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This entry describes the most common types of bioplastics and biopolymers, and focuses specifically on the
polymerization of terpenes and terpenoids, which represent a source of promising monomers to create bio-based
polymers and copolymers.
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| 1. Introduction

The rapid growth of the world’s population and the current model of the linear economy has led us not only to a
rapid depletion of natural resources but also to the overexploitation of the environment and to an exponential
increase of greenhouse gases emissions with very important consequences on climate change. These negative
effects have forced the main economic powers to change towards a circular economy, a model based on
maintaining the product’'s added value as long as possible so that resources remain in the production chain even
when a product has reached its end-of-life. As such, in addition to the final product, circular economy takes into
account, the raw materials, the energy use, the production processes, the by-products generated in the synthesis,

together with the industrial and consumer residues, packaging, transport, reuse, and recycling.

On the other hand, a bioeconomy involves the use of renewable biological resources to produce food, feed,
materials, energy, and services, and it includes the primary production sectors that produce these biological
resources and the manufacturing industrial sectors that use them. The establishment of a circular economy based
on the bioeconomy offers great possibilities to generate and maintain economic growth and jobs in rural areas,
reduce dependence on fossil fuels and improve the economic, social, and environmental sustainability of primary
production and processing industries . In this context, the biorefineries have emerged as an industry focused on

the direct conversion of biomass onto bioenergy and high value-added products.

Biomass is defined as the biological material coming from plants, animals, microorganisms, and derived materials,
including organic wastes, and they must not compete with current resources for food or feed 2B, Among biological
resources, the most abundant feedstock is the lignocellulosic biomass, corresponding to structural foliage material.
It is composed mainly of cellulose, hemicellulose, and lignin, where cellulose forms rigid fibers, embedded in a
matrix of lignin and hemicellulose. Cellulose is an unbranched homopolymer of hundreds to thousands of glucose

residues joined by (-1,4 linkages, whereas hemicellulose is a branched heteropolymer composed of 80-200
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residues of pentoses (mainly D-xylose and L-arabinose), hexoses (mainly D-galactose, D-glucose, and D-
mannose), hexuronic acids (D-galacturonic acid, D-glucuronic acid, and 4-O-methyl-D-glucuronic acid) and, to a
lesser degree, 6-deoxy-hexoses (L-rhamnose, and L-fucose) and different neutral O-methylated sugars. Lignin,
meanwhile, is a branched non-carbohydrate polymer of coniferyl, sinapyl, and p-coumaryl alcohols, although many
plants contain significant levels of other unusual components 4. The ratio of the different polymers depends on the
type of the plant: woody feedstocks are richer in lignin and cellulose, whereas herbaceous feedstocks are richer in
hemicellulose and extractives &, nonstructural components which can be extracted by water and organic solvents
(such as simple sugars, starches, proteins, fats, fatty acids, sterols, essential oils, phenolics, terpenes, flavonoids,
pectins, waxes, gums, resins, and other organic compounds) &, Therefore, lignocellulosic feedstocks are rich in
carbohydrates (higher than 60%), which can be converted by microorganisms in a fermentative process into high
value-added products. Complete conversion comprises three main steps: a pretreatment to break the structure of
the biomass making both cellulose and hemicellulose accessible for lytic enzymes, the release of sugars by
enzymatic hydrolysis, and conversion by fermentation of monomeric sugars into energy or valuable chemicals .
In recent years, the production of biopolymers from renewable resources like lignocellulosic feedstock has been
increasing due to environmental, political, and economic concerns about conventional plastics utilization. A wide
range of biopolymers with several applications possibilities can be produced from lignocellulosic biomass, allowing
the replacement of many conventional plastics . In addition, other kinds of precursors such as terpenes,
vegetable oils, and carbohydrates that can be obtained from biomass are very good candidates to be used as

monomers.

| 2. Biopolymers and Bioplastics

Most petroleum-based plastics have good mechanical properties such as toughness, flexibility, and resistance,
however, when disposed they persist in the environment for a long time . Thus, the growing interest in the use of
bioplastics is related to the benefits they offer from an environmental point of view. They reduce the dependency on

fossil-based raw materials and can reduce environmental problems.

Where biomass is used as the renewable raw material, to obtain polymers, these types of polymers are referred to
as bioderived 29, However, not all are biodegradable. Bioplastics are a family of plastics that can be divided into
two categories, biodegradable and non-biodegradable 2. At this point, we have considered that some

petrochemical polymers are biodegradable and that not all bioderived polymers will biodegrade.

2.1. General Considerations of Biopolymers and Bioplastics

According to the recommendation for terminology and characterization of biopolymers and bioplastics, the term
bioplastic is applied to different types of materials: (i) bio-based plastics, referred to the source of their raw
materials, such as Bio-PE, Bio-PU, Bio-PA, (ii) biodegradable plastics, referred to their functionality, such as:
cellulose, starch and polylactic acid (PLA), and (iii) bio-compatible plastics if the material is compatible with human
and animal bodies 2. Based on the source and biodegradation, polymers can be classified as it is shown

in Figure 1.
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Figure 1. Types of bioplastics 2],

The sources that can be used for bioplastic production are plant-based raw materials, natural polymers

(carbohydrates, proteins, etc.), and other small molecules (sugar, disaccharides, and fatty acids) 24!,

Bio-based plastics can be natural or synthetic. The natural bioplastics can be synthesized by live organisms
(plants, animals, microorganisms) through direct exploitation (extraction and purification) or indirect by
functionalization of a natural polymer by chemical processes (polysaccharides, proteins, and
polyhydroxyalkanoates). On the other hand, synthetic bio-based polymers are obtained from monomers derived
from renewable sources through chemical conversion (such as polylactic acid PLA, bio-PE obtained from

bioethanol, and polyamide 11 obtained from castor oil) 12,

Biodegradable bioplastics can be degraded by microorganisms through two different pathways—aerobic and
anaerobic degradation—depending on the presence or absence of oxygen, respectively, and it is highly dependent

on the properties of the plastic nature 18],

Environmental considerations are the main advantages to use this type of polymers, however, other factors such
as the low production capacity compared with the conventional materials, reduces the potential substitution and
increases the costs of bioplastics—see Figure 2 for a summary of advantages and aspects to be improved related
with bioplastics 7. Therefore, more efforts must be made to develop sustainable and circular alternatives for

preserving resources for future generations, focusing on biodegradable and bio-renewable materials 1],
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Figure 2. Advantages and drawbacks of bio-based materials 7],

Regarding their market, it is expected to grow bigger in the future due to the social concerns and economic
problems which have triggered the development of environmentally friendly materials 18, Although amongst the
plastic produced annually, bio-based plastics represent only 1% in Europe, the demand for bio-based materials is
expected to grow from 2.11 million tonnes in 2020 to approximately 2.87 million tonnes in 2025 according to

European Bioplastics, see Figure 3 [12,
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Figure 3. Expected demand for bio-based materials 12! (accessed on 5 March 2021).

The main applications for bioplastics are packaging, food services, agriculture, consumer electronics, automotive,
consumer goods, and household appliances. Packaging was the sector where the highest volume of bioplastics
was used in 2020 (47%), followed by consumer goods (12%) and textiles (11%), and covering coatings (4%)

(see Figure 4).
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Global production capacities of bioplastics 2020 (by market segment)
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Figure 4. Biodegradable plastics by segments (2020) 22! (accessed on 5 March 2021).

2.2. Types and Properties of Bioplastics

Generally, bio-based polymers are classified into three classes. The first class is naturally derived from biomass,
such as cellulose, cellulose acetate, starches, chitin, or chemically modified ones such as modified starch, etc. The
second class is bio-synthesized by using microorganisms and plants like poly(hydroxy alkanoates (PHAS).
Regarding the third class are synthetic polymers such as polylactide (PLA), poly(butylene succinate) (PBS), bio-
polyolefins, and bio-poly(ethylene terephthalic acid) (bio-PET). This third class is the most promising because the
introduction of the bio-monomers in the existing production system for oils monomers could be possible. Monomers

of this third class are naturally produced or are the result of combining chemical and biochemical processes 22,

Many biopolymers are already being produced commercially on large scale, such as cellulose, starch, collagen,
casein, soy protein, and polyester 21, Other biopolymers available in the market are polyesters like polylactic acid
(PLA), polyhydroxyalkanoates (PHA), or bio-polyethylene terephthalate (bio-PET), polyvinyl alcohol (PVA) and bio-
polyethylene (bio-PE), bio-polyvinyl chloride (bio-PVC), bio-polyurethane (bio-PUR), and bio-polyamides (bio-PA).
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Bioplastics sometimes show inferior properties compared to their fossil-based polymer counterparts. Thus, in order
to improve their properties biopolymers can be blended. This approach is fast and cheap and enables the rise of
competitiveness for this type of polymer. Some properties such as processability, flexibility, and glass transition
temperature (Tg) are improved in PLA, PCL, PBS, PHA if miscibility and compatibility are addressed [22. Although
this approach is a good possibility, in recent years the improvements and increase in the number of commercial

grades found in the market have reduced the need to deal with this blending process.

| 3. Terpenes and Terpenoids

In the previous section, several types of biomass-derived polymers have been described, important advances have
been achieved in the development of biomass-derived plastics, as discussed. However, there is still a long way to
go to achieve bio-based plastics that match the properties and uses of petrol-derived polymers. Hence, the search
for good bio-based monomer candidates is of paramount importance. Among all the compounds derived from

biomass, terpenes have emerged as viable candidates to serve as building blocks for the synthesis of polymers.

Terpenes and terpenoids comprise one type of secondary metabolite derived from five-carbon isoprene
(isopentane) units (Figure 5), which are assembled in thousands of combinations. Terpenes are merely
hydrocarbons, whereas terpenoids (isoprenoids) contain oxidized functional groups. These compounds are
ubiquitous in nature since they are naturally produced. Terpenes are produced mainly by plants, where they play a
vital role in basic intra- and intercellular processes, such as photosynthetic light reactions, or respiratory chains 23
(24 and they are also components of both primary and secondary metabolism 22, The biosynthesis of terpenoids
occurs by means of two independent pathways according to the type of organism, bacteria, archaea, protists, or
eukaryotes. The cytosolic mevalonate pathway is functional in archaea, some bacteria, yeast, fungi, and animal
cells. On the contrary, the plasticidal 2-C-methyl-D-erythriol 4-phosphate (MEP) pathway is present in most
fermentative and aerobic bacteria, photosynthetic bacteria, cyanobacteria, and micro- and macroalgal chloroplasts,
as well as all plant chloroplasts 2827 However, many terpenes and terpenoids are produced only in small
guantities in their natural sources. Moreover, they are structurally complex, making it difficult to produce them by
biochemical synthesis. Therefore, due to the increasing demand of terpenes and terpenoids, much effort is being
made to produce these compounds by means of metabolic/genetic engineering technologies and using
biorefineries 28, Biotechnological production of terpenoids now offers some major benefits, since microbial
production hosts can perform terpenoid biosynthesis from simple carbon sources due to endogenous metabolic
pathways, which generates the universal precursors for all terpenoids, namely, isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP). In addition, current technologies for genome editing allow metabolic

engineering of microbial hosts for recombinant terpenoid production 22,
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Figure 5. Chemical structure of isoprene and classification of terpenes according to the number of isoprene units.

The classification of terpenes and terpenoids follows the so-called isoprene rule (C5 rule), which is based on the
number and organization of carbon atoms in the molecule, thus, grouping these molecules according to the
number of isoprene units linked in a head-to-tail manner and constituting hemiterpenes (1 isoprene unit),
monoterpenes (2 isoprene units), sesquiterpenes (3 isoprene units), diterpenes (4 isoprene units), etc. (Figure 5).
Although the head-to-tail configuration is the most common, non-head-to-tail condensation of isoprene units also
exists, such as the head-to-middle fusions occurring in irregular monoterpenoids B2, In addition, isoprene units can

conform to chains that can be arranged to form rings.

Hemiterpenes are formed by one isoprene unit. The main hemiterpene is isoprene (methylbuta-1,3-dien, C5H8), a
volatile compound commonly found in the atmosphere that results from plant metabolism and is emitted by leaves
as a natural byproduct B[22l |soprene is produced in large amounts by phytoplankton in the oceans, and animals
and bacteria can also emit it. Isoprene production in plants appears to be related to the protection of
photosynthesis and other processes under stress conditions 23], Plants can synthesize other hemiterpenes, such
as several acids (tiglic, angelic, isovaleric, and senecioic) and isoamyl alcohol B4I3l which are responsible for

flavors and aromas.

Monoterpenes comprise two isoprene units (10 carbon atoms; C10H16). These compounds are present in plant
oils and are characterized by their strong aroma and odor (used as components of perfumes and cosmetics), and
for their biological activity 28187 Monoterpenes can be simple unsaturated hydrocarbons or constitute alcohols,
aldehydes, and ketones. They are classified as acyclic or aliphatic (e.g., myrcene, citral, geraniol, lavandulol, and
linalool), monocyclic (e.g., a-terpineol, limonene, thymol, menthol, carvone, eucalyptol, and perillaldehyde), and

bicyclic, the latter containing a six-member ring and a second ring that can have either three, four, or five members
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(6 + 3: thujone and A3-carene; 6 + 4: a- and B-pinene; 6 + 5: borneol and camphor) [B2l28, Bjosynthesis of a-

pinene has been achieved in a genetically engineered Yarrowia lipolytica using low-cost renewable feedstocks 22,

A large subtype of monoterpenes is formed by iridoids, which contain a six-membered ring with an oxygen atom
fused to a cyclopentane ring (iridane skeleton). They are usually classified as glycosides, since they occur in plants
and are often combined with sugars, e.g., aucubin, harpagoside 9. Iridoids are present in medicinal plants and

used as sedatives, antipyretics, remedies for wounds, skin disorders, and hypotensives 41,

Sesquiterpenes are the most diverse group of terpenoids 22, They consist of three isoprene units (C15H24) and
can be naturally found in many latex-producing plants. These compounds are present in linear or acyclic (e.g.,
farnesol, B-nerolidol), monocyclic (e.g., B-bisabolene, a-zingiberene, a-humulene), bicyclic (e.g., B-santalol, -
caryophyllene, artemisinin), and tricyclic (e.g., khushimol, thujopsene) forms. Sesquiterpenes can also give rise to
y-lactone ring structures (sesquiterpene lactones), thus constituting germacranolides (e.g., costunolide,
parthenolide), eudesmanolides (e.g., santonin, alantolactone), and guaianolides (e.g., artabsin, helenalin) B3,
Several applications have been described for these compounds, including in the pharmaceutical, fragrance, and
food industries 4344l Yeast platforms have been developed for the heterologous production of some of these

compounds 2],

Diterpenes contain four isoprene units (C20H32) and form linear (phytol), monocyclic (e.g., 9-geranyl-a-terpineol)
bicyclic (e.g., sclareol, marrubiin, salvinorin A), tricyclic (e.g., abietic acid, carnosic acid, and tanshinone 1),
tetracyclic (e.g., gibberellin A1, and steviol) pentacyclic (e.g., wallichanol), or macrocyclic (e.g., casbene, and taxol)
structures 33, Polyoxygenated forms with keto and hydroxyl groups (often esterified by small-sized aliphatic or
aromatic acids) are commonly found in nature 8. Some diterpenes comprise unique structures, such as
ginkgolide B, which is diterpenoid trilactone with six five-membered rings that include a spiro [“44-nonane
carbocyclic ring, a tetrahydrofuran ring, and a very specific tert-butyl group at one of the rings, and can be isolated
from the tree Ginkgo biloba ¥4, These compounds exhibit biological activities, such as anti-inflammatory,

cardiovascular, antimicrobial, antitumor, antifungal, etc. 481491,

Sesterterpenes contain 5 isoprene units with the formula C25H40. They can appear in a wide variety of forms,
including linear (e.g., hippolide E), monocyclic (e.g., manoalide), bicyclic (e.g., leucosceptrine), tricyclic (e.g.,
heliocide H1), tetracyclic (e.g., sesterstatin 7), and macrocyclic (e.g., nitiol, and cybastacines A and B) frameworks.
These compounds are synthesized by different organisms, such as marine sponges, plants, fungi, bacteria, or
insects. A wide spectrum of biological activities has been found for sesterterpenes, ranging from anti-inflammatory,

anticancer, cytotoxic, and antimicrobial, among others 221501511,

The carbon skeleton of triterpenes consists of six isoprene units (C30H48). These compounds, which derive from
the biosynthesis of squalene, are mainly alcohols, aldehydes, or carboxylic acids, are characterized by the
presence of methyl groups. Ursolic acid, betulinic acid, oleanolic acid, pardinols, sitosterol, and campesterol are
examples of triterpenoids, which include sterols and phytosterols 22, Oleanolic, ursolic, and betulinic acids are

three triterpenic acids with potential effects for the treatment of type 2 diabetes 521,
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Tetraterpenes comprise eight isoprene units (C40H64) and include the fat-soluble pigments carotenoids (lycopene
and [(-carotene), and their oxygenated analogues xanthophylls (lutein, zeaxanthin, and astaxanthin). These
compounds are mainly present in higher plants and fungi and are characterized by the chromophoric system, a
long polyene central chain of conjugated doubled bonds, which provides the characteristic color of these
compounds. In fact, carotenoids are responsible for the yellow-orange-red color of plants and animals, the latter
incorporating them through diet. Different roles have been assigned to carotenoids, such as antioxidants, as a part
of light-harvesting systems, and as photoprotectors of the photosynthetic machinery in photosynthetic organisms.
In animals, they constitute a source of vitamin A precursors (retinoids) B8IB455] From the industrial point of view,
they are used as colorants (several carotenoids are approved and widely used as food colorants 58, feed
supplements, and nutraceuticals, and they are also interesting for medical, cosmetic, and biotechnological
purposes. There is a diversity of natural and synthetic carotenoids, but only a few of them are commercially
produced, including carotenes (B-carotene and lycopene) and xanthophylls (astaxanthin, canthaxanthin, lutein,
zeaxanthin, and capsanthin). Some biotechnological processes for carotenoids production were established some
years ago, but new strains and technologies are being developed nowadays for carotenoids widely in demand 52!,
Astaxanthin and -carotene dominate the global market as feed additives and colorants. Two organisms have been
developed for the industrial production of (3-carotene: the mucor fungus Blakesleea trispora and a halophilic
unicellular alga Dunaliella salina, which accumulates high levels of B-carotene as a stress response 7. Several
companies and academic laboratories have investigated biological sources of astaxanthin, such as the
yeast Xanthophyllomyces dendrorhous (anamorph Phaffia rhodozyma) and the microalga Haematococcus

pluvialis, which are able to synthesize high levels of astaxanthin &,

Polyterpenes are polymeric compounds that are formed by more than eight isoprene units and include natural
rubbers, which contain isoprene units in the cis-configuration (latex elastomer), and gutta-percha and balata, which

contain isoprene units with trans double bonds (inelastic) (2,

| 4. Polymerization of Terpenes and Terpenoids

Due to their incredible natural structures, diversity, and different chemo-physical properties, terpenes and
terpenoids are molecules of high value. They have a great interest both for traditional and modern applications in
the medicine, cosmetics, flavors and fragrance industries, in agriculture, as dietary supplements or food
ingredients, also as biomaterials, industrial resins, coatings, and more recently as biofuels B26J61 By no means
these multifunctional molecules and are strong candidates to become platform chemicals. However 6263l one
area that has been less explored is their use as monomers 84 to create bio-based polymers and copolymers. This
is surprising, as some polyterpenes have been known for a long time such as the case of natural rubber (cis-1,4-
polyisoprene) which is a natural terpene-based polymer. The large structural diversity in this family could be the
reason for being underexplored as monomers, although, in recent years the number of papers and patents on
terpenes and terpenoids polymerization has significantly increased 8162, The polymers obtained from terpenes are
predominantly elastomers, while for terpenoids, polymers with a broader range of properties have been described.

As well the properties and applications can be significantly enlarged when copolymerized.
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From a chemical point of view, terpenes are quite close to classical monomers such as ethylene, propylene, and
styrene as they also present unsaturated bonds. The ones studied in polymerization can be classified into two main
groups: cyclic and acyclic 6268671 Figure 6 shows the most frequently studied within the acyclic group, which are
myrcene, ocimene, and alloocimene, while the main cyclic terpenes studied are -pinene, a-pinene, limonene, and
phellandrene. All types of mechanisms have been described for the polymerization of terpenes, as such, these

monomers can be polymerized via radical, ionic, coordination-insertion, and coordinative chain-growth
mechanisms [681621[70]
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Figure 6. (a) Different classes of terpenes. (b) Common terpenes and terpenoids.

| 5. Reactive Extrusion to ROP Polymerization

Another key point to progress in the sustainability of the polymers is to develop and improve greener technologies
for their production. In this context, reactive extrusion (REX) is becoming an outstanding candidate within green

technologies. Moreover, this technology can be applied to different types of polymerizations, which makes it very
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suitable for application to terpenes and terpenoids where a wide range of mechanisms of polymerization can be

applied depending on the chosen precursor.

Reactive extrusion is a very versatile technology that enables not only polymer processing but also polymerizing,
grafting, branching, and functionalizing 1. This technique is a low-cost production and processing method for

biodegradable plastics.

The advantages of extrusion polymerization are: it is a solvent-free, melt, and continuous process, it is possible to
have control over the residence time and distribution, and it can have the integration of other extrusion streams [72],
Extruder machines (co-rotating twin-screw extruder) used as a reactor, can be tailored to provide various flow
patterns and shear effects, and can thus influence the polymer properties. This is expected to accelerate the

kinetics while reducing polydispersity.

However, bulk polymerization has significant kinetic, heat-transfer, and diffusion-related issues that make it, in
some cases, difficult to translate the process to reactive extrusion to obtain the high conversion of the monomer

and high molecular weight of the polymer 23],

From a mechanistic perspective, nearly all kinds of polymerizations have been performed in an extruder. These

include radical polymerization, ionic polymerization, metathesis polymerization, and ring-opening polymerization
z3)

Aliphatic polyesters are usually synthesized by ring-opening polymerization in batch, however, reactive extrusion is
a proven and continuous alternative. The synthesis of poly-L-lactide, poly-D,L-lactide, and copolymer Poly-D,L-
lactide-co-glycolide by reactive extrusion produces high molecular weights in a controlled way on a time scale of
some minutes 741, The catalyst reactive enough to be used to obtain this type of polyesters by reactive extrusion is
stannous (ll) 2-ethylhexanoate (Sn(Oct)2). This catalyst is typically combined with a protic compound, most
frequently a primary alcohol acting as an initiator 2. Triphenylophosphine is also used as a co-catalyst to
decrease the side reactions /8. Performing reactive extrusion for these polymers is needed to optimize the transit

time within the extruder and control the environment within the extruder regarding the moisture 31,

5.1. Reactive Extrusion with Terpenes and Terpenoids

Reactive extrusion with terpenes and terpenoids is very scarce in the literature, in fact, there was an example
carried out by Addiego I where PLA was blended with myrcene and limonene, where these terpenes acted as
plasticizers. The main results when comparing conventional and reactive extrusion indicated that myrcene and
limonene were efficient plasticizers for PLA, in comparison to neat PLA. Using a free radical initiator during the
extrusion of PLA/limonene was beneficial for the mechanical properties, however, it proved detrimental for
PLA/myrcene. To our knowledge, REX has not been used to synthesize polyterpenoids, although this synthesis

may work in a similar way as the ROP synthesis of PCL and PLA polyesters.
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