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polysaccharide related research: (I) Materials & Engineering, (II) Food & Nutrition, (III) Biomedical Applications,
(IV) Chemistry, Biology & Physics, and (V) Skills & Education. Each section summarizes the state of research,
identifies challenges that are currently faced, project achievements and developments that are expected in the
upcoming 20 years, and finally provides outlines on how future research activities need to evolve.

1. Introduction

Polysaccharides are among the most abundant biological and
renewable materials on our planet (Fig. 1). They are present in our
everyday life in the form of energy storage, food, textiles, packaging,
construction materials, and medicines. Polysaccharides will be central to
the world of tomorrow as a transition to sustainable technologies is
crucial for the future of humanity. Proper utilisation of polysaccharide
resources has the potential to increase biodiversity, enhance food safety
and sustainability, and decrease CO2 emissions and pollution. Three
main drivers strongly push the use of polysaccharides:

- the emergence of a bioeconomy that increases the contribution of
biobased products

- the fact that these are polymers with various exceptional properties,
opening routes for novel applications in all sectors of human activ-
ities such as materials science, nutrition, health, personal care, and
energy

- the renewable character of polysaccharides, making them primary
CO3 neutral candidates for the global transformation to a more sus-
tainable world.

To unfold the sustainable future of polysaccharides, a series of joint
efforts in science, technology, education, and policy will be needed. The
first step was already taken in 2007 when the European Polysaccharide
Network of Excellence (EPNOE) Association was established with the
support of the European Commission (EC). For 15 years, we have built a
unique collaborative environment for scientists, institutions, and com-
panies. Today, EPNOE is a vibrant organization with >50 institutions
and companies from 20 countries. This unique international joint ven-
ture involving science, education and business inspired us to take the
next step and create a visionary interdisciplinary document.

The EPNOE Research Roadmap presented herein is a joint collabo-
rative effort of scientists from 13 European countries with the goal to
build a unique vision of experts for the future of polysaccharide research
and education in Europe and globally. The document has five strategic
areas covering: (I) Materials & Engineering, (II) Food & Nutrition, (III)
Biomedical Applications, (IV) Fundamental Sciences (i.e., Chemistry,
Biology & Physics), and (V) Skills & Education.

1.1. About the European Polysaccharide Network of Excellence (EPNOE)

EPNOE (www.epnoe.eu) was established in May 2005 as a Network of
Excellence with funding from the EC under the FP6-NMP program Grant
Agreement ID: 500375. This network instrument was designed to reduce
fragmentation and strengthen competitiveness by assembling a critical
mass of resources and expertise centered on various fields of science and
technology (in our case polysaccharides). The ambition for this network
was to continue to exist and grow on a long-term basis. To reach this
goal, EPNOE was registered as a non-profit association in December
2007 and continued its activities after the end of EC funding in October
2009.

The initial focus of EPNOE was on promoting the use of poly-
saccharides as industry feedstock for the manufacturing of advanced,
multifunctional materials. In March 2012, it received further funding
from the EC for three years under the FP7-NMP program Grant Agree-
ment ID: 290486 to expand activities towards health- and food-related
materials and products as well as to increase industrial participation
and innovation. EPNOE has continued after the end of the second period

of EC funding in February 2015 and now sustains its activities from
membership fees. The network, which began with 16 academic and
research institutions from 9 European countries, has grown to include
>50 academic, research and industry institutions from all around the
world.

1.2. Polysaccharides and biomass in the global perspective

Polysaccharides are defined as polymeric compounds consisting of a
large number of monosaccharides that are linked through glycosidic
bonds (IUPAC, 1997). They are frequently also referred to as glycans. As
such, polysaccharide research can be considered as part or extension of
glycoscience, a branch of research that focusses on carbohydrates (mono-,
oligo-, and polysaccharides) as well as assemblies of carbohydrates with
other compounds such as proteins (Barchi, 2021; National Research
Council Committee on Assessing the Importance and Impact of Glyco-
mics and Glycosciences, 2012). Polysaccharides are produced in large
quantities by plants but also by microorganisms and animals and are
consequently considered as highly valuable renewable resources. It is
accepted that the amounts of oil, coal, and gas that we have been using
as our major energy sources since the industrial revolution cannot be
easily substituted. Their use, however, impacts society, climate, and
politics. It causes pollution, and is regarded as non-sustainable at the
current rate of consumption. Fossil carbon use is complemented by our
growing global consumption of biomass for food, energy, and materials
(Krausmann et al., 2013). This biomass is, in turn, essential for the
preservation of biodiversity, land, water resources, and human health.
In any case, fossil carbon deposits and biomass are an integral part of the
global carbon cycle. Solutions to the current instability of the climate
system, to pollution, biodiversity loss, and to rising global demands must
include the right treatment of fossil-based and bioresources.

Biomass and polysaccharides are seen as attractive resources because
they are almost exclusively based on a fascinating circular mode of
production of photosynthetically captured carbon dioxide, with water as
the reductant. Despite the essential importance of biomass, the limited
per capita amounts that are available with current technology and land-
use schemes also cause controversies among scientists, policymakers,
and the public about the role of biomass in mitigating global challenges
(Bar-On, Phillips, & Milo, 2018). Concerns are raised that an ever-
increasing industrial use of biogenic raw materials, and a growing de-
mand for food, will lead to reduced biodiversity, destruction of ecosys-
tems, and harm the global climate. Fig. 2 summarizes different opinions
on the role and use of biomass in more sustainable economic systems as
related to climate actions (Strengers & Elzenga, 2020). Strategies for
prudent use of biomass and polysaccharides are therefore of utmost
importance, and no simple solution exists. Significant research efforts
are needed to understand biosynthesis, structural variations, material
properties, and the influence of biomass on health, ecology, and soci-
eties. Furthermore, new technologies might be necessary to increase or
modify biomass production and how it is produced, used, recycled, and
discarded.

One of the objectives of the EPNOE Research Roadmap was to assess
the availability of biomass (with a focus on polysaccharides) according
to the current scientific literature. Annual terrestrial global
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What are Polysaccharides?

Biomass

Polysaccharides are natural polymers (biopolymers), made of sugar molecules.
They are produced by eukaryotes (plants, animals) and prokaryotes (bacteria).

Natural polysaccharides

potatoes, rice, @cmus peel, sunflower
wheat and cassava head residues, sugar

Brown algae: Maize, Apple pomace,
Laminaria, Macrocystis,
sargassum, etc. ‘
Lactic acid bacteria: Wood, cotton, beet and others Shrimp shells
Leuconostoc, Weissalla, hemp, bacteria _ tabshells,
Lactobacillus, insects and fungi
Streptococcus, etc.

Finding Inspiration from Nature

Eﬁiﬁaﬁ?

Biomimicking mechanically ¢
compliant, self-healing, " Polysaccharides as micro-
adhesion and gluing % reactors, templates, or
: biomorphic transformers
Energy harvest, storage, and towards new materials
conversion with polysaccharides

Fig. 1. Schematic overview about the origin of some examples of polysaccharides and their role as biomass.
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photosynthetic net primary production of biomass was estimated to be
around 60 gigatons (Gt) of carbon (Beer et al., 2010; Haberl et al., 2007).
It is projected that 8-10 Gt of carbon (i.e., approximately 1 t per capita)®
are harvested each year by humanity in the form of biomass, with large
regional disparities and increasing demands until 2050 (Zhou, Elshkaki,
& Graedel, 2018). This has a significant impact on biodiversity, land,
and other resource use. Compared to that, carbon emissions (in the form
of CO2) from fossil fuels and cement production were 9.5 Gt carbon in
2011, showing the magnitude of the disturbance of the natural biogenic
carbon cycle by humans (Ciais et al., 2013). Although agriculture,
forestry, and other land use are net CO5 equivalent emitters (incl. CHy,
N,0), it was assumed that the total global land area was a net sink of
11.2 + 2.6 Gt CO4 per year in the period 2007-2016 (Shukla et al.,
2019). This demonstrates the enormous significance of biomass and
polysaccharides in the context of the climate crisis.

According to recent studies, 1.466 Gt of dry matter biomass (ca. 3 t
biomass per capita) was produced in 2013 by the land-based sectors in
the European Union (EU, see Fig. 3), which back then encompassed 28
members states including the United Kingdom and Croatia. (Camia
et al., 2018). The latest EU report (which excluded United Kingdom)
describes a similar amount of approximately 1 Gt dry harvested biomass

Carbohydrate Polymers 326 (2024) 121633

for 2017 (Avitabile et al., 2023). Other sources stated a photosynthetic
net primary production of 2.335 Gt carbon per year in the EU (excluding
Croatia; ca. 4.6 t carbon per capita), with 36 % of it being used by
humans (Plutzar et al., 2016). It needs to be considered that “Not all the
biomass produced is harvested and used, part of it remains in the field to
maintain the carbon sink and the other ecosystem services” and that
“The biomass harvested and used in 2013 from the EU agricultural and
forestry sectors was estimated at 805 Mt dry matter (578 Mt from
agriculture, 227 Mt from forestry)”. Biomass standing stocks are sub-
stantially larger, for example: “The total above ground woody biomass
of EU-28 forests was estimated at 18 600 Mt of dry matter...” (Camia
et al., 2018). According to these numbers and assuming that the current
amounts are sustainably regrown, biomass and polysaccharides are a
plentiful albeit not inexhaustible resource at the European level.

As shown in Fig. 4, harvested biomass is mostly used for the feed and
food sector (60 %), followed by bioenergy (19.1 %) and biobased ma-
terials ("biomaterials”; 18.8 %) with the latter including forest products
such as paper and pulp (Camia et al., 2018). Depletion of the productive
biomass stock of Earth has to be avoided to keep the ecosystems intact.
Thus, the use of biomass for energy, materials, or food has to be
considered when balancing the net primary biomass production.

The public debate on biomass

Fig. 2. Schematic representation of examples of public debates with different opinions about the role of biomass (BECCS: Bioenergy with Carbon Capture and Storage

Perspectives

Desire

NG|
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X
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possible, to limit global
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technology-agnostic cost-
benefit approach.
Greenhouse gas pricing
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is crucial.
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achieving climate targets
that also require negative

emissions (BECCS).
Certification and
verification guarantee
sustaibability.

Strictly
removable

Arenewable energy
system based on solar
and wind energy and

green hydrogen.

Rocky Mountains
Institute

Technology choices
with both government
stimulus and bottom-up
movements.

Preferably locally produced
biomass for applications
for which there is no
alternative.
Biomass is an intermediate
solution on the road to
ultimate visions.

Renewable
raw materials

A regenerative
economy: circular and
bio-based

Ellen MacArthur
Foundation

The government must
steer towards closed
material loops and
stimulate innovation.

Use biomass for high-
quality applicationsin
chemistry and as material.
Mainly based on forest
residue and waste streams.
Only after cascadind it
must be burned for energy.

Ecology

Living within
planetary boundaries
(e.g. circular agriculture)

WWF Living Planet;
Rockstrom, Planetary
Boundaries

Policies aimed at
preservation and r
estoration of habitats
and species. Change in
individual lifestyle.

As a climate measure, the
focus should be on forest
planting and recovery,
instead of burning wood.
Only in sustainable
agriculture and forestry can
some of the residue streams
be used for high-quality
applications.

Technologies; IPCC: Intergovernmental Panel on Climate Change; WWF: World Wide Fund For Nature; VN: United Nations).
Adapted from Strengers and Elzenga (2020) with permission.

Sustainable
development

Global trade that
contributes to
improvements for local
communities.

VN Sustainable
Development Goals

Fair and inclusive trade.
Development cooperation
and quality labels.

Biomass is not scarce.
Increase in production
is possible, if it happens
in solidarity with
improvements in social
conditions, climate and
the environment.

2 Based on a world population of about 8.0 billion people in the year 2020
according to World Bank data. https://data.worldbank.org/indicator/SP.POP.
TOTL.

Considerate implementation of the biogenic carbon cycle and the use of
polysaccharides must therefore be a part of any sustainable circular
economy. It follows that there is tremendous demand for research and
development to understand and increase the sustainability of biomass
production and use. It should also be pointed out that assessments
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AGRICULTURAL BIOMASS

Crop Economic Production: 514 Mt Residue Production: 442 Mt

Cereals Cereals Stemwood
50.3% 74.3% 78.9%

ETENE R GO Sugar and
30.4% starchy crops

7.8% Sugarand

starchy
crops
3.0%
Oil-bearing

crops Oil-bearing

5.2% crops

Permanent | U250

crops

4.3%

Other wood components
4 21.1%

Vegetables 1.2% ‘ ' !
Pulses 1.2%

4 y
Industrial crops 0.2% " Industrial cfops 0.2%

Fig. 3. Overview of the annual biomass production (in megatonnes (Mt) dry matter) from land-based sectors (excluding pastures) within the European Union (10-
year average 2006-2015).
Adapted from Camia et al. (2018) with permission.

Bioenergy 19.13%
Fishery 0.04%
Feed and food 61.93%
Plant products 0.09%
Biomaterials18.82%
Fig. 4. Distribution of biomass uses in the European Union.
Adapted from Camia et al. (2018) with permission.
regarding to which extent biomass production and use can be called biomass (in quantity). Being currently captured, the overall picture
sustainable and with which technology biomass can substitute fossil of agricultural biomass flows is already informative. Missing uses
carbon cannot be answered easily up to now. Moreover, gaps, un- represent a very small fraction of agricultural biomass uses when
certainties, and future developments for different biomass sources must measured in quantity, although they may represent a larger fraction
be considered as described in the following quotes from literature of biomass uses when measured in economic value.”
(Camia et al., 2018): - Biomass from forestry: “As already hinted at, there are numerous
uncertainties in the data. The most critical concerns harvest levels
- Biomass from agriculture: “However, it is important to note that food and removals of woody biomass from EU forests. Another major

and feed uses are by far the main type of utilisation of agricultural
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uncertainty relates to energy uses, values are often underestimated
or at times outright missing.”

Biomass from fisheries and aquaculture: “With globalisation, inter-
national trade of seafood products has become very complex and
seafood products can come from different sources, having often
passed through various stations in the production and supply chain
.... This poses many challenges to the already difficult monitoring
activities in the whole fisheries sector.” and “Potential environ-
mental impacts of fisheries and aquaculture need to be assessed.”
Biomass from algae: “The FAO [comment: the Food and Agriculture
Organization of the United Nations] and Eurostat databases include
very fragmented information regarding the uses, economic value and
market flows of algal biomass at the European level. This results from
the incomplete reporting by member states and the confidentiality
issues imposed by the business sector. Additionally, no information is
available on the commercial use of algal biomass at national level.
This limits the realistic assessment of the trade flows, for some spe-
cies and countries with high internal market consumption of the
biomass production.” and “Resulting from market demands, global
seaweed biomass production has increased exponentially in the last
decade.”

In addition to the mentioned facts, different scenarios should be
considered, and sustainable biomass supply estimates need to be
compared with models that project the demand and supply in 2040 and
beyond.

2. The EPNOE Research Roadmap 2040
2.1. Concrete outreach to policymakers and key messages

The EPNOE Research Roadmap has strong and synergistic links to EU
strategies and objectives, including the EU Bioeconomy Strategy, EU
Green Deal, EU Missions, Horizon Europe Clusters, and EU Industrial
Strategy. Polysaccharides are CO5 neutral with additional advantages of
acting as carbon storage, holding well-established processability at an
industrial scale, and easy functionalisation to meet current and future
challenges in commodity and speciality areas involving materials, en-
ergy, food, and health. These assets are of extremely high relevance
when it comes to achieving the five goals of the EU Bioeconomy Strategy
and climate neutrality of the EU Green Deal by 2050. Additionally, the
advances in polysaccharide science and technology will open new
frontiers required to meet the five EU Missions, to create new knowledge
and innovation to successfully address opportunities in Horizon Europe
Clusters and EU Industrial Strategy.

The following key messages are of outmost importance to fully un-
derstand the importance that polysaccharides will play in the future:

- Polysaccharides are essential to life, abundant, and tailored by na-
ture to act as carbon storage and functionality carriers for essential
areas of human and planet health and well-being. These features
have been overlooked in National and European strategies.

- Sustainability and circularity require more emphasis on both the
beginning and end-of-life scenarios of polysaccharide products. The
end-of-life properties need to be designed at an early stage of
research. Recyclability, biodegradability, reusability and, after
cascading use, conversion to energy must be rationally designed and
engineered from conception to production and include consumption
and post-use.

Polysaccharide innovations should aim for long-service life products

to ensure and enhance carbon storage and functionality to replace

fossil-based material solutions.

Safety through the design of polysaccharide materials should be

implemented in research and innovation policies to ensure that

future solutions have minimal toxicity, are healthy for humans and

Carbohydrate Polymers 326 (2024) 121633

the planet, and are economically, environmentally, and socially
viable.

Biomedical applications of polysaccharides should contemplate the
manufacture and quality standards and scale of polysaccharide bio-
materials from the research and development standpoint, their
practicality, off-shelf use, cost-effectiveness, and business model.
Moreover, the preparation of harmonised regulatory frameworks to
accelerate the introduction of polysaccharide-based biomaterials
into clinical practice in collaboration among academics, clinicians,
companies, and regulatory authorities should be supported by
policymakers.

We suggest that consumers and citizens must be more engaged in
polysaccharide-based solutions and informed about the advantages
of polysaccharides and their benefits for the health of the planet,
humans, and society. Development of labels, digital platforms, and
tools to guide and support consumers and citizens with science-based
knowledge is suggested.

Cross-disciplinary collaborations need to be further supported with
different stakeholders, including universities, research institutes,
industry, non-governmental organisations, society, and all relevant
players. Investments in fundamental science, in new analytical
technologies to support the understanding of structure-property-
relationships, in scaling up of research to support commercialisa-
tion, and in creation of new critical mass in circularity and replace-
ment of plastics are required.

Education and permanent training of polysaccharide scientists and
technologists are essential to improve sustainability, circularity, and
rational design of future processes and products. Education and
training activities involving different stakeholders, disciplines, and
societal actors need support at National and European levels. Co-
creation workshops, training schools, joint degrees, policy briefs,
innovation workshops with combined inputs of academics, small
enterprises, industry, and policymakers are examples of activities to
be further supported.

2.2. General outline and structure of the roadmap

The strategic EPNOE Research Roadmap covers different relevant
areas (Fig. 5). The following document was prepared considering the
broadness of the topic and the gaps and uncertainties of available
literature and it is based on the knowledge and skills of experienced
researchers working in the respective areas. The major areas that will
impact polysaccharide-related research in the future are covered: (I)
Materials & Engineering, (II) Food & Nutrition, (III) Biomedical Appli-
cations, (IV) Chemistry, Biology, & Physics, and (V) Skills & Education.
Each individual paragraph will provide a discussion on (i) the current
challenges, (ii) the expected achievements and developments in the
coming 20 years, and (iii) the required research activities needed to
address the most important scientific and societal questions to be
answered. The main goal of the EPNOE Research Roadmap is to arrive at
solutions for a sustainable use of biomass resources while enhancing
biodiversity. The strategic choice of research activities in poly-
saccharides as a part of a very diverse biomass is very important and
essential to achieve a sustainable development of our society.

3. Materials sciences & engineering

To date, most plastic man-made materials and their composites are
made from fossil-based polymers. Their ability to be moulded with the
desired shape, their durability, light weight, and inexpensive production
have made plastics the most employed man-made material so far. In the
context of a more sustainable planet and a more efficient circular
economy, polysaccharides are very well-positioned to transition from
fossil-based to biobased materials with equal or improved performances.
The share of biobased materials in commodities and consumer and
speciality products is expected to increase steadily in the following
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years. Below are some selected prospects for the next 20 years in terms of
new tailor-made polysaccharide-based materials, their emerging appli-
cations and novel processing approaches.

(i) The next generations of polysaccharide-based materials will
complement currently employed semi-synthetic materials and
find inspiration in nature in the attempt to mimic both form and
function:

- in polysaccharide derivatives that replicate bioinspired functional-
ities and low degrees of substitution as opposed to traditional poly-
saccharide esters and ethers used as thermoplastics and coatings

- in structural colouring in optoelectronic and photonic devices

- in bioimplants, biosensors, and biointegrateable electronics such as
electronic eye and skin, wearable and implantable electronics as soft
and deformable mechanical supports

- in bioactive polysaccharides that can generate novel materials

(ii) The use of functional composites from sustainable and renewable
resources will be pivotal in our future industrial practices. Poly-
saccharides can be used both as a continuous or a dispersed
phase:

- polysaccharide matrices with a magnetic, plasmonic, or conductive
dispersed phase

- polysaccharide-protein interpenetrated networks for stiff and tough
hydrogels

- transparent wood for touch-sensitive tactile panels

- biodegradable materials, in particular for packaging applications

(iii) Processing of polysaccharides must be economical and environ-
mentally competitive:

- more efficient biorefinery approaches should be developed for
extraction, purification, and shaping of polysaccharides

- methods already well-established in other areas but new in the
context of processing of polysaccharides should be explored

- new sources of polysaccharides, such as microalgae, hemicelluloses,
or exopolysaccharides (e.g., yeast-based, recombinant cell factories)
have to be considered

(iv) The current increased digitalisation and continuous development
in the area of internet-of-things must be combined with sustainable
practices. Polysaccharides will thus be strategic components for
energy storage and harvesting, replacing synthetic polymers:

in batteries as binders, separators, and electrolytes

in supercapacitors as biobased carbons, binders, dispersing agents,
and permeable separators

for energy harvesting, such as cellulose-based dielectric materials in
triboelectric nanogenerators

in solar cells, photonic and optoelectronic applications

- as flexible substrates in wearable electronics

Although polysaccharides might appear as an inexhaustible
resource, it is important to identify and study the available feedstock in
relation to the techno-economical perspective for each specific product
and application to enable a sustainable production. Interdisciplinarity
combined with the sustainable and circular economy should be a general
approach to advance.

3.1. Next generation of polysaccharide-based materials and functional
composites

3.1.1. Current challenges

Most fossil-based synthetic or semi-synthetic polymers are easy to
shape, lightweight, and have a long-lasting exploitation duration. Their
inexpensive production has made them one of the most employed ma-
terials during the past century, with a production of over 400 million
tons in 2020, about 50 % more than in the previous decade. In the quest
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to transition from fossil-based to biobased materials with equal or
improved performances, polysaccharides are well-positioned. To that
end, polysaccharide-based materials with a higher degree of complexity
and added value are gathering deserved growing scientific interest,
aspiring to secure a place in high-tech sectors by demonstrating
improved performance and functional versatility. However, poly-
saccharide alternatives for the replacement of oil-based plastics still
have many challenges. Currently, the latter can be produced easily and
cascaded down to energy recovery, while comparable technologies for
polysaccharide-based solutions are still under development. Other
relevant challenges are: “How much land will be needed?” and “What
will be the environmental cost to produce the required biomass as raw
material for polysaccharide-based plastics to replace oil-based ones?”

3.1.2. Expected achievements and developments in the next 20 years

Next generations of engineered polysaccharide-based materials will
continue to be inspired by the animal-, plant-, and mineral kingdoms.
The vision is to use natural models to guide material scientists to smartly
select the right combination of polysaccharides and adequately process
them to manufacture increasingly reliable natural replicates that could
mimic both form and function (Heise et al., 2021). As an example, the
panoply of optical phenomena found in nature as a result of complex
light-harnessing and light-matter interaction will find replicates in
nanostructured polysaccharides, i.e., materials with structural colour
holograms, light waveguiding and control of transparency, haze or
scattering centres (Droguet et al., 2022). Such materials will then be
integrated into optoelectronics and photonic devices, and even the
material will be designed to serve as a device. Bioinspiration, taken from
skeletal-muscle tissues with highly oriented and densely packed myo-
fibres to transmit forces and contract muscles or from the amazing
regeneration potential of foetal skin involving the formation of actin
cables at wound edges, will stimulate the creation of new
polysaccharide-based materials that are mechanically compliant,
stimuli-responsive, self-healable, or adhesive in wet bioenvironments
(Blacklow et al., 2019).

Here, the expectations are that polysaccharides can play a key role in
the future of bioimplants, biosensors, and biointegratable electronics
(such as electronic eyes and wearable and implantable electronics) as
soft and deformable mechanical supports that can efficiently dissipate
the induced stresses from the body movement. In addition, wood, cel-
lulose fibres, and other polysaccharides have tremendous potential for
the fabrication of highly engineered materials and as templates to guide
the fabrication of other materials (Li et al., 2021). Their hierarchical
porous structure or the nanoscale size of the fibres will serve on a variety
of templating mechanisms to obtain biomorphic structures. Finally, the
field of engineered living materials to biosynthesise novel materials
using cells is a futuristic vision to employ bioactive polysaccharides
(Gilbert et al., 2021).

The increased use of composite biobased materials from sustainable
and renewable resources is pivotal for the next generation of industrial
practices (Mohanty, Vivekanandhan, Pin, & Misra, 2018). The poly-
saccharide component can act as the primary phase using a non-
polysaccharide secondary component to endow functionality such as
magnetic, plasmonic, electric, or ionic conductivity (Roig-Sanchez et al.,
2019). Alternatively, the composite can be entirely manufactured with
biopolymer components, i.e., by using polysaccharides and proteins
conjoined networks strategies in the quest for stiff and tough hydrogels
(Xu et al., 2019), or the use of nanocelluloses to improve gas barrier and
sub-optimal mechanical characteristics of starch used in the food in-
dustry. Besides, synthetic polymers will be reinforced by wood or
nanocelluloses (which is already produced on a large scale) and will play
arole in fine-tuning the rheology of the polymer, impacting the capacity
for 3D printing or UV-curing them. Engineering wood for technological
applications deserves specific mention. A unique structure and anisot-
ropy provide wood with opportunities beyond its structural function.
For instance, after delignification, transparent wood can be obtained,
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resulting in a lightweight material with load-bearing properties that can
encompass lighting features via the inclusion of luminescent particles
(Montanari, Ogawa, Olsén, & Berglund, 2021). Besides construction
industries, the automotive sector is highly interested in integrating
electronics into touch-sensitive wood tactile dashboards.

The development of biodegradable packaging materials, particularly
those based on polysaccharides, presents a promising opportunity for
addressing environmental concerns associated with traditional pack-
aging. For example, paper-based packaging based on lignocellulosic fi-
bres already share 25 % of the packaging market and is expected to grow
annually at the level of 4.7 % during 2023-2028.° In addition to their
natural biodegradability, several polysaccharides such as cellulose and
starch possess excellent film-forming properties (Cheng et al., 2021).
Blending of polysaccharides and/or making composite materials (e.g.,
with starch or nanocellulose) allows the fabrication of intelligent
packaging with tuneable mechanical-, barrier-, and/or antimicrobial
properties (Wu, Misra, & Mohanty, 2021; Zhong, Godwin, Jin, & Xiao,
2020). Smart packaging solutions should go beyond traditional roles,
offering real-time data and interactive features that enhance product
safety, quality, and consumer engagement.

3.1.3. Required research activities

From a materials science viewpoint, to fully display polysaccharides’
opportunities in materials and engineering, research activities will be
necessary for a wide span of different areas. The use of advanced char-
acterisation tools as well as computational and machine learning ap-
proaches to inform on potential new designs and assist in the
understanding of the structure-property-relationships of the novel
engineered polysaccharides will be necessary.

Other required research activities will be more specific to the type of
material being developed and its final application. For instance,
although, at present, 100 % polysaccharide-based materials have a
sizeable market share in sustainable and biodegradable packaging, more
research efforts are needed to increase their durability, lower their costs,
and tune their properties towards specific applications (e.g., food in-
dustry). In the context of functional nanocomposites, significant chal-
lenges are in the development of high-strength nanocomposites with
exquisite control and reproducibility of the nanoparticles’ properties,
their loading fraction and topographic distribution within the poly-
saccharide matrix. In addition, large-scale fabrication processes and
success stories of their commercial use will have to be ensured.

Concerning biomaterials, meaningful research activities could focus
on the control of self-degradation or trigger-able detachment of bio-
integratable implants for minimally invasive surgeries, the decrease of
cross-linking reagents and decrease or avoidance of non-polysaccharide
components in hybrid nanocomposites, as well as in the finer tuning and
modelling of material responsiveness to various stimuli or the imple-
mentation of a self-regulative function considering the continuous
diffusion between the tissue and the biomaterial. To impact the light/
polysaccharides interactions, a precise control of transparency, degree
of haze, modulation of structural colours, and precise waveguiding will
be important for optoelectronic applications. Achieving the formation of
holograms using polysaccharide building blocks will certainly be a
major accomplishment in the field.

In the developing field of engineered living materials, the biosyn-
thesis of polysaccharides with predictable and complex 3D architectures
and functions across multiple scales in a continuous production loop will
be a major research topic in the coming years. Finally, the use of poly-
saccharides in microfluidics for single-use recyclable devices is rapidly
growing, while their use in transient electronics, an emerging class of
electronics programmed to dissolve within a period of time without

3 Paper Packaging Market Size & Share Analysis - Growth Trends & Forecasts
(2023-2028); source: https://www.mordorintelligence.com/industry-reports/p
aper-packaging-market.
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generating harmful by-products, is a stimulating research field expected
to capture enormous interest in the coming years.

3.2. Processing of polysaccharides

3.2.1. Current challenges

Processing is defined as transforming raw materials into finished
products of certain shapes and properties. Polysaccharides are polymers;
however, not all processing approaches developed for synthetic poly-
mers can be and are currently used. Most polysaccharides are not ther-
moplastic. The difficulty in shaping polysaccharides results, in part,
from strong intra- and intermolecular interactions between macromol-
ecules, which prevent chains’ mobility needed for melt processing.

The majority of natural polysaccharides are thus processed via sol-
ubilisation. Depending on the application, many of them remain in a
dissolved state: for example, pectin, alginate, and carrageenans are used
as viscosity modifiers, gelling agents, and gels in food, cosmetics, and
pharmaceutics. These polymers can also be shaped into films by casting
solutions followed by solvent evaporation. Cellulose dissolved via the
viscose process is spun into fibres for textile and non-woven applications
or cast into films. Much progress has been made in finding cellulose
dissolution options (Lyocell process, dissolution in ionic liquids) as an
alternative to the viscose process, which is very polluting (Liebert,
2010). Chitin is very difficult to dissolve and it is thus transformed into
chitosan, which can then be dissolved in acidic aqueous media and
processed into fibres or films (Pillai, Paul, & Sharma, 2009). To use
starch for food applications and for packaging, it is usually prepared as
an aqueous paste, which is the result of a gelatinisation process (Wang &
Copeland, 2013). Foams and films are made from thermoplastic starch
for packaging and agricultural applications.

The above concerns the processing of neat polysaccharides. How-
ever, except in very rare cases, polysaccharides exist in nature as mix-
tures with various other substances of low or high molecular weight. The
classical example is natural fibres which are complex composite mate-
rials of polysaccharides (cellulose and hemicelluloses) and non-
polysaccharide polymers (lignin) organised in a sort of an inter-
penetrated network. Alginate or carrageenan in seaweeds coexist with
cellulose, proteins, minerals, and lipids. Chitin in crustacean shells or in
mushrooms is mixed with minerals and proteins. Extraction of poly-
saccharides from these natural composites is thus needed for their
further processing. The extraction methods are well known, but opti-
misation is still needed to improve efficiency and decrease the use of
harmful chemicals.

Polysaccharides can also be processed in suspension after extraction
or disassembly of native polysaccharide particles and fibrils from
biomass. This process involves multiple steps, and it is resource and
energy intensive. Finally, chemically modified polysaccharides, so-
called polysaccharide derivatives, make a class of polymers with some
of them being thermoplastics or easy to dissolve in water (e.g., cellulose
ethers). Several cellulose esters can be melt processed in the same way as
synthetic polymers. They can also be dissolved to cast films and spin
fibres and non-wovens. Starch derivatives are processed and used in a
similar way as cellulose derivatives.

Microorganisms as cell factories play several roles in the context of
polysaccharide chemistry and processing (Tiwari, Sasmal, Kataria, &
Devi, 2020). Many bacteria produce exopolysaccharides, which are
industrially quite important, such as xanthan. Other polysaccharides
produced by microbes (such as hyaluronic acid, kefiran, or gellan) are
currently used for biomedical applications (Mohd Nadzir, Nurhayati,
Idris, & Nguyen, 2021). Bacterial cellulose is of special importance for
biomedical applications due to its high purity. Its properties can be
modified by varying the cell factory or the production conditions,
opening new fields of cellulose chemistry, processing, and applications.
Levans are of increasing interest; they are fructans of bacterial origin
with quite interesting properties. Microorganisms are also producing
polysaccharide-modifying enzymes and can thus be used as whole cell
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catalysts for polysaccharide modifications. As such, microbial catalysts
open new opportunities for polysaccharide chemistry and processing.

3.2.2. Expected achievements and developments in the next 20 years

Biorefinery approaches are and will be in the focus of polysaccharide
processing: their extraction, purification and shaping. New processing
methods (in the context of polysaccharides) have begun to be applied.
The management of resources must be sustainable, and their use must be
efficient, with minimum waste, and environmentally friendly. This re-
quires reconsideration of the traditional ways of polysaccharide pro-
cessing, which opens prospects for innovation. For example, new eco-
friendly solvents and their recovery are a focus of research. This con-
cerns cellulose dissolution and shaping, which is an old but still a very
relevant problem. Some ionic liquids have been demonstrated to be
powerful cellulose solvents, and the properties of fibres spun from these
solvents compete with those obtained from viscose and Lyocell processes
(Hummel et al., 2016). Still, ionic liquids are expensive, and to date,
their recovery is complicated. There is a revival of interest in aqueous
hydroxide-based solvents to be used for cellulose shaping (Budtova &
Navard, 2016). Research on cellulose eco-friendly dissolution and
shaping will continue to be an important topic.

Several methods that have never been used for polysaccharides are
find increasing consideration. This leads to the creation of new materials
with novel and unexpected (for polysaccharides) properties. For
example, bio-aerogels, obtained from gels using drying under supercrit-
ical conditions, are new materials born at the beginning of the 21*
century (Zhao, Malfait, Guerrero-Alburquerque, Koebel, & Nystrom,
2018). A deeper understanding of the fundamental principles of the
processing technologies in the context of polysaccharide research will
yield novel biobased materials with unique properties and fields of
application.

Additive manufacturing for shaping non-melting polysaccharides
will be developed. 3D printing of thermoplastics, mainly synthetic
polymers, is now reasonably well explored. Printing of polysaccharide
solutions involves other mechanisms of shape stabilisation. Bioprinting
can underpin new biomedical applications (e.g., tailormade scaffolds
hosting cells and bioactive agents for tissue engineering). We are now
only at the beginning of a long, explorative way.

New or not previously used sources of polysaccharides are now
under investigation in the view of a biorefinery approach. Microalgae,
which have been considered mainly as a source of biofuels, are also a
promising sustainable feedstock containing polysaccharides. Extraction
and separation of polysaccharides require new approaches and the
development of novel technologies such as, for example, filtration sys-
tems for fractionation. Until recently, hemicelluloses have been regar-
ded as a waste, when they could, instead, be used for the production of
chemicals (e.g., furfural), biooils, or second-generation feedstock for
fermentation. The diversity of known microbial species is constantly
increasing. New exopolysaccharides are, for example, yeast-based.
Many of them have peculiar biochemical or physical properties, which
allow the development of new applications (Rahbar Saadat, Yari Khos-
roushahi, & Pourghassem Gargari, 2021). Efforts are ongoing to estab-
lish recombinant cell factories for agar (and other natural
polysaccharides) production to satisfy the current market and enable
new applications. One possibility to decrease waste and environmental
impact is to produce less refined products and make use of the physical
properties of these products. It is not always required to go to high pu-
rity; on the contrary, lower purity can even lead to products with
improved properties compared to pure products. This approach opens
opportunities for new applications with fewer processing steps.

3.2.3. Required research activities

One of the general approaches to be taken is interdisciplinarity. As
polysaccharides are now considered in applications that were not even
imagined 10-20 years ago, new (for polysaccharides) processing
methods should be used and adapted to these applications.
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Collaboration with researchers from other disciplines will be the way to
advance. Another important aspect of processing is to use the sustain-
able and circular economy approaches.

The composite approach in polysaccharides will be more widely
used, i.e., mixing polysaccharides with various organic or inorganic
substances. Miscibility, dispersion, and distribution of the filler, com-
patibilisation (or not), filler transformation during mixing, biopolymer
blends, and development of morphology during processing will have to
be considered and adjusted according to the targeted application.

Processes for making polysaccharide materials with tuned
morphology, such as porous polysaccharides, will continue to be
developed. Drying methods as a part of processing will be in the focus as
they control the porosity and morphology of the final material. Existing
approaches should be coupled with specific polysaccharide
functionalisation.

A deeper - and above all - systematic analysis of exopolysaccharides
from newly identified microorganisms will be required to gain access to
so far untapped natural resources. Of particular importance is the
analysis and control of the biosynthesis of polysaccharides by microor-
ganisms — the current knowledge is, in many cases, limited. Often
peculiar sugars are required in biochemically activated form for the
synthesis of polysaccharides. The mechanisms of how a polysaccharide
is produced and transported to the extracellular space is often unclear.
Finally, the special properties of the polysaccharides often derive from
specific modifications (such as pyruvylation, sulfation and many more).
Detailed knowledge about the mechanisms of biosynthesis and the
involved enzymes would allow us to rationally design polysaccharides
by metabolic engineering. A close collaboration of biochemists, molec-
ular biologists, and industrial microbiologists will bring microbial
polysaccharide production to a new level. Developments in the field of
synthetic biology can contribute to designing and developing these
tailormade new products.

3.3. Emerging polysaccharide applications in electric energy storage and
harvesting

3.3.1. Current challenges

Electric energy supply and utilisation are essential for the func-
tioning of the society. In May 2021, the International Energy Agency IEA
released its roadmap to global net-zero emissions, analysing the impli-
cations of existing net zero pledges and showing a pathway to achieving
net-zero emissions in electric energy production globally by 2050. In
connection to this, a tremendous annual increase in off-grid electric
energy storage and distribution is already appearing. Materials’ solu-
tions that can contribute to CO2 reduction, as with many other aspects of
sustainability, are getting increased attention scientifically and techni-
cally. In this respect, polysaccharides have shown promising perfor-
mance and are foreseen to play an increasingly important role as
components with multifaceted functionalities in electronics and energy
materials in the coming decades (Zhao et al., 2021).

3.3.2. Expected achievements and developments in the next 20 years

In the next 20 years, distributed electric energy systems will continue
to grow in importance. Besides the emerging need for off-grid storage in
the electric power industry to efficiently balance the intermittent pro-
duction output from wind and solar power generation, the electrification
of the automotive sector and the increased digitalisation and continuous
development in the area of internet-of-things will be the main drivers
(Schlemmer, Selinger, Hobisch, & Spirk, 2021). In the development of
batteries and supercapacitors, it can be expected that fossil-derived fully
synthetic polymer materials will be continuously replaced with re