process.

The proposed approach starts with: i) in silico selection of the most promising candidates for a
given application by virtual screening of candidates oligoesters using Volsurf+ software, which can
predict physical and chemical properties, such as hydrophilicity, flexibility, permeability; ii) solvent-
free enzymatic synthesis of the selected bio-based oligoester under mild (50 °C) and solvent-free
conditions to obtain short terpolymers (between 400 and 1,921 Da) with a controlled structure
(polydispersity close to 1) containing reactive monomers (in our case the vinyl group of itaconic acid),
which can be exploited as a chemical platform for further functionalisation; iii) study of the marine
biodegradability and ecotoxicity of the oligoesters towards freshwater and marine benchmark
organisms, given that biodegradability does not necessarily indicate low toxicity, and the fate of most
pharmaceutical and cosmetic products occurs in these ecosystems; iv) covalent anchoring of
biomolecules on the unsaturated terpolymer via Michael addition reactions.

The experimental results confirm that lipase-catalysed polycondensation is an effective method
of introducing itaconic units into polyesters while preserving the vinyl group. It is also worth noting
that previous studies have demonstrated the recyclability of lipase CaLB when it is covalently
immobilised on fossil-based and bio-based carriers, making the process economical [11,15,20,34].

The thia- and aza-Michael reactions reported in the study were not optimized but the data
indicate that the thiol groups of the N-acetylcystein reacts with the exo C=C (> 50% of vinyl groups
reacted). The hindered -amino group of the dipeptide N-Ac-Phe-e-Lys-OtBu was also covalently
anchored on the terpolymer, opening new avenues for the functionalisation of polyesters with amino
acids and peptides. In the case of glucosamine, the primary amine reacted, albeit with lower
conversions (approximately 19%), due to the substrate's low solubility and mass transfer limitations.

Overall, this multidisciplinary strategy can be adapted to suit a wide range of biological or
technological objectives. The combination of mild enzymatic polycondensation conditions with the
low ecotoxicity and high biodegradability of various bio-based oligoesters [2] shows promise in the
development of different 'safe and sustainable' chemical platforms for advanced products and
materials.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.

Author Contributions: Conceptualization, A.T. and L.G.; methodology F.Z., F.A ; software, A.T.; . validation
C.D., F.A, F.Z, MR, formal analysis F.Z., AT., MR, S.A., C.D.; investigation, A.T., P.D., F.Z,S.A, F.A,,
resources, A.T. and L.G.; data curation, F.A,, P.D., C.D.,, MR, S.A,, S.A,, E.P. and T.B.; writing —original draft
preparation, A.T.,, F.Z. L.G.; writing —review and editing, A.T., L.G,, F.Z., C.D., M.R,; visualization, C.D., A.T,,
F.A, F.Z,; supervision, L.G., AT. M.R,, F.A.;; project administration, A.T. and L.G.; funding acquisition, A.T.

and L.G. All authors have read and agreed to the published version of the manuscript.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.2008.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 August 2025 d0i:10.20944/preprints202508.2008.v1

22 of 26

Funding: This project received funding from the European Union’s Horizon 2020 research and innovation
programme under the Marie Sktfodowska-Curie grant agreement No. 101029444 (RenEcoPol) and under grant
agreement No 860414 (Interfaces), and financial support is acknowledged from ICSC—Centro Nazionale di
Ricerca in High Performance Computing, Big Data and Quantum Computing, funded by the European Union —
NextGenerationEU —PNRR,Missione 4 Componente 2 Investimento 1.4Grant number CNO00000013.CD is
grateful to CIRCC (Consorzio Interuniversitario Reattivita Chimica e Catalisi) and Progetto Competitivo 2022
CMPT222955 MUR for funding a fellowship (Bando 3, 2023). University of Trieste is grateful to MUR, Roma
for financial support through project “BRAIN: A Biomass-derived mateRial plAtform for the nose to brain
delivery of bioactive compouNds” — PRIN 2022 Prot. n.2022KL2ECA.

Institutional Review Board Statement: this study does not involve humans or animals.

Data Availability Statement: Raw data of the computational analysis and of the ecotoxicity studies are available
in ESI that ca be downloaded at the link.

Acknowledgments: The authors would like to thank Fabio Hollan for his assistance with the mass spectrometry
characterization, Simone Sedran for preliminary studies on thiaMichael addition, Manuela Piccardo and
Francesca Provenza for their assistance in the ecotoxicology studies.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

ADME Absorption, distribution, metabolism, and excretion
PGAI Poly(glycerol adipate itaconate)
1A Itaconic acid

DMI Dimethyl itaconate

AA Adipic acid

BDO 1,4-butanediol

GLY Glycerol

MEG Monoethylene glycol

PDO 1,3-propanediol

GA Glucosamine

NAC N-acetyl cysteine

CalLB Lipase B from C. antarctica
References

1. Safe and sustainable by design chemicals and materials. Framework for the definition of criteria and evaluation
procedure for chemicals and materials, 2022; EUR 31100 EN, Publications Office of the European Union,
Luxembourg, 2022, ISBN 978-92-76-53280-4, doi:10.2760/404991, JRC128591.

2. Todea, A,; Bitcan, I.; Giannetto, M.; Radoi, L1; Bruschi, R.; Renzi, M.; Anselmi, S.; Provenza, F.; Bentivoglio,
T.; Asaro, F.; et al. Enzymatic Synthesis and Structural Modeling of Bio-Based Oligoesters as an Approach
for the Fast Screening of Marine Biodegradation and Ecotoxicity. Int. J. Mol. Sci. 2024, 25, 5433.
https://doi.org/10.3390/ ijms25105433

3.  Pellis, A.,; Malinconico, M.; Guarneri, A.; Gardossi, L. Renewable Polymers and Plastics: Performance
beyond the Green. N. Biotechnol. 2021, 60, 146-158. https://doi.org/10.1016/j.nbt.2020.10.003.Kharissova, O.
V.; Kharisov, B. I; Oliva Gonzédlez, C. M.; Méndez, Y. P.; Lépez, 1. Greener Synthesis of Chemical
Compounds and Materials. R. Soc. Open Sci. 2019, 6 (11), 191378. https://doi.org/10.1098/rs0s.191378.

4.  Habeych, D. I; Juhl, P. B,; Pleiss, J.; Vanegas, D.; Eggink, G.; Boeriu, C. G. Biocatalytic Synthesis of
Polyesters from Sugar-Based Building Blocks Using Immobilized Candida Antarctica Lipase B. ]. Mol. Catal.
B Enzym. 2011, 71 (1-2), 1-9. https://doi.org/10.1016/j.molcatb.2011.02.015. (2)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.2008.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 August 2025 d0i:10.20944/preprints202508.2008.v1

23 of 26

5.  Lee, S.Y.,; Hong, S. H,; Lee, S. H.; Park, S. J. Fermentative Production of Chemicals That Can Be Used for
Polymer Synthesis. Macromol. Biosci. 2004, 4 (3), 157-164. https://doi.org/10.1002/mabi.200300096.

6.  Kharissova, O. V.; Kharisov, B. I; Oliva Gonzalez, C. M.; Méndez, Y. P.; Lopez, I. Greener Synthesis of
Chemical Compounds and Materials. R. Soc. Open Sci. 2019, 6 (11), 191378.
https://doi.org/10.1098/rs0s.191378.

7.  Binns, F.; Harffey, P.; Roberts, S. M.; Taylor, A. Studies Leading to the Large Scale Synthesis of Polyesters
Using Enzymes. |. Chem. Soc. Perkin Trans. 11999, No. 19, 2671-2676. https://doi.org/10.1039/a90488%.

8.  Guo, B,; Chen, Y, Lei, Y,; Zhang, L.; Zhou, W. Y,; Rabie, A. B. M.; Zhao, ]J. Biobased Poly(Propylene
Sebacate) as Shape Memory Polymer with Tunable Switching Temperature for Potential Biomedical
Applications. Biomacromolecules 2011, 12 (4), 1312-1321. https://doi.org/10.1021/bm2000378.

9. Todea, A.; Fortuna, S.; Ebert, C.; Asaro, F.; Tomada, S.; Cespugli, M.; Hollan, F.; Gardossi, L. Rational
Guidelines for the Two-Step Scalability of Enzymatic Polycondensation: Experimental and Computational
Optimization of the Enzymatic Synthesis of Poly(Glycerolazelate). ChemSusChem 2022, 15 (9).
https://doi.org/10.1002/cssc.202102657.

10. Barrett, D. G.; Merkel, T.].; Luft, J. C.; Yousaf, M. N. One-Step Syntheses of Photocurable Polyesters Based
on a Renewable Resource. Macromolecules 2010, 43 (23), 9660-9667. https://doi.org/10.1021/ma1015424.

11. Pellis, A.; Corici, L.; Sinigoi, L.; D’Amelio, N.; Fattor, D.; Ferrario, V.; Ebert, C.; Gardossi, L. Towards
Feasible and Scalable Solvent-Free Enzymatic Polycondensations: Integrating Robust Biocatalysts with
Thin Film Reactions. Green Chem. 2015, 17 (3), 1756-1766. https://doi.org/10.1039/C4GC02289K.

12.  Cerea, G.; Gardossi, L.; Sinigoi, L.; Fattor, D. Process for the Production of Polyesters through Synthesis
Catalyzed by Enzyme. WO2013110446A1, 2013.

13. Dreava, D. M,; Benea, L. C.; Bitcan, I.; Todea, A ; Sisu, E.; Puiu, M,; Peter, F. Biocatalytic Approach for Novel
Functional Oligoesters of e-Caprolactone and Malic Acid. Processes 2021, 9 (2), 232.
https://doi.org/10.3390/pr9020232.

14. Farmer, T. J.; Comerford, J. W.; Pellis, A.; Robert, T. Post-polymerization Modification of Bio-based
Polymers: Maximizing the High Functionality of Polymers Derived from Biomass. Polym. Int. 2018, 67 (7),
775-789. https://doi.org/10.1002/pi.5573.

15. Corici, L.; Pellis, A.; Ferrario, V.; Ebert, C.; Cantone, S.; Gardossi, L. Understanding Potentials and
Restrictions of Solvent-Free Enzymatic Polycondensation of Itaconic Acid: An Experimental and
Computational Analysis. Adv. Synth. Catal. 2015, 357 (8), 1763-1774. https://doi.org/10.1002/adsc.201500182.

16. Guarneri, A.; Cutifani, V.; Cespugli, M.; Pellis, A.; Vassallo, R.; Asaro, F.; Ebert, C.; Gardossi, L.
Functionalization of Enzymatically Synthesized Rigid Poly(Itaconate)s via Post-Polymerization Aza-
Michael Addition of Primary Amines. Adv. Synth. Catal. 2019, 361 (11), 2559-2573.
https://doi.org/10.1002/adsc.201900055.

17. Goodford, P.J. A Computational Procedure for Determining Energetically Favorable Binding Sites on
Biologically Important Macromolecules. J. Med. Chem. 1985, 28, 849-857.
https://doi.org/10.1021/jm00145a002

18. Cruciani, G.; Crivori, P.; Carrupt, P.A.; Testa, B. Molecular Fields in Quantitative Structure-Permeation
Relationships: The VolSurf Approach. ]. Mol. Struct. THEOCHEM 2000, 503, 17-30.
https://doi.org/10.1016/S0166-1280(99)00360-7

19. Cespugli, M.; Lotteria, S.; Navarini, L.; Lonzarich, V.; Del Terra, L.; Vita, F.; Zweyer, M.; Baldini, G,;
Ferrario, V.; Ebert, C.; et al. Rice Husk as an Inexpensive Renewable Immobilization Carrier for Biocatalysts
Employed in the Food, Cosmetic and Polymer Sectors. Catalysts 2018, 8 (10), 471.
https://doi.org/10.3390/catal8100471.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.1021/jm00145a002
https://doi.org/10.1016/S0166-1280(99)00360-7
https://doi.org/10.20944/preprints202508.2008.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 August 2025 d0i:10.20944/preprints202508.2008.v1

24 of 26

20. Spennato, M.; Todea, A.; Corici, L.; Asaro, F.; Cefarin, N.; Savonitto, G.; Deganutti, C.; Gardossi, L. Turning
Biomass into Functional Composite Materials: Rice Husk for Fully Renewable Immobilized Biocatalysts.
EFB Bioeconomy J. 2021, 1 (May), 100008. https://doi.org/10.1016/j.bioeco.2021.100008.

21. Zappaterra, F.; Costa, S.; Summa, D.; Semeraro, B.; Cristofori, V.; Trapella, C.; Tamburini, E. Glyceric
Prodrug of Ursodeoxycholic Acid (UDCA): Novozym 435-Catalyzed Synthesis of UDCA-Monoglyceride.
Molecules 2021, 26 (19), 5966. https://doi.org/10.3390/molecules26195966.

22. Li, G; Yao, D.; Zong, M. Lipase-Catalyzed Synthesis of Biodegradable Copolymer Containing Malic Acid
Units in Solvent-Free System. Eur. Polym. J. 2008, 44 4), 1123-1129.
https://doi.org/10.1016/j.eurpolym;j.2008.01.027.

23. Huang, S.; Chen, L.; Mei, H.; Zhang, D.; Shi, T.; Kuang, Z.; Heng, Y.; Xu, L.; Pan, X. In Silico Prediction of
the Dissociation Rate Constants of Small Chemical Ligands by 3D-Grid-Based VolSurf Method. Int. J. Mol.
Sci. 2020, 21 (7), 2456. https://doi.org/10.3390/ijms21072456.

24. Li, G, Yao, D.; Zong, M. Lipase-Catalyzed Synthesis of Biodegradable Copolymer Containing Malic Acid
Units in Solvent-Free System. Eur. Polym. J. 2008, 44 4), 1123-1129.
https://doi.org/10.1016/j.eurpolym;j.2008.01.027.

25. Pellis, A.,; Herrero Acero, E.; Gardossi, L.; Ferrario, V.; Guebitz, G. M. Renewable Building Blocks for
Sustainable Polyesters: New Biotechnological Routes for Greener Plastics. Polym. Int. 2016, 65 (8), 861-871.
https://doi.org/10.1002/pi.5087.

26. Teleky, B.-E.; Vodnar, D. Biomass-Derived Production of Itaconic Acid as a Building Block in Specialty
Polymers. Polymers (Basel). 2019, 11 (6), 1035. https://doi.org/10.3390/polym11061035.

27. Spasojevic, P.; Zrilic, M.; Panic, V.; Stamenkovic, D.; Seslija, S.; Velickovic, S. The Mechanical Properties of
a Poly(Methyl Methacrylate) Denture Base Material Modified with Dimethyl Itaconate and Di- n -Butyl
Itaconate. Int. . Polym. Sci. 2015, 2015, 1-9. https://doi.org/10.1155/2015/561012.

28. Satoh, K.; Lee, D.; Nagai, K.; Kamigaito, M. Precision Synthesis of Bio-Based Acrylic Thermoplastic
Elastomer by RAFT Polymerization of Itaconic Acid Derivatives. Macromol. Rapid Commun. 2014, 35 (2),
161-167. https://doi.org/10.1002/marc.201300638.

29. Hevilla, V.; Sonseca, A.; Echeverria, C.; Mufioz-Bonilla, A.; Fernandez-Garcia, M. Enzymatic Synthesis of
Polyesters and Their Bioapplications: Recent Advances and Perspectives. Macromol. Biosci. 2021, 21 (10).
https://doi.org/10.1002/mabi.202100156.

30. Schoon, L; Kluge, M.; Eschig, S.; Robert, T. Catalyst Influence on Undesired Side Reactions in the
Polycondensation of Fully Bio-Based Polyester Itaconates. Polymers (Basel). 2017, 9 (12), 693.
https://doi.org/10.3390/polym9120693.

31. Farmer, T.; Castle, R.; Clark, J.; Macquarrie, D. Synthesis of Unsaturated Polyester Resins from Various Bio-
Derived Platform Molecules. Int. T. Mol. Sci. 2015, 16 @), 14912-14932.
https://doi.org/10.3390/ijms160714912.

32. Sakai, M. Studies of the Isomerization of Unsaturated Carboxylic Acids. II. The Thermal Rearrangement of
Citraconic Acid to Itaconic Acid in Aqueous Solutions. Bull. Chem. Soc. Jpn. 1976, 49 (1), 219-223.
https://doi.org/10.1246/bcsj.49.219.

33. Jiang, Y.; Woortman, A.].],; Alberda van Ekenstein, G. O. R.; Petrovi¢, D. M.; Loos, K. Enzymatic Synthesis
of Biobased Polyesters Using 2,5-Bis(Hydroxymethyl)Furan as the Building Block. Biomacromolecules 2014,
15 (7), 2482-2493. https://doi.org/10.1021/bm500340w.

34. Pellis, A,; Ferrario, V.; Cespugli, M.; Corici, L.; Guarneri, A.; Zartl, B.; Herrero Acero, E.; Ebert, C.; Guebitz,
G. M,; Gardossi, L. Fully Renewable Polyesters via Polycondensation Catalyzed by Thermobifida
Cellulosilytica Cutinase 1: An Integrated Approach. Green Chem. 2017, 19 (2), 490-502.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.2008.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 August 2025 d0i:10.20944/preprints202508.2008.v1

25 of 26

https://doi.org/10.1039/C6GC02142E.

35. Perin, G. B. and Felisberti M. I, Enzymatic Synthesis of Poly(glycerol sebacate): Kinetics, Chain Growth,
and Branching Behavior. : Macromolecules 2020, 53, 7925-7935.
https://dx.doi.org/10.1021/acs.macromol.0c01709?ref=pdf

36. 36. https://echa.europa.eu/it/registration-dossier/-/registered-dossier/14392/7/7/1 = accessed on August
10, 2025.

37. Albertsson, A.-C.; Varma, I. K. Recent Developments in Ring Opening Polymerization of Lactones for
Biomedical Applications. Biomacromolecules 2003, 4 (6), 1466-1486. https://doi.org/10.1021/bm034247a.

38. Lang, K.; Sanchez-Leija, R. J.; Gross, R. A.; Linhardt, R. J. Review on the Impact of Polyols on the Properties
of Bio-Based Polyesters. Polymers (Basel). 2020, 12 (12), 2969. https://doi.org/10.3390/polym12122969

39. Cazzola, M.; Calzetta, L.; Page, C.; Jardim, J.; Chuchalin, A. G.; Rogliani, P.; Gabriella Matera, M. Influence
of N -Acetylcysteine on Chronic Bronchitis or COPD Exacerbations: A Meta-Analysis. Eur. Respir. Rev. 2015,
24 (137), 451-461. https://doi.org/10.1183/16000617.00002215.

40. Elbini Dhouib, L.; Jallouli, M.; Annabi, A.; Gharbi, N.; Elfazaa, S.; Lasram, M. M. A Minireview on N -
Acetylcysteine: An Old Drug with New Approaches. Life Sci. 2016, 151, 359-363.
https://doi.org/10.1016/j.1fs.2016.03.003.

41. Giacobazzi, G.; Gioia, C.; Colonna, M.; Celli, A. Thia-Michael reaction for a thermostable itaconic-based
monomer and the synthesis of functionalized bio-polyesters. ACS Sustainable Chem. Eng. 2019, 7,
5553-5559. DOI: 10.1021/acssuschemeng.9b00063

42. Chanda, S.; Ramakrishnan, S. Poly(Alkylene Itaconate)s — an Interesting Class of Polyesters with
Periodically Located Exo-Chain Double Bonds Susceptible to Michael Addition. Polym. Chem. 2015, 6 (11),
2108-2114. https://doi.org/10.1039/C4PY01613K.

43. Moore, O. B.; Hanson, P.-A.; Comerford, ]J. W.; Pellis, A.; Farmer, T. J. Improving the Post-Polymerization
Modification of Bio-Based Itaconate Unsaturated Polyesters: Catalyzing Aza-Michael Additions With
Reusable Iodine on Acidic Alumina. Front. Chem. 2019, 7. https://doi.org/10.3389/fchem.2019.00501

44. Pellis, A.; Hanson, P. A.; Comerford, J. W.; Clark, J. H.; Farmer, T. J. Enzymatic Synthesis of Unsaturated
Polyesters: Functionalization and Reversibility of the Aza-Michael Addition of Pendants. Polym. Chem.
2019, 10 (7), 843-851. https://doi.org/10.1039/C8PY01655K.

45. Farmer, T. J.; Macquarrie, D. J.; Comerford, J. W.; Pellis, A.; Clark, J. H. Insights into Post-polymerisation
Modification of Bio-based Unsaturated Itaconate and Fumarate Polyesters via Aza-michael Addition:
Understanding the Effects of C C Isomerisation. J. Polym. Sci. Part A Polym. Chem. 2018, 56 (17), 1935-1945.
https://doi.org/10.1002/pola.29079.

46. Hoffmann, C.; Stuparu, M. C.; Daugaard, A.; Khan, A. Aza-Michael Addition Reaction: Post-
polymerization Modification and Preparation of PEI/PEG-based Polyester Hydrogels from Enzymatically
Synthesized Reactive Polymers. ]. Polym. Sci. Part A Polym. Chem. 2015, 53 (6), 745-749.
https://doi.org/10.1002/pola.27498.

47. Noordzij, G.].; van den Boomen, Y.]. G.; Gilbert, C.; van Elk, D.]. P.; Roy, M.; Wilsens, C. H. R. M.; Rastogji,
S. The Aza-Michael Reaction: Towards Semi-Crystalline Polymers from Renewable Itaconic Acid and
Diamines. Polym. Chem. 2019, 10 (29), 4049-4058. https://doi.org/10.1039/COPY00463G.

48. Chirita, R.-I.; Chaimbault, P.; Archambault, J.-C.; Robert, L; Elfakir, C. Development of a LC-MS/MS
Method to Monitor Palmitoyl Peptides Content in Anti-Wrinkle Cosmetics. Anal. Chim. Acta 2009, 641 (1-
2), 95-100. https://doi.org/10.1016/j.aca.2009.03.015.

49. Antalek, B. Using pulsed gradient spin echo NMR for chemical mixture analysis: How to obtain optimum

results. Concepts Magn. Reson., Part A 2002, 14, 225-258. https://doi.org/10.1002/cmr.10026

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://echa.europa.eu/it/registration-dossier/-/registered-dossier/14392/7/7/1
https://doi.org/10.1016/j.aca.2009.03.015
https://doi.org/10.1002/cmr.10026
https://doi.org/10.20944/preprints202508.2008.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 August 2025 d0i:10.20944/preprints202508.2008.v1

26 of 26

50. Pelta M.D.; Barjat H.; Morris G.A.; Davis A.L.; Hammond S.J., Pulse sequences for high-resolution
diffusion-ordered spectroscopy (HR-DOSY). Magn. Reson. Chem., 1998, 36, 706-714. DOI:
10.1002/(SICI)1097-458X(199810)36:10<706:: AID-OMR363>3.0.CO;2-W

51. 51Jerschow A.; Miiller N. Suppression of Convection Artifacts in Stimulated-Echo Diffusion Experiments.
Double-Stimulated-Echo Experiments. J. Magn. Reson. 1997, 125, 372-375.
https://doi.org/10.1006/jmre.1997.1123

52. 52. Royce Hynes, S.; McGregor, L. M.; Ford Rauch, M.; Lavik, E. B. Photopolymerized Poly(Ethylene
Glycol)/Poly(L-Lysine) Hydrogels for the Delivery of Neural Progenitor Cells. J. Biomater. Sci. Polym. Ed.
2007, 18 (8), 1017-1030. https://doi.org/10.1163/156856207781494368.

53. 53. Hainarosie, R.; Zainea, V.; Ene, B.; Hainarosie, M.; Ceachir, O.; Ionita, I.; Pietrosanu, C. Use of
Polyethylene Glycol Ester and Trilysine Amine Solution in the Closure of Anterior Skull Base Defects.
Mater. Plast. 2015, 52 (2), 190-192.

54. 54. Saxena, A. K. Synthetic Biodegradable Hydrogel (PleuraSeal) Sealant for Sealing of Lung Tissue after
Thoracoscopic ~ Resection. . Thorac.  Cardiovasc. ~ Surg. 2010, 139  (2),  496-497.
https://doi.org/10.1016/.jtcvs.2008.11.003.

55. 55. Karmali, P. P.; Kumar, V. V; Chaudhuri, A. Design, Syntheses and In Vitro Gene Delivery Efficacies of
Novel Mono-, Di- and Trilysinated Cationic Lipids: A Structure-Activity Investigation. J. Med. Chem. 2004,
47 (8), 2123-2132. https://doi.org/10.1021/jm030541+.

56. 56. Nishida, Y.; Aono, R.,; Dohi, H.; Ding, W.; Uzawa, H. 1TH-NMR Karplus Analysis of Molecular
Conformations of Glycerol under Different Solvent Conditions: A Consistent Rotational Isomerism in the
Backbone Governed by Glycerol/Water Interactions. Int. J. Mol. Sci. 2023, 24, 2766.
https://doi.org/10.3390/ijms24032766

57. 57.Bertuzzi, D. L,; Becher, T. B.; Capreti, N. M. R.; Amorim, J.; Jurberg, I. D.; Megiatto, J. D.; Ornelas, C.
General Protocol to Obtain D-Glucosamine from Biomass Residues: Shrimp Shells, Cicada Sloughs and
Cockroaches. Glob. Challenges 2018, 2 (11). https://doi.org/10.1002/gch2.201800046.

58. 58. Kashige, N.; Yamaguchi, T.; Mishiro, N.; Hanazono, H.; Miake, F.; Watanabe, K. Possible Involvement
of Dihydrofructosazine in the DNA Breaking Activity of D-Glucosamine. Biol. Pharm. Bull. 1995, 18 (5), 653—
658. https://doi.org/10.1248/bpb.18.653.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


http://dx.doi.org/10.1002/(SICI)1097-458X(199810)36:10%3c706::AID-OMR363%3e3.0.CO;2-W
https://doi.org/10.1006/jmre.1997.1123
https://doi.org/10.3390/ijms24032766
https://doi.org/10.20944/preprints202508.2008.v1
http://creativecommons.org/licenses/by/4.0/

