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Abstract

After setting the ground of the quantum innovation potential of biosourced entities
and outlining the inventive spectrum of adjacent technologies that can derive from
those, the current review highlights, with the support of Bigger Data approaches, and
a fairly large number of articles, more than 250 and 10,000 patents, the following. It
covers an overview of biosourced chemicals and materials, mainly biomonomers,
biooligomers and biopolymers; these are produced today in a way that allows reduc-
ing the fossil resources depletion and dependency, and obtaining environmentally-
friendlier goods in a leaner energy consuming society. A process with a realistic
productivity is underlined thanks to the implementation of recent and specifically ef-
fective processes where engineered microorganisms are capable to convert natural
non-fossil goods, at industrial scale, into fuels and useful high-value chemicals in
good vield. Those processes, further detailed, integrate: metabolic engineering in-
volving 1) system biology, 2) synthetic biology and 3) evolutionary engineering. They
enable acceptable production yield and productivity, meet the targeted chemical pro-
files, minimize the consumption of inputs, reduce the production of by-products and
further diminish the overall operation costs. As generally admitted the properties of
most natural occurring biopolymers (e.g., starch, poly (lactic acid), PHAs.) are often
inferior to those of the polymers derived from petroleum; blends and composites,
exhibiting improved properties, are now successfully produced. Specific attention is
paid to these aspects. Then further evidence is provided to support the important
potential and role of products deriving from the biomass in general. The need to en-
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ter into the era of Bigger Data, to grow and increase the awareness and multidimen-
sional role and opportunity of biosourcing serves as a conclusion and future pros-
pects. Although providing a large reference database, this review is largely initiatory,
therefore not mimicking previous classic reviews but putting them in a multiplying
synergistic prospective.

Keywords

Biomass, Biosourced Monomers, Advanced Biomaterials, Chemical Building Blocks,
Design Strategy, Metabolic Engineering, Innovation, Bigger Data

1. Introduction

1.1. A Contextual Innovation & Bigger Data Emphasis

Innovation associated with the main topic of this review has attracted an increasing
number of players over the last 20 years and more noticeably recently. The “Bigger Da-
ta” fervor has added a momentum to the bioscience application to industrial transfor-
mation of “green” chemistry in general.

As an example, the world Intellectual Property Organization (WIPO) published a
study on microalgae-related technologies [1]. The importance of patent activity is of
central value in this report.

Bigger data and, Innovation and IP, reviews applicable to green and biosourced
technologies have also diversely been covered by S. Rebouillat et al [2]-[4] and illu-
strated in more practical cases associated to high performance materials [5], high per-
formance bioengineered fluids [6]-[8], nanostructured materials [9], protein valoriza-
tion [10].

Reviews are very valuable pieces of work providing the necessary orientations and
stimulating combinatorial innovation from an open mindset. With the advent of bigger
data, one would easily relegate reviews to “historic” exercises given the accessibility of
data and Bigger Data. The authors have contributed to underlining the attention that
must be paid to larger set of data in terms of interpretation risks and opportunity. The
field of interest, ie. “Biosourced”, is by far a tremendous topic with regards to Bigger
Data and is worth some comparative educational, largely introductive and initiating,
analysis. We hereafter propose a few graphical representations in the context of innova-
tion and Bigger Data in Figures 1-4.

At a glance, Figure 1 provides the numbers of current innovation styles, from open
to close, disruptive, collaboratory®, from reverse to inclusive, nested and frugal. Those
terminologies are more or less self-explanatory. Rebouillat ef al. wrote a review on the
matter [11], covering some of them. On the same figure, the “Not Invented Here”, NHI,
is illustrated, to that effect it is worth mentioning that the Bigger Data approach tends
to naturally challenge that old NIH orthodoxy still largely encountered in large organi-
zations. The creative reverse cycling shower picture tends to illustrate how essential the
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Figure 1. The innovation illustrated styles and usual categories.

last mile and the reachability of the target in a creative fashion are. Frugal concepts un-
able adaptation and use of local means allow the “same” performance as so called top of
the line, rocket science or trendy, offerings. Biosourcing has a role to play with regard
to that frugal orientation, definitely happening in line with inclusive approaches. The
last picture of Figure 1 attracts the attention to the need for innovation to be inherently
and as an oxymoron “Competitively Unpredictable”. Let’s leave room to the reader for
his/her own interpretation. Some famous products such as breathable selective mem-
branes constitute examples especially in the way they became commercial. Additionally,
biomimicry brain storming [3] often reveals paradoxes such as those illustrated on that
drawing.

Search methods raise another challenge associated with Bigger Data. The WIPO re-
view [1] underlines some aspects of it. The “used in the art” search methods in the con-
text of Intellectual Property (IP) and Bigger Data have been reviewed by Rebouillat et
al. [12]. This current review, “Biosourced”, the WIPO’s patent landscape report on mi-
croalgae-related technologies [1], representing a biosourcing potential that should not
be ignored and the review [12] are connected in this introduction to alert on the risks
and opportunities in the Bigger Data arena.

There are a good number of specialized algorithms and associated platforms capable
of performing analytics on large patent data banks—covering the 90 million patents
from around the world—available from different patent offices (EPO, WIPO, USPTO,
KIPO...), about 12 main commercial or publically available platforms. The platform
used by WIPO [1] is called W in our review to remain balanced and neutral in the
naming of commercial products.

For educational and comparative purpose, we have used two other platforms called Q

and G, both provide similar analysis compared to W.
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Patents per Source per Priority Year

Figure 2, Figure 3 and Figure 4 provide three analytics and metrics using the 3
platforms side by side, Ze. the patent activity over 20 years, the concept clustering and
the assignees, companies or institutions, ranking.

The input selected to perform the analytics is the patent landscape keyword list pro-
vided in the WIPO report [1] on pages 63 and 64; list which comprises about 250 key-
words related to, or adjacent to, the report subject matter which encompasses “Bio-
sourced”.

LSA, Latent Vectorial Semantic Analyses,
https://en.wikipedia.org/wiki/Latent_semantic_analysis, are specific algorithmic data

treatments protected by each platform, from which are extracted the dominant con-
cepts provided in Figure 3.

Figure 2 shows from the 3 analyses, approaches W [1], Q, G, performed on an aver-
age of about 10,000 (respectively 11k, 10k and 7k) patent documents, an exponential
increase in the patent activity and a concurring number of documents across the three
analyses, respectively 830 patents documents in 2009 with platform W vs. 760 with Q
and 740 with G. This is expected to be the case knowing that this relies on counts and
database access which are publically reachable. Although this results in the analysis of
90 million patent documents, there is coherence among platforms with a Bigger Data

analysis approach.

Patent activity “Courtesy of WIPO”
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= EP Applications
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Figure 2. The IP activity in the fields of Interest over a span of 20 years (1995-2015) processed with 3 algorithmic analytical approaches

(W, Q, Q).
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Figure 3. Concepts clustering from keyword list of [1] via LSA as per the 3 algorithmic analysis
IP platforms (W, Q, G).

Approach W Approach G ApproachQ

BASF™ Y Y
DUPONT™ Y Y
DSM™ Y Y
LOREAL™ - =
ROQUETTE™ Y =
SOLAZYME™ y Y

Figure 4. Identification by the 3 approaches, W, Q, G of an assignee (corporations and institu-
tions) selection among ranking of 20 most prevalent assignees.

The concept clustering performed with the 3 platforms on the same number of pa-
tent documents as reported above is not as homogenous (Figure 3). There are 15 con-
cepts that are common to at least two approaches, among 23 most dominant concepts
(9 for W, 8 for Q and 6 for G). This is close to a yield of 66%, if one may simplify and
define such a metric from that dimension.

The 20 “predominant” (based on patent document counts) assignees’ ranking is per-
formed with each approach and summarized in Figure 4. Extracting 6 assignees (listed
in Figure 4) out of the 20 provides 4 intersections, i.e. 4 assignees are common to the 3
approaches. This is somehow a yield of 2/3, 66%.

The two last analytics/metrics, key clusters and “predominant” assignees, provide a
perspective on Bigger Data approaches as to their relation to IP and patent documents

in particular, Ze. a count of 90 million around the world

1.2. The “Biosourced” Matter

“Renewable Chemicals Market worth 84.3 billion USD by 2020” from an estimated
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USD 49.0 Billion in 2015,

http://www.marketsandmarkets.com/PressReleases/renewable-chemical.asp, a potential

of “$260 billion for bio-based chemicals in 2012” was reported by McKinsey as per the
American Chemistry Council, etc. Predictions are fluctuating. Entities such as biofuels,
plant extracts, natural rubber, food/feed ingredients, oleochemicals, pharmaceutical in-
gredients, polyols, enzymes, bioplastics, etc. are part of those estimations.

New protein engineering methods, Bioinformatics & high throughput screening,
DNA sequencing/editing, Cellulosic depolymerization, Enzymatic polymerization, etc.,
are part of the activities associated to this growth.

Today, the chemical industry is still strongly dependent on fossil resources from
which numerous chemical products (e.g. plastics, fertilizers, cleaners, cosmetics, paints,
phytosanitary products, perfumes etc.) are manufactured. Especially, by the 1970’s, or-
ganic chemicals derived from petroleum have tense vs. by 1970’s or within captured
more than 95% of the markets which would have probably been held by biosourced
products [13].

However, due to the rarefaction of these fossil resources, the variability of their cost
and associated geopolitical stakes, alternative resources are more and more considered
for manufacturing products of the post-fossil era, consequently designing novel mate-
rials and methods with the objectives of reducing the fossil resources dependence and
producing therefore more and more environmentally-friendly goods.

Among those alternatives, natural resources offer a wide range of resources including
renewable biomass, which is largely produced with agriculture, silviculture and micro-
bial systems: base ingredients being present in trees, plants, grasses, vegetables, algae,
food wastes, animal manures and other organic wastes.

This renewable resource is composed of several natural polymers which, according to
the hetero-atom of the main chain, are generally classified as:

e carbon-oxygen-containing polymers:
o sugar polymers which are source of 5- and 6-carbon sugars, (e.g., cellulose, he-
micelluloses, starch, chitin, chitosan and pullulan);
o phenolics such as lignins and humus;
o polyesters such as shellac;
e hydrocarbon polymers (e.g., natural rubber);
e carbon-oxygen-nitrogen/sulphur-containing polymers (e.g., proteins);
e carbon-oxygen-nitrogen-phosphorus-containing polymers (e.g., nucleic acids).

The diversity and the abundance of these products constitute a very big wealth and

potential for:

o the replacement of materials actually stemming from fossil resources,

o the development of new materials which cannot be easily produced via the classical
chemical methods,

o the development of new processes involving, for example, new generation of living
and biochemical entities systems (enzymes or microorganisms) able to manage their

chemical functionalities more efficiently, at lower temperatures and generating few-
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er emissions than conventional chemical processes.

Till now, opposite to fossil resources, only few industries (energy, construction, bio-
fuels and pulp and paper processing) are using this massive reservoir of resources. Still,
it is clear that the diversity of biomass feedstocks and the lack of conversion technology
routes prevent an increased utilization of this natural resource.

Nevertheless, even if industrial production is still marginal, a strong research interest
in converting underutilized biological materials into useful products constitute a sig-
nificant innovation momentum. Figure 5 shows the main bio-based products which
have been produced or extracted from renewable biomass through biological, chemical,
thermal, or mechanical treatments and used for power, heat, fuel, biogas, biochemicals,
and biomaterials.

This promoted the interest, particularly in the last decade, for the identification of
biobased building blocks for a number of chemical intermediates and end products
[14], useful to size the potential of both biosourced chemicals [15]-[19] and materials
[20].

RENEWABLE BIOMASS
(Wood, plants, grasses, vegetables, algae, food wastes,
animal manures, and other organic wastes)

\4

Biosourced products

Figure 5. Classification of the main biosourced products and their utilization.
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These evaluations include conventional chemocatalytic processing, biorefinery con-
cepts [19] and white biotechnology [18], which generally involve, enzymatic catalyses
and microbial fermentations operated under soft conditions. Moreover selective reac-
tions minimize both the consumption of inputs and the production of by-products.

It must be pointed out that the microorganisms used in such cases present rather
lower efficiencies when they are isolated from their natural environment. During the
past few decades, several cases successful overcome this challenge employing engi-
neered microorganisms, Ze. metabolically engineered microbial hosts able to produce,
at industrial levels, fuels and useful high-value chemicals with good yield [21]-[25].

In a good number of cases, biorefinery concepts account for [26]:

o effective and economical pretreatments to release the potentially fermentable sugars
in lignocellulosic biomass; as well as alternative processes that enable more biomass
carbon to be converted to desired products;

o relatively inexpensive enzymes (called “cellulases”) to convert the sugar polymers to
fermentable sugars;

e microbes that can rapidly and completely convert 5- and 6-carbon sugars or other
biosourced compounds to chemicals intermediates and end products.

Metabolic engineering at system level has indeed contributed to developing efficient
tools and strategies to improve microbial strains producing fuels and chemicals [27]-
[29]. It integrates metabolic engineering with biological systems, synthetic biology and
evolutionary engineering in the context of the entire bioprocess and aims to develop
microbial strains on the basis of the multicriteria optimization of the whole bioprocess
in order to maximize the production yield and productivity of the targeted chemical,
while minimizing the consumption of inputs, the production of by-products and the
overall operation costs.

For that purpose, intracellular metabolic fluxes are optimized using various molecu-
lar and high-throughput techniques which have been discussed and developed in nu-
merous papers [30]-[41].

Moreover, cultivation conditions such as cultivation modes (i.e., batch versus fed-
batch) [42], medium composition [43] [44], aeration [45] and pH, [46], are also consi-
dered. Optimization of these variables can significantly contribute to minimizing the
overall operation costs.

Biobased products can be classified in three categories:

e commodity chemicals (including fuels),

e specialty chemicals used for power, heat, transportation fuels (such as ethanol, me-
thanol, and biodiesel),

e biogas and specialty biochemicals including biomonomers and biomaterials.

Together with other recent and complementary reviews [19] [28] [29] [47]-[52] the
present paper will be focusing on:

e Dbiosourced chemicals (specialty chemicals, mainly monomers);

e advanced biosourced polymers, polymer blends and composites;

e new bioprocesses, mainly those related to the development of novel biocatalysts de-
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signed to overproduce those chemicals and materials, via metabolic engineering.

2. General Considerations on Biosourced Materials and
Chemicals

Biomass cannot only provide fuel and energy, but also countless biomaterials and bio-
chemicals that can be used as, among other things, paints, detergents, industrial adhe-
sives, bioplastics, and composite materials.

Conventional biomaterials like wood and linen are used to build homes and make
clothes.

Textile industry, uses mainly cellulose from ramie, cotton, wool, and flax.

In the paper industry, biomass in the form of pulpwood (lignocelluloses) is used to
make paper and other packaging materials.

In the pharmaceutical industry, certain drugs and antibiotics can only be made from
natural biomass materials through fermentation.

In the plastics industry, bioplastics have experienced rapid growth in the last few
decades.

Biosourced materials have gained attractiveness in the last decades due to both eco-
logical and economic concerns. They can be defined either as materials applied to a bi-
ological system or materials derived from a biological source. In some cases, these two
approaches may be combined.

Biomaterials are also considered as structural, functional or multifunctional mate-
rials, operating in a specific, biological, environment. Most of them are polymer-based
materials. In this context, biosourced polymers open a promising near horizon for a
renewable source of new materialsin a leaner low carbon society.

Applications include implants, tissue scaffolds and sensors. The study of such ad-
vanced biomaterials is majorly interdisciplinary. The related areas identified for future
development embrace:

e bioresorbables and bioactive materials, together with novel manufacturing routes to
achieve new properties in existing materials;

e new interfacial structures for the control of biomaterial-tissue interactions; and

o the integration of sensing systems into biomaterials for in-situ implant monitoring.

Multiple strategies are adopted to produce new biosourced polymeric materials [53]
[54]:

e Natural polymers can be extracted from biomass and, either used as obtained, or
chemically modified to improve their properties. Some of these natural polymers,
such as starch, cellulose, hemicelluloses can be hydrolyzed into sugars which are
then converted to polymers by microorganisms (e.g. microbial polyesters).

e Natural monomers, such as sugars or aromatics, can be isolated and chemically
modified to produce biomonomers with improved functionality. Those biomono-
mers can further be polymerized by conventional methods, giving rise to high-per-
formance and functional polymers: 1) bioplastics (e.g., polylactic acid, polybutylene

succinate, and polyethylene...) and 2) biothermosets (e.g., phenolic resins, epoxy
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resins, polyurethane resins, polyester resins.).

e Small biomolecules such as vegetable oils (e.g. canola, sunflower, pumpkin and tal-
low) can be extracted and then cross-linked by conventional methods to produce
strong thermosetting plastics (e.g. vegetable oil thermosets).

e Polymers such as proteins can be isolated and suitably modified to get soya, beans,
whey and horn-based proteins.

e Natural fibers from cellulose, starch, hemp can be extracted and/or modified to
generate nanofibers, nanoparticles or nanocristals which can be used for preparing
bio- and eco-composites using natural and/or synthetic polymeric matrices.

Figure 6 presents the global biosourced polymers and polymer blends production
capacities in 2010 according to polymer type [55], indicating that starch and its blends,
poly (lactic acid) and various types of polyhydroxyalkanoates (PHAs) are of the highest
importance among bio-based and biodegradable polymers. The production of conven-
tional polymers such as PE or PET based on renewable resources also gains more and
more importance. These are not biodegradable, but their performance is the same as
that of their fossil-based counter-parts.

Additionally, according to company announcements, by 2020 the most important
bio-based polymers will be starch (1.3 Mt), PLA (0.8 Mt), PHAs (0.4 Mt) and bio-based
PE (0.6 Mt) [56]. Figure 7 shows the evolution of the shares of biosourced production
capacities in different regions (without Cellulose acetate and thermosets) from 2011 to
2020.

3. Biosourced Specialty Chemicals

The principal source of commodity and specialty chemicals are fermentable sugars that
can be either produced directly from sugar feedstocks (e.g. corn, wheat, potato, sugar-

beet, sugarcane and corresponding molasses) [40], or derived from polysaccharides and

Other polyesters
8%

PHAs

PLA-blends 12%

1%

Regenerated
Other Cellulose
1% 6%

Figure 6. Global biosourced polymers and polymer blends production capacity in 2010 (PHAs:
Polyhydroxyalkanoates, Bio-PE: Bio-based Polyethylene; Bio-PET: Bio-based Poly(ethylene te-
rephthalate, Bio-PA: Bio-based Polyamide; PLA: Polylactic acid).
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2011 2020

North
America
13%
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Europe America
20% 15%

Europe
14%

Figure 7. Evolution of the shares of biosourced production capacities in different regions of the
world from 2011 to 2020.

other lignocellulosic substances (e.g. plants, crop residues, waste paper.).

The most abundant sugars that are produced are: glucose, fructose, xylose, arabinose,
lactose and sucrose. The main routes for their production are: dilute and concentrated
acid hydrolysis, ammonia fiber expansion, steam explosion, supercritical fluids, enzy-
matic catalyses and microbial fermentations.

Furthermore, because sugars contain oxygen and petroleum feedstocks do not, there
is the potential to derive oxygenated intermediate chemicals—such as ethylene glycol,
adipic acid, and isopropanol—more readily from biological raw materials than from
fossil sources. Production of such oxygenated chemicals by fermentation has the addi-
tional advantage of being inherently flexible.

Via biological or chemical conversions of these sugars, several building block chemi-
cals can be produced and subsequently converted to a number of high-value bio-sourced
commodity or specialty chemicals which are generally molecules with multiple func-
tional groups possessing the potential to be transformed into new families of molecules
useful for industrial applications in general transportation, textiles, safe food supply,
environment, communication, housing, recreation, health and hygiene.

Bioethanol serves as a precursor to other organic chemicals required for production
of many products such as paints, solvents, clothing, synthetic fibers, and plastics.

Table 1 shows a list, established in 2004 by the US department of Energy (DOE), of
30 C1 to C6 representative building block candidates, which could be generated by/dur-
ing sugars fermentation. Those candidates are able to serve as building blocks for more
complex secondary and intermediate chemicals [19].

Another source of speciality chemicals is lignin which, besides cellulose and hemi-
celluloses constitutes approximately 25% - 30% of wood. Lignin presents many chal-
lenges for use in the biorefinery. It has indeed a really important chemical potential as
the sole abundant source of bio-based aromatic compounds.

However, unlike cellulose, lignin has a high degree of variability in its structure

which differs across biomass sources and the recovery processes [57]. Nevertheless, de-

2 scientific R h Publishi
%% Scientific Research Publishing

177



S. Rebouillat, F. Pla

spite those difficulties, ongoing studies covering the purification [58] [59] and the de-
and re-polymerization of lignin [60]-[62], as well as the lignin application in the ma-
terial industry are been developed.

Lignin processing also can produce low-molecular weight aliphatics (C1-C3, etc.)
along with aromatics. Residuals may include formic or acetic acids as well as aliphatics
and olefins. Alternatively, those materials can be dehydrogenated to provide low-mo-
lecular weight olefins. Table 2 presents the main existing lignin transformation tech-
nologies and the corresponding chemicals that can be obtained.

Some biobased chemicals such as vegetable-oils, based inks and fatty acids are be-
coming competitive [63] on the related markets.

Increasingly, niche markets will be scouted for a wide array of plant chemicals (e.g.,

chiral compounds) not avail able from the petrochemical markets.

4. Biosourced Polymers and Monomers

The following section is mainly oriented towards metabolic and pathway engineering

that has been studied for the development of novel biocatalysts able to help shape

Table 1. Representative building blocks of chemicals that can be produced from sugars.

CI:};I::?;OO; Building blocks
1 Carbon monoxide & hydrogen (syngas)
2 acetic acid, acetic anhydride
3 Glycerol, 3 hydroxypropionic acid, lactic acid, malonic acid, propionic acid, serine

Acetoin, aspartic acid, fumaric acid, 3-hydroxybutyrolactone, malic acid,

4
succinic acid, threonine
5 Arabinitol, furfural, glutamic acid, itaconic acid, levulinic acid, proline, xylitol,
xylonic acid
p Aconitic acid, citric acid, 2,5 furan dicarboxylic acid, glucaric acid, lysine,

levoglucosan, sorbitol

Table 2. Main Lignin Transformations and obtained chemicals.

Transformation technology Resulting products
Hydrogenolysis Phenols and aromatic hydrocarbons
Alkaline hydrolysis Phenols, substituted phenols
Mild oxidation in alkaline medium Vanillin,
Microbial conversions Vanillic, ferulic, coumaric and other acids
Alkali fusion Phenolic acids, catechol

Organic acids: benzoic, toluic, methoxybenzoic,

Strong oxidation
i acetic and formic acids.

Pyrolysis Acetic acid, phenol, substituted phenols, CO, methane
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the future of the biopolymers industry.

There are three principal ways to obtain bio-sourced polymers using renewable re-

sources [64]:

Extraction, purification and eventually partial modification of natural polymers
produced by plants, (e.g., cellulose, starch, chitin and chitosan, pullulan, lignin...);
Direct production of biosourced polymers by microorganisms (e.g., polyhydroxyal-
kanoates, poly- and oligo-saccharides);

Prodution of bio-sourced monomers (e.g., sugars) by fermentation followed by fur-

ther modification and polymerization.

4.1. Natural Polymers Produced by Plants

Cellulose [65] [66], starch [67] [68], chitin and chitosan [69], proteins (soya protein,

gelatin, casein, etc. [70]-[72]) and their derivatives offer a wide range of properties and

applications which are briefly summarized hereafter:

Cellulose is produced in wood and plants such as hemp, flax, jute, ramie and cot-
ton. It is also synthesized by algae, tunicates and bacteria. For many years it has
been used as engineering material in many industrial processes such as pulp and
papermaking and manufacture of artificial textile fibres (e.g. organic and inorganic
esters, alkyl, hydroxy alkyl and carboxyl alkyl ethers) which are used as important
components in coatings, optical films, foodstuffs, pharmaceutics, cosmetics, addi-
tives in building materials etc. On the other hand, more technical applications have
been recently explored using nanocrystals [9] [73]-[75] or grafted cellulosic mate-
rials [76]-[78]. Nowadays it is also abundantly studied as a second-generation
bio-fuel.

Starch is abundant in wheat, rice, corn, potato, etc... Essentially, it consists of the
linear polysaccha ride amylose and the highly branched polysaccharide amylopectin.
Applications of thermoplastic starch polymers include films, overwraps, packaging
materials and sanitary products. It is also used for food and feed (as well for its food
engineering value as thickener and emulsifier) [79], as cosmetics, pharmaceuticals
and paints. It has found application also in textile and paper industries and as a
biodegradable packaging material [80]-[82]. More recently it has been investigated
as a first-generation bio-fuel.

Chitin and chitosan are abundant natural amino polysaccharides derived from
shells of prawns and crabs. Chitosan is a very attractive material for applications as
biomaterial in medical devices and as pharmaceutical [83] [84] and cosmetic ingre-
dient for example in the skin care industry.

Pullulan is a linear water-soluble, low viscosity, polysaccharide consisting of malto-
triose units connected by a-1,6 glycosidic units obtained by the fermentation of
simple sugars using Aureobasidium pullulans. Pullulan is used as flocculant, blood
plasma substitute, drug and gene delivery, tissue engineering, wound healing etc...
[85], adhesive [86]-[88]. It is extensively used in the food industry as a low calorie

food additive and as a material for food preservation owing to its excellent oxygen
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barrier property and good moisture retention.

e Lignin is a phenolic polymeric material formed, through a metabolic pathway, from
the phenolic precursors named p-hydroxycinnamyl alcohols, such as p-coumaryl
alcohol, coniferyl alcohol and sinapyl alcohol. It is composed of randomly branched
phenylpropenyl (C9) building blocks, connected through carbon-carbon and car-
bon-oxygen (ether) bonds [89]-[92]. Applications are extensive, but until now have
been used in very limited volumes. The most known examples belong to academic
research. Some reported applications clearly show that lignin has a great potential
as:

o a reinforcement material in composites including thermoplastic, thermosets,
rubber, foams, bioplastics, nanocomposites, and low-cost carbon fibers, [93],
o0 new generation of polyols, macromonomers in polyester, urethane [94] and

epoxy polymers.

4.2. Biosourced Polymers Produced by Microorganisms

4.2.1. Polysaccharides

Microorganisms (mainly bacteria) can produce natural polymers from sugars. For ex-

ample, acetobacter xylinum, Rhizobium and sarcinaare are able to produce pure cellu-

lose (i.e. without lignin and hemicelluloses). This bacterial cellulose is characterized by

a high mechanical strength and can be used to produce articles with relatively high

strength, wound care healing system(XCell®) [95], acoustic diaphragms, paints, oil gas

recovery, adhesives, medical films (Biofill®, Bioprocess®, and Gengiflex®) [96].

Other polysaccharides are also produced, [97], involving:

e Bacteria (e.g., dextrans and derivatives, hyaluronan and hyaluronic acid by strepto-
coccus, glycogen by E. Coli, Clostridia, Bacillus, and Streptomyces, alginate by
Pseudomonas and Azotobacter, glucuronan by Rhizobium and Pseudomonas),

e Fungi (e.g., pullulan by Aureobasidium, Pullularia and Dematium, Chitin and chi-
tosan by Basidomycetes, Ascomycetes...),

e Algae (e.g., alginate by Phaeophyceae and carragenan by Rhodophyceae).

4.2.2. Polyhydroxyalkanoates
A number of natural biosourced polymers produced by microorganisms are useful as
bioplastics.

The most important are polyhydroxyalkanoates, (PHAs), which are a family of bio-
degradable /inear polyesters that can be directly produced by varieties of bacteria using
several renewable waste feedstocks. Well-known bacterial PHA producers include spe-
cies of Ralstonia (98], Bacillus [99] and Pseudomonas [100], as well as phototrophic
cyanobacteria [101].

Although PHAs are efficiently produced by microbes via naturally evolved biosyn-
thesis routes, expressing the requisite pathway enzymes from various natural producers
has also enabled their production at high levels in recombinant Escherichia coli, a more
tractable host platform [102]. Bacteria have been engineered to achieve PHA biosyn-

thesis at up to 80% of cell dry weight and at productivities as high as 4 g/L-h from sub-
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strates such as glucose [103].

A generic process to produce PHA by bacterial fermentation involves fermentation,
isolation, and purification from fermentation broth.

More than 150 PHA monomers have been identified as the constituents of PHAs
[104]. Such diversity allows the production of bio-based polymers with a wide range of
properties, tailored for specific applications.

Poly-3-hydroxybutyrate was the first bacterial PHA identified. It has received the
greatest attention in terms of pathway characterization and industrial-scale production.
It possesses similar thermal and mechanical properties to those of polystyrene and po-
lypropylene [105]. However, due to its slow crystallization, narrow processing temper-
ature range, and tendency to “creep”, it seems not attractive for many applications, re-
quiring development in order to overcome these shortcomings [106].

Several companies have developed PHA copolymers with typically 80% to 95%
(R)-3-hydroxybutyric acid monomer and 5% to 20% of a second monomer in order to
improve the properties of PHAs.

PHAs can be processed in classical polymer-processing equipment and can be con-
verted into a plurality of injection-molded components: film and sheet, fibers, lami-
nates, and coated articles, etc. These materials are suitable for a wide range of food
packing applications including caps and closures, disposable items and products such
as housewares, cosmetics, and medical packaging [107]. PHA and its copolymers are
widely used as biomedical implant materials. PHAs can also be used in drug delivery
due to their biocompatibility and controlled degradability.

In spite of numerous advantages, PHA production also suffers from other inherent
shortcomings which may ultimately impede their long-term and wide-spread utility.
For instance, while their biodegradable nature can help reduce municipal waste, this
attribute renders PHAs less suitable for use in applications requiring long term durabil-
ity and/or environmental exposure. As all PHAs are thermoplastic polyesters the
achievable range of physicochemical and material properties, though diverse, is inhe-
rently limited. Moreover, PHA chain length and purity are difficult to tune and control

with high quality assurance.

4.3. Microbial Production of Biosourced Monomers (Biomonomers)
and Corresponding Polymers

As for many specialty chemicals, one can distinguish two classes of biosourced mono-
mers of industrial interest.

The first can be produced from natural compounds with the aid of catalytic further-
processing steps. For example, the natural fermentation of sugars yields ethanol which
can undergo dehydration to ethylene over a solid acid catalyst [108] [109], before later
being polymerized to poly(ethylene) or its co-polymers. Braskem™ is taking this ap-
proach to convert sugarcane-derived ethanol to bioplastics in Brazil [110].

The second class of biomonomers, which, as previously stated, is a central focus of

this review, concerns those compounds that themselves are directly suitable for poly-
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merization into bioplastics. Wherever possible, the microbial production of “drop-in
compatible” biomonomers by this approach is advantageous because, it ensures a
seamless interface between emerging biotechnologies and the existing polymer indus-
try.

The list of monomers that can be obtained from biomass is vast and has been recent-
ly reviewed [111]-[113].

In general, biosourced monomers can be divided according to their biomass origins
as follows:

e oxygen-rich monomers namely carboxylic acids, polyols, dianhydroalditols, and fu-
rans,

e hydrocarbon-rich monomers including vegetable oils, fatty acids, terpenes, terpe-
noids and resin acids,

e hydrocarbon monomers such as bio-ethene, bio-propene, bio-isoprene and
bio-butene, and

¢ non-hydrocarbonmonomers, namely carbon dioxide and carbon monoxide, as crit-
ically discussed by Yao and Tang in a recent perspective [112].

Those monomers are suitable to produce different types of important biosourced
polymers (e.g. polyesters, polyamides, polycarbonates, polyurethanes, polyethers) [114].
In this category, polyesters used to be the most popular.

Historically, the main studied monomers were bi-functional molecules, such as:

e Jactic acid which is able to self-condense for the production of polylactic acid (PLA);

e succinic acid which represents a potential bio-based building block able to be trans-
formed into several commodity chemicals (THF, hydroxysuccinimide etc.) or spe-
cialty chemicals (organic acids such as fumaric, itaconic etc. Figure 8) and to pro-
duce polymers (polyamides, polyesters and poly(ester amide)s),

e hydroxyacids such as 3-hydroxypropionate (3HP), 3-hydroxybutyrate (3HB), and
3-hydroxyvalerate (3HV) which are used to produce polyesters,

e diols such as 1.3-propanediol (PDO) leading to Dupont’s Sorona® after condensa-
tion with terephthalic acid.

More recently, some other monomers have been developed. The attraction of pro-
duction of well-known materials from renewable feedstock led to studies of the use of
ethanol for the production of bio-based polyethylene (PE), of caprolactam and muconic
acid for the production of polyamides (PA) and of isobutylene for the synthesis of po-
lyisobutylene.

Biomonomers offer several important advantages, including:

e improved control over the final polymer structure and purity,

¢ the ability to synthesize non-natural copolymers,

(o) (o] (o]
HOMH HOWOH HOWOH
Succinic acid Fumaric acid Itaconic acid

Figure 8. The chemical structures of succinic, fumaric and itaconic acids.
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e allowing products to be excreted from cells which ultimately streamlines down-

stream recovery and purification.

4.3.1. Biosourced Aliphatic Polyesters and Corresponding Monomers

1) Lactic Acid and Poly(Lactic Acid)

Lactic acid is an important molecule used in the food, cosmetic, pharmaceutical, and
chemical industries. [115] [116] It has received increased attention for the production
of the biodegradable polyesterpoly(lactic acid)-PLA-. Lactic acid bears an asymetric
carbon atom leading to (L(+) and (D-) stereoisomers which have both been produced
as optically pure stereroisomers by metabolically engineered E. coli [117]-[119].

Until now PLA has been produced in a two-step fermentation and chemical process
of polymerization, which is both complex and expensive. Recently, through the use of a
metabolically engineered strain of E. coli, a one-stage process was developed which
produces polylactic acid and its copolymers through direct fermentation. For this, E.
coli was engineered by modifying the substrate specificity of PHA synthase of a Pseu-
domonas sp. and promoting the production of lactyl-CoA, the monomer precursor, by
introducing an evolved propionate CoA-transferase from Clostridium propionicum
[120] [121]. This makes the renewable production of PLA and lactate-containing copo-
lymers cheaper and more commercially viable.

However, penalized by its cost and also some weaknesses in thermo-mechanical
properties (mainly heat resistance), PLA is considered as one of the most promising
bioplastics for the substitution of the petroleum-based polymers in materials and pack-
aging applications [122]-[124].

Currently, the main industrial PLA companies are Nature Works, supported finan-
cially by Cargill and PTT Global Chemicals, which has announced a production of 140
000 metric tons of PLA per year. Nature Works already produces more than 20 differ-
ent grades of their Ingeo™ PLA bioplastics portfolio providing structures that range
from amorphous to crystalline and uses extending from films to foams.

2) Succinic Acid

Succinic acid is mainly produced by chemical processes from n-butane/butadiene via
maleic anhydride formation, utilizing the C4-fraction of naphtha. It is also one of the
fermentation end-products of anaerobic metabolism. Many different microorganisms
have been tested among which Anaerobiospirillum succiniciproducens, Actinobacillus
succinogenes, Mannheimia succiniciproducens [125] and recombinant Escherichia coli
strains [126] appeared as very efficient natural overproducers.

As previously mentioned, succinic acid is a key building block for a wide range of
secondary chemicals used in the chemical, pharmaceutical, food and agricultural in-
dustries. Offering cost-competitiveness and superior functionality and performance,
bio-derived succinic acid can replace conventional petroleum-based succinic acid, can
substitute for other chemicals like adipic acid in applications such as the production of
polyurethanes, and can serve as the starting material for the production of high-value,

high-volume chemicals. Myriant (http://www.myriant.com) and BioAmber

(http://www.bio-amber.com) have generated breakthrough biotechnology steps in
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commercial production in this area. These companies produce succinic acid biochemi-
cally from glucose using a genetically engineered organism [127]. The bio-based suc-
cinic acid is cost competitive and offers superior functionality and/or performance with
a better environmental footprint.

In addition to succinic acid the synthesis of polyamides, polyesters and poly(ester
amide)s requires diamines or diols, these compounds being possibly obtained by
chemical conversion of succinic acid.

The first commercial bioplastics derived from this biomonomer is likely to be po-
lyamide-5,4 [128] and poly(butylene-co-succinate) (PBS) [129], a biodegradable ther-
moplastic suitable for extrusion, injection molding, thermoforming, and film blowing
[130].

Other polyesters (homo- and copolyesters) are manufactured by polycondensation of
dicarboxylic esters with diols, [131]-[134]. A second way is the direct polycondensation
of dicarboxylic acids with diols [135]-[140]. However, as the thermal and mechanical
properties of those biosourced polyesters are not always optimal for industrial applica-
tions, attempts have been made to improve those properties; for example by the intro-
duction, through copolymerization, of amide groups into the main polyester chains
provided that these comonomers promote strong intermolecular hydrogen-bond inte-
ractions. For example poly(ester amide)s, exhibiting high performance and processing
ease, are manufactured from &-caprolactam, adipic acid and 1,4-butanediol. Also, novel
biodegradable biosourced copolymers, with a periodic sequence structure of ester and
amide units, were obtained from succinic acid, dialkyl ester, 1,4-butanediol, and 1,4-
butanediamine [141].

3) Hydroxyacids

The three previously mentioned hydroxylacids (3HP, 3HB, 3HV) have been pro-
duced microbially from renewable resources via pathway engineering. 3HP can serve as
polyester monomer and can be used to produce several commodity and specialty
chemicals such as acrylic acid, acrylamide, propiolactone, malonic acid, and 1,3-pro-
panediol.

Several enzymatic methods have been promoted to produce microbial 3HP [142]-
[145] using E. coli. Each method has its own limitations and represents platforms from
which subsequent improvements can now be made via continued strain development.

Microbial production of (R)-3HB by recombinant E. coli was first reported by Gao et
al. in 2002 [143].

Other authors [144] [145] produced (R)- and ($)-3HB isomers and subsequently
enantiomerically pure stereoisomers of the 5-carbon S-hydroxyacid 3HV with the po-
tential to develop bioplastics with a broad range of properties.

4) Diols

Short-chain diols (e.g., 1,3-propanediol (1,3-PDO), 1,4-butanediol (1,4-BDO)) which
are suitable for bioplastics applications have been produced microbially via both natu-
ral and engineered pathways.

1,3-PDO is one of the oldest known products of anaerobic fermentation. Several stu-
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dies were accomplished in order to achieve production of 1,3-PDO by fermentation of
corn sugar using engineered strains. Two different approaches were attempted: 1) ex-
pression of genes for the glycerol production from glucose in 1,3-PDO-producing
strains and 2) the expression of the 1,3-PDO-producing genes in the glycerol-produc-
ing strains. The first approach was found to be more efficient and has been applied in-
dustrially by Genencor [146] [147], a Danisco’s subsidiary.

1,3-PDO is separated from the fermentation broth and then used in direct products
formulations or as ingredient in polymers.

On the other hand, DuPont performed the polymerization of 1,3-PDO with tereph-
thalic acid to obtain poly(trimethylene terephtalate) called Sorona® (Figure 9) [148].
This partially bio-based polymer is mainly used in different fibre applications such as
floor coverings and sportswear. Two other grades of 100% biosourced PDO™ (Zemea®
and Sustera®), manufactured by DuPont Tate and Lyle are used in cosmetics, personal
care and home cleaning products.

1,4 butanediol is a key chemical building block for polyesters, co(polyester ether)s,
polyurethanes and other copolymers. In late 2007, Genomatica, a privately-owned
chemical processing company based in San Diego, California, began developing a new
process for the direct production of 1,4-BDO starting from renewable feedstocks. Ge-
nomatica developed a genetically-modified strain of E. coli bacteria to convert a variety
of sugars (e.g. glucose, sucrose, biomass sugars) into 1,4-BDO through fermentation
along with subsequent recovery and purification operations. Genomatica demonstrated
that 1,4-BDO made with Genomatica’s process technology can be used as a replace-
ment for conventional 1,4-BDO produced from fossil fuels for example for its copoly-
merization with butylene terephtalate. Indeed, no adverse impact on the purity and the
performance of the obtained high performance thermoplastic copolyester was observed
[41].

4.3.2. Biosourced Aromatic Polyesters and Corresponding Monomers
Aromatic polyesters have a high market share, essentially due to their high performance
properties (high molecular weights, favorable melting and glass transitions, or adapted
mechanical behaviour). Important commercial examples of aromatic polyesters include
the high performance thermoplastic PET and poly(butylene terephthalate) (PBT).

The plastics department of DuPont™ made available partially renewable terephtha-
late based polyesters, namely Sorona® EP (PTT) and Hytrel® RS (PBT-b-PTMG), which

contain, respectively, 1,3-PDO derived from corn sugar and polyether glycols made

Ot
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Figure 9. Chemical structure of sorona®.
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from non-food biomass [149]. The former is mainly applied in electrical/electronic de-
vices, automotive components, appliance parts, furniture, food contact compliant grade
materials, whereas the latter finds key applications in hose and tubing, air bag doors,
energy dampers, sporting goods, among others [149].

Carbohydrates and lignin are the major sources of aromatic biomonomers [150],
namely furan compounds (e.g., 2,5-furandicarboxylic acid (FDCA) and derivatives) and
lignin-based compounds such as vanillic, caffeic and ferulic acids [151] [152].

The publications presented in the following paragraphs concern renewable-based
aromatic polyesters and co-polyesters obtained from these two families of products.

1) Furan-Based Polyesters

FDCA is used as a substitute of terephthalic acid and isophthalic acid in the synthesis
of polyesters. It results from the catalytic oxidation of 5-hydroxymethylfurfural (HMF),
which is obtained from the acid catalysed-dehydration of C6-sugars, (Figure 10).

FDCA can be transformed into several derived monomers such as 2,5-furandicar-
boxylicdichloride, bis(hydroxyethyl)-2,5-furandicarboxylate, and bis(hydroxypropyl)-
2,5-furandicarboxylate. The polymerisation of those renewable monomers has gener-
ated a wide diversity of high performance thermoplastic biopolyesters which have been
covered in several reviews [153]-[155]. Table 3 highlights some of the most relevant.

2) Lignin-Based Polyesters

The main monomer precursors used for the synthesis of aromatic polyesters are va-
nillic, caffeic and ferulic acids. Table 4 gives some representative examples of those po-

lyesters.

ce 3HO
7
T o M‘o

HMF FDCA
Figure 10. Conversion of C6-sugars into FDCA.

Table 3. Examples of furan-based aromatic polyesters.

Polyester Monomers References

FDCA and derivatives
PEF and FDCA based co(polyesters) + Ethylene glycol or other diols [156]-[158]

FDCA based co(polyesters) FDCA + Ethylene glycol + 1,4-butylene glycol [159]

bis(hydroxyethyl)-2,5-furandicarboxylate

PET-ran-PEF lyest 160

ran copolyesters + bis(2-hydroxyethyl) terephthalate [160]

Poly(butylene 2,5-furandicarboxylate) FDCA + 1,4-butanediol [161]

Poly(octylene furanoate) DMED + 1,8-octamethylenediol [162]
Poly(butyl inate- co-butyl

oly(butylene succinate-co-butylene FDCA + Succinic acid + 1,4-butanediol [163]

furandicarboxylate) copolyesters

PEF: poly(ethylene 2,5-furandicarboxylate); FDCA: 2,5-furandicarboxylic acid; DMFD: 2,5-dimethylfuran-dicar-
boxylate.
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Table 4. Examples of representative lignin-based aromatic polyesters.

Polyester Involved Monomers References

poly(dihydroferulic acid) (PHFA) 4-acetyl dihydroferulic acid (1) [164] [165]

Poly(alkylene 4-hydroxyb te)s,
oly(alkylene 4-hydroxybenzoate)s Corresponding alkylene hydroxybenzoates,

poly(alkylene vanill.ate)s, and vanillates and syringates [166]
poly-(alkylene syringate)s
Thermoplastic aromatic polyesters vanillin + fatty acid derivatives [167]
poly(caffeic acid-co-lithocholic acid) caffeic and lithocholic acids [168]
poly(caffeic acid-co-hydroxycapric acid) caffeic and hydroxycapric acids [169]

(1) Obtained by reaction between vanillin and acetic anhydride.

4.3.3. Biosourced Polyamides

Biosourced polyamides have high growth potential with their promising mechanical
and thermal properties [170]-[172]. They are synthesized from two or more monomers
or comonomers, which belong to amino acid, cyclic amide (lactam), dicarboxylic acid,
and diamine families. Fatty acids present in vegetable oils can be converted by simple
reactions into suitable bifunctional monomers for the production of polyamides by a
simple polycondensation process. Among most known biomonomers are 1l-ami-
noundecanoic acid and sebacic acid produced by conversion of ricinoleic acid derived
from castor oil. Typically, raw castor oil is hydrolyzed to give ricinoleic acid, which in
turn is converted to sebacic acid in a reaction with potassium or sodium hydroxide at
high temperature [173]. The 1,12-dodecanedioic can be potentially obtained by an w-
oxidation process of lauric acid catalyzed by yeast strain [174]. Undecane-1,11-dicar-
boxylic acid and 11-aminoundecanoic acid appear to be potential monomers, too [175].
Tetramethylenediamine (putrescine), and pentamethylenediamine (cadaverine) are
naturally occurring diamines used for the production of bio-polyamides. They are
produced by microbial biosynthesis, using E. coli, by decarboxylation of amino acids
(lysine or ornithine) and polymerized with naturally-occuring biomonomers such as
succinic acid. Polyamides derived from cadaverine possess high melting points and low
water absorption [176]. PA-5,4 and PA-5,10 have been proposed as bio-based alterna-
tives to several petroleum-derived PAs [176] [177].

PA homopolymers are produced using amino acid monomers such as 4- or y-ami-
nobutyrate (GABA) [178] which can be naturally produced from L-glutamate by £. coli
expressing glutamate decarboxylase. Other bifunctional monomers can be synthesized
by complementary hydrobromination of fatty acid methyl esters and further modifica-
tion [179]. PA-6 was first synthesized from caprolactam by Wallace Carothers in 1935
when he was working for DuPont™. Then, it became one of the most popular polymers
worldwide, reaching an annual production of nearly 2 billion tons. Its main producer is
the Dutch DSM who has pioneered the biotechnological approach for the production of
bio-caprolactam from the a-ketoglutarate.

The first patented step of this synthesis was the cyclization of 6-aminocaproic acid to
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caprolactam [180], followed by the transformation of a-ketopimelate into 6-aminoca-
proic acid [181] and finally the “elongation” of a-ketoglutarate to the a-ketopimelate
[182]. This latter step is of particular interest, as it uses the iteration of acetyl-CoA’s ad-
dition-dehydration-hydrogenation-decarboxylation cascade ending by the addition of
one carbon atom to the main skeleton, which can be repeated until a-ketosuberate

(three carbons) have been added to the initial chain.

4.3.4. Biosourced Styrenic Vinyls Polymers
Today, styrenic vinyl polymers e.g., polystyrene, acrylonitrile-butadiene-styrene, sty-
rene-acrylonitrile, styrene butadiene rubber, etc. are produced using petroleum-derived
monomers. However, recent engineering of novel enzymatic routes are currently ap-
plied to obtain both p-hydroxystyrene (pHS) and styrene from glucose. The engineered
pHS biosynthesis pathway [183] stemmed from L-tyrosine as its immediate endogen-
ous precursor. Pseudomonas putida S12 was successfully used to overproduce pHS.
More recently, a novel pathway was engineered to enable E. coli to produce styrene

directly from glucose [184].

5. Biosourced Polymers Blends and Composites

Biopolymers have indeed high potential and several advantages, but also possess some
drawbacks. As clearly shown in previous sections their production capacity is impor-
tant, but compared to commodity polymers their properties are often inferior. As a
consequence, techniques have been developed to improve those properties and also to
achieve the property combinations required for specific applications. Those techniques
include (i) plasticization, chemical modification, blending, addition of compatibilizers,
to increase the miscibility of incompatible polymers, to decrease the interfacial energy
and then stabilize polymer blends, (ii) incorporation of fillers and reinforcements, to
yield biosourced nanocomposites.

Plasticization is often used to improve the processability and/or other properties
required for a specific application. Numerous studies and patents describe the plastici-
zation of both natural and synthesized biopolymers e.g. starch [185] [186], polylactic
acid [187]-[193], poly(3-hydroxybutyrate) [194] [195].

Chemical modification can be realized by specific modifications of the components
for example by changing the comonomer type and amount [196] by esterification or
transesterification grafting with multifunctional compounds 197].

Blending is a common process used to modify the properties of biopolymers. It is
clearly established that incorporation of relatively low cost natural biopolymers into
biodegradable synthetic polymers provides a way to reduce the overall cost of the ma-
terial and constitutes a method to modify both the properties and the degradation rates.
For example, the impact strength of inherently brittle polymers, mainly aliphatic po-
lyesters, can be improved considerably by this approach. The number of papers on the
blending of biopolymers is vast.

PLA and starch are the most often studied materials. Table 5 gives the most repre-

sentative starch based polymer blends which were obtained with PLA and PCL.
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Table 5. Examples of starch based polymer blends and targeted modified properties.

Blend components Additive Improved properties Reference
Starch/PLA PEG (plasticizer) -Tg and crystallinity [197]
Starch/PLA MDI (coupling agent)  -Microstructure, tensile strength, elongation [198]
Starch/PLA MA -Tensile strength, elongation [199]

Starch/PLLA - -Tensile strength and elongation [200]

High-amylose
starch/PLLA, - -Mechanical properties, toughness [201]
(starshaped PLLA)/PCL

-Crystallinity, interfacial adhesion,

Gelatinized starch/PLA H,0/Gl 1 202
clatinized starch/ :0/Glycero Mechanical properties, toughness [202]
Starch/PCL - -Young’s modulus, strength, elongation
Various % of
Starch/PCL . arious o -Biodegradation rate
High-amylose starch [203]-[207]
Starch/PCL i -Structure, ir?terfacial ad.hesion,
mechanical properties
Starch/PCL Starch-g-PCL -Tensile strength, elongation, Young’s modulus ~ [208]
Starch/PCL MA modified PCL Resilience [209]

PEG: Polyethylene-glycol; MDI: methylenediphenyl diisocyanate; MA: Maleic anhydride; PCL: Poly(e-caprolactam);
PLLA: Poly(L-Lactic acid).

Blending of biodegradable polymers is advantageous mainly in packaging and agri-
culture, although medical applications can significantly benefit from this. Commercial
grades of fully biopolymer blends have already found application in the former two
areas. In short service life applications, the environmental advantage, i.e. the composta-
bility of the products is the most important requirement generally fulfilled by all of
these grades. Those are mainly starch and PLA based materials modified by blending
with different types of polyesters, e.g. aliphatic-aromatic copolyesters (AACs). For
long-term applications, several hybrid blends based on starch and poly(lactic acid),
which contain conventional polymers and biopolymers are present on the market.

Some other blends elaborated with various biosourced polymers are given in Table 6.

Advanced biomaterials, and biopolymer blends in particular, are being used increa-
singly in biomedical applications in various forms replacing traditional engineering
materials, the characteristics of which generally fail to meet the high standards of mod-
ern human healthcare approaches [228]. Significant areas where advanced biomaterials
are applied involve the production of nano- and micro-particles for drug delivery and
controlled release applications [229], two-dimensional structures, e.g. membranes for
wound dressing [230], porous matrices (scaffolds) for tissue engineering purposes, to
support cells and promote their proliferation [231]. Multi-component, heterogeneous
polymeric systems, blends [232]-[234], micro- [235] and nano-composites [236], play

an important role addressing such complex expectations, as the properties of these can
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Table 6. Other engineered biopolymer blends.

Blend components Reference
Poly(3-hydroxybutyrate-co-3-hydroxy-hexanoate)/Poly(vinyl phenol) [210]
Thermoplastic phenol formaldehyde resin/(PCL) [211]
Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)/PLA [212]
Polyhydroxybutyrate(PHB/PLA) [213]
PLA/Poly(butylene succinate) (PBS) [214]
PHB/PCL [215]
PLA/(PEG) (216]
PHB/PBS [217]
PHB/Cellulose acetate butyrate [218]
PLA/Poly(epichlorohydrin-co-ethylene oxide) (PEEO) [219]

Poly(propylene carbonate)/Poly(ethylene-co-vinyl alcohol) [220] [221]
Chitosan/Soy protein [222]
Chitosan/PLA [223]

Pectin/PVOH [224] [225]

Cellulose/PVOH [226] [227]

PBS: Poly(3-hydroxybutyrate); PVOH: Polyvinyl alcohol.

be conveniently adjusted with the proper selection of the components and their con-
centration, processing techniques, etc. Hydrogels must also be mentioned. These are
insoluble, highly swellable hydrophilic polymeric systems used as selective membranes
[237], scaffolds [238] and drug-delivery systems [239]. Due to their high water content,
they are very soft materials with viscoelastic properties similar to that of the living tis-
sue [240] and they can be fabricated to be flexible, durable, and permeable to metabo-
lites. The characteristics of hydrogels are determined by the type of the polymer, cros-
slinkage density, chain length and the degree of swelling [238].

Incorporation of Fillers and Reinforcements (Biosourced
Nanocomposites)

The utility of nanoparticles as fillers and reinforcements to enhance the polymer per-
formance is now well established. The most currently studied and developed are na-
noclay (layered silicates), kaolinite, cellulose nanowhiskers, (CNC), ultra-fine layered
titanate and carbon nanotubes.

Today, nanocomposites based on biodegradable polymers as matrix have clearly sti-
mulated researches in this area. One of the most attractive is starch, owing to its com-
plete biodegradability, wide availability, low cost and properties.

Table 7 summarizes the main nanocomposites which have been prepared and cha-

racterized using various biosourced polymers.
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Table 7. Examples of biosourced nanocomposites.

Components
Targeted property Reference
Matrix Filler
El tion at break, tensile strength,
Starch Clay ongation at bre er.151.e streng (241] [242]
water vapor transmission rate
Starch MineralClay Tensile strength, elongation [243]
Starch MMT High mechanical performance [244]
Starch MMT Tensile strength and strain [245]
Starch Nanoclay Structure and mechanical properties [246]
Starch MMT Thermal stability and water absorbance [246]
Starch/polyest. o ) Tensile strength, Young’s modulus, (247]
arch/polyester rganocla
poy & ¥ strain at break
Starch/PCL Organoclay Elongation [248]
Cellulose Ac. Tensile sFrength, Young’s modulus, heat
. Clay deflection temperature, water vapor [249]
(+ TEC: plasticizer) . .
permeability and impact strength
Cellulose-Ac.
(+CAB-g-MA: Organoclay Exfoliated structure [249]
compatibilizer)
PLA CNC Mechanical properties [250]
PLA (+ PVA: o
o CNC Dispersion of CNC [251]
compatibilizer)
LDPE (+ organic acid
chlorides: surface CNC Elongation at break [252]
modifiers)
PET/LDPE CNC Mechanical ti [253]
echanical properties
(+ IPN compatibilizer) Prop
PLA Organoclay Thermal and mechanical properties [254]
- Effects of dispersion, intercalation, and aspect
PLA Layered silicates . K k [255]
ratio of the clay on the material properties.
P bility, thermal stability and
PLA/PCL Modified kaolinite rocessabliy, ermar stahy al [256]

mechanical properties

Cellulose-Ac.: Cellulose acetate; TEC: Triethyl citrate; CAB-g-MA: maleic anhydride grafted cellulose acetobutyrate;
PP: Polypropylene; CNC: Crystalline nanocellulose; PVA: Polyvinyl alcohol; LDPE: Low density poly(ethylene); IPN:
Interpenetrated Network.

It is noteworthy to outline current attempts made to use cellulose nanocristals (CNC)
as reinforcing agents for the production of nanocomposites, typically at their melt state,
e.g. by melt extrusion.

In such case, the main problem to solve is related to the homogeneous dispersion of
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these hydrophylic nanoparticles within polymeric matrices which are generally hydro-
phobic.

To overcome this problem several chemical modifications of CNC surface have been
developed allowing to use them for applications such as coating, adhesives, sealings, fil-

ters, membranes, packing and cosmetics, paper or board for printing etc. [9] [75].

6. Conclusions and Future Prospects

“A sizeable concrete enterprise,”

“Largely regulatory driven related businesses,”

“Largest Cellulosic Ethanol Plant in the World Opens October 307, reported by
ENERGY.GOV, the Office of Energy Efficiency & Renewable Energy on October 26,
2015, 2:52 pm(*); as stated by the U.S. Department of Energy (DOE) Bioenergy Tech-
nologies Office (BETO).

This may be one of the most optimistic and illustrative conclusions of that review.

“With a Collaboratory™ mindset’

Furthermore, “Through a partnership between Proctor and Gamble and DuPont,
some of the cellulosic ethanol from this plant will be used in a laundry detergent.” un-
derlines the announcement. The facility is expected to produce about 30 million gallons
of cellulosic ethanol per year. (*)
(https://web.archive.org/web/*/http://energy.gov/eere/bioenergy/articles/largest-cellulo

sic-ethanol-plant-world-opens-october-30

http://www.delawareonline.com/story/money/business/2014/10/06/dupont-pg-bring-ce
llulosic-ethanol-tide-detergent/16842175/
http://www.25x25.0org/index.php?option=com_content&task=view&id=1317&Itemid=
246)

“Let’s Bigger Data take part,”

“With the help of”

“The IP analytics, the IP Technology and Innovation Strategist.”

Pursuing with the approach of innovation via Bigger Data analysis, Figure 11(a) and
Figure 11(b) (close-ups of Zones A, B, C of Figure 11(a)) portray the use of IP analyt-
ics to underline science and technology diversity that lies with this type of innovation.
The illustrative patent (US20070031953A1, US799871) was filed in 2005 (red arrow on
the figure) and got granted in 2011 after being published in 2007 (red right vertical axle
with yellow arrow). The analytics represented on this figure was performed with the
Approach G and comprised among others the following information: the CPC (coop-
erative patent classification) classes on the left vertical axis, as a function of time,
represented on the horizontal axis, the various patents that were cited to support the
patent application as well as the patents citing the considered patent after its publica-
tion in 2007 (each citation was represented by a graphical symbol inside the graphic
axes). Citing and cited organizations are listed below the main graph of Figure 11(a)
and partially zoomed in Figure 11(b).

“Mullti-science founded and still today biotechnology, via ‘Biosourced, requires an

upfront pioneering state of mind.”
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Figure 11. (a) An illustration of the diverse and inspiring background associated with a patent in the field of Interest—“Biosourced™
“Treatment of Biomass to obtain Ethanol”—US$799871-US20070031953 applied by DuPont™ DE(US) and Alliance for Sustainable Energy
LLC CO(US). (b) Close-ups of Zones A, B, C of Figure 11(a).

Remaining at educational level, the particular patent analysis demonstrated that 50 -
60 classes (chemical, biological, botanical, physical, enzymes, microorganisms, engi-
neering, genetics, digital, polymer technology, etc.) were associated with it. 50 “related”
assignees for 120 citations were found. More than 75 non-patent literature references
(NPL) are cited in the published granted patent document. Such metrics are far above
average in the patent field.

These dimensions prove the challenges and opportunities associated with “Bio-
sourced”. The knowledge and humanity development magnitude is central.

No wonder that this review required the examination and treatment of a large
amount of data and references, more than 250 cited references, 10,000 patent docu-
ments were processed, etc.

In short, after setting the ground of the quantum innovation potential of biosourced
entities and outlining the inventive spectrum of adjacent technologies that can derive
from those, the current review also outlines, with the support of Bigger Data approach-
es, the following: an overview of biosourced chemicals and materials, mainly biomo-
nomers, biooligomers and biopolymers, which are produced today allowing to reduce
the fossil resources depletion and dependency, and to obtain environmentally-friendlier

goods in a leaner energy consuming society.
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“Leaner, faster, simpler’—with the same high quality, high safety standards and ap-
propriate functionality—is the slogan for the “Frugal” awaited mode of innovation.

Although providing a large reference database, this review remains largely initiatory,
therefore not mimicking previous classic reviews but putting them in a multiplying
synergistic prospective.

“Other challenges ahead- the processing dimension, the sustainability, the local
sourcing... Frugal innovation may help... the last mile counts...”

The processing dimension will remain evolutionary and likely “revolutionary”.

Operational and rather productive methodology is able to generate 1) directly, spe-
cific biosourced polymers and 2) biomonomers and precusors for further polymeriza-
tion. The direct production of biosourced polymers enhances the productivity and the
tailoring of the composition and the properties of poly- and oligo-saccharides and
poly(hydroxyalkanoates) (PHAs), for example.

From a regulatory prospective the direct and indirect approaches 1) and 2) above,
tend to be classified separately. This can sometime create a challenging value chain
consolidation situation.

Regarding product and ingredient an increasing number of biomonomer building-
blocks such as lactic acid, succinic acid, hydroxyacids, diols and polyamide and styrenic
vinyls monomers are also produced. These are used to manufacture important bio-
sourced advanced polymers (e.g., linear and aromatic polyesters, polyamides and sty-
renic vinyls polymers) which are now able to replace totally or partially the polymers
currently originating from fossil resources.

Harvesting the benefits of “biosourced” has some rather universally encountered
challenges associated with it, such as the removal of water which is closely connected
with the upstream and downstream processes [257].

Other challenges are cost & affordability, as well as sustainability & local sourcing.

It is worth mentioning to that affect, that for example the carbon-based structures,
including hybrids, are currently evolving considerably with a lower cost spectrum, in-
tegrated sustainability criteria, a holistic value chain and a rethought manufacturing
pattern, such as the cell and modular concepts [258].

Hopefully this review and the above future prospects and challenges will serve as a

solid “starting” point and will provide educational creative inspiration therewith.
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