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Abstract

The artificial matrices made by biomaterials, also known as scaffolds, are used as structural
support for cells to develop tissues. Among the biomaterials, chitin and lignin could be considered
the right polymers to make natural-like scaffolds as they are biocompatible and eco-compatible.
Moreover, they may be easily electro spun to produce non-woven tissues with a structure similar
to the natural extracellular matrix (ECM). In fact, for the particular organization of its fibers,
these tissues are able to support appropriate cellular activity, optimizing tissue regeneration
without eliciting undesirable local or systemic responses. On the other hand, the necessity to
realize biomaterials with the right biochemical and mechanical properties have became a must
of our society, due to the increase in the aging population with a consequential enlargement
of the global market for the tissue engineering and regeneration, estimated to reach around
USD 60 billion in 2019. At this purpose, it is necessary to understand the delicate orchestration
of the biological, physicochemical and environmental aspects involving the cell migration and
proliferation as well as to exploit the both natural molecules to be used, obtainable today from
renewable sources and the green processes routes. The use of natural polymers in substitution
to the petrol-derived ones seems the best way to produce skin-friendly healthy tissues and,
slowing down the increased plastics production and waste, to try to save the Earth's environment
equilibrium and biodiversity. The paper will report some general data to support the use of
chitin and lignin as natural biomaterials for tissue engineering in regenerative medicine.
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Introduction

While the worldwide population is estimated to reach 9.7
billion in 2050 with 1.6 billion aged (65 years old and more),
1.3 billion tons of all food produced for human consumption
yearly (~ 40 billion tons) is lost or wasted with 1 billion people
remaining undernourished [1,2]. Additionally, the current way
of producing, distributing and consuming food with a very
high waste, is causing an unsustainable environmental pressure
and disasters. Therefore, the increase in human population, the
battle against climate change, the progressive but significant
soil erosion, and claims to make healthy diets accessible to all
are spurring significant changes. It is believed that bio economy
could represent the major contributor to climate mitigation by
transition to a circular economy.

As a consequence, a substantial reduction of meat consumption
and emphasis in less intensive farming, regenerative agriculture,
supporting eco-systems and reducing waste are the increasing
requests. Bio economy could thus drive industrial change
towards a new techno-economic system able to compete and
combine with the actual non-biological production. In fact, it
offers a unique opportunity to address food security to fight
natural resources scarcity, reduce fossil resource dependence
and modify the climate change, while achieving a sustainable
economic growth for the increasing global population [3].

FAO has calculated that in 2050, 9.7 billion people could need
70% more food and feed than used now. Simultaneously, there is
the necessity to reduce the Green-House Gas emissions (GHGs)
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related to agricultural sector, estimated to be responsible for
25% of these emissions. In addition, a better use of industrial
and agricultural by-products, including residue of urban waste
are required. Thus, there is a necessity to achieve the bio
economy, remembering that 30%-40% of the agricultural and
aquatic biomass is wasted in the chain from farm-to-fork (i.e.,
90-120 billion tons/year) [1,3].

According to the European Commission, bio economy
encompasses the production of renewable biological resources
and their conversion into food, feed, bio-based products and
bioenergy [3]. Consequently, technological advances are set out
to replace finite resources and conventional industrial processes
with methods and components that use biologically derived
bio-based processes. They are expected to be more sustainable,
because of the use of renewable recycled resources, emitting
less CO,.

Moreover today, people purchasing decisions are increasingly
motivated by the quest for healthy living and green consumption,
where the natural is wider-encompassing to include products
with eco-credentials, sustainable sourcing and clean labels [4].

For all these reasons, the use of chitin and lignin, recovered
from fishery's waste and agricultural biomass respectively, is
considered a good option for producing biodegradable bio-
fibers to make healthy tissues for biomedical and cosmetic
use [5]. Therefore, by the use of renewable raw materials and
innovative nanotechnologies, it will be possible to substitute
the use of fibers made by petrol-derived polymers with natural
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bio-fibers, such as chitin and lignin, for trying to reduce the
unsustainable land and ocean waste (Figure 1) [6,7].

Chitin

Chitin is the most common biomass waste compound after
cellulose, which is recovered in nature and produced by a variety
of marine animals, insects and fungi. It is considered as one of
the polymers with highest production rate and biodegradability
existing in nature [8-10]. Chemically it is a linear nitrogen-
bearing structural polymer made up of B-(1,4) linked-N-acetyl-
D-glucosamine units, that is present in biological tissues and
represents an important constituent of exoskeleton and shell
of crustaceans and fungal cell walls (Figure 2). Chitosan is a
random copolymer obtained from the alkaline de-acetylation
of chitin to obtain a more soluble compound, which has more
N-glucosamine units, by enzymatic or chemical processes
[10]. However, chitin is a polysaccharide, which is assembled
in the form of micro fibrils and is made up of a complex and
hierarchical structure arranged by bulk mineral and protein
compounds to represent a structural scaffold material of high
interest for its physicochemical and biological properties
(Figure 3) [11-13]. The interesting characteristics of chitin,
such as biodegradability, predictable degradation rate, structural
integrity, non-toxicity to cells, and biocompatibility, makes it
an ideal candidate to produce polymeric tissues [14]. Purified
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Figure 2. Chitin and chitosan chemical structure compared to cellulose.
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from minerals and proteins by an industrial process (Figure 4),
its crystalline and pure form, named Chitin Nano fibril (CN),
may be used as filler to develop and strengthen innovative
nano-composites and to produce block polymeric micro/
nano particles with electronegative polymers [15,16]. The
typical infrared spectrum of CNs (Figure 5) is in agreement
with the presence of hydroxyl groups, -CH groups as well as
amide groups, whereas the X-ray characterization resulted in
a typical peak at 26=19.32° (Figure 6). The dimensions of CN
are nanometric (Figure 7) and the shape is needle-like. The
CNs assemble easily (Figure 8) because of strong inter-fibrillar
interactions. Accordingly, the surface area of dried CN powder
determined by BET (Micromeritics Gemini V) measurements
was found to range from 1.7-3.4 m*/g. The surface area is low
and in agreement with micrometric dimensions. It means that
CNs recovered from aqueous suspensions by drying easily
form resistant bundles of micrometric dimension. This water-
based casting technique that can be exploited for obtaining CN
scaffold, characterized from its tubular and three dimensional,
fibrillar morphology (Figure 8), as well as for its ability to easily
swell in water, make this polymer a promising candidate for
practical applications in biomedicine and tissue engineering.
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Figure 3. The structural scaffolds of chitin.

Figure 4. Industrial pilot plant to produce chitin nanofibrils.
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Figure 5. Infrared ATR spectrum of chitin nano-fibrils.
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Figure 7. Scanning electron microscopy picture of chitin nano-fibrils.
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Figure 6. WAXD spectrum of chitin nanofibrils.
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Figure 8. Tissue prepared from chitin nano-fibrils.

It is possible to develop natural and safe composites using
CN as reinforcing fibers to be used, for example, in medical,
food and cosmetic fields. It is interesting to evidence that for
its nano-metric size and the hierarchical arrangement of its
micro/nano-fibers, this sugar-like polymer, when electro spun,
mimics the biological component of other human structural
materials. Indeed, cells in human tissues and organs deposit
their extracellular matrix in the firm of nanoscale fibers, despite
their variation in chemical and mechanical characteristics [17].
Moreover, owing to its crystalline form positively charged on its
surface, CN may be complexed with other negatively charged
natural polymers, such as hyaluronic acid and lignin to form
micro/nano-particles [18,19]. On the other hand, these block
polymeric nanoparticles bound to different active ingredients,
may be used to fabricate nano-composites by electrospinning
technology for producing innovative non-woven tissues. These
tissues are characterized for containing a system of open pores
connected with each other and with the environment in similar
way of the natural extra cellular matrix (ECM) (Figure 9) [20-
22]. Due to the safeness and non-toxicity of chitin and its derived
compounds, CN and its complexes could have a great interest
as biomaterials to be used in medicine, being skin-friendly and
also eco-compatible.

Lignin

Lignin is obtained from lignocellulosic biomass abundantly
available asagricultural by-productused through the manufacture
of cellulose pulp for the production of paper and ethanol
[23,24]. It has a stable molecular structure and has different
physicochemical behaviors, depending on the source from which
it has been obtained. However, it is interesting to underline that
the many different chemical species contained in the complex
tridimensional molecular structure of lignin, characterize its
antioxidant and UV protective activities. The infrared spectrum
shows the presence of hydroxyl groups as well of aromatic
rings (Figure 10), in agreement with the presence of phenolic
structures. Therefore, lignin is considered a raw material of high
medical interest, also for its environmental- and skin-friendly
nature. When hydrolyzed, in fact, this organic structure releases
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various phenolic acids mainly based on the structure of benzoic
acid and cinnamic acid, such as vanillin acids and ferulic
acid, well known for their antioxidant properties [25]. These
compounds, donating electron groups, are thought to prevent
DNA and lipids from oxidation by reactive oxygen species
(ROS). They are thus considered potential therapeutic agents
of diseases linked to oxidative stress [26,27]. Consequently, the
vast use of antioxidant compounds is justified to the tentative of
slowing-down the aging and photo aging processes, as one of
the probable causes of the increasing skin cancers [28]. Indeed,
lignin has shown to be utilized as potent UV-radiation adsorbent
compound due to its functional groups such as phenolic, ketone
and other chromophores [29].

Lignin is usually commercialized in powder and consists of
micrometric particles with a nanostructured surface (Figure
11). However, it is interesting to underline that, according to
the solution-precipitation method, it is possible to obtain nano-
scaled lignin (NL) to be complexed with CNs, as reported
elsewhere [29]. The higher surface area-to-weight ratio and the
smaller particle size could positively influence the antioxidant
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Figure 9. Natural extra cellular matrix (ECM).
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Figure 10. Infrared ATR spectrum of lignin.
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Figure 11. Scanning electron micrograph of lignin.

activity of NL bound to other biomaterials, such as CN. In
conclusion, due to the higher antioxidant activity reported for
lignin, the anti-aging effectiveness shown by CN, and the anti-
inflammatory and cicatrizing effectiveness shown by the CN-
LG complexes, it seems interesting to make positive use of
such interesting activities to ensure the production of innovative
nano composites and non-woven tissues to be used to load and
delivery selected active ingredients useful for repairing aged,
wounded or burned skin, respectively [31-34]. These new
systems, applied epicutaneously, could be able to modulate the
trans-epidermal diffusion by modifying the active ingredients
effectiveness and/or their partition and diffusivity through
the skin layers. Moreover, these innovative biodegradable
non-woven tissues may increase the degree of hydration,
also enabling a more comfortable application. The partition
coefficient established between these carrier-vehicles and the
stratum corneum is considered one of the factors which control
the ingredients permeability, by establishing a high initial active
ingredient concentration on the external layer of the skin [35].

Conclusive remarks: Natural biomaterials and
tissue engineering

Continuous progress in medical science and tissue engineering
technologies has allowed tissue or whole organ transplantation
to become potential options for restoring damaged parts of
human body. To fabricate the natural biomaterials necessary
to produce these medical regenerative tissues, it is necessary to
know and understand the delicate orchestration of the biological,
physicochemical and environmental aspects, involving the
cell cycle. The mechanical stress, for example, can modulate
different cell functions (e.g., migration, proliferation) through
transmembrane-signaling proteins, as well as cellular structures,
such as integrins or cytoskeletal proteins, seem to own the
mechano-sensing role. At this purpose, integrin binds to a
large number of ECM molecules and cell membrane proteins,
thus favoring the intercellular adhesion and signaling activity
[36,37]. Therefore, the creation of active materials exploiting
natural molecules from renewable sources and obtained by
green processing routes remain an important and difficult
step towards a sustainable aging society, estimated to reach 9.7
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billion in 2050 (Figure 12) [1]. However, as previously reported
the skin stratum corneum acts as a barrier and represents an
obstacle for the delivery of many molecules across its complex
structure. In order to enhance the transfer of ingredients
across the skin layers, therefore, it is necessary to know the
physicochemical properties of the molecule/nanoparticles
entrapped into the non-woven tissues used as carrier, as well
as the properties of the fibers as tissue components and their
combined interaction and penetration-absorption with and
through the skin [38]. At this purpose, technological advances
in electro spinning have enabled the development of specifically
structured nano-fibrous non-woven tissues able to load and
release different kind of active ingredients. These functionalized
matrices developed and used as innovative carriers and cell-
culture scaffolds, increase the ingredients efficacy and safety,
by offering improved biocompatibility and degradability when
used in regenerative medicine. Moreover, in medical practice
the use of specific computerized programs and the application
of statistical mechanics are necessary for trying to understand
the connection between the microscopic cell simulations
and the macroscopic observable properties, such as pressure,
energy, heat capacities and other human body needs [39]. In
pharmaceutical chemistry, the importance to deeply know the
drug stereo-chemical activity and bioavailability is also gaining
a great attention. In conclusion, a basic knowledge of the
subject is necessary for clinicians to make informed decisions
regarding, for example, the use of a single-enantiomer drug
[39]. The drug molecules and their carriers are the central
components to explain the associated features essential to
exhibit an effective pharmacological activity. Indeed, the drug
effectiveness is concentrated in only one enantiomer, because
the mechanism of action at the molecular level involves often a
highly specific interaction between the ligand, a chiral molecule
and the biological recognition site-target. Biological systems,
in fact, can recognize two or more enantiomers as different
substances and therefore their mutual interaction will elicit
different responses. In the same way, the non-woven CN tissues
used as carriers result fundamental to obtain the right release
of the entrapped ingredients at the right dose and time because
of the ionic bonds established between them [40,41]. Therefore,
the necessity to search natural biodegradable alternatives to
traditional petroleum-based active ingredients and polymeric
carriers follows on [42]. Due to the fact that plants naturally
produce many polymers such as starch, cellulose and lignin,
these polymers, synthesized as natural nanoparticles, could be
used to produce plastic films and tissues as well as crustacean
bio-polymers, such as chitin, previously reported. Additionally,
novel polymers like polyhydroxyalkanoates (PHAs) may be
used, recovered as carbon and energy reserves stored as insoluble
bodies in specific fermented bacteria, as well as the polylactide
(PLA) that, as polymer of lactic acid, is also obtainable by bacteria
fermentation (Figures 13a and 13b) [43,44]. With its increasing
production rate, biopolymers reached 2.05 million tons in 2017,
thus representing 1% of about 320 million tons of petroleum-
based plastics produced annually, 100 billion of which are used
for packaging materials [42,45]. Additionally, 268,000 trillion
tons of these plastic materials are estimated to float today around
the oceans, also creating a lot of problems to the sea flora and
fauna by the exploitation of new technologies, around 30% of
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plastics is currently recycled, but for the increased production
and use, it accumulates in the environment at the rate of more
of 18.2 metric tons per year. As a consequence, the necessity to
change our way of living, producing and consuming more the
alternative bio plastic polymers and other biodegradable raw
materials obtained from biomass to save our environment and
the Planet biodiversity. This is also the goal of the European
PolyBioSkin research project.
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