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Summary
Chi tin nanofibrils occur in biological tissues, mai nly crustacean and insect exoskeletons, according
to structural hierarchies together with proteins and inorganic compounds. They have helped elucidate the chitin structure, considering their high degree of crystallization. Isolated nanofibrils are usefu l
to impart strength to severa! materials such as soy proteins, natural rubber, poly(caprolactone) and
poly(vinyl alcohol). They also find applications in the cosmetic and biomedica! areas, particularly
for the ordered regeneration of wound tissues and as derma! fi llers. The main advantage over the
usual chitin powders is their enormous surface area, that enables them to interact effectively with
cells, factors, proteins and other compounds.

Riassunto
Le nanofibrille di chitina sono presenti nelle strutture biologiche, principalmente esoscheletri di crostacei e insetti, dove ricorrono secondo gerarchie strutturali con proteine e composti inorganici. Esse
sono servite per elucidare la struttura della chitina, essendo altamente cristalline. Una volta isolate,
esse possono servire per irrobustire materiali a base di proteine di soia, gomma naturale, poli(caprolattone), e poli(vinil alcol), oltre a trovare applicazioni nel campo cosmetico-biomedico , in particolare per la rigenerazione ordinata dei tessuti delle ferite e come fillers per l'estetica della pelle. Il
principale vantaggio rispetto alle polveri di chitina è la loro enorme superficie che consente alle
nanofibrille di interagire efficacemente con cellule, fattori , proteine e altri composti.
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INTRODUCTION
The presence of crystalline fibrils in the chitinous integuments of arthropods has been elucidated severa] decades ago: early reports are
those by Richards (195 1), by Weis-Fogh (1970)
and by Rudall (1967). The subject has been dealt
with in a chapter of the first book devoted to chitin (Muzzarelli , 1977), in two concomitant
bo oks by Hepburn (1 976) and by Neville
(1 975), and in the recent book by Jollès and
Muzzarelli (1999).
Let us say that chitin, the most abundant nitrogen compound on Earth, is present in countless
forms of !ife including the yeast Saccharomyces
cerevisiae cornrnonly used for bread baking,
thus we currently eat some small quantity of chitin every day. Certain African and South
American populations prepare traditional dishes
based on insects, thus they eat large quantities of
chitin . Ten Gigatons (lx l0 13 Kg) of chitin are
constantly present in the biosphere .

The chitin biosynthetic pathway is the same for
ali organisms. In chitin, a copolymer of Nacetylglucosamine and glucosamine, the structural unit is chitobiose, that, interestingly is the
bridge between the carbohydrate and the protein
cornponents of rnammalian glycoproteins.
Chitin is highly crystalline, with two main polymorphs, alpha and beta. Ali chitins are made of
chitin nanofi brils (crystalli tes) embedded into a
less crystalline chitin (Muzzarell i and
Muzzarelli , 2005).
The present chapter intends to direct attention to
the chitin crystallites otherwise called whiskers
i.e. highl y crystalline chitin nanofibrils. While
they have been isolated by various research
teams years ago, their purpose has always been
the analyticaJ study of their structure, and the
behaviour of their suspensions. It is felt that th is
subject represents at this time an opportunity for
a better exploitatio n of chitin, as well as for
innovation in the textile and cosmetic fields.

Fig. 1 Structural elements of the exoskeleton material (exocuticle, endocwicle) of Homarus americanus. From lower left corner counter-clockwise: The most characteristic feature of the materiai is its hierarchical organiza1io11 which reveals
six main differem structural levels. Thefirst leve/ is the polysaccharide 1110/ecule (chilin). The antiparallel alignment
of these molecules forms a-chitin crys1a/s. The second structural leve/ is the arrangement of 18- 25 polysaccharide
molecular chains in theform ofnarrow and long crystalline units, which are wrapped by proteins,Jorming nanofibrils
of about 2-5 nm diameter and about 300 11111 length. The third leve/ is the clustering of some of these nanofibrils into
/ong chitin-protein fibers of about 50-300 nm diameter. The fourth leve/ in rhe hierarchy is rhe formation of a planar
woven and systematically branched network of such chitin- proreinfibers. The spacing between lhese s1rands is fil/ed
by a variety ofproteins and biominerals (crystalline and amorphous calcite in the case of lobster). The jifth leve/, visible already in mi oplical microscope, is usua/ly referred lo as a twis1ed p/ywood or Bouligand pallern. This leve! is
crearedfrom lhe woven chilin-protein planes . Their graduai rotationfrom one piane 10 the next creates complex structures (sixth leve/) which appear asfibril arches when viewed in cross secrions (Raabe et al., 2006).
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FIBRILS IN CRUSTACEAN
TISSUES
Chitin fibers in crustacean shells (and collagen
fibers in bones) are associated with calcium phosphate and/or carbonate that diffuse and precipitate after the fibrous component has been excreted and stabilized. In these tissues, the supporting organic component is made of preformed
nanometer to micrometer-size elongated particles arranged into supramolecular structures
with geometries analogous to those of some
liquid crystals. In compact bones, arthropod
cuticles, and plant celi walls, these structures
have the macroscopic features of a cholesteric
phase, except fluidity. In most cases, collagen,
chitin, and cellulose, can be extracted from the
biologica! tissues and dis persed in aqueous
media to form colloidal suspensions. At appropriate concentrations, liquid crystalline phases
can be identified, indicating that rod-like or
spindle-like particles tend to align cooperatively
in these systems. The particles are rigid and their
s hape is constant throughout the phase diagram.
This makes it easier to understand the influence
of different parameters, such as concentration ,
pH, and ionie strength, on the behavior of the
sus pensions (Giraud-Guille et al., 2004).

NANOFIBRIL ISOLATION FOR
ANALYTICAL PURPOSES
Suspensions of chitin crystallites form cholesteric phases. Revol et al. (1993, 1996) investigated
the effects of pH and ionie strength on the proportion of nematic phase in biphasic samples
and found few changes because the contribution
of the crystallites themselves is large.
Comparisons of experimental data to theoretical
predictions were also made using Onsager's
treatment and showed a reasonable qualitative
agreement.

Suspensions of chitin crystallites were prepared
by acid hydrolysis of technical grade crab chitin.
Similar results could also be obtained with
shrimp as well as a variety of other c hitin sources. Typically, 5 g of dry chitin powder were
treated with 100 ml 3 M HCI at the boil (104°C)
for one hour. The sample was then washed with
distilled water by successive low-speed centrifugation-diluti on cycles unti! the supernatant reached a pH of about 2 . At this pH, the coarse dispersion from the residue of the shell fragments
begins to convert spontaneously into a colloidal
suspension. Due to acid hydrolysis of the sample, a 30-40% mass loss occurs after one hour of
HCI treatment.
Chitin nanofibrils possess enormous surface
area per gram (180 m 2/g), and their physical
form enhances the known chitin performances.
The chitin suspensions (20 - 40 g/l) are biphasic
(disordered + cholesteric); at higher concentrations they are chiral nematic. The nanofibrils are
slightly cationic (1 g is titrated with 0.16 mmol
NaOH). In water, the protonated amino groups
and their counter-ions form an electrical double
layer around the crystallites; perturbation of the
layer by solvents or e lectrolytes promotes reversible aggregation.
For HCI concentrations between 0.01 and 0.5
mM and chitin concentrations below 2.5 wt %,
the samples remain completely isotropie and
show no birefringence. Beyond 2.5 and up to 4
wt % chitin, the liquid appears bright in polarized light, and within a few days, a birefringent
phase settles at the bottom of the tubes, separated from an upper isotropie one by a sharp interface. When the chitin concentration is further
increased, the samples are entirely anisotropie.
The boundaries of the biphasic domain only
slightly change in this HCI concentration range.
Samples of HCI molarity larger than 2 .5 mM but
lower than 0.01 M only showed complete phase
separation in the biphasic gap at low values of
C,01 • Samples prepared with 0.01 M HCI and
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beyond never exhibited bulk phase separation ,
in test tubes, in the whole range of chitin concentration investigated. Instead, the birefringence increased continuously from dark to very
bright samples when viewed between crossed
polaroids.
In water, the protonated amino groups and their
counterions form an electrical double layer
around the crystallites, which prevents flocculation thus yielding a stable colloidal suspension.
The electron diffractogram of the preparation
corresponds to the a.-chitin crystal structure.
Thus, the acid hydrolysis treatment has not
changed the originai crystalline structure of the
sample . Unlike that of cellulose the HCI
hydrolysis of chitin does not encourage crystallite aggregation into spindle-like bundles .
Instead, as the hydrolysis proceeds, just a few
free amino groups are uncovered and in their
protonated state they provide the electrostatic
repulsion which stabilizes the suspension. After
standing overnight at room temperature, a twophase system formed from a 5 % suspension: a
lower anisotropie phase and an upper isotropie
phase (Paillet, Dufresne, 2001).

PREPARATION OF CHITIN
NANOFIBRILS
Previous studies on the isolation of chitin nanofibril s failed to provide convincing evidence of
the industriai process feasibility because of low
yield (ca 20 %) , troublesome handling of huge
water masses, problems with the drying of final
product and aggregation of resuspended nanofibrils. These problems have recently been overcome (Morganti and Muzzarelli).
Chitin and derivatives are approved as functional food ingredients by the Japan 's Health
Department and are generally recognized as safe
by the US Food and Drug Administration.
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COMPOSITES WITH
POLY(ACRYLIC ACID)
An extension of the above mentioned studies on
the incorporation of nanofibrils in poly(acrylic
acid) were those aimed at the preparation of
composites based on chitin nanofi brils. The
orientation of the nanofibrils was obtained by
shearing or by magnetic alignment. The X-ray
diffraction data for the composites showed uniplanar orientation of the chitin crystallites, with
the molecular long axes perpendicular to the
direction of the magnetic field (Nge et al.,
2003a,b,c).

COMPOSITES WITH SOY
PROTEIN ISOLATES
Soy protein isolates (SPI) of desired weight and
various content of chitin were mixed and stirred
to obtain homogeneous dispersions. The dispersion was freeze-dried , and 30% glycerol was
added. The resulting mixture was hot-pressed at
20 MPa for 10 min at 140 °C and then slowly
cooled to room temperature. The SPI/chitin
nanofibril composites (thickness about 0.4 mm)
were thus obtained (Lu et al., 2004).
Compared with a glycerol plasticized SPI sheet,
the chitin filled SPI composites increase in
Young's modulus and tensile strength fro m 26 to
158 MPa and 3.3 to 8.4 MPa with increasing
chitin content from O to 20 wt % . As the chitin
nanofibrils increase in the SPI matrix, the composites show greater water-resistance. The
improvement in ali of the properties of these
nove! SPl/chitin nanofibril composites may be
ascribed to three-dimensional networks of intermolecular hydrogen bonding interactions between filler and filler and between filler and SPI
matrix.
More than 75% of the nanofibrils have a length
below 300 nm. The average length and width
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were estimated to be around 240 and 15 nm,
respectively. The average aspect ratio (L/d, L
be ing the length and d the diameter) of these
nanofibrils is therefore around 16. These dimensions are close to those reported for chitin nanofibrils obtained from squid pen (L = 50-300 nm,
d = 10 nm, L/d = 15). Sharp and well-defined
diffraction rings indicated the crystalline nature
(amorphous protein part and amorphous c hitin
domains had been re moved during acid hydrolysis) of chitin nanofibrils present in the suspension. For composite mate rials filled with crab
chitin nanofibrils, interfacial phenomena are
important owi ng to the high specific area of the
filler ca.180 m2 .g·') . For example, fora 20 wt %
chitin nanofibril filled composite, there are ca.
40 m 2 of filler surfaces in I cm3 of the mate riai.
An infrared spectrum was taken for a film of
chitin nanofibrils obtained by evaporating the
suspension in order to display the absence of
residuai proteins on the chitin fragments. In the
carbonyl region , the spect.rum presents three
strong absorption peaks at 1658 , 1622, and 1556
cm-' characteristic of anhydrous chitin. The
absence of the peak at 1540 c m·' coITesponding
to the proteins proves that the successive treatments were strong enough to eliminate ali the
proteins and to obtain pure chitin (Lu et al.,
2004; Nair et al., 2003a,b ,c).

COMPOSITES WITH NATURAL
RUBBER
Re inforced natural rubber nanocomposites were
developed from colloidal suspension of chitin
nanofibrils and latex of unvulcanized and prevulcanized natural rubber. The chitin nanofibrils, prepared by acid hydrolysis of chitin fro m
crab shells, consisted of slender parallelepiped
rods with an average length around 240 nm and
an aspect ratio close to 16. After the aqueous
suspensions of chitin nanofibrils and rubber
were mixed and stiITed , solid composite films

were obtained by casting and e vaporating
methods. For unvulcanized systems a freezedrying and subsequent hot-pressing processing
technique was also used. All the results lead to
the conclusion that the processing technique
plays a major role in the properties of final composites developed. The chitin nanofibrils form a
three-dimens ional rigid network only in the evaporated samples, and it is assumed to be governed by a percolation mechanism.
The preparation of the latex requires the use of
poloxamer 407 BASF Lutrol Fl27, a surfactant ,
in order to obtain a stable s uspension (Morin et
al., 2002). It is a bloc copolymer of ca. 70 wt %
poly(ethylene oxide) and 30 wt % poly (propyJene oxide) with number-ave rage mo lecu lar
weight ca. 13000 g mol·' .

COMPOSITES WITH
POLY(CAPROLACTONE)
Poly (caprolactone) is a biodegradable, semicrystalline and thermoplastic polymer used for
instance to manufacture suture threads; there is
much interest in improving its mechanical properties and biochemical sig nificance . Chitin
nanofibrils were obtained from tubes secreted
by Riftia, a vestimentiferan worm (much longer
than those of animai origi n: L = 0.5-10 µm , d =
18 nm, L/d = 120). The results showed that at
high temperature and above 5 % nanofibrils, the
chitin network is allowed to restore thus stabilising the mechanical prope1ties of the composite
(Morin et al., 2002).

COMPOSITES WITH
CHITOSAN OR WITH
POLY(VINYL ALCOHOL)
Alpha-Chitin nanofibril-reinforced poly(vinyl
alcohol) composite films were prepared by solution-casting technique. The as-prepared nanofi-
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brils exhibited the length in the range of 150-800
ELECTROSPUN NANOFIBERS
nm and the width in the range of 5-70 nm, with
MADE OF CHITOSAN WITH
the average length and width being about 417
PEO OR PVA
and 33 nm, respectively. Thermal stability of the
as-cast nanocomposite films was improved from
those of the pure PVA film with increasing nanoSubramanian (2005) eval uated a nove) electrospun
chitosan mat composed of oriented subfibril content. The presence of the nanofibrils
micron fibers for its tensile property and biodid not ha ve any effect on the crystallinity of the
compatibility with chondrocytes (celi attachPVA matrix. The tensile strength of alpha-chitin
ment, proliferation and viability) . Scanning
nanofibri l-reinforced PVA films increased, at the
expense of the percentage of elongation at electronic microscope images showed that the
nanofibers in the electrospun chitosan mats were
break, from that of the pure PVA film with iniindeed aligned and there was a slight cross-lintial increase in the nanofibril content and leveled
king between the parent fibers . The electrospun
off when the nanofibril content was greater than
mats have significantly higher elastic modulus
or equa] to 2.96 wt %. Sriupayo, et al., 2005a.
(2.25 MPa) than the cast films (1.19 MPa) .
Similar preparations were made with alpha-chiViability of cells on the mat was 69% of the cells
ti n nanofibrils dispersed in chitosan by sol utioncasting, thanks to the high filmogenicity of chi- on tissue-culture polystyrene (TCP contro!) after
three days in culture, wh ich was slightly higher
tosan. The length of the as-prepared nanofibrils
than that on the cast fi lms (63% of the TCP conranged between 150 and 800 nm, while the
tro!). Cells on the mat grew slowly the first week
width ranged between 5 and 70 nm, with the
average val ues being about 417 and 33 nm , but the growth rate increased after that. By day
respectively. The addition of alpha-chitin nanoIO, celi number on the mat was almost 82% that
of TCP contro!, which was higher than that of
fib rils did not affect much the thermal stability
and the apparent degree of crystallinity of the
cast films (56% of TCP). The electrospun chitosan mats have a higher Young's modulus than
chitosan matrix. The tensile strength of alphacast films and provide good chondrocyte bioch itin nanofibril-rei nforced chitosan fi lms
compatibility. The electrospu n chitosan mats,
increased from that of the pure chitosan fi lm
thus, have the potential to be further processed
with initial increase in the nanofibril content to
reach a maximum at the nanofibril content of into three-dimensional scaffolds for cartilage tis2.96 wt% and decreased gradually with further sue repair (Subramanian et al. , 2005).
Electrospun nanofibers with average diameters
increase in the nanofibril content, while the perbetween 20 and J 00 nm ha ve been prepared by
centage of elongation at break decreased from
that of the pure chitosan with initial increase in electrospinning of 82.5% deacetylated chitosan
(M-v 1600 kDa) mixed with poly(vinyl alcohol)
the nanofibril content and leveled off when the
nanofibril content was greater than or equa! to
(PVA, M-w 124-186 kDa) in 2% (v/v) aqueous
2.96 wt %. As in the case of chitin nanofibril acetic acid. The formation of bicomponent
composites with PVA, both the addition of fibers was feas ible with 3% concentration of
solution containing up to an equal mass of chitoalpha-chitin nanofibrils and heat treatment helsan. Finer fibers, fewer beaded structures and
ped improve water resistance , leading to decreased percentage of weight loss and percentage
more efficient fiber formation were observed
with increasing PVA contents. Nanoporous
degree of swelling of the nanocomposite fi lms
(Sriupayo et al. , 2005b).
fibers could be generated by removing the PVA
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component in the 17 /83 chitosan/PVA fibers
with 1 M NaOH (12 h). Fiber formation efficiency and composition uniformity improved
when the molecular weight of chitosan was halved by alkaline hydrolysis. The improved uniform distribution of chitosan and PVA in the
fibers was attributed to better mixing mostly due
to the reduced molecular weight and to the
increased deacetylation of the chitosan (Li and
Hsieh, 2005).

APPLICATIONS IN THE
BIOMEDICAL FIELD
There are severa) commerciai hemostatic patches and gels ava ilable such as:
• Chitin-based: Clo-Sur® (Scion), Chitoseal®
(Abbott), Syvek Patch® (Mari ne Polymer
Technolog ies),
• Chitosan-based: Hemcon®
• Collagen-based: Actifoam®
• Fibrin-based: Bolheal®
• Cellulose-based: Surgicel®
The Syvek Patch® is made of chitin microfibrils
from the centric diatom Thalassiosira fluviatilis
grown under aseptic conditions. It is seven times
faster in achieving hemostasis than fibrin glue,
because it agglutinates red blood cells; activates
platelets whose pseudopodia make a robust contact with chitin, promotes fibrin gel formation
within the patch;
platelets generate force through the clot retraction process and vasoconstriction takes piace
very soon; and a platelet + chitin + red cells +
fibrin plug is formed .
The T.fluviatilis microfibrils ha ve been tested in
the most demanding and crucial conditions
requiring hemostasis, such as splenic hemorrage, cardiac catheterization, and bleeding esophageal varices, and found superior to ali competing
products. While the T.fluviatilis microfibrils are
longer (60 x 01 micron) than crustacean nanofibrils, both chitins used in these instances have

the same molecular weight (2x I 0 6 Dal ton) and
acetylation degree (> 0.90) .
lt is therefore reasonable to expect that the crustacean nanofibrils will be of at least comparable
efficacy, while being less expensive because
their production technology is much simpler
(Kulling et al., 1999. Chan et al. , 2000. Fischer
et al., 2005).

WOUND DRESSINGS FOR
SCAR-LESS HEALING
Early demon stration s of the efficacy of
chitin/chitosan in wound healing by Malette et
al. (1986) were based on irregularly shaped,
high mesh powders. Later freeze-dried layers
were adopted that permitted scar-Iess restoration
of vascularized tisse, and complete healing even
in aged patients. Microspheres are under study.
Chitin nanofibrils are expected to conform to the
wound geometry, to have immediate contact
with cells in ali the usual presentations.
Moreover they can be suspended in gels, including chitosan gels, prepared to solidify upon
application as a consequence of photocrosslinking reactions, enzymatic reactions, and spontaneous rapid drying.

IMMUNO-STIMULATING
PRODUCTS
The intravenous administration of chitin particles has been found to promote macrophage priming in mice. The particles become bound to
macrophage plasma membrane mannose I focose receptors that mediate internali zation. They
are then degraded by lysozyme . Within 3 days
macrophages give a large oxidative burst when
elicited with phorbol myristate acetate. The
mechanism involves the production of endogenous interferon-gamma by natural ki ller cells
NKl. I due to macrophage I NKl.l interaction.
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These responses are similar to those generated
by microbial particulate components. It is
expected that chitin nanofibrils will be more
effective in view of their Jarger surface, and
easier to administer (Shibata et al., 1997).

ACTIVATION OF
MACROPHAGES
Chitin is phagocytosed and is a potent macrophage stimulator. Ora] administration of chitin
micro- I nano-particles is effecti ve in downregulating serum IgE and lung eosinophilia in a
mouse model of ragweed allergy. The intranasal
application of microgram doses of chitin microparticles is an effective treatment for reducing
serum lgE and peripheral blood eosinophilia,
airway hyper-responsiveness and lung inflammation in allergy models. It resu lts in elevation
of cytokines, IL- 12, interferon-gamma and
TNF-alpha and reduction of IL-4 production
during allergen challenge (Han et al., 2005).

COSMETIC FILLERS FOR
AESTHETIC MEDICINE
Work in progress indicates that chitin nanofibrils
suspended in saline can be injected under the
wrinkled skin to restore its normai look, with the
aid of a G30 needle. The nanofibrils last longer
than hyaluronic acid, and do not give rise to any
adverse effect. Facial masks can also be manufactured with dibutyryl chitin incorporating chitin nanofibrils (Morganti, Muzzarelli).
The chitin nanofibrils may be incorporated in a
number of biological agents capable of different
combined functions . The ability of nanofibrils to
trave! through the intercellular spaces of stratum
corneum is probably due to their diffusion along
the polar head-groups of the intercellular lipids .
The intercellular lipid pathway provides, in fact,
the primary barrier to the passive diffusion of
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water-solub le and lipid- soluble molecules
across the stratum corneum, whose porous I
polar organization may favour their permeation.
Advantages are expected from th is emerging
technology, based on chitin nanofibrils, useful
for the development of advanced functional products needed to improve the quality of !ife.

DRUG DELIVERY
Chitin nanofibrils may be used as drug carriers
thanks to their ability to deliver active compounds across the skin. They may be useful as
injectable systems in plastic surgery to restore
the mechanical stabi lity of the skin, or for the
regeneration of any other tissue . The injectable
systems have great potential for applications in
interactive tissue engineering approaches as
they can be designed wi th a wide range of prope1ties and configurations.

CONCLUSION
The ampie evidence of the biocompatibility of
chitin, and in particular the impressive range of
its favorable effects on human tissues and cells,
supports the applicability of chitin nanofibrils in
the textile industry, as well as in the cosmeticeutical areas . Chitin nanofibrils exist in nature in
regularly arranged structures, having the highest
degree of crystall inity. We have developed proprietary technology for the preparation of chitin
nanofibrils on a conveniently Iarge scale. The
combination of a natural compound such as chitin with our innovative biotechnology will
surely increase the production of new medicai
dev ices, health textiles and cosmetics in the near
future, thus improving the field of regenerative I
substitution medicine.
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