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Abstract: Large-scale worldwide production of plastics requires the use of large quantities of fossil
fuels, leading to a negative impact on the environment. If the production of plastic continues to
increase at the current rate, the industry will account for one fifth of global oil use by 2050. Bioplastics
currently represent less than one percent of total plastic produced, but they are expected to increase
in the coming years, due to rising demand. The usage of bioplastics would allow the dependence on
fossil fuels to be reduced and could represent an opportunity to add some interesting functionalities
to the materials. Moreover, the plastics derived from bio-based resources are more carbon-neutral and
their manufacture generates a lower amount of greenhouse gasses. The substitution of conventional
plastic with renewable plastic will therefore promote a more sustainable economy, society, and
environment. Consequently, more and more studies have been focusing on the production of
interesting bio-based building blocks for bioplastics. However, a coherent review of the contribution
of fermentation technology to a more sustainable plastic production is yet to be carried out. Here,
we present the recent advancement in bioplastic production and describe the possible integration
of bio-based monomers as renewable precursors. Representative examples of both published and
commercial fermentation processes are discussed.

Keywords: bioplastics; bio-based building blocks; fermentation; renewable plastics

1. Introduction

Plastics represent a heterogeneous group of polymers with a high molecular weight
that has the characteristics of stability, durability, and resilience [1-3]. They have been
vastly produced for many purposes and applications nowadays, including food and drink
packaging, household items, healthcare and pharmaceuticals, and vehicles. In 2019, global
plastic production reached a staggering 368 million tons. The major production occurred
in Asia, with 51%, followed by North America, Europe, Middle East and Africa, Latin
America, and the Commonwealth of Independent States with 19, 16, 7, 4, and 3%, respec-
tively [4]. The highest plastic demand was found in the packaging sector (39.6%) followed
by building and construction (20.4%), automotive (9.6%), electrical and electronic (6.2%),
household /leisure/sport (4.1%), agricultural (3.4%), and others (16.7%) [4]. The reasons
for the incredible success of plastics can be found in their cheap cost, diversity, easy pro-
cessability, light weight and barrier properties, to mention just a few. However, their large
diffusion comes with significant challenges, involving waste management and environ-
mental issues. In fact, by 2050, the plastic industry will be responsible for 20% of global oil
use [5] with a total emission of 2.8 gigatons of CO, per year (corresponding to the emissions
of 615,500-megawatt coal plants) [6]. Moreover, large amounts of post-consumer plastic
waste are generated annually, as a result of the widespread use of plastic products and the
lack of a more circular value chain. Especially during the COVID-19 pandemic, single-use
plastic waste, such as face masks, gloves, and packaging for food and e-commerce parcel
deliveries, has been skyrocketing. The amount of plastic waste generated globally was
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estimated to be 1.6 million tons/day during the outbreak, which reached a total of about
585 million tons at the end of 2020 [7]. The management of plastic waste has thus become
one of the biggest problems in the world. Globally, less than 10% of plastic is recycled [3];
the rest is either incinerated, generating greenhouse gases and toxic pollutants, or ends up
in landfills. Moreover, large fractions are often mismanaged and end up leaking into the
environment, with the risk of contaminating both terrestrial and marine ecosystems [1,3,8],
even affecting animal and human living by entering the food chains. Notably, more than
150 million tons of plastic waste leaked into the world’s oceans during the last decades [9]
and almost 27 million tons accumulated in landfills in only a year (during 2018) [10]. There-
fore, it is urgent and imperative to tackle this problem. In fact, despite the technological
advancements in mechanical and (more recently) chemical recycling, effective recycling
is still challenging, due to the complexity of sorting and processing highly diverse plastic
waste materials. More specifically, current recycling often fails to effectively process plastic
mixtures and blends, multilayers, as well as food-contaminated plastic waste, leading to
an improper management of post-consumer plastic streams. Moreover, there is a risk of
recycled plastics losing their physical properties (due to the degradation of the plastic fibers
that occurs with each recycling) and having unsatisfactory appearances compared to virgin
plastic [11]. As a result, despite increased attention from media, policymakers, industry,
consumers and recyclers, in 2018, only 32.5% of European post-consumer plastic waste
was collected to be recycled [4], indicating the ineffectiveness of existing infrastructure
and technology.

To change the current paradigm of a linear plastic life cycle (produce, use, throw
out), the emerging practice is to keep the material in the loop as long as possible, using
plastic waste as a renewable resource to enhance its circularity. In other words, as plastic
waste has defined composition and abundance, it should re-enter the economy as valuable
commodity, instead of being discarded as waste after each use. This, together with a
better reutilization of the plastic items, will help to reduce waste and minimize the carbon
footprint from new plastic production, as well as conserve natural resources [8]. Through
improved recycling technologies, such as biochemical recycling, the non-biodegradable
petroleum-based polymers are expected to be recirculated back infinitely to their value
chain. Post-consumer plastic will be subjected to chemical or biological depolymerization
and then reutilized as feedstock for new plastic materials with the same (or even improved)
function and properties. Enzymatic depolymerization has been extensively investigated to
open up the infinite recycling of plastic. Engineered leaf-branch compost cutinase [12] and
IsPETase [13], for instance, were reported increase in activity and stability, leading to more
efficient production of recyclable polyethylene terephthalate (PET) monomers. Another
strategy using microbial mixed consortia is proposed for use in plastic degradation. The
complex interaction and cross-feeding mechanism could promote the degradation of a
recalcitrant substrate such as plastic [3]. These technologies show tremendous potential and
will help to develop a more circular plastic value chain that positively impacts economy,
society, and environment.

It is worth noting that, while several current chemical recycling proposes to down-
cycle plastic waste into products with different/lower functions (i.e., converting plastic
waste into fuels, or plastic bottles into carpeting materials, shop counters or park benches,
etc.), this strategy does not really allow the material to be kept in the loop, within the same
value chain. Despite the importance of these solutions, new technologies are now starting to
look into recycling strategies that lead to improved value or property of the plastic materials
(upcycling). A good example could be the substitution of (fossil-based) terephthalate in
PET with bio-based furan dicarboxylic acid (FDCA) in poly(ethylene furanoate) (PEF),
which is not only more biodegradable, but also provides higher barrier properties when
used in plastic bottles [14,15].

Due to the complexity and diversity of the plastic value chain, scientific studies
have tried to collect different information about topics, such as commercial applications,
emerging renewable plastics, rational designs, material properties and characterizations,
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including definitions of bio-based and biodegradable plastics [2,8,16,17]. Some articles also
summarize approaches and technology to produce green building blocks via chemical and
biological routes [11,18-20]. However, it is imperative to have a comprehensive outlook
on how biotechnological processes can contribute to the renewable plastic sector, while
keeping a focus on the progress towards actual commercialization. In this review, we
analyze the current status of renewable plastic from both, the research and commercial
sectors. We highlight the contribution of fermentation technology to the production of
bio-building blocks for more easily recyclable and renewable plastics, keeping the material
in the loop. This review aims to provide an overview on how fermentation technology can
contribute to the improvement of the plastic sector, making it more circular and sustainable.

2. Renewable Plastics

The importance of renewable plastics and their potential to substitute conventional
(fossil-based) plastics has been highlighted for decades. However, only in the last decade
has the dedication of both the academic and commercial sectors resulted in a more sensitive
growth of its market share. The recent report from European Bioplastics and nova-Institute
illustrates the rising global bioplastic production, reaching 2.87 million tons in 2025, with
a 36% growth from 2020 [21]. The new report [22] predicts that the global bioplastic
production will more than triple over next 5 years, reaching 7.59 million tons in 2026.
Currently, over 64% of bioplastic is the biodegradable kind (1.5 million tons), while the
rest are non-biodegradable bio-based (Figure 1). In fact, bioplastic does not automatically
mean biodegradable. According to European Bioplastics, a plastic material is defined as a
bioplastic “if it is either bio-based, biodegradable, or features both properties” (Figure 2).
Bio-based refers to a material /product that is (partly) derived from biomass, such as corn,
sugarcane, or cellulose. It is also important to underline that “bio-based” is not synonym
of biodegradable either. In other words, biodegradability does not depend on the origin
of a material but rather on its chemical structure and bonds. The clear advantage of
bio-based plastic is that it reduces the use of fossil fuel resources by substituting them
with renewable feedstock (such as biomass), leading to a smaller carbon footprint or even
potential carbon neutrality.

Biodegradable plastic Bloplas“c

Other Bio-based non-biodegradable plastic
Cellulose fims 2% Other
9

3%

PTT Bio-PE
Bio-based non- 2% 2%
biodegradable

36%

Starch blends
o
28k PEF
q 0%
Bio-PP
5%
PHA
3%

Bio-PET
17%

Bio-PA
25%

PLA
29%

Figure 1. Global production capacities of bioplastics (adapted from European Bioplastics and
nova-Institute [22]).
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Produced from renewable
feedstock Produced from renewable feedstock
and biodegradable
Bioplastic Bioplastic
Drop-in, PEF, PTT PLA, PHA, PBS, Starch-based,
Cellulose-based
Non-biodegradabl Biodegradable
Conventional plastic Bioplastic
PE, PP, PET, PU, PS, PA, PVC PBAT, PCL
Biodegradable

Fossil-based

Figure 2. Plastic material categorized system (adapted from European Bioplastics [23]).

Polybutylene adipate-co-terephthalate (PBAT), poly(lactic acid) (PLA), and starch
blends, which are biodegradable plastics, shared the highest global production in 2021, with
19.2%, 18.9, and 16.4%, respectively. These three accounted for 85% of total biodegradable
plastic, as seen in Figure 1. While polyhydroxyalkanoates (PHA) (biodegradable bio-based)
represented only 1.8% of the worldwide production, it is expected to have a significant
growth rate in the coming years [22,24]. Another important degradable plastic, namely
polybutylene succinate (PBS), reached 3.5% production capacities.

According to the latest forecast from the nova-Institute [22], PBAT is likely to quadru-
ple during the next 5 years, while PBS will also show a significant growth. The bio-based
non-biodegradable plastics, including the drop-ins (such as bio-polyethylene (bio-PE), bio-
polypropylene (bio-PP), bio-polyethylene terephthalate (bio-PET), bio-polyamides (bio-PA),
and bio-polyurethanes (bio-PU)), PEF, and poly(trimethyleneterephthalate) (PTT) constitute
a significant percentage of the bio-plastic market (around 36% in 2021). It is worth noting
that only three years before, the nova-Institute report (2018) presented the opposite situa-
tion, with the majority of the bioplastics coming from non-degradable polymers (56.8%),
thus showing a new interesting trend towards more biodegradable solutions (Figure 3).

2018 2020 2021 2026 {forecast)

Bio-based non-
biodegradable
30%

Big-hased non-

Bio-based non- biodegradable
36%

biodegradable

Bio-based non- 42%

biodegradable
57%

Figure 3. Bioplastics market trend from 2018-2026 (adapted from European Bioplastics and nova-
Institute [21,22,25]).

A new promising polymer is PEF, which has advanced properties for food and drink
packaging, can be 100% bio-based and is expected to enter the market in 2023 [21]. It is
sometimes presented as the “rising star” among bioplastics, but due to its energy-intensive
production process it is not yet established on the market.

In conclusion, it is clear that, because of their renewability, technical properties, and
advanced functionality, which allow great application windows, bioplastics show a growing
demand and are expected to integrate and (on the long run) replace fossil-based plastics in
the coming years.
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2.1. Poly(ethylene furanoate) (PEF)

PEF, co-polymerized from 2,5-furandicarboxylic acid (FDCA) and ethylene glycol (EG),
is a furan-derived analog to PET and was reported to have greater mechanical properties,
lower oxygen/carbon dioxide/water permeability, higher glass transition temperature,
and slower chain mobility [15]. Fully bio-based PEF can be produced by the oxidation of
5-hydroxymethylfurfural (5-HMF), which is usually derived from the dehydration product
of hexoses, to FDCA [26]. FDCA can also be produced from other sources such as levulinic
acid or bioethanol [27], and new studies also suggest the possibility of using C5 sugars such
as xylose, converted to furfural and then to FDCA [28]. This would mean that, in principle,
FDCA can be obtained from 2G feedstock such as lignocellulosic biomass, valorizing
both, the cellulose and hemicellulose fraction. EG, the other significant component of PEF,
can also be produced from renewable sugars or produced directly through engineered
microorganisms [29]. Bio-EG or propylene glycol can be obtained from sorbitol, for instance.
Sorbitol is currently produced by a number of companies and is mainly used in the food
industry, but it can also represent an important feedstock for commodity chemicals, such
as propylene glycol, EG, glycerol, lactic acid, 1,4-sorbitan and 2,5-anhydrosugars [30]. The
Dutch process technology firm Avantium has started up a 10 Mt/y demonstration facility
to produce bio-based EG and has received EU funding (Horizon 2020 EGePLANT project)
to assess the technoeconomic and environmental sustainability of the process [31,32].
Moreover, recent studies reported enzymatic degradation of PET to EG and terephthalic
acid (TA) [12]. So another approach would be the utilization of more sustainable recycled
EG [33]. With its improved properties and the utilization of bio-based building blocks,
PEF has the potential to become the ideal substitute for conventional packaging plastic,
once the minimum selling price becomes more competitive. This would, however, require
large-scale production and process optimization, as the estimated selling price for PEF is
currently expected to be 4-5 times higher than that for PET [33]. According to a recent
study by Roux and Varrone [33], however, these costs can significantly decrease if higher
recycling rates would be applied.

In addition to the comparison of PEF and PET in terms of properties and costs, the com-
parison of their biodegradation is also important for the circular economy scenario. Wein-
berger et al. reported that PEF is 1.7 times faster than PET in enzymatical hydrolysis by Hu-
micola insolens cutinase [34]. However, PEF still has lower biodegradability compared to the
entirely aliphatic renewable polyesters such as PBS and poly(butylene adipate) (PBA) [30],
and is in fact listed among the non-degradable bioplastics (see Figure 2). Attempts toward
improving its biodegradability have been reported by co-polymerization with other bio-
based monomers, e.g., lactic acid and succinic acid. Poly(ethylene 2,5-furandicarboxylate)-
co-poly-(lactic acid) (PEF-co-PLA) [35], poly(ethylene 2,5-furandicarboxylate-co-ethylene
succinate) (PEF-co-PES) [36], and poly(ethylene furanoate-co-ethylene adipate) (PEFAd) [37]
are examples of co-polyesters that were developed. Matos et al. reported that the incorpora-
tion of only 8 mol% of lactyl units into the PEF-co-PLA backbone improved the degradability
substantially compared to PEF homo-polyester, without affecting its thermal properties [35].
Co-polymer PEFAd with 90 and 95 mol% of ethylene adipate (EAd) was degraded com-
pletely after 22 and 25 days, respectively, using Rhizopus oryzae and Pseudomonas cepacia
lipases. Moreover, the coloration during the synthesis was reduced with the reducing
ethylene furanoate (EF) content, as it was white-yellowish at more than 90% EAd, while it
was red or light brown at the lower EAd percentage. The decomposition temperature of the
PEFAd was about 400 °C, thus presenting good thermal stability [37]. These approaches
could, therefore, be beneficial for packaging applications, even though they pose the risk of
complicating the recycling process.

2.2. Poly(trimethylene terephthalate) (PTT)

PTT reached 8.1% of global bioplastic production in 2021, which puts it in the top
three most produced bio-based non-biodegradable plastics [22]. It is a semi-crystalline
thermoplastic that can be easily molded and spun to fiber; thus, it has notable applications
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in carpet and textile fibers. The characteristics of PIT are similar to PET in terms of
mechanical and thermo-physical properties and to polybutylene terephthalate (PBT) in
terms of molding properties. Thus, it has good flexibility and chemical resistance [38,39].
Interestingly, PTT could be theoretically produced in already existing PET production
sites [40].

Monomers of PTT comprise 1,3-propanediol (1,3-PDO) and TA, which can be polymer-
ized to PTT via a (trans-)esterification process. Partially bio-based PTT has been produced
since the year 2000, using bio-based 1,3-PDO from engineered bacterial strains, and has
been commercialized as Corterra™ by Shell or Sorona® by DuPont [18,41]. Bio-based
1,3-PDO can also be obtained from 2G feedstock, through mixed culture fermentation from
crude glycerol [42]. TA can currently be derived from bio-based feedstock by starting at
fermentation to bioethanol. Then, the bioethanol is converted to bio-ethylene by dehydra-
tion using solid acid catalysts and consequently passed through several steps, including
oxidation and hydration to EG, which finally is converted to TA through polyconden-
sation [43]. He et al. [44] demonstrated the process to produce TA from lignocellulosic
biomass, with a conversion yield of 72.8%. They employed selective catalytic pyrolysis to
form p-xylene intermediate, which was subsequently oxidized to TA using the metal oxide
catalysts. The biological transformation of p-xylene to TA using engineered Escherichia
coli was also reported, with a high conversion yield of 96.7 mol% [45]. One-pot TA syn-
thesis from renewable methane, derived from biogas, was proposed by Zhang et al. [46].
4-Methyl-1,4-cyclohexadiene-1-carboxylic acid was formed by cycloaddition of propiolic
acid with isoprene; both can be synthesized from methane. Then, the catalytic oxidations
of cycloadduct leads to TA formation. Moreover, as mentioned, TA derived from PET
depolymerization can be the integrated building block of PTT (a process recently described
as “plastic biorefinery”), promoting the sustainable upcycling of plastic waste [33].

2.3. Drop-In Plastic

Drop-in plastic is produced using the same pathway as petrochemical plastics, but
the monomers are derived from biomass instead of fossil-based feedstock. Therefore, it
can be processed with the same technology and equipment as the conventional ones. The
drop-in plastics that play an important role in the bioplastic market are bio-PA, bio-PE,
bio-PET, and bio-PP, representing 9.1, 9.5, 6.2, and 1.9% of global bioplastic production,
respectively [22].

2.3.1. Bio-Polyamides (Bio-PA)

Polyamides are polymers of repeating units of aliphatic, semi-aromatic or aromatic
molecules linked via amide bonds. Typically, caprolactam (a cyclic amide of caproic
acid) is used as monomer in nylon 6, while polycondensation of hexamethylene diamine
and adipic acid (or hexanedioic acid) is used in the case of nylon 6,6. Bio-PA or bio-
nylon is based on sebacic acid and undecylenic acid produced from castor oil. Sebacic
acid-based bio-PA includes PA6-10, PA10-10, and PA10-12, which are prepared by step-
growth polymerizing the diacid with diamine, such as hexamethylenediamine (C6) and
decamethylenediamine (C10) [47]. Undecylenic acid-based bio-PA, PA11 is produced by
firstly hydrolyzing castor oil to ricinoleic acid. Then, catalysis using methanol and high-
temperature treatment are performed in order to produce 11-undecenoic acid, which is
converted to 11-bromoundecanoic acid by bromine peroxide and reacted with ammonia to
finally obtain 11-aminoundecanoic acid as a monomer of PA11 [43]. The commercialized
bio-PA is produced by several manufacturers such as Evonik (PA6/10, PA10/10, PA10/12;
trade name VESTAMID® Terra), RadiciGroup (PA6/10, PA10/10, PA10/12; trade name
Radilon™), or Arkema (PA11; trade name Rilsan™) [48].

2.3.2. Bio-Polyethylene (Bio-PE)

Bio-PE is produced from the polymerization of bio-ethylene in the presence of hydro-
gen to control the chain length. The monomer, bio-ethylene, is obtained from bioethanol
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through a dehydration process, using a solid catalyst at high temperature [43]. Bio-PE
has been commercialized on a large scale for a decade and the companies that are key
players in the bio-PE market are Braskem, the joint venture Dow and Crystalsev, Solvay,
Nova Chemicals, and Petrobras [49]. Ethanol fermentation from bacteria and yeast greatly
contributes to the bio-PE production process.

2.3.3. Bio-Polyethylene Terephthalate (Bio-PET)

For bio-PET, both monomers, EG and TA, can be produced from sustainable feedstock.
EG accounts for 30% of PET; therefore, the commercial bio-PET usually means 100% bio-
based ethylene glycol (bio-EG) [50]. For example, the “PlantBottle™” from the Coca-Cola
Company consists of 100% bio-EG (30% of the total material) and conventional petroleum-
derived TA [51]. Recently, Coca-Cola revealed that they have now created a 100% bio-based
beverage bottle including bio-EG from sugarcane and bio-based terephthalic acid (bio-TA)
from plant (corn)-based paraxylene. Their goal is to use 3 million tons less of virgin plastic
from oil-based sources by 2025 [52]. The biosynthesis of EG has been performed by several
pathways. Bio-EG can be obtained by high-pressure and high-temperature hydrolysis
of ethylene oxide [53], obtained via oxidation of bio-ethylene [49]. Cabulong et al. and
Wang et al. explained the biosynthesis of EG by recombinant E. coli via a pentose pathway
using xylose as a substrate, which currently reaches 98% of the theoretical yield [54,55].
Metabolically engineered E. coli modified to have enzymes decarboxylase, ethanolamine ox-
idase, and glycolaldehyde reductase converting glucose to EG (through serine-biosynthesis
pathway) was reported by Pereira et al. [56]. The EG production route from gases, in-
cluding CO;,, CO, and H, via the Wood-Ljungdahl pathway of carbon fixing acetogenic
bacteria was also studied [57]. In addition, EG can be produced by yeast Saccharomyces
cerevisiae, using D-xylose as a substrate and the two key enzymes, phosphofructokinase
and fructose-bisphosphate aldolase in the glycolytic pathway [58].

Notably, also TA can be biologically produced. It can be biosynthesized, for instance,
by initially converting bio-based isobutylene, obtained from iso-butanol, to isooctane, ac-
cording the technology introduced by Gevo [59]. Then, the cyclization of two isooctane
molecules via dehydrogenation is performed to produce p-xylene, which is finally converted
to TA [51]. Carraher et al. [60] studied the production of renewable TA using a combination
of biological and chemical processes. First, they produced cis,cis-mucononic acid by fermen-
tation of sugar or lignin monomers; this acid was then isomerized to trans,trans-muconic
acid, followed by the reaction with bio-based ethylene, obtained through Diels—Alder
cycloaddition and dehydrogenation, to finally produce bio-TA. Another interesting tech-
nology for bio-TA is bioconversion of furan derivatives, e.g., 2,5-di-methylfuran, furfural,
and hydroxymethylfurfural, which can be derived from lignocellulosic biomass [61-63].

2.3.4. Bio-Polypropylene (Bio-PP)

Bio-PP is the polymer of bio-propylene, which has been reported to be produced via
several methods. Chen and Patel [64] explained the process scheme of bio-PP production
starting from fermentation of glucose to iso-butanol, then dehydration to bio-butylene,
isomerization to 2-butylene, and metathesis with ethylene to finally obtain bio-propylene
as a monomer of bio-PP. Another method could be to convert bio-based n-butanol to
1-butene, which is then mixed with ethylene and heated under catalytic conditions to
produce monomer bio-propylene [43,65]. The acetone-butanol-ethanol (ABE) fermentation
technology plays an important role in bio-PP production as it provides butanol for starting
the process.

2.3.5. Bio-Polyurethane (Bio-PU)

PU is the polymer derived from the condensation of (poly)isocyanates (-NCO) and
polyols (exothermic reactions) [66]. It is a heterogenous class of polymer formed using
different types of monomers, such as adipic acid, 1,4-butanediol (1,4-BDO), EG, and the
isocyanates (methylene diphenyl diisocyanate and toluene diisocyanate) [67]. The poly-
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ols can be derived from bio-based feedstock via fermentation or chemical reaction, but
the isocyanates are usually non-renewable [68]. Plant oils (e.g., jatropha oil, sunflower
oil, castor oil, rape seed oil, etc.) have been used to prepare bio-PU [69]. Sahoo et al.
reported preparing bio-PU by reacting castor-oil-based polyol with partially bio-based
polyisocyanate for coating application [70].

2.4. Starch-Based Plastic

The excessive use of petrochemical plastic, which becomes a considerable concern
due to its sustainability and effect on the environment, is the major driving force toward
biodegradable starch-based materials. Starch is an inexpensive and biodegradable natural
product. Therefore, it has been gaining interest as a material for obtaining bioplastics for a
long time and currently represents the third largest market share (16.4%) [22]. Due to its
abundance, starch is a high potential polymer for substituting petrochemical plastic.

Starch is a plant-produced polysaccharide for energy storage purposes. It forms semi-
crystalline granules and has both linear and branched structures. The linear chain is called
amylose, which has glucose units linked together by a-1,4 glycosidic linkage, whereas
the branched chain is called amylopectin, consisting of short #-1,4 chains linked by &-1,6
glycosidic bonds at the branching, leading to the crystalline region of the starch granule.
Starch-based plastic, or so-called thermoplastic starch, is processed via extrusion, during
which starch granules undergo phase changes, including swelling, loss of birefringence,
melting, and solubilization, because of high-shear and high-pressure conditions with plas-
ticizers [71]. The extrusion techniques and conditions strongly affected the final properties
of starch-based materials.

Since starch-based plastic has lower mechanical properties, thermal stability, and
moisture tolerance than petroleum-based, blending and reinforcement have been performed
to improve durability and decrease the cost of the material. The blending can be achieved
with other plastic polymers (e.g., PLA, PBS, PCL, and PHA [2,72,73]), or natural polymers
(e.g., cellulose and gelatin [71]). Marichelvam et al. [74] developed rice and corn starch-
based bioplastic films using glycerol as a plasticizer, in the presence of gelatin and citric acid,
to improve mechanical properties and shelf-life. They reported that the favorable properties
of this starch-based plastic could substitute PE plastic bags as a packaging material.

Starch-based plastic is already commercialized, with many companies as key players;
Novamont, for example, has been known for its Mater-Bi starch-based bioplastic since
the early 1990s. In terms of future prospects, starch-based plastics can be produced from
more sustainable and cheaper resources, such as microalgae after wastewater treatment
application [75].

2.5. Cellulose-Based Plastic

Cellulose is the main component of lignocellulosic biomass, along with hemicellulose
and lignin. It is a homopolymer composed of D-anhydroglucopyranose units linked by
(3-1,4 glycosidic bonds [76]. Its abundancy and eco-friendly properties make it the strong
candidate to replace fossil-based polymers [77]. The processible cellulose-based plastic
can be produced via a reaction with esters or ethers and modification with plasticizer [78].
Cellulose esters, e.g., cellulose acetate, cellulose propionate, cellulose butyrate, and nitrocel-
lulose, have been used extensively to manufacture thermoplastic materials, while cellulose
ethers have various applications as surface coatings [78].

An advantage of cellulose-based plastic is that it can be derived from agricultural
waste, reducing the commercial cost of the material. For example, the cellulose-based
material using carboxymethyl cellulose (CMC) from sugar cane bagasse, blended with
gelatin, agar, and glycerol, showed promising properties for packaging applications in
terms of permeability, mechanical strength, and biodegradability [79]. However, the hy-
drophilicity nature of cellulose limited its competitiveness with other plastics due to lower
durability, gas-barrier capability, and waterproof properties. Several designs of cellulose
composite have been reported to enhance cellulose-based polymer properties. Fabrication
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of a pure cellulose material combined with paper sheet and regenerated cellulose from
NaOH /urea/cellulose solutions was reported to improve barrier properties for H,O and
O, [80]. Lignin—cellulose composite exhibited higher tensile strength, water stability, and
thermal stability than conventional cellulose paper [81]. Integration of polyimine-based
covalent adaptable networks with cellulose paper was also shown to develop cellulose-
based materials’ properties by enhancing strength, gas-barrier, waterproof, malleability;,
processability, and recyclability properties [82].

Cellulose-based plastic is a rather mature technology and has shown rapid growth in
manufacturing facilities and industries. Many companies engage in the cellulose-based
plastic market, such as Celanese Corporation, Solvay, Daicel Corporation, AkzoNobel,
Mitsubishi Rayon, Dow Company, SK chemicals Co., Ltd., and Eastman Chemical Company.
The compound annual growth rate (CAGR) of cellulose-based plastic was reported to be
17.5% between 2020 and 2027 and it could reach a market size of 176.5 million USD in
2028 [83].

2.6. Poly(lactic acid) (PLA)

PLA is an aliphatic polyester that is both bio-based and biodegradable. It has a high
growth rate in the plastic market, reaching 18.9% of the global production of bioplastics
in 2021 [22]. PLA is mainly used in packaging applications and also in consumer goods,
textiles, agriculture and horticulture, coatings and adhesives, biomedical settings, as well
as electrics and electronics. Lactic acid, a well-known product from mature fermentation
technology of various organic feedstock, is a building block of PLA. Ahmad et al. [84]
published an extensive review about lactic fermentation from cheap feedstocks, such as
food waste, sugar and starch materials, lignocellulose materials, microalgae, and glycerol.
The study highlighted the contribution of fermentation technology and bio-based building
blocks to the bioplastic production.

Lactic acid has two chiral stereoisomers—L- and D-lactic—which can be polymer-
ized to the poly(L-lactic acid) (PLLA), poly(D-lactic acid) (PDLA), or poly(DL-lactic acid)
(PDLLA) [24]. PLLA and PDLA are semi-crystalline, with a melting temperature of
170-180 °C, but the equivalent mixtures of PLLA and PDLA form a racemic crystallite,
elevating the melting temperature and enhancing mechanical strength [2]. PLA production
is usually accomplished by combining biological and chemical methods, starting from
lactic acid fermentation, followed by lactide formation, and finally ring opening polymer-
ization (ROP) of the lactide. The mentioned method can lead to high molecular weight
PLA materials (which is more favorable than low molecular weight PLA, obtained from
direct polymerization of lactic acid) [2,24].

PLA has the lowest price among other bioplastics, around 1.9 euro/kg [85]. Conse-
quently, PLA production can be considered (relatively) competitive with traditional plastics,
because of its availability, biodegradable properties, and economic feasibility, especially
as it has the potential to substitute PP, as reflected in the increasing investments in PLA
production in the US and EU [21]. Examples of companies that commercially manufac-
ture PLA are NatureWorks (Bangkok, Thailand), Natur-Tec (Circle Pines, MN, USA), and
TotalEnergies and Corbion joint venture (Amsterdam, The Netherlands) [86].

2.7. Polyhydroxyalkanoates (PHA)

PHA is a polyester family produced naturally inside the microbial cells as intracellular
carbon and energy storage granules, typically when there is excess carbon and limited ni-
trogen or phosphorus sources [87]. Basically, PHAs are polymers of hydroxyalkanoate (HA)
units, which can be homo-, co-, or terpolymers, depending on the monomer type. They
are generally water insoluble, non-toxic, and have thermoplastic characteristics, making
them suitable for various applications, ranging from medical, packaging, and agricul-
tural [24]. PHA can be classified into short-chain length PHA (sclPHA) (4-5 carbons) and
medium-chain length PHA (mcIPHA) (>6 carbons) [88]. Examples of well-known PHAs
are poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
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(PHBV). PHB is highly crystalline with good gas-barrier properties, but it is stiff, brittle
and shows little resistance to thermal degradation [24,89]. On the other hand, the co-
polymer PHBV has improved properties of elasticity, toughness, elongation, and reduced
stiffness [90].

PHAs have a low environmental impact, being 100% bio-based, biodegradable, and
biocompatible. They can be synthesized by fermentation using several bacteria and archaea,
employing PHA polymerase encoded by PhaC [87]. Bacillus [91], Burkholderia [92], Coma-
monas [93], Cupriavidus [94], Haloferax [90], Ralstonia [95], Pannonibacter [96], Halomonas [97],
Serratia [98], Pseudomonas [99], and mixed cultures [100,101] are a few examples reported
as natural strains accumulating PHAs. Recombinants strains also show great poten-
tial [102,103]. In addition to bacterial strains, some microalgae and cyanobacteria also
accumulate PHA granules in their cells. Despite the low PHA content, the advantage
of using microalgae is that they can convert atmospheric CO, to PHA by autotrophic
metabolism [104]. For example, Microcystis aeruginosa, Chlorella pyrenoidosa, Synechococcus
subsalsus, and Spirulina sp. LEB-18 are reported to produce PHB [105-107]. The properties
of PHAs depend on different factors, such as the bacterial strains used, the feedstock, and
the transient conditions applied during fermentation [108], which could be controlled to ob-
tain the required polymer properties and favor the substitution of conventional plastic such
as PP, PE, PS, PET, etc. [40]. PHAs are commercially available by, for example, Meredian
(USA), Telles (USA), Kaneka (JP), Danimer Scientific (USA), Yield10 Bioscience (USA), etc.

Through fermentation technology and synthetic biology, the PHA production has
been developed using various organic waste streams. For example, lipid-rich organic
waste, whey, molasses, lignin and its derivatives, spent coffee, and food waste [109]. In
addition, production of PHA from conventional plastic waste such as PE, PP, PS, and
PET has been studied. The depolymerization of PET was performed either by thermal
degradation [110,111] or enzymatic degradation [112] to TA, which was consequently
used as a substrate for PHA fermentation. Currently, the in-depth genome analysis of a
potential strain, Pseudomonas umsongensis GO16, using TA for PHA production has been
reported [113]. This approach is becoming more promising as an opportunity to promote
the circularity of plastic usage.

2.8. Polybutylene Adipate-co-Terephthalate (PBAT)

PBAT is considered a biodegradable polyester and it is also compostable [114]. PBAT
has properties comparable to petroleum-based plastics such as PE, PET, and PS with
more flexibility and toughness [11]. In addition, it has a higher elongation at break than
other biodegradable polymers such as PLA and PBS [115]. Therefore, PBAT is considered
highly promising, with potential applications in the medical, industrial, agricultural, and
packaging sector.

The research to improve PBAT properties includes reinforcement through composite
materials, such as silver oxide [116], nano-chitin [117], and cinnamon oil [114], which are in-
corporated into PBAT to enhance structural, thermal, mechanical, barrier, and antimicrobial
properties, thus expanding its application possibilities.

PBAT can be 100% degraded either enzymatically—by bacteria, fungi, and algae—or
thermally/chemically [115]. TA, 1,4-BDO, and adipic acid are the monomers of PBAT,
which traditionally have been produced through petroleum-based chemical processes, but
the recent advances in biotechnology have led to the microbial production of these building
blocks. Clearly, also in this case, TA can also be received from PET depolymerization,
enabling the upcycling of conventional plastic waste to renewable polymers. In summary,
biodegradability and bio-based production of PBAT have promoted its market uptake (thus,
it has risen from the third biggest market of global bioplastic production, in 2020, to the
biggest one in 2021) [21,22].
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2.9. Polybutylene Succinate (PBS)

PBS is an aliphatic polyester that comprises succinic acid and 1,4-BDO as monomers.
The mechanical property of PBS is comparable to PP, thus surpassing those of PLA. Due
to its superior processability, good flexibility, and good chemical resistance, it can be
used in various applications, e.g., mulching films, garbage bags, textiles, automotive,
sports devices [2,11,118]. Traditionally, PBS monomers are produced from fossil-based
feedstock [11], but recent biotechnological advances allowed both succinic acid and 1,4-
BDO to be produced from renewable feedstock (sugar, starch, glycerol, lignocellulose, and
other bio-waste), using non- or recombinant microbial strains [119]. In 2015, a bio-based
(50%) PBS production plant was opened in Thailand by a joint venture between PTT Public
Company Limited and Mitsubishi Chemical Corporation, under the trade name ‘BioPBS™".
They used bio-based succinic acid from the fermentation of renewable feedstock such as
sugarcane, cassava, and corn [120,121]. Fully bio-based PBS is expected to arrive shortly
and it could have at least 15-20% lower negative environmental impact than the fossil-based
one [122].

Notably, PBS can be blended with other biodegradable polymers, such as starch, PLA,
and PHB, to enhance the material performance; for example, a small amount of PBS blended
with PLA can significantly increase the elongation to break [123].

3. Fermentation Technology Providing Building Blocks for Renewable Plastics

The current advance in metabolic and bioprocess engineering allows several plastic
building blocks to be produced (Figure 4) by microbial fermentation from renewable
resources. In Figure 5, an overview of current processes for plastic production from
bio-based building blocks is illustrated. A more detailed description is provided in the
following sub-section.

O
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1,4-Butanediol 1,3-Propanediol Lactic acid
2 o) o 0
HO H /U\/\/\/\)J\
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Figure 4. Chemical structure of plastic building blocks.
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3.1. 1,4-Butanediol (1,4-BDO)

1,4-BDO is a building block of many plastics such as PU, PBAT, PBS, PBT, and
poly(butylene furandicarboxylate) (PBF) [18]. It is produced in a large volume from
petroleum-based feedstock; over 2.5 million tons annually [20]. 1,4-BDO is expected
to have an annual growth rate of 7% during the 2021-2026 period because of its increased
demand, especially for renewable plastics [124]. As the trend toward sustainable chem-
ical production, 1,4-BDO has been receiving attention on producing via fermentation of
renewable feedstocks to lower energy consumption, greenhouse gas emission, as well as
production cost. 1,4-BDO fermentation has been established by an integrated biotechnology
platform. Since 1,4-BDO is not a natural product produced by organisms, the development
of the 1,4-BDO production pathway involves constructing new biochemical pathways in
the bacterial strain and engineering a host strain to have a favorable carbon flux.

The study by Yim et al. [125] reported the first success of direct biocatalytic routes
to produce 1,4-BDO from renewable carbohydrate feedstock. They engineered E. coli
to synthesize 1,4-BDO from common central metabolites, succinate and a-ketoglutarate,
by introducing non-native enzymes and blocking natural fermentation products to force
1,4-BDO production. Finally, they were successful in producing 18 g/L of 1,4-BDO from
glucose in 5 days. The previous review article described the developed technology for 1,4-
BDO fermentation by firstly employing the computational software to identify all potential
pathways for 1,4-BDO production and select the most suitable one based on the maximum
theoretical yield, minimum pathway length and non-native step, and thermodynamic
favorability. The biosynthetic pathway started from converting succinyl-CoA, a TCA
cycle intermediate, to 4-hydroxybutyrate (4-HB) by constructing hydrogenase enzymes.
Then, 4-HB is converted to 4-hydroxybutyryl-CoA, 4-hydroxybutyraldehyde, and finally
1,4-BDO [126]. The key success of 1,4-BDO fermentation is that the host strain needs to
have balanced energy and redox and not produce unwanted by-products [127]. Thus,
the anaerobic condition is required for 1,4-BDO production to ensure enough redox for
the several reduction steps. Various strategies, including gene knockouts, mutations, and
substitutions, were employed to allow E. coli growth and reduce enzyme inhibitory during
the high NADH level in oxygen-limited conditions [128]. Currently, successful production
of 1,4-BDO with a titer exceeding 120 g/L, with the production rate higher than 3 g/L/h
and the yield over 100% of the commercial target, has been reported [126].

The industrial-scale fermentation of 1,4-BDO has succeeded: Genomatica developed
commercial bio-based processes for 1,4-BDO production from renewable feedstocks such
as sugarcane, sugar beets, and corn. They estimated that the bio-production of 1,4-BDO is
expected to save 93% of greenhouse gas emissions, equal to 700,000 tons per year, compared
to fossil-based production [129]. With their partners, DuPont Tate & Lyle BioProducts, they
successfully showed demo-scale production of 1,4-BDO from sugar, with over 2000 tons
in 2012 [130]. Moreover, thanks to the partnership with Genomatica, Novamont opened
the first dedicated industrial plant to produce bio-based 1,4-BDO by bacterial fermentation
of sugars, with a capacity of 30,000 tons per year [131]. This allowed the company to
develop their fourth generation of Mater-Bi, largely obtained from bio-based 1,4-BDO and
starch-based polymers, increasing the production capacity of their new Mater-Bi plant in
Patrica (Italy) to 150,000 tons per year.

These examples highlight the increasing use of fermentation technology to provide
renewable plastics’ building blocks.

3.2. 1,3-Propanediol (1,3-PDO)

1,3-PDO is an important building block for poly(trimethylene terephthalate) (PTT)
and polyurethane. The increasing demand of PTT leads to the rise in the 1,3-PDO market,
which is estimated to reach 776.3 million USD by 2022 with a compound annual growth
rate (CAGR) of 7% from 2021 to 2026 [132,133]. The fermentation of glycerol to 1,3-PDO
has been described since the 19th century [134]. It is more advantageous than chemical
methods in terms of reducing the use of toxic solvent and energy required and produc-
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ing greater yield [135]. Despite the demand for it as a bioplastic monomer, the current
driving force of 1,3-PDO bioproduction via fermentation is its contribution to utilizing
crude glycerol surplus from biodiesel production. This renewable process is gaining more
interest as valorizing waste to higher-value products and promoting more sustainable
biofuel production.

Many microbes have been reported to ferment 1,3-PDO using glycerol as a feed-
stock, including bacteria (e.g., Clostridium butyricum, Enterobacter agglomerans, Klebsiella
pneumoniae, Lactobacillus brevis, Lactobacillus reuteri, recombinant E. coli) and yeast S. cere-
visiae [20,135-139]. The fed-batch fermentation reported by Wang et al. [140] achieved
very high titer of 1,3-PDO, 104.8 and 94.2 g/L for refined and crude glycerol, respectively,
contributing to the productivity of 3.4 and 3.0 g/L/h. The same study also investigated the
potential industrial-scale production using sequential fed-batch fermentation and achieved
a production of 1,3-PDO for eight cycles. Even though the average titer is reduced (85.0 g/L),
it benefits the up-scale fermentation by reducing time of seed cultivation and improving
stability of 1,3-PDO production. The yield of 1,3-PDO production from fed-batch fermenta-
tion of glycerol reported to our knowledge mostly ranges from 0.45 to 0.58 g1,3-pp0/ galy
indicating the favorable mode of operation for up-scale production [135,140,141].

The open mixed culture (MMC) technology is also receiving attention due to the
advantage in non-sterile fermentation, which is favorable for the up-scale production, as it
could reduce costs related to sterilization and pure feedstock requirements and enhance tol-
erance to feedstock and by-product (e.g., organic acid) toxicity [141]. Varrone et al. reported
the potential continuous anaerobic fermentation of crude glycerol to 1,3-PDO by enriched
anaerobic sludge at pH 5.5 and with a retention time of 12 h. Crude glycerol concentration
could be increased to almost 90 g/L, but the maximum substrate conversion rate (94%) was
observed at a concentration around 50-60 g/L, using an animal fat-derived crude glycerol.
The maximum productivity of 1,3-PDO observed in this study was 37.8 g/L/d [142]. After
optimization, the adapted MMC reached a glycerol consumption rate of 137 g/L/d and a
predicted 1,3-PDO production rates of 82.6 g/L/d [42].

DuPont Tate & Lyle in collaboration with Genencor patented the engineered E. coli
strain transformed with the Klebsiella pneumoniae genes to produce high titer 1,3-PDO (up to
129 g/L) from glucose. They press-released the commercial process for 1,3-PDO from corn
sugar in 2007, which consumes 40% less energy and reduces 20% greenhouse gas emissions
compared to using petroleum-based feedstock [143,144].

3.3. Lactic Acid

Fermentation of lactic acid has been discovered since around the 18th century, and it
has become a very important product for food, chemical, cosmetic, and pharmaceutical
industries. Lactic acid is the monomer of biodegradable PLA, which has various applica-
tions and relatively high market expansion. Thus, lactic fermentation technology plays a
very important role in supporting the renewable plastic market. Microbial fermentation
of lactic acid has numerous benefits over chemical synthesis by offering the advantages
of low environmental impact, consumption of cost-effective renewable substrates, low-
temperature requirements, low energy consumption, and the production of optically pure
lactic acid (L(+) or D(—)) instead of a racemic DL-lactic acid mixtures by petrochemical pro-
cess [84,145]. There are many manufacturers commercializing fermentative lactic acid such
as Corbion, Galactic, NatureWorks LLC, Futerro, Henan Jindan Lactic Acid Technology Co.,
Ltd., BASF SE, Musashino Chemical (China) Co., Ltd., ThyssenKrupp AG, Dow, Cellulac,
Jungbunzlauer Suisse AG, Vaishnavi Bio Tech, Teijin Limited, and Danimer Scientific [146].

The fermentation pathways of lactic acid from hexoses or pentoses include homolactic
and heterolactic fermentation. Homolactic fermentation converts one mole of glucose to
two moles of lactic acid via entering the glycolysis pathway. In contrast, the heterolactic
fermentation produces lactic acid with co-product, CO;, ethanol, and/or acetic acid by
metabolizing either hexoses or pentoses via pentose phosphate pathway [147]. Lactic acid
bacteria (LAB) can be typically found among bacterial genera Lactobacillus, Carnobacterium,
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Lactococcus, Streptococcus, Enterococcus, Vagococcus, Leuconostoc, Oenococcus, Pediococcus,
Tetragonococcus, Aerococcus, and Weissella of the order Lactobacillales [148]. Several Bacillus
sp. have also been reported to ferment lactic acid, e.g., Bacillus coagulans, Bacillus subtilis,
Bacillus licheniformis, Bacillus thermoamylovorans, and Bacillus stearothermophilus [149-155].
Current development on lactic fermentation focuses on the use of renewable feed-
stock and process optimization to reduce production cost. Typical renewable feedstock
includes food waste, sugar and starchy waste, lignocellulosic materials, crude glycerol,
and microalgae to enhance the economic feasibility of lactic acid production and use
the non-competitive substrate for food application [84]. Pediococcus acidilactici, for in-
stance, was engineered to use lignocellulosic biomass (corn stover and wheat straw) by
Qiu et al. [156,157], reaching high titers of D-lactic acid and L-lactic acid, with 97.3 and
130.8 g/L, respectively. The recent strategy to minimize contamination risk and facilitate
non-sterilization lactic acid fermentation is using alkali- and thermo-tolerance strains [158].
They isolated Enterococcus faecium WH51-1, and successfully produced 44.6 g/L lactic
acid with a yield of 0.89 g/g, from corn steep water at high temperature (45 °C) and pH
(9.0). Another study by Zhang et al. [155] also succeeded in producing lactic acid with
non-sterilized fermentation and reached high D-lactic acid concentration (145.2 g/L).

3.4. Succinic Acid

Succinic acid has been the forefront chemical produced for biorefinery platforms and
is the essential monomer for PBS and poly(butylene succinate-co-butylene terephthalate)
(PBST). The bio-production of succinic acid has been obtained via fermentation by various
strains; for example, Actinobacillus succinogenes, Mannheimia succiniciproducens, Anaerobiospir-
illum succiniciproducens, Basfia succiniciproducens, and recombinant E. coli [159]. However,
the production of succinic acid leads to a drastic drop in pH; therefore, a significant amount
of alkali is needed to maintain pH, thus impacting the production cost. Metabolic engi-
neered yeast strains such as S. cerevisiae and Yarrowia lipolytica have been developed for
their tolerance to low pH conditions [160,161].

In addition, many renewable carbon sources have been studied for succinic acid
production. Chen et al. [162] reported the simultaneous saccharification and fermentation
(SSF) process for producing succinic acid from liquefied cassava powder using E. coli
strain NZN111. A two-stage culture technique was applied, with a growth phase and
fermentation phase in aerobic and anaerobic conditions, respectively. A very high succinic
acid production of 106.17 g/L was obtained at 40 °C, which yielded 0.66 g/g cassava
powder and reached the productivity of 2.54 g/L/h. Food waste hydrolysate was also
studied for succinic acid production by A. succinogenes and E. coli in batch fermentation,
reaching a production of 24.1 and 26.4 g/L, respectively. However, A. succinogenes was
found to produce a high amount of by-products (13.7 g/L), including acetic, formic, and
pyruvic acids [163]. Stylianou et al. [164] evaluated the continuous production of succinic
acid from municipal solid waste and showed 21.2 g/L of succinic acid with a yield of
0.47 g/g and productivity of 1.27 g/L/h.

The demand for succinic acid in renewable plastic (PBS and PBST) production was
projected to be 82,000 M t, with a 13.7% market share in 2020 [165]. The major key players
commercializing succinic acid are LCY Biosciences Inc., Myriant, Reverdia, and Succinity.
The first two companies use the technology based on developed E. coli strains. Reverdia
uses recombinant S. cerevisiae, which can co-produce succinate with ethanol, so the ATP
from ethanol fermentation can support succinic acid synthesis. Finally, Succinity employs
B. succiniciproducens as a producing strain [166]. Each company has active plants with
capacities exceeding 10,000 M tons in Europe, Asia, and the USA [167].

3.5. Adipic Acid

Adipic acid or hexanedioic acid has been widely used to produce PBAT, polyamide
4-6 (PA 4-6), PA 6-6, and PA 6. The biological approaches to producing adipic acid are
either chemo-catalytic conversion of the bio-based precursors cis,cis-muconic acid or D-
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glucaric acid to adipic acid, or direct fermentation [168]. cis,cis-Muconic can be produced
from lignin-derived aromatic compounds such as catechol, protocatechuate, and benzoate.
D-glucaric acid can be produced from synthetic pathways in bacteria, but as it could be
achieved at a very low titer, it is less favorable than cis,cis-muconic acid as a substrate for
adipic acid.

The adipic acid synthesis pathway is usually not a native pathway in microorganisms.
However, some have been identified to natively produce adipic acid, e.g., cellulolytic acti-
nobacterium Thermobifida fusca, but the meager yield was found (0.045 g/g glucose) [169].
The successful expression of enoate reductases, the key enzyme for hydrogenation of
muconic acid to adipic acid, from Bacillus coagulans in S. cerevisiae was demonstrated
by Raj et al. [170]. The researchers were able to produce the final titer of adipic acid of
2.59 mg/L. The interesting method exploiting engineered reversal of the 3-oxidation and
expression of w-functionalization enzymes in E. coli showed up to 170 mg/L of adipic acid
production from glycerol [171]. Genomatica Inc. has patented several genetically engi-
neered microorganisms producing adipic acid (JP2020174684A). Future research focusing
on the improvement of titer is still needed. However, it can be expected that bio-adipic
acid will enter the market in the coming years and substitute current petroleum-derived
commercial synthesis.

3.6. New Emerging Bioplastic Monomers
3.6.1. Azelaic Acid

Azelaic acid or nonanedioic acid is an &, w-dicarboxylic acid with nine carbons. It
has been recently reported as a valuable bio-based monomer for biodegradable poly-
mers; for example, azelaic acid-based polyesters, terpolymer containing azelaic acid, and
polyamide containing azelaic acid [172]. An example of an azelaic acid-based polymer
is poly(ethylene azelate) which showed to be biodegradable at a comparable rate with
poly-e-caprolactone [173]. The azelaic acid market is predicted to reach 160 million USD by
2023 [172].

The biosynthesis of azelaic acid starts from oleic acid derived from renewable oil,
traditionally via ozonolysis (oxidation with ozone). However, it can now be synthesized
using microbial fermentation. The direct biotransformation of nonanoic acid and its ester
to azelaic acid was recently proposed using Candida tropicalis as a whole-cell biocatalyst.
The biotransformation by continuous feeding of pure nonanoic acid, with the addition of
inducer (nonane) and glucose, resulted in 30 g/L azelaic acid production with 0.3 g/L-h
productivity and 90% molar yield [174].

In addition, multiple enzyme processes have been studied for the production of azelaic
acid. Otte et al. developed a dual-expression system in E. coli expressing three-enzyme
cascade (two plant enzymes; lipoxygenase and hydroperoxide lyase, and an endogenous
oxidoreductase) to convert linoleic acid to azelaic acid in one-pot process [175,176]. The
production of azelaic acid was 29 mg/L with a 34% conversion yield. Another study re-
ported expressing several enzymes, including hydratase from Stenotrophomonas maltophilia,
alcohol dehydrogenase (ADH) from Micrococcus luteus, and Bayer-Villiger monooxygenase
from Pseudomonas putida, in E. coli for the transformation of oleic acid and plant oil into
9-hydroxynonanoic acid (an intermediate of azelaic acid) [177]. The compound can be
consequently oxidized by ADH from P. putida GPol to azelaic acid [178]. They further
investigated azelaic acid production using this system on several renewable oils and were
able to produce 4.3 mM azelaic acid from 3 g/L olive oil [179]. Although the enzyme
catalytic process is interesting for azelaic acid production, further work to increase its titer
is still needed.

3.6.2. Lactones

e-Caprolactone is a cyclic ester with a substantial market for biodegradable plastic. The
commercial e-caprolactone is available as Placcel® M by Daicel Corporation with a purity
greater than 99.5%, and it is used as a monomer for ring-opening polymerization with
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polyols to manufacture poly-e-caprolactone (PCL) [180]. Biosynthesis of e-caprolactone
has been proposed by several routes. Bornadel et al. employed a bi-enzymatic cascade
consisting of a Baeyer—Villiger monooxygenase (BVMO) and an alcohol dehydrogenase
(ADH) to convert co-substrate of cyclohexanone and 1,6-hexanediol to e-caprolactone.
They achieved >99% conversion with 20 mM e-caprolactone production [181]. To solve
the low productivity problem from product inhibition, lipase A from Candida antarctica
was coupled into the enzymatic cascade for ring-opening oligomerization of in situ formed
e-caprolactone. The oligo-e-caprolactone is also an easy option for further polymerization
to PCL [182].

3.6.3. 6-Hydroxyhexanoic Acid (6HA)

Biodegradable polymer PCL can also be synthesized via polycondensation of 6HA [183].
The bio-production of 6HA has been reported by some recombinant strains. For example,
Pseudomonas taiwanensis [184] and Acidovorax sp. [185]. Fermentation of 6HA by recombi-
nant P. taiwanensis in stirred-tank bioreactor with a continuous cyclohexane supply was
reported to reach a final concentration of 25 mM (3.3 g/L) [186].

3.6.4. Itaconic Acid

Itaconic acid was mentioned as one of the promising compounds, among other
12 bio-based products from biorefinery carbohydrates, by the US Department of Energy in
2004 [187]. Its application for innovative polymers (e.g., itaconic-derived antimicrobial poly-
mer [188]) is growing, and the compound market is expected to reach USD 117.1 million
by 2026 [189]. Itaconic acid is known to be produced from filamentous fungi, Aspergillus
terreus [190]. Current advances in itaconic acid fermentation lie in the development of
non-filamentous engineered strains, e.g., E. coli, Ustilago maydis, and Y. lipolytica, which
tolerate high titers to improve feasibility in large-scale production [191,192].

4. Future Perspectives

Triggered by the negative impact on the environment derived from large amounts of
fossil-based plastic production and post-consumer plastic waste, research into renewable
plastics has been increasing. More recently, focus has been dedicated to the biodegradable
ones, illustrated by more than 20% market growth, compared to three years ago. By far, all
types of renewable plastics have shown the possibility to be synthesized from bio-based
building blocks, at least on the laboratory scale. Fermentation technology has shown
to play an important role in developing bio-based building blocks for renewable and/or
plastics. Monomers for PBAT, PBS, PLA, drop-in, PTT, and PEF have been obtained through
fermentation by both, natural and engineered strains. Some of these polymers even reached
the commercialization stage, e.g., partially bio-based PBS synthesized from renewable
bio-based succinic acid or PTT synthesized from bio-based 1,3-PDO by engineered bacterial
strains. PHA production has also been developed using both renewable biomass and
conventional plastic waste as feedstock. As a next step, efforts toward developing low-cost
and high-titer processes are needed to accelerate commercialization.

In this sense, microbial defined mixed cultures or synthetic mixed cultures could
contribute in decreasing production costs from 2G feedstock [3]. Moreover, metabolic
engineering is going to represent a key driver for the industrialization of renewable plastics,
by facilitating the bio-production of commodity chemical building blocks. Previously, E. coli
was genetically manipulated to produce biochemicals such as D-lactate [193] and succi-
nate [194]. These benefit the future up-scaled production, as E. coli is a well-characterized
species and has simple nutrient requirements. However, new platforms based on non-
conventional strains for industrial applications are under development. Omics technologies
contribute to advancement in metabolic engineering. They help, for instance, in unravel-
ling the metabolic pathway of unculturable microorganisms or in providing the data on
beneficial mutations during adaptive laboratory evolution. Multi-omics approaches with
computational system biology, protein engineering, and synthetic biology are the tools
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for establishing new (or unconventional) metabolic pathways producing desired plastic
monomers [195]. For example, a proteomics-guided approach has been used to engineer
polyketide synthases for in vitro production of adipic acid [196]. Such technologies also
broaden the application of microbes in bio-upcycling; for example, the elucidation of
EG [197] and 1,4-BDO [198] metabolism in Pseudomonas putida KT2440 were obtained by
genome sequencing and proteomics analysis, which could be beneficial in upcycling plastic
monomers. Using a metabolic engineering tool-set is an interesting approach that will
allow the exploitation of new bio-based building blocks production routes that help meet
the market demand of renewable plastic.

5. Conclusions

The role of plastics in our society and economy is growing every year, but the rate
of reuse and recycling is relatively low, showing considerable plastic pollution problems.
Renewable plastics are materials of interest, for their potential contribution to alleviating
negative environmental impacts seen with conventional fossil-based plastics, even though
they are not going to solve the problem of poor waste management or low recycling rates,
per se. Bio-based plastics promote carbon-neutral plastic production, using renewable
biomass instead of depleting petrochemicals. The benefits would be magnified if they were
designed to be biodegradable or compostable, allowing the carbon to re-enter the biogenic
cycle, whenever reuse (think about facemasks) or closed-loop recycling (i.e., munch films)
is not possible. Moreover, a recent study suggested that increased recycling rates would
decrease the cost of recycled bioplastics by almost 50%, which is not the case with fossil-
based ones (where recycled plastics are still more expensive than the virgin ones) [33].
The growth rate of global bioplastic production is expected to be more than 200% within
the next five years [22], thus reaching a larger market share and become more of general
use. The production of renewable and more bio-based plastic polymers, together with the
development of new upcycling technologies, can thus provide a significant contribution to
more sustainable plastic industry.

Currently, bio-based precursors of renewable plastic are forecasted to have a total
growth of 4.5% by 2023 [199]. This will be achieved thanks to a significant contribution
of fermentation technology that enables microbial production of various building blocks,
such as 1,4-BDO, 1,3-PDO, FDCA, succinic acid, and other new fermentative compounds
(azelaic acid, lactones, etc.). The advances in molecular biotechnology and bioprocess
engineering have led to the development of superior microbial cell factories for uncon-
ventional bioproducts and more effective fermentation processes with increased titers. As
an example, we can mention the traditionally petroleum-based biodegradable PBS that
currently is synthesized from bio-based succinic acid and 1,4-BDO produced by metabolic
engineered bacteria. New emerging plastic building blocks obtained through fermentation
are turning toward polymers that can be functionalized with improved properties, or
formulated to be recyclable materials, contributing to the solution of the end-of-life issue.
Moreover, new bio-based building blocks should lead to polymers with superior functional
properties. Future efforts are going to be dedicated to the scale-up of these technologies, to
reach industrial scale and decrease production costs, which are still not competitive with
conventional fossil-based plastics.
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