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Abstract: According to previous research studies, consumers worldwide are searching for new
natural-oriented hair products that are both skin and environmentally friendly. Worldwide waste and
air pollution, with the consequent environmental disasters, represent the greatest risk to human health
and economy, further increased by the COVID-19 pandemic. Among others, non-biodegradable
molecules are present in hair products (fossil-based additives, surfactants, etc.) and macromolecules
(plastics). Plastics waste is considered the most serious problem, representing a forecast amount
of 460 million tons per year by 2030, 12% of which is reused or recycled. Most plastics consumed,
therefore, go to landfills and incineration, also if their recycling is considered an important driver of
industrial profitability. Thus, the use of biopolymers represents an interesting alternative to produce
biodegradable goods and tissues. After an introduction to the worldwide waste problem and the hair
structure, the present review proposes the possibility to make biodegradable tissues that, realized
by chitin nanofibrils and nano-lignin as natural polymers, may be used to produce an innovative
and smart cosmetic hairline. Chitin-derived compounds are considered interesting polymers to
produce non-woven tissues able to repair the hair damages provoked by the aggressiveness of both
the environment and some aggressive cosmetic treatments, such as setting, bleaching, permanent
waving, and oxidative coloring. The possible activity, that positively charged polymers such as chitin
could have, has been speculated, interfering with the constitution and organization of the hair fibrils’
structure, which is negatively charged. The possibility of selecting biopolymers for their packaging
is also discussed. Moreover, the use of these biopolymers, obtained from forestry-agro-food waste,
may be of help to safeguard the further consumption of natural raw materials, necessary for future
generations, also maintaining the earth’s biodiversity.

Keywords: chitin nanofibril; nano-lignin; waste; plastics; cosmetics; hair; non-woven tissue; natu-
ral fiber

1. Introduction

According to previous research studies, the evolution of cosmetic product formulations
and packaging can exponentially favor the market worldwide, especially in the Asia-
Pacific area (APAC) [1–4]. APAC consumers, in fact, are increasingly placing a high
importance on hair and scalp health, searching for innovative and specialized products that
offer outstanding performances. These products are preferentially made with renewable,
natural, and eco-friendly ingredients and improve frizziness and protect hair from humidity,
pollution, stress balance, and excessive sebum levels, with the aim to support the scalp’s
protective barrier and help to maintain clean, healthy-feeling hair [2]. Thus, most of the hair
care segment’s consumers are looking for sustainable, science-based, and natural-oriented
products, all characteristics that influence their purchase decisions [2,3]. The products
must address the signs of damage and the aging phenomena by combatting and restoring
texture and repairing the hair strength. Moreover, these cosmetics would give shine and a
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youthful appearance to the hair, thus nourishing and restoring its softness and smoothness,
simplifying the routine washing and all the other topical treatments also (Figure 1) [1,2,4].

Figure 1. Hair structure. (a) Hair cuticle consisting of thin keratinized scales regularly disposed of as a plain tiles roof.
(b) Scanning Electron Microscopy (SEM) image of hair free of scales eliminated from its surface by frequent washing
and combing.

Therefore, for this category of cosmetics, consumers expect a basic functionality,
having, for example, the possibility to mimic the natural hair’s protective lipid layer in
order to control “frizz and volume, defining curls even after extreme humidity to mend
split ends as much as possible after just one application” [3]. According global market
researches, 22% of UK men think it is important that their beauty/grooming routines may
be able to promote physical health and 14% mental health, while 28% (30% in Poland, 29%
in Italy, and 27% in Portugal) are willing to increase the number of products they use to
improve their appearance [2]. However, while for 32% of consumers it is important to
protect/repair damaged hair, 46% consider hair fall and 50% the cosmetic impact. Thus
the necessity to avoid chemicals, protecting scalp and hair by sustainable, science-oriented
products [2–4]. Anti-aging products and e-commerce are further pushing hair and beauty
market growth, together with luxury products.

Eco-friendly packaging is as important to the consumer as cosmetic products devel-
oped by ecological standardization and natural resources to preserve the environment [3,4].
More than 120 billion units of cosmetic packaging, in fact, are produced every year by the
global cosmetics industry, around 60% of which are made by non-biodegradable plastics.
Thus, it has been estimated that if this level of consumption continues, by 2050 there will
be 12 billion tons of plastic in landfills, the equivalent of 35,000 Empire State Buildings’
weight [5]. However, it is also important to underline the functional features and benefits of
packaging that have the fundamental function to protect the product from environmental
aggressions [3,4]. Additionally, further innovations in product containers and packag-
ing materials are expected by consumers afraid of the contamination risk because of the
COVID-19 pandemic [6,7]. This aggressive virus, in fact, “has challenged beauty markets
like never before, “disrupting the normal beauty usage habits, engagement and sales,” ex-
acerbating stress and anxiety levels also [8]. Thus, innovations have been focused to study
and make innovative beauty masks easy and comfortable for helping consumers at home
to re-engage their selves with stressing transfer-proof beauty product formulations [8–10].

The new biodegradable beauty mask helps to maintain healthy skin, avoiding the
inflammation cascade provoked by the continuous use of surgical face masks, also acting
as a stress transferring proof formulation [8]. In any way, together with the booming of
USD 500 billion/year of the global care industry, the global cosmetic packaging market,
40% of which is used just once, is projected to attain a share of more than USD 35 billion
by 2023 and is expected to expand at a compound annual growth rate (CAGR) of 5.2%
from the year 2018 to 2023 [7,8]. However, during the COVID-19 pandemic, emerging
markets such as Indonesia (+12.9%), Turkey (+11.9%), India (+7.3%), Vietnam (+6.8%), and
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Russia (+6.2%) have shown a growth of their retail market for shampoos and conditioners,
while EU Countries such as, for example, France (−1.7%), UK (−1.1%), Sweden (0.8%),
Germany (−0.6%) and Norway (−0.5%) reduced their consumption [2]. Unfortunately,
the containers’ plastic segment is expected to gain a major market shear because of its
convenient and hygienic qualities, low cost, lightness, and versatility. Thus, the necessity
to replace the plastic polymers with biopolymers to reduce the carbon footprint [11]. The
APAC cosmetic packaging market, especially in India, China, and Indonesia, is expected to
grow at a higher pace during the forecast period 2018–2023, owing to the rising consumer
preference for eco-friendly products and increasing demand for small-sized packaging.
Anti-aging products and e-commerce are further pushing the market growth together with
the request for luxury products [12]. The necessity to reduce waste, produce and consume
cosmetics, beauty- and surgical masks, textiles, and other goods made by biodegradable
polymers has become an urgent necessity. This new way of living could certainly save
human health and the environment, hoping that the COVID-19 pandemic may act as a
catalyst in the implementation of the circular economy at full capacity [13–15].

2. Waste, Climate Changing, and Wellbeing

The Earth’s climate has rapidly changed during the last 200 years after more than
10,000 years of relative stability [16,17]. This sudden change is provoking rising temper-
atures and environmental disasters, with a consequential socio-economic impact on the
livability of flora, fauna, and human kind, as well as on the workability, food systems,
physical assets, infrastructure services, and natural capital of our planet [16,17]. The princi-
pal problem is due to the current linear economy which, fundamentally based on “take,
consume and waste”, in 2019 caused a record emission into the atmosphere of 36.8 billion
tonnes of CO2, according to the Global Carbon Project. [18]. However, it is not wise to
forget the greenhouse gas (GHG) emissions of methane, which represent the second largest
contribution to human-caused global warming after carbon dioxide (Figure 2) [19]. From
2017, its emission was around 9% higher than 2000–2006, reaching in the atmosphere
around 1875 part per billion, more than two-and-a-half times pre-industrial levels. Anyway,
the dominant cause of this global increase is principally due to agriculture, cattle farming,
waste sector, fossil fuel use, and manufacturing processes.

Figure 2. Worldwide greenhouse gas emissions in 2018: Different contribution (by courtesy
of EPA [19]).

Among the great quantity of waste, in fact, the production and use of plastics represent
another great problem to face, because of its non-biodegradability. In 2019, in fact, the pro-
duction and incineration of plastic added more than 850 million metrics tons of greenhouse
gas (GHG) to the atmosphere, with a global demand estimated to increase by 22% over the
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next five years, while their GHG emissions will reach 17% of the global emission of carbon
dioxide by 2050 [20]. It is important to remember that plastics, coming from petrol, have
carbon-intense life cycles, represented by their extraction and distillation, production of
polymers and goods with the relative consumption of energy, all processes that emit GHGs.
Unfortunately, while EU mindful consumers and politicians are promoting the reduction of
single-use plastics, dreaming of a plastic-free world, some manufacturers are creating new
plastic packaging to replace traditional paper uses such as plastic teabags or coffee-cups.
Just to give an idea, 400 billion coffee-cups are consumed every year worldwide, while only
one per cent are recycled [21]! Thus, the necessity to reduce, re-use, and recycle all waste
material, for building new value-chains and sustainable processes, must be considered
pivotal in our society.

Regarding the non-biodegradable materials, in fact, it is to underline that, because of
the global plastic-waste volumes estimated to grow from 260 million tons per year in 2016 to
460 million by 2030, its reuse could become an important driver of profitability for chemical
industries, also saving the environment from the actual disasters [22]. Additionally, it is to
underline that today the decision to purchase is coming from the habits and consumers’
lives versus a clean environment and the attitudes to maintain a beauty appearance with a
healthy body [23]. Thus, all consumers from different generations, from Generation Z (aged
18–22), Millennials (aged 18–34), and Baby Boomers (aged 55–73) are looking at health with
a more holistic approach of reducing stress, spending more time on themselves to live a
more balanced lifestyle, underpinned by convenience, transparency, and value [23–26].

As a consequence, consumers make investments in high-quality, high-performing,
natural-oriented, and plastic-free products, seeking physical and mental wellbeing with a
safe environment with clean air and water [26]. Body health and mental wellbeing, in fact,
“are considered a key factor in perception of health and stress by 65% of global consumers”,
while “34% take measures to manage anxiety and mental health” [25], increased ultimately
for the COVID-19 pandemic, which is causing moderate to high or extreme stress levels [27].
However, Millennials are the largest potential buying group who, showing preferences
in beauty and personal care products, accounts for about 32% of the world population,
compared to 17% for those over 55 years old (baby boomer and older).

Thus, regarding the market, it is to be remembered that actual global sales of beauty
and personal products are evaluated at USD 500 billion and expected to reach USD 800
billion by 2023, with a forecast annual growth rate of over 7% [24,28].

In conclusion, physical and psychological stress, together with an unfavorable envi-
ronment, affect the human wellbeing of the body, in particular the skin, where puffy eyes,
dark circles, sagging, and wrinkles are appearing. Moreover, the hair fibers undergo some
degree of cuticular and secondary cortical breakdown from root to tip, due not only to the
aging phenomena, but also to the too frequent brushing and cosmetic procedures, such as
permanent waving and bleaching, that enhance this process. Regarding hair wellbeing,
the reason to use chitin nanofibrils and nanolignin is the main topic of this paper, which
reports some literature results, focusing the discussion on their supposed mechanism of
action on the hair structure. These biodegradable polymers could be used both as carriers
and active ingredients for the treatment of hair damaged by stress, aging, and the environ-
mental weathering processes, introducing the new concept of cosmeceutical-tissues [29], as
previously proposed for the skin [14].

3. The Hair

Biologically, human hair is a particular complex of fibers, consisting of various mor-
phological components, including the outside cuticle, the inside cortex, and the central
medulla, all bound by the cell membrane cortex (Figure 3). It consists of hardened dead
cells, prevalently made of keratins which, as fibrous proteins, contain 18% of cysteine, pro-
duced by the same mechanism used from the skin corneocytes. However, both corneocytes
and the hair’ cells are continually produced, decay, and die during all of the life period.
During the decay process, cells stock a great quantity of keratins, therefore representing the
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main component of the skin’ stratum corneum, hair, and nail, also if in different quantities.
Without entering into the merit of the specific keratins’ composition, it is important to
consider the hair as a specialized organ inserted into the skin since its birth formation. It
represents the final part of the keratinization’ process that starts at the level of the bulb’s
proliferative region of the follicle from where it is produced (Figure 3) [30].

Figure 3. The structure of hair integrated in the skin.

Sebaceous glands, which produce sebum, necessary for the hair brightness and flex-
ibility, are located in the upper part of follicle, while the papilla necessary for the hair
nourishment is located in the lower part, distributed through the blood stream system.
Additionally, it is important to remember the arrector pili muscle, that, consisting of a
small band of smooth muscle, connects the hair follicle to the tissue of the basement mem-
brane. It has the important role to develop and maintain the integrity and stability of the
pilosebaceous unit [31].

As previously pointed out, both human and animal hair are composed of outer
protective thin layers of a cell-sheath covered by scales, jointly by different keratin fibers
and organized as a plain-tiles roof (Figure 1), named cuticle. The cuticle consists of a series
of flattened cells wrapped around its cortical core which, named cortex, constitutes its
basic elastic structure. All these cells, which contain various sub cellular layers of keratins,
cross-linked mainly by the amino acid cysteine, result in important structural stability for
the hair, acting also as a hair’s barrier to the penetration of any kind of ingredient. Sebum,
produced from the sebaceous gland, has the function to further protect the hair, giving it
brightness and facility to comb also, as previously focused on.

In conclusion, hair consists of a cylinder structure with a central core of longitudinally
oriented and tightly packed spindle-shaped cortical cells, sheathed by highly keratinized
cells overlapped each other from root to tip along the fiber (Figure 1a). The outer scales
provide a superficially imbricate cuticular structure which, by the help of sebum, results as
a necessary protective layer against environmental degenerative forces, such as friction,
pulling, and ultraviolet (UV) radiation.

It is interesting to know that sebum, covering the hair surface as an efficient lubricant,
is composed of fatty acids covalently linked to the keratin structure, 50 percent of which
is represented by 18-methyl eicosanoic acid (18-MEA) bound as a thio-ester or as an oxy-
gen ester [30,32,33].

Regarding the chemical composition, hair comprises up to 95% keratins, high molec-
ular weight proteins, made medially by 18–23 different amino acids (AA). The fibers of
these specialized proteins are coiled together in an organized chain-fashion of AA bonded
together in a specific sequence to form alpha-helix structures, which include dimers,
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protofibrils, microfibrils, and macrofibrils, stabilized by inter-macromolecular hydrogen
bonds (Figure 4a) [34].

Figure 4. Structure of proteins of the hair: (a) The alpha-helix molecular sub-structure of the hair made by a macrofibril-
lar/microfibrillar coiled structure (by the courtesy of Wikipedia); (b) the inter-chains S-bond between the amino acid cystine
(by the courtesy of Wikipedia).

Three alpha-helices are twisted together to form protofibrils, while nine protofibrils
are bundled up to form hundreds of microfibrils embedded in matrix proteins. Thus,
nanofibrils (i.e., alpha-helices) are connected to form microfibrils by intramolecular hydro-
gen bonds, linking the carbonyl group of one amino acid to the amino group of another
amino acid. Moreover, it isn’t wise to forget the so-called S-Bond (Figure 4b) which, formed
between cystine amino acid of the main polypeptide chain, plays a fundamental role, being
responsible for the hair’s strength and resistance to abrasion. This cystine bond, therefore,
is essential to change hair appearance during some cosmetic treatments.

Going back to the AA forming the keratin polypeptides, they may be subdivided
in monoamine, such as alanine (28–35%), valine (5.0–5.8%), leucine (6.4–6.9%), glycine
(5.2–6.1%), isoleucine (2.3–2.5%), serine (9.6–10.8%), and threonine (6.5–7.5%), defined
as acyclic compounds; aromatic compounds such as phenylalanine(2.2–2.8%), tyrosine
(2.1–2.7%), and tryptophane (0.8–1.2%), and cyclic compounds like proline (7.0–7.8%);
monoamine diacids, such as heterocyclic compounds like aspartic acid (5.6–6.5%) and glu-
tamic acid (14.3–15.5%); monoacid diamines, such as Lysine (2.6–3.1%), arginine (8.8–9.6%),
and histidine (8–11%), and sulfur-containing compounds, such as Cysteine (14.0–16.5%)
and methionine (0.5–0.9%) [35].

However, all these amino acids are molecules characterized by different polarities,
so that alanine, leucine, valine, isoleucine, proline, methionine, cysteine, and phenylala-
nine are hydrophobic and non-polar; serine, threonine, tyrosine, and glycine are polar
compounds which, characterized for their electrical neutrality, have the possibility to form
hydrogen bonds with water and among each other. On the other hand, lysine, arginine,
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and histidine are positively charged in slightly acidic solutions, while glutamic acid and
aspartic acid are partially negatively charged because of acid dissociation.

In conclusion, the hair is fundamentally formed by macrofibrils of keratin made by
polypeptides arranged longitudinally within each cortical cell and packed together with an
inter-macrofibrillar amorphous matrix of keratin associated proteins. Thus, when keratin
is arranged in its wrapped alpha-form, hair possesses “cohesion provided by net-works,
such as catenated cystine cross-linkages, interactions between side chain groups, hydrogen
bonds between neighboring groups, and hydrophobic interactions” [35]. In fact, “although
hydrogen bonds are rather weak because of their lower energy when compared with
covalent bonds, a high number of inter-peptide bonds can initiate substantial changes to
the mechanical behaviour of single and dense hair fibril systems” [36]. However, when
keratin is in its beta-form, hair is stretched. Thus, the possibility to change its packed
structure, passing from alpha- to the beta form, gives the hair the tensile properties used,
for example, to formulate different cosmetic products, such as hair setting or permanent
waving. These treatments, based on the modification or/and reduction of the keratin bonds,
are able to change the hair structure by a strengthening of the hair’s fibers mechanical
properties. Therefore, a deep knowledge regarding the hair’ materials structure, with
their hierarchical structure and relative physicochemical properties, is fundamental to
understand the response to the routine grooming and cosmetic treatments [37].

Naturally, the hair’s cosmetic products have to be focused and formulated differently,
in dependence of their designed activity, strictly connected with the hair fibers condition,
the amino acid composition, and their inter-chain hydrogen bonds [38]. Thus, the rupture
of ionic linkages or hydrogen bonds that leads to temporary hair deformation is used for
the hair setting, while the cleavage of cystine links and their reforming in a new position is
the process used for permanent deformation [39].

A part of the treatments that can temporarily or permanently modify the hair structure,
both hair and skin have to be continually cleaned to eliminate the excessive dirt and greasy
materials from their surface, possibly maintaining both structure and the physiological
lubricant compounds. This is the action, for example, of any shampoo that should only
act on both scalp and the hair’ fibers, at the level of its cuticle scales, activating and
absorbing the selected ingredients [1]. On the other hand, the so-called conditioners have
to maintain manageability, softness, and flexibility of the hair structure, directly acting
on its fibers at the level of cortex [1]. As previously reported, this activity is particularly
important to repair hair damaged for an excessive combing or for the negative chemical
activity of setting and permanent waving, which involve the breaking and restructuring
of the disulfide bonds within the hair [39,40]. Permanent waving, in fact, is the process
of converting straight hair into curled ones by a chemical process involving the disulfide
bonds modification [1,39]. However, for having the possibility to ameliorate and repair a
hair’s damaged structure, it is necessary to better understand not only the amino acidic
sequence, but also the different bonds linking them each to others [40,41]. Some polymeric
polysaccharides, such as chitin and its derived compounds, seem particularly useful at
this purpose [30].

4. Chitin and Its Derived Compounds

In nature, chitin exists as a composite polymer consisting of N-acetyl-2-amido-2-deoxy-
D-glucose units ordered in crystalline microfibrils embedded in a matrix of protein and
minerals [42]. The polymer represents an important structural component of cell walls in
fungi and yeasts, as well as in exoskeletons of insects and crustaceans. For their similar
composition to hyaluronic acid and their hydrophilic nature, the hair microfibrils are gen-
erally highly hydrated and therefore useful to maintain its soft and elastic structure [42].
The microfibers, in fact, swell in contact with any liquid, due to the diffusion and adsorp-
tion, for example, of water into their inter-spaces. Thus, the hair keratins, treated by a
lotion or a tissue based on the use of chitin or chitin-derived compounds, seem able to
adsorb up to 40% of their own weight in water, also retaining the right quantity of sebum,
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thus better reflecting the light and resulting in being more flexible in comparison with a
non-treated ones. Therefore, these oligosaccharides could find use in hair cosmetics and in
many other applications due to their non-toxicity, renewability, biological and environment
compatibility, and antimicrobial and antioxidant effectiveness [43]. For all these reasons,
around 20 million of tons of crabs, shrimps, and lobsters’ exoskeleton waste are processed
every year worldwide to produce chitin and derived compounds [44,45]. The potential-
ities of chitin nanofibrils and chitosan were investigated and highlighted up to now in
cosmetics [9], personal care [10], and packaging applications [46], however the full chain,
considering both sources management and successive processes, requires it to be better
developed at an industrial level. For this main reason, these materials are not yet exploited
in commercial products.

Just for trying to better understand the possible activity of chitin at the level of a
damaged hair, it is interesting to compare the fibrillar organization of chitin and keratin in
hair cortex, respectively (Figure 5a) [30]. Thus, chitin nanofibrils, as the main constituting
polymer for a cosmetic gel or a specialized smart tissue, could substitute the damaged hair
fibrils, establishing bonds with some keratin peptides, and also helping the activity of the
so-called arrector pili muscle [41]. As previously reported, in fact, each hair is attached by
a tiny muscle at the base of its follicle located in the dermal tissue, and this muscle seems
to have a similar organization and structure of the chitin nanofibrils (Figure 5b) [47,48].

Figure 5. Similarities in biomaterial structures: (a) Hair keratin and chitin have a similar structure organization; (b) structure
of chitin and muscle.

However, the global structural organization of skin and hair’s keratin fibril seems
to play a wider role as responsible for cell scaffolding as well as stabilizing agent against
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physical stressors, also of the mechanism by which a muscle is able to contract, repair, and
regenerate its fibers, is poorly understood until today, especially for the hair [47,48].

At this purpose, it is to underline as the skin, damaged from a wound or a burn, has a
self-repairing re-epithelialization mechanism which, by the three phases of inflammation,
tissue formation, and tissue remodeling, is based on the production of collagen- and
cellular-fibronectin-rich matrix. Thus, during the early phases of the wound repairing
process, the skin’s granulation tissue expansion starts to form a collagen fibers-rich tissue,
through the increased production of stem cells, necessary to replace the keratinocytes
lost [49]. On the other hand, the hair seems to have not the possibility to form and repair
its damaged fibers by its own organization. However, as reported elsewhere from our
research group also, the stem cells of the hair follicle’s bulge may be activated upon full-
thickness wounding, producing new inter-follicular fibers [34]. Hair, in fact, is made
up of 95% keratin, synthesized in the matrix region of the bulb by proliferation and
differentiation of keratinocytes which produce medulla, cortex, cuticle, and the layers of
the inner root sheath [35].

Moreover, it has been shown that the outer root sheath can contribute both to the
follicle matrix’ regeneration, as well as to the replacement of skin epidermis, in response
to wounding [50,51].

In conclusion, if the hair self-repairing mechanism could be a possible existing reality,
this function has not been recovered until now. The hair functions, in fact, depend on
a variety of structural characteristics and repairing mechanical properties interacting at
different levels, but are difficult to establish. An example could be the hydrogen and
covalent sulfur bonds which differ between soft and hard keratin, characterizing skin and
hair, respectively [52]. This large amount of sulfur containing cysteine, in fact, confers
further additional strength and rigidity to its structure which, differently from the skin,
forms inter- fibrillar disulfide bridges [52]. In conclusion, while skin has the ability to self-
repair its wounds, hair seems unable to self-restore the split ends to its original state, also if
some improbable immune reply was recently reported by the use of the so called im- mune-
cosmeceutical products [53]. Thus, in the cosmetic field, many “natural-inspired ideas” and
self-repairing and fiber-reinforced biomimetic materials have been proposed [38]. These
skin [29] and hair [38] new treatments, based on the use of bio-nanotechnology, innovative
carriers, and natural ingredients obtained from waste, are useful to reduce the consumption
of natural raw materials and save the environment.

5. Chitin Nanofibril-Nano-Lignin Complexes

By the ionotropic gelation method, chitin nanofibril-nano-lignin (CN-LG) complexes
have been realized i n water solution by our research group, utilizing the attractive forces
existing, for example, between the chitin polymer positively charged and the nano-lignin or
hyaluronic acid negatively charged, to obtain micro/nanoparticles (NPs) (Figure 6) [54–56].
Thus, it has been possible to make many different CN-LG nanoparticles, encapsulating
different active ingredients such as glycyrrhetinic acid, etc. [57]. The various nanoparticles,
obtained in powder by the spray drier method, have been bound to the fibers for character-
izing the activity of non-woven-tissues, made by electro-spinning technology. Therefore,
an advanced biodegradable tissue has been produced characterized by the antioxidant,
immunomodulant, antibacterial, and skin repairing activities of both chitin and lignin,
reinforced by the antimicrobial activity of the encapsulated silver (Figure 6) [58–61]. By
this technology, it is possible to produce different tissues characterized, for example, by
anti-dandruff, hair repairing, UV-screen protective activities, and/or other required func-
tions. Naturally for our research studies, a specific nano-lignin molecule has been selected
as the polymer to be complexed by chitin, being safe and effective as antioxidant and UV
screening agent [62]. At this purpose, after the selection of the production’ source of both
chitin and lignin, it has been possible to process the polymers to obtain their nano size
dimension, at high purity grade, necessary for increasing both their surface/weight ratio
and effectiveness.
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Figure 6. Chitin nanofibrils complexes: (a) Chitin Nanofibril-hyaluronic acid complex; (b) chitin nanofibril-Nano-lignin complex.

The obtained CN-LG complexed nanoparticles, bound to the fibers of water-soluble
tissues and directly applied on wet hair, might release the active ingredient at dose and
time deigned and at the level of both scalp and hair, by a simple soft massage. On the
other hand, by the use of selected water-insoluble polymers, it may be possible to realize
water-insoluble tissues (Figure 7) to be applied on the wet hair for a longer time, useful for
increasing the scalp perspiration insensibility and obtaining a longer time-release of the
active ingredients. Hence, these complexes can be transformed into hair products both in a
liquid version (suspension) or as dry nanostructured tissues.

Figure 7. (a) Antibacterial activity of a Chitin-tissue the fiber of which were bound to nanostructured silver ions [63];
(b) Morphology by Scanning Electron Microscopy of nanostructured chitin-tissue [63].

By the use of these new carrier-cosmeceuticals, both active carriers and the ingredients
encapsulated into CN-LG could penetrate through the scalp and hair cuticles to obtain the
designed effectiveness. It is to underline, in fact, that the human enzymes have the possi-
bility to metabolize chitin into its components such as glucosamine, acetyl-glucosamine,
and glucose, as well as lignin into its polyphenolic compounds to be used from scalp cells
and hair fibers as repairing agents.

On the wet scalp and by dissociation phenomena, it can occur that negatively charged
lignin nanoparticles, interacting with both positively charged keratin amino acids and
chitin nanofibrils, could form a film acting as repairing layers of damaged hair at the
cortex level (longitudinal or end splits) (Figure 8). Moreover, chitin nanofibrils and hair
proteins’ amidic groups show the same chemical behavior, such as formation of inter-
macromolecular hydrogen bonds and other interactions, also if keratin filaments undergo
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complex regulation, involving interaction with various classes of proteins, which, until
now, was not well known [51].

Figure 8. Microscopy image of a damaged hair. (a) Damaged hair before treatment by a chitin Nanofibril emulsion.
(b) Damaged hair after treatment by a chitin Nanofibril emulsion. A representative single hair is reported.

However, as it is possible to see from Figure 8, a single damaged hair, pretreated by a
CN suspension, has shown to be repaired at the level of the microfibrils.

At the moment, for better understanding the mechanism of action of this interesting
natural polymer, we are verifying the probable relative bonds established between hair and
CN fibrils, and also trying to determine their specific physicochemical nature [64]. They, for
example, could interfere, affect, or regulate the keratin synthesis which, during the aging
glycosylation process (Figure 9) and through the acetyl-glucosamine content of chitin, could
modulate the hair filaments’ organization, adhesion and differentiation, modified from
the environmental aggressions. Probably CN-glucosamine and CN-acetyl glucosamine
could be used as a brick to reinforce the hair structure by links established with keratin.
Consequently, the hair fibers’ tensile and elongation properties could be enhanced by the
same mechanism of linkage between sugar and protein compounds recovered during the
glycation process (Figure 9).

Figure 9. The acetyl-glucosamine as part of the chitin polymer may act as a hair repairing agent
through the glycosylation process [64].
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At the moment, it is to underline that CN has shown an interesting skin anti-inflammatory
and repairing activity, probably for the likeness of its fibers to the skin soft-keratin’s fibrils, also
due to their micro/nano dimension. As shown from other authors, in fact, chitin could have
an anti-inflammatory or pro-inflammatory effectiveness depending to its size and the fibril
structural organization [63,64]. Consequently, it is possible to suppose that chitin nanofibrils
could have the same reparative activity on the hair structure, acting probably on the cross-
linked hard keratin filaments network, by the same mechanism they are using at the level of
the skin soft keratin ones, as previously reported.

6. Environmentally Friendly Packaging for Hair Products

For hair products, rigid or flexible packaging can be used, as a function of physical-
chemical properties of the specific product. The rigid packaging generally is represented by
bottles, or pots and caps. Currently, the most used polymers are high density poly(ethylene)
(HDPE); poly(propylene) (PP), and poly (ethylene terephthalate) (PET). This rigid packag-
ing is generally recovered from waste and then separated from other plastics. In several
countries, the fractions consisting of HDPE and PP, and PET, are obtained in plastic recy-
cling plants. The packages are then ground into scraps, washed, and successively used in
recycled products production [65].

Flexible packaging, currently made with Low Density Poly(ethylene), PP, and PET, can
consist of a single material or of a multilayer system. Multilayer packages, used for their
high barrier properties, consist often not only of plastic, but also of aluminum and paper.
These are usually lighter than rigid packaging items, and the weight fraction of plastic is
thus lower. The percentage of contaminants consisting of residual liquid or cream products
thus affects the recovery of single materials. Hence, this fraction is usually managed by
incineration (or landfilling) because its recycling is not feasible (Figure 10). This life cycle is
thus less sustainable than that of rigid packages, and more sustainable options should be
considered as soon as possible.

Figure 10. Classification and waste management of packaging for hair products: (a) Current fossil-based scenario;
(b) scenario considering compostable bioplastics.

In the future, biodegradable plastics, like poly (lactic acid) (PLA), polyhydroxyal-
canoates (PHA), other biopolyesters, and starch, will be adopted more and more in packag-
ing applications, and their increased use is envisaged in the personal care sector [64]. If
they will be used in hair products packaging, the scenario could be different. In fact, rigid
packaging will be recycled, but after some life cycles, the material can be composted. As
composting is now assimilated to recycling [66], the perspectives of waste management
will improve with respect to the current scenario (Figure 10). Flexible packaging can be
composted as well, thus solving the issue of its difficult recyclability. The possibility of com-
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posting cosmetic packages can be negatively affected by the presence of residual products,
since the presence of detergents or preservatives can be detrimental for the bacteria and
microorganism activity in compost, which can be limited or disabled due to the presence
of such substances [67,68]. Hence, hair products formulations should be based on fully
biodegradable substances [69,70]. Chitin nanofibrils and their complexes are thus perfect
additives as they are fully biodegradable and not detrimental for the environment [71].
Recently, it was evidenced that a material based on protein/CaCO3/chitin nanofibrils is
a good fertilizer to improve plant growth in hydroponic systems [72]. Moreover, Fatima
et al. [73] demonstrated a good fertilizing activity for potatoes and wheat.

Interestingly, chitin nanofibrils can be dispersed by extrusion in biobased plastics
like PLA [74,75] or other biopolyesters [76] to obtain rigid or flexible bionanocomposites
that can be used in hair product packaging. Chitin nanofibrils were demonstrated to
have a slight indirect anti-microbial action if incorporated in these films [77] and to be
useful in modulating the release of low molecular weight substances from bioplastic
blends [78], as well as regenerative properties for skin cells. Hence, an intelligent packaging
could potentially include chitin nanofibrils in its formulation, exploiting these interesting
functional properties or in combination with other natural molecules [57]. In general, these
bioplastic formulations are compostable, and then addressed to be converted in compost
(in industrial or, in some cases, home-composting plants [79]) when they become a waste.
Certainly, the final compost, incorporating chitin nanofibrils, should be potentially spread
on the ground in agricultural practices to promote plants growth. These bionanocomposites,
incorporating chitin nanofibrils, thus represent an advantageous opportunity for producing
flexible or rigid packaging.

Chitin nanofibrils can be available as water suspension, hence they can be applied
starting from a liquid product. In this case, a rigid packaging can be the best option. In
the case of a dry tissue incorporating chitin nanofibrils or its complexes, it is possible the
use of a packaging based on cellulose. The treatment of the inner surface of the cellulose
with chitin nanofibrils will provide anti-microbial action to the packaging, as noticed by
Panariello et al. [46] in cellulosic packaging for food.

7. Conclusions

The great plastic waste, increased by further tonnes of the non-biodegradable surgical
masks and medical dressings used and in use for the COVID-19 pandemic, is generating
much waste and carbon dioxide and methane emissions, along with an important socioeco-
nomic impact from the intensified climate changing. Moreover, during the years 1950–2018,
global production of plastics and synthetic polymers had a compound annual growth
rate (CAGR) of 8.3% with an estimated 9200 million metric tonnes (Mt) of mini- plastics
produced, 5300 Mt of which were discarded in the environment. As a consequence, marine
organisms were impacted by the uptake of toxic chemicals consumed through the human
food [80]. In the same period, the global use of non-biodegradable apparel and washing
machine waste resulted in total microfiber emissions ranging from 4.3 MT to 7.0 Mt with a
CAGR of 12.9%. According to OECD prevision, production and incineration of plastics
and synthetic fibers will add more than one million metric tons of GHG emissions in the
atmosphere, while countries worldwide could lose around USD 10 trillion in cumulative
GDP by 2024 [81–83]. Thus, the necessity to use the tremendous potential of scientific
progress, technology, and innovation in polymeric science for making a new class of natu-
ral and smart hair cosmetics and packaging by the use of these biodegradable polymers
and tissues.

As for cosmeceutical-tissues proposed for the skin [29,84], it seems possible to produce
a products’ tissue-line for hair also, to protect both hair and scalp from environment and
some aggressive cosmetic treatments, possibly inducing a self-repairing activity of their
structure as well. These smart and innovative tissues, containing active ingredients directly
bound to their fibers and made by natural biodegradable polymers, seem to be not only
effective for the activity of both the natural carriers and ingredients used, but also charac-
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terized for their safeness and effectiveness because free of preservatives, emulsifiers, colors,
fragrances, and any other kind of chemicals. They, in fact, are produced and packaged at
the dry state and are therefore free of water, fundamental for the microorganism’s growth.
The scaling up of these tissues from the lab-production is the actual goal of our research
group, to try to slow down or eliminate waste in this specialized cosmetic sector, realizing
innovative hair- and skin environmentally-friendly products. These dry tissues, as well
as other versions, for instance water suspensions, can be packed in sustainable packaging
based on a cellulose surface treated with chitin nanofibrils (in the case of dry solids) or in
bioplastics incorporating chitin nanofibrils (in the case of wet solids or liquids). New smart
and sustainable hair products could benefit from these findings regarding the valorization
of high-value waste, offering to green-minded consumers diversified options for their
personal care and health.
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