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Abstract

- Chris Amemiya3 - Teofil Jesionowski'

Large scale isolation of chitin traditionally has been carried out from fungal biomass as well as from seafood processing
wastes, e.g., from shrimp, crab and lobster exoskeletons. Despite the relative abundance and ready availability of these
materials, isolation of chitin requires great deal of chemical reagents and is time consuming. Obtained in this way chitin is
produced in the form of powders, whiskers, and flakes. In this review, we have focused on the moulting cuticles of spiders
as an alternative source of naturally occurring chitin. The comparatively high chitin content in the moults allows for rapid
preparation of structures that maintain their original shape and integrity, such as the chitinous tubes from leg exoskeletons.
Based on our latest scientific analyses regarding spider chitin, we highlight here its advantages and its biomimetic applica-
tions in tissue engineering, catalysis and environmental science.
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1 Introduction

In recent years, there has been a significant increase in
the study of natural polysaccharides [1-9]. This interest is
largely spurred on by their attractive and usable properties,
such as ecofriendly characteristics, renewability, biodegra-
dability and cost-efficiency [8, 10]. It is well known that
chitin is one of the most abundant (after cellulose) natu-
ral biopolymer worldwide [11, 12]. According to a recent
report, living organisms from oceans produce approximately
10'2-10" tons of chitin annually [13]. Chitin exists as a rigid
crystalline nanofiber with Young’s modulus of 40-80 GPa
[10]. In its pure form, chitin exists as a linear homopoly-
mer of N-acetylglucosamine (GlcNAc) linked by f-1,4
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glycosidic bonds with various degrees of deacetylated glu-
cosamine (GIcN) residues (dependent on origin and isolation
method) [12]. This polysaccharide is synthesized by a broad
assortment of organisms representing different taxonomic
groups. Notable examples are fungi (e.g., from the mycelia
of Aspergillus niger, Mucor rouxii, Agaricus bisporus) [12,
14-16], diatoms [17-19], protists [20, 21], sponges [22-25],
molluscs [26-29], insects [10, 30-35], spiders [36] and crus-
taceans [37—41]. Moreover, chitin has also been recognized
in multiple structures in fishes and amphibians [42—44]. In
invertebrates, chitin usually acts as a fibrillar component of
mechanically resilient biocomposites, like eggshells, cuti-
cles, cuttlebones, shell and sponge scaffolds [45—48].
Chitin distributed in nature possesses three different
crystalline allomorphic forms which differ in their arrange-
ment of chitin strands to one-another: a-chitin, B-chitin and
y-chitin [49]. The ubiquitous a-form (found, e.g., in arthro-
pods skeletons) is also the most thermodynamically stable
form of the three. Correspondingly, additional inter-sheet
hydrogen bonds present in a-chitin allow a tighter anti-par-
allel fiber arrangement. Consequently, this is reflected in
difficulties in aqueous dissolution and solvent selection [50].
Nevertheless, due to its widespread abundance, chitin draws
special scientific attention, which may broadly be divided
into two areas. The first concerns isolation and description
of chitin from diverse phyla [33, 45, 51-53]. The second
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focuses on practical technological applications, including
its use in biomedicine, regenerative medicine, filtration
devices [54-59], and draws inspiration from the structure
of naturally occurring chitin and its derivatives (i.e., chi-
tosan) [14, 60-67].

Here, we posit that a highly promising and unique source
of chitin can be readily obtained from spiders (Araneae),
which “shed” large quantities of chitin-containing cuticles
(exoskeletons) during their life cycle (see Fig. 1). To grow,
spiders (like other arthropods) must form a new, larger exo-
skeleton and shed the old one, this moulting process (ecd-
ysis) occurring several times per year [60, 68]. The main
purpose of “changing skin” is to enable growth (10-16%)
[68] and allow further development of the body (i.e., ensures
attaining sexual maturation) [61]. It has been estimated, that
the fresh weight of the global spider community amounts
to 25 million metric tons [62]. These calculations were
obtained by determination of average spiders’ biomass
per square meter in various terrestrial biotopes around the
world. In another report, it has been estimated that all spider
species lose about 8 +0.16% of mass during a moult [60].
By these measures, we can estimate that spiders are able
to produce between 2 and 6 million tons of cuticles due to
ecdysis worldwide per year (depending on the frequency of
moulting). Surprisingly, despite their diversity and wide-
spread distribution, Araneae have received only scant atten-
tion with respect to utilization of their moults as a potential,
renewable source of chitin. It is also worth noting that spi-
ders, especially from Theraphosidae family (so-called “bird-
eating spiders” or “tarantulas”) are very popular showpieces
among the spider hobbyist community [63]. The number of
such spiders in Europe may number approximately 2 million
[64]. Spider cuticles lost after ecdysis, though overlooked

Fig. 1 Cuticle moults from
diverse Theraphosidae species
represent an accessible bulk
waste biological source for
chitin isolation
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for years, can thus provide a rich source of chitin. Recently,
chitin isolated from spider moults has found diverse uses,
including scaffolds for tissue engineering, porous mem-
branes for catalyst creation [65], and as crude oil sorbents
[66].

2 Spider taxonomy and morphology

Taxonomically, spiders (Araneae) comprise a large group of
invertebrates containing more than 4000 genera [67, 69, 70].
According to an online taxonomic catalogue of the world’s
spider fauna, 48,400 species of spiders have been described
worldwide [71]. Their representatives occupy almost all
habitats with the exception of Antarctica. They have existed
at least since the carboniferous times (~ 320 million years),
twice as long as the oldest mammals [72]. An especially
interesting group within the Araneae is the Theraphosidae,
whose exoskeleton moults are a potentially valuable chitin
source. Theraphosid specimens can reach lengths of over
25 cm and the moults they shed are quite substantial. Ther-
aphosidae is the main family of mygalomorph spiders, with
about 900 described species worldwide distributed among
11 subfamilies [73, 74]. The representatives of this fam-
ily are distributed among the Americas, Africa, southern
Europe, the Middle East, Asia, and Australia, primarily in
tropical zones [73, 75].

Spiders are very different anatomically compared to other
arthropods. The body of a spider can be divided into two
main parts (regions): the anterior cephalothorax (prosoma)
which represents a fusion of the head and thoracic seg-
ments, and the abdomen (opisthosoma), see Fig. 2a, b [67].
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Fig.2 Model of the morphology of representative spider cephalotho-
rax, abdomen and leg and fangs. Dorsal (a) and ventral (b) view of
cephalothorax and abdomen. Morphology of a spider leg shows the
seven segments (c). Spiders possess a patella and metatarsus, which

In contrast to insects, spiders have four pairs of walking legs,
each with seven segments: coxa, trochanter, femur, patella,
tibia, metatarsus, and tarsus (see Fig. 2c).

All spiders have one pair of chelicera (see Fig. 2d) which
is located on the front side of the body and are employed
to seize, maintain or to bite prey defensively when threat-
ened. They are also used for other purposes, such as dig-
ging burrows, moving various elements of the environment
(e.g., leaves, soil), protecting and moving the cocoon with
eggs, crushing captured bodies of victims and removing food
remains from the hideout [76]. Each chelicera consists of
two parts: a stout basal portion and a movable fang [67]. The
end of the fang is strongly narrowed and sharp, while the
part directly connecting to the basal element is much more
sizable [76]. Further, we note an interesting fact that some
spiders can emit sounds by rubbing together their chelicera.

are not found in insects, based on [67]. Digital microscopy photos
of Theraphosidae specimens Caribena versciolor chelicera in two
maginifications (d). The holes in the fangs (green arrows) are used to
release venom (e)

The theraphosids use it as a defense mechanism, i.e., sounds
generated in this manner are able to scare away potential
enemies. Recently, spider fangs (see Fig. 2e) have been
described as consisting of unique biocomposites, composed
of chitin, proteins and metal ion cross-linking (Zn-doped
crystals) (see [77-80]). As noted by Bar-On and co-workers
in article concerning the functionality of the spider fang,
“understanding the mechanical functionalities of hierarchi-
cally graded natural materials is expected to lead to the
development of novel bioinspired engineering materials with
superior characteristics” [78].

2.1 Brief characterization of spider’s cuticle

A more thorough understanding of cuticle composition and
corresponding structure—function relationships between
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individual elements is requisite for the use of spider’s cuti-
cle for modern bioinspired materials and for biomimetics.
It is well recognized, that the body of Araneae is covered
with a strong exoskeletal cuticle, encompassing laminated
composite material [81-88]. The architecture of the cuticle
is dominated by elongated chitinous microfibers coated with
protein. Therefore, chitin acts as a chief tensile component
and polypeptides serve as the binder material or matrix in
which they are embedded [33, 83]. It is worth noting, that
chitin complexed with cross-linked protein makes up about
90% of the total organic content of the exoskeleton [64]. As
described Barth in 1973, the gross organization of the spider
cuticle microfibrils resembles a Bouligand’s model. It was
observed that microfibers run parallel to the cuticle surface,
wherein all fibers within a layer have the same orientation,
the arrangement being strictly correlated with cuticle depth
(see [83]).

In spiders three different chitin-protein based layers have
been observed: the exo-, endocuticle [33, 79, 89, 90] and
intermediate mesocuticle [83]. An additional, thin outer-
most layer, known as the epicuticle has additionally been
described [91]. The local variations of cuticle components
mentioned above are also observed and show variations
with respect to their anatomical locations. Exocuticle is
considered as hardest and the most mechanically resistant
component of the spider cuticle [83]. Thus, it is absent in
such exoskeleton regions as soft opisthosoma, whereas it is
particularly well-developed in such regions as cephalothorax
or legs. Hormonally controlled (by ecdysones) moulting pro-
cess possess following steps: separation of epidermis from
the old cuticle (apolysis), secretion of moulting fluid, secre-
tion of new cuticle, the digestion and resorption of the part
of the old cuticle, and the shedding of old cuticle (ecdysis)
[92]. In contrast to insects, the Arachnid cuticle differs with
respect to the presence of a mesocuticle in hard regions of
the exoskeleton [84]. In the soft regions of the opisthosoma,
the mesocuticle constitutes about 90% of the structure, the
remainder being epi- and endocuticle. Both meso- and endo-
cuticle represent analogous variations [83]. The endocuti-
cle is considered to be a comparatively thicker layer and
encompasses chitin fibers tightly coated by proteins [91, 93]
(beside metatarsus [83]). It is noteworthy that the endocuti-
cle contributes to hard cuticles as well [83].

Spiders display a large coloration range due to structural
variability of their cuticle to differentially reflect light [94],
as well as their possession of diverse pigments (i.e., ommo-
chromes, bilins and guanine) [95]. For example, melanin-
containing compounds and their derivatives were detected
in 14 species of spiders across six families [64, 96].

Besides its role in defense as the major barrier for exopar-
asites, the cuticle of spiders also serves as muscle attachment
points to enable locomotion as well as in particular, play an
important role in the reduction of water loss and protecting
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the spider’s body from dehydration (lipid layer) [32]. Previ-
ously, it had been shown that cuticle possesses a unique,
intricate system of the pore canals [85, 97]. The pore canals
and their pores on the cuticle surface have specific diameters
of less than 1 um [36] and serve multiple roles. For exam-
ple, McConney [98], observed the domeshaped droplets of
epicuticular substances secreted through openings of pore
canals of Cupiennius salei cuticlar pad. This observation
supports the hypothesis that the pore canals are responsible
for secreting the substance from the deeper layers of the
cuticle. The Cupiennius salei vascular channels detected in
the spider fangs were recognized as elements responsible
for the transport of zinc to the tip of the fang to cross-link
the protein matrix by binding to histidine residues [77]. This
effect is particularly important in ensuring the hardness and
strength of this natural biocomposite comprising spider’s
fangs. Recently, with respect to Caribena versicolor spider
moult, larger pores (about 20 um) were detected during SEM
observations. These larger holes in the cuticle are presumed
to be caused by setae/hair loss from the moults during the
specimen manipulation and preparation [66]. The setae and
their connection with the main cuticle at their base also con-
sist mainly of exocuticle covered with epicuticle.

Different structural sections of the cuticle represent a
wide array of structural elements, reflecting an extraordi-
narily broad range of physical and mechanical properties.
The Araneae cuticles have a non-homogeneous morphol-
ogy. Some elements are covered by thick hairs, another pos-
sesses a porous cuticle layer, and/or a waxy surface [66].
Examination of the moult of the walking leg of theraphosid
spider Avicularia sp. “Peru purple” [66], demonstrated that
this element combines two morphologically distinct parts:
a brush-like structure of thick hairs and a porous part of the
cuticle where setae are connected. The structure of a single
hair shows a resemblance to a bird’s feather: a main core
and micro-hairs protruding from the main core. Three main
parts of attachment hairs can be distinguished, i.e., hairy
shaft, transition zone and tip region [99]. Size of single hairs
covering the cuticle range between 0.5 and 1 mm in length.

2.2 Chitin isolation and identification from spider’s
cuticle

The first mention of chitin as a structural component of spi-
der exoskeletons was reported in 1892 by Krawkow, as cited
in [100]. Then, in the middle of the twentieth century several
attempts were made to determine the histology and histo-
chemistry of the Arachnida cuticle [81, 91, 97, 101-103].
Further, in the 1970’s Barth focused on detailed characteri-
zation of chitinous fibers arrangement into spiders cuticle
[83, 85]. Most recently, many efforts have been made on the
characterization of the chemical composition of selected spi-
ders fangs, including texture variation in chitin orientation,
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arrangement, gradients in protein composition and biome-
chanical functionality [77-79, 93]. In 2013, Erko and co-
workers determined lattice parameters and lattice distor-
tions of chitin isolated from Cupiennius salei spider fangs.
Authors defined as follow parameters of unit cells (a=4.6 A,
b=20.6 A and ¢c=10.2 A) and observed that elongation of
the b-axis in the spider fang is around 9%, relative to pure
a-chitin [93]. Nevertheless, the detailed characterization of
chitin from other parts of spider cuticle was neglected [36].
In 2014 Kaya and co-workers described physicochemical
properties of chitin isolated from two common spider spe-
cies Geolycosa vultuosa and Hogna radiata [36]. Chitin
investigated in their experiments was obtained from dead
dried spiders and extracted by a chemical treatment that
resulted in a powder. Based on FTIR analysis it was deter-
mined that these chitin structures were in a-form with high
degree of acetylation (97% for G. vultuosa and 99% for H.
radiata, respectively). The a-chitin single chains are organ-
ized in antiparallel orientation, what reflect a large amount
of hydrogen bonds. Based on scanning electron microscopy
two types of pores on the cuticle surface in both species were
observed. The size (diameter) of former ranged between 190
and 240 nm, while that of the latter were between 11 and
32 nm in G. vultuosa and 195-260 nm sized pores in H.
radiata [36].

In 2016, synchrotron X-ray diffraction analysis was car-
ried out to determine the structure of biogenic a-chitin
crystals from the tarsal tendon of the spider Cupiennius

Fig.3 Overview of chitin isola-
tion procedures from diverse
metazoan species. Based on
[64]
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salei [104]. The authors observed substantial shifts up to
Aq/q=9% in the wave vector in g-space, analogous to Erko
[93]. These observations were recorded in the (020) diffrac-
tion peak position between unpurified cuticular tendon and
chitin samples after isolation. It has been inferred that this
could be a result of strong protein/chitin and water/chitin
interactions (for detail see [104]).

In some organisms, chitin acts as a natural template for
biomineralization [105, 106]. In contrast to other inverte-
brates, (e.g., sponges, molluscs or crustaceans), the cuti-
cles of spiders are free of minerals such as CaCOj; allowing
omission of the demineralization step while isolating chitin.
Consequently, chitin isolation may begin immediately with
the deproteinization and depigmentation steps, resulting in
considerable time and reagents savings (see Fig. 3).

A major breakthrough in the study of chitin isolation from
Araneae was made in 2019 by Machalowski and co-workers
[64]. An innovative method for chitin isolation from Car-
ibena versicolor spider moults (Fig. 4a) was developed using
microwave irradiation (MWI) assisted techniques, allowing
a total isolation time of only 6 min (see Fig. 4b). For this
purpose, the isolation process is divided into three steps.
In the first, cuticular lipids are removed by immersion in
chloroform:ethanol (v/v 2:1) (together with MWI for 1 min).
The cuticle is then washed with absolute ethanol and the
moult treated with 2.5 M NaOH solution and MWI for 3 min
for protein denaturation. During this step, the temperature of
the solution is increased to 95 °C and there is a color change
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Fig.4 Moulting cuticle (moult)
of the Theraphosidae spider (a).
Schematic view of the micro-
wave-assisted method (MWI)
for both chitin and pigment
isolation (b). Brownish colored
pigment and proteolytic extract
were obtained after alkali-based
treatment (c). The pigment-free,
translucent moult represents a
source of prefabricated tubular
chitin (d, e) that resembles the
shape, size, and morphology of
the spider’s walking legs. SEM
imaginary of chitinous cuticle
represent their porous structure
in inner (f) and outer side after
MWTI isolation (g). The two
bigger pores (about 50 um)

are locations where formerly
mechanosensitive setae were
anchored in the cuticle (green
arrows) (f). Smaller holes
(about 10 um) are places where
non-sensory hairs/setae were
anchored in the cuticle before
its experimental manipulation
(blue arrows) (f)

to brown, indicative of proteolysis (Fig. 4b, c). Insoluble
material is then carefully separated from the solution and
neutralized by several distilled water changes. Finally, the
sample is decolorized by utilization of 30% H,0, (pH~ 10;
pH is regulated by the addition of 2.5 M NaOH) under MWI
for 2 min. Totally transparent and pliable material obtained
by this method (see Fig. 4d—g) is then washed many times
with distilled water and stored at 4 °C. The chitin thus
extracted constitutes 19% of total moult mass and allows
analysis of its physical and structural characteristics [64].
In contrast to Kaya et al. [36], Machalowski and oth-
ers obtained chitin from spider source retaining its unique
shapes, including the 3D tubular architecture from walk-
ing legs. This result is in agreement with the “scaffolding
strategy” concept, whereby higher-order structures are com-
prised of already prefabricated 3D chitinous scaffolds [107]

@ Springer
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of both aquatic and terrestrial invertebrates in the form of
decellularized matrices. For biotechnological applications,
the sources of such constructs should be renewable or rep-
resent biodegradable and non-toxic waste materials. Previ-
ously, 3D chitinous structures which maintained their natural
architecture were isolated from other group of arthropoods.
Ideal examples are unique chitinous films obtained from
cockroach wings [108, 109], cuticle of honeybee [110], vel-
vet worm [111], cicada [112] or different parts of butterfly
cuticle [113]. Looking for an alternative source of chitin is
crucial today since chitin extraction from seafood process-
ing waste (e.g., crabs, lobster exoskeletons) is burdened by
seasonal and environmental concerns [13], the net result
being limitation of local production and high cost of isola-
tion, despite an increased demand [112]. Furthermore, the
distinct advantage of isolating chitin from the arthropods
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in 3D form (which has retained its original shape) gives a
number of application options because of their structural
diversity. For example, the porous type may find applica-
tion in tissue engineering or adsorption studies. Conversely,
smooth and weakly fibrous types of isolated chitin, can be
used as covering materials by virtue of their biodegradable,
biocompatible, and antimicrobial properties [113].

The biological material isolated from C. versicolor moult
showed strong calcofluor white (CFW) fluorescence, sug-
gesting the presence of chitin (see Fig. 5a, b). Chitinase
digestion resulted in fragmentation and partial dissolution
of cuticle fragment after 6 h of enzymatic digestion (see
Fig. 5c, d), indicating that endo-hydrolysis of N-acetyl-f-p-
glucosamine-f-(1 — 4)-linkages occurred [64].

A higher resolution analysis method, such as Raman
spectroscopy is commonly used to provide detailed insights
into the intermolecular interactions of polymers such as
polysaccharides and proteins [114]. Raman spectroscopy
showed that the spectrum obtained for chitinous spider
moult material corresponds to the characteristic spectrum
for a-chitin (see for details [64]). Moreover, the degree of

acetylation (DA %) and the degree of deacetylation (DD%) of
isolated chitin were determined. The results (DA =99% and
DD = 1%, respectively) indicate that the microwave-assisted
technique did not negatively impact chitin acetylation. Iso-
lated material was also analyzed by X-ray diffraction as well
as by 13C CP/MAS NMR spectroscopy (Cross Polarization/
Magic Angle Spinnining Nuclear Magnetic Resonance),
results additionally confirming the presence of a-chitin.
Furthermore, the crystallinity index of isolated chitin was
determined to be 99% (Fig. 6).

2.2.1 Brief characterization of chitinous setae of spider’s
cuticle

Cuticles of insects, spiders or crustaceans are composed
mainly of sclerotized chitin and exhibit a wide diversity in
appearance. Despite such differences, overt similarities have
also been observed for certain morphological structures as a
result of evolutionary constraints or convergences. A nota-
ble example is the presence of cuticular setae or mechano-
sensory hairs [106]. These structures, which are involved in

100 pm

Fig.5 Confirmation of chitin by calcofluor white staining and chi-
tinase digestion. A selected fragment of chitinous cuticle isolated
from C. versicolor was stained with calcofluor white and imaged
using (a) light microscopy and (b) fluorescence microscopy. A frag-

A

100um

%

e

ment of chitinous cuticle with setae was digested for 6 h in Yatalase
solution at 37 °C and imaged before (c) and after digestion (d). Based
on [64]
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Fig.6 X-ray diffraction pattern of samples of natural moult cuticle
(moult) from C. versicolor spider and isolated chitin scaffold (isolated
chitin) (a). The good match between experimental (dots) and calcu-
lated data (line) provides evidence for the presence of a-chitin (left,

sensory detection within the environment, have been evolu-
tionarily conserved in spite of the diverse natural habitats
occupied by arthropod species [106, 115—-117]. The exo-
skeletons of spiders are tightly covered by a surprisingly
large number of mechanoreceptive hairs [118]. The sensory
detection of changes in the environment is facilitated by
nerve impulses transmitted by the vibrations of microhairs,
a phenomenon described in the middle of the nineteenth
century [106, 119]. Changes of the environment may also
be detected by proprioception via the touch-sensitive setae
[120]. It is known that spider mechanosensors are sensitive
to a wide range of stimulus, including substrate vibrations,
the gentle whiff of air, micro-strains or deformation in their
exoskeleton (for more detail see [120]). Araneae can simi-
larly use wind-sensing setae and vibration-sensitive setae as
detectors for sensing prey [72, 121, 122].

It is also interesting to note that several spider species
(mostly theraphosids) use urticating hair-like setae and
stridulating setae as a defense strategy [123-127]. Spi-
ders’ hairy setae which cover their walking legs (so-called
“attachment hairs”) also play a crucial role in movement on
rough and smooth vertical surfaces [99]. Fibre diffraction
patterns showed that crystalline chitin chains were oriented
along the long axis of the attachment setae and that inten-
sity of the chitin signal increased dorsally within the seta
shaft. The small-angle scattering signals clearly indicated
an angular shift of the microtrich structures that branch off
the bulk hair shaft and end as the adhesive contact elements
in the tip region of the seta. The results reveal the specific
structural arrangement and distribution of the chitin fibres
within the attachment hair’s cuticle, preventing material
failure by tensile reinforcement and proper distribution
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Rietveld refinement, phase identification). For comparison, the theo-
retical line positions for - and p-chitin are also shown. *C CP/MAS
NMR spectra of isolated chitin scaffold (red line) and a-chitin (black
line) (b). Based on [64]

of stresses that arise upon attachment and detachment.
These remarkable biological structures are composed of
thousands of specially designed microhairs (see example
Fig. 7) and have served as notable inspirations for research-
ers involved in biomimetic application design [128-131].
Detailed characterization of hydrophobic character of
cuticular hair has been described with respect to moults of
spiders Avicularia sp. peru purple, please see [66]. Despite
many studies to describe and define setae microhairs in
arthropods, there remain many mysteries and unsolved bio-
logical questions, including the structural and functional
role of chitin.

3 Practical uses of spider chitin
3.1 Biomedical application of spider tubular-chitin

Recently, the global market for regenerative tissue engi-
neering was estimated to reach around 60 billion USD
[132]. The modern structure-based tissue engineering
requirements necessitate large-scale 3D cell/tissue manu-
facturing technologies to generate biologically active 3D
scaffolds that possess biological, immunological, physico-
chemical, structural as well as mechanical cues at nano-,
micro- and macroscale levels [8]. Generally, artificially
fabricated scaffolds must possess biocompatible and eco-
compatible character [132] as well as the provision of suit-
able support for cell growth, migration, differentiation and
proliferation [133]. Such 3D constructs serve to mimic
the in vivo microenvironment where cells interact and
behave according to the mechanical cues obtained from
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Fig. 7 Digital microscope (a, b, d) and SEM (c) images of Avicularia
sp. “Peru purple” moult of a part of the walking leg. The brush-like
microstructure and porous cuticle are visible (blue arrows) (c). Inner
and outer side of moult are denoted by orange arrows (c). Single

the surrounding 3D environment [133]. Unfortunately, the
production of artificial scaffolds requires special machin-
ery and costly manufacturing technology. Consequently,
within the last decade, naturally prefabricated scaffolds
have been of high interest for their applications to modern
biomedicine. An excellent example of natural 3D matrices
for applications in biomedicine are scaffolds isolated from
sponges (Porifera) [134, 135] and natural films isolated
from insect cuticles [136]. The application of 3D naturally
pre-structured chitin matrices is an attractive alternative
with respect to scaffolding strategies. The dissolving of
chitin in LiCl-based solvents may lead to the promotion
of undesirable features, such as toxicity and loss of anti-
microbial properties. Moreover, important characteristics
such as high thermal stability, nano-fibrous structure,
hydrophobicity, tensile strength and mechanical proper-
ties may also be affected negatively after treatment [136].
Thus, it is very important to generate a facile and robust
method for the isolation of naturally 3D pre-designed
matrices.

hairy shaft transition zone

tip region

10 pm

attachment hair isolated from a selected fragment of the walking leg
part of moult, digital microscopy image (d) which has been subdi-
vided and denoted for clarity

Recently, the unique and ready-to-use 3D chitinous con-
structs of poriferan origin that include an interconnected
microtubular architecture [137-141] have been applied to
various practical applications. These include templates for
biomimetical applications such as those obtained under
extreme conditions (“extreme biomimetics”) [142-145],
electrochemistry [146] and environmental science [147,
148]. These investigations follow the trend to seek out new
sources of open-pore chitin matrices, foams and scaffolds
[149], for express use in biomedical applications.

The use of tarantula moult cuticles as a source of
unique tubular centimeter-sized chitin is economically
feasible given the relative ease by which it can be prepared
and the fact that moults are readily available from spi-
der farming operations worldwide. Along the lines of the
experiments described above, scientists recently showed
that tubular chitin from Theraphosidae spider Caribena
versicolor moulting cuticle, was effective as a scaffold for
the tissue engineering of selected mammalian cells [65].
Further, good experimental evidence was provided for the
biocompatibility of spider chitin with a human progenitor

@ Springer
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Fig.8 Cell adhesion on tubular chitin scaffold isolated from C. versi- tion of attached cells on the surface of the scaffold by fluorescence
color. Viable human progenitor cells stained with QTracker (orange) microscopy; nuclei are seen in blue (DAPI) (b). Copyright (2020),
on the chitin setae and the base surface of the scaffold (a). Visualiza- Elsevier, reproduced with permission [65]
a it b Geltrex-coated chiti
Uncoated chitin €eltrex-coated chitn

Fig. 9 Attachment and growth of iPSC-CMs on spider chitin scaf- Attachment of iPSC-CM spheroids on hair-like structures inside (e)
folds. Attachment of iPSC-CMs on uncoated (a) and Geltrex-coated and on the edge (f) of the chitin scaffold. Magnified images of the
chitin scaffolds (b). iPSC-CM muscle fibers formed inside the chi- areas indicated in c¢—f (g—j). Copyright (2020), Elsevier, reproduced
tin segments of the tarantula leg after 30 days of cultivation (c, d). with permission [65]

@ Springer
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Fig. 10 Optical image of the hydrophobic and light-weight A. sp.
“Peru purple” moulting cuticle (a). Digital image of hydropho-
bic moult immersed in water by an external force obtained by load

cell line (hPheol), as well as for cardiomyocytes differen-
tiated from induced pluripotent stem cells (iPSC-CMs).
The 3D tube-like scaffolds isolated from the spider C.
versicolor differ notably from those of sponge chitin not
only in size and porosity but also by the presence of setae
(micro-hairs) on the surface of the tubes. This fact makes
this naturally prefabricated material very promising from a
tissue engineering point of view (determination of behav-
ior of selected human cells in such microenvironment).
There was also provided evidence that human progenitor
cells (hPheol) derived from a pheochromocytoma were
attached to the chitin surface (24 h after seeding) and
seeding large cellular aggregates on the scaffold [65] (see
Fig. 8).

Authors have also described the behavior of long-term
cultured cardiomyocytes (iPSC-CMs) placed into the culture
on spider chitin scaffolds [65]. Beating of cardiomyocytes
was observed 1-2 days after reseeding, in keeping with typi-
cal iPSC-CM behavior under standard culture conditions.
Then, after 1 week, the iPSC-CMs formed spheroids inside
the chitin scaffold and attached to the hair-like structures
(setae). Interestingly, after prolonged culture period on the
C. versicolor scaffold (one month) the iPSC-CMs formed
longer, contracting muscle filaments inside the chitin scaf-
fold. Affinity of cardiomyocytes to spider chitin constructs

attachment, air bubbles layer is visible on the surface (b, e). Contact
angle of water (c) and diiodomethane (d) on moulting cuticle. Copy-
right (2020), Elsevier, reproduced with permission [66]

was observed here for the first time (see Fig. 9). The con-
tinuous activity of cardiomyocytes (beating) required strong
adhesion to a foundation, which, in this case was provided
by the chitinous scaffold.

Future research on chitin isolated from the spider’s moult
will assess how well it can be modified for use as reinforce-
ment for biocomposites. Our rationale is that scaffolds based
on chitin powder/nanosilica were found to be efficacious for
bone tissue engineering [150] and chitin nanofibers/chitosan
films have been found to be effective for wound healing
applications [151].

3.2 Chitin-based spider cuticle for oil-spill
remediation

Nowadays, the global economy in many branches of indus-
try is still based on crude oil [152]. Nevertheless, trans-
port and production of their derivatives are burdened by a
high risk of oil spills and resultant pollution. It has been
estimated that more than half of the oceanic hydrocarbon
pollution originates from human activity [66]. Thus, rapid
and effective mitigation using the unique sorption capabil-
ity of selected biological and artificial materials is criti-
cally important. Four main types of oil-spill remediation

@ Springer
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Fig. 11 Crude oil absorption by A. sp. “Peru purple” moulting cuti-
cle at room temperature. Crude oil (1 g) layer on the water surface
(100 ml) in a beaker (a). Moulting cuticle (about 300 mg) during con-
tact with crude oil (b). Image of oil sorption from the water surface

methods can be distinguished: (I) chemical (e.g., disper-
sants, solidifiers), (II) in situ burning, (IIT) bioremediation,
and (IV) mechanical recovery (e.g., booms, skimmers, sor-
bents) [153]. Out of all of these, adsorption controlled by
weak intermolecular forces (e.g., van der Waals forces)
is the most appropriate and preferred method but is influ-
enced by many factors, including oil viscosity, pore mor-
phology and the hydrophobicity of the sorbents [153—155].
Natural biomaterials are especially attractive as sorbents
when considering their biodegradability, renewability,
cost-efficiency and easy availability. There are dozens of
examples of currently used biosorbents, such as kapok
(fibers from the plant Ceiba pentandra) [156, 157], kerat-
ins (like human hair) [158] and bird feathers [152], fruit

@ Springer

by spider moult after 30 s of contact (c). Crude oil absorption capac-
ity as a function of time with 5% error bars (d). Conditions: 60 ml
freshwater, 2 g crude oil, 100 mg sorbent. Based on [66]

peel [159], rice husk ash [160] or barley straw, sawdust
or coir fiber [161]. In addition, pure chitin and chitosan
from crustaceans were widely described as oil pollutant
sorbents [162-166].

Machalowski and co-workers recently proposed the use
of moulting cuticles from the spider A. sp. “Peru purple”
(Araneae: Theraphosidae: Avicularinae) as a promising
crude oil adsorbent [66]. As was mentioned above, spider
cuticle represents an excellent example of a biocompos-
ite, which is composed of two main phases—chitin scaf-
fold and bound proteins (90% of total cuticle weight). The
unique surface morphology (specific setae arrangement)
and a thin layer of waxes also endows this raw material
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4-nitrophenolane
: anion

25 4 ‘\’6$‘\‘

4-nitroghenol

1,0 1

Absorbance, arb. units
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00 1317 nm 3-400.nm

Wavelenght, nm

Fig. 12 Stereomicroscopic image of the Chitin-CuO/Cu(OH), cata-
lyst after drying at 80 °C represent the blue-greenish color typical
of copper oxide-containing materials (a). Spherical crystalline struc-
tures of CuO/Cu(OH)2 (marked by X) of the inner surface of created
catalyst (b). UV-Vis spectra of 4-nitrophenol (4-NP) before and after

with excellent hydrophobicity and very low surface free
energy (4.47 +0.08 mN/m) (see Fig. 10). Under natural
conditions, the spiders use this property to avoid getting
wet as well as to quickly leave the water surface in the
event of a fall. In contrast to other natural biosorbents, this
proposed material is capable of remaining on the water
surface for a long time with negligible water absorption.
The non-homogeneous morphology of the moult makes it
suitable for oil spill removal and may be an inspiration for
the design of future artificial sorption materials.
Recently, experiments were conducted where crude
oil sorption capacities of moult cuticle were determined
in different salinities of water [66]. Results suggested
that moult cuticle was effective at removing crude oil at
12.6 g/g, 15.8 g/g and 16.6 g/g, respectively, in seawa-
ter, distilled water, and freshwater (Fig. 11). These results
demonstrate that spider cuticle-based material is more
efficient at removing crude oil than such currently used
fibrous sorbents as human hairs or cellulosic fibers. Four
cycles of sorption—desorption confirmed the reusability
of the proposed biosorbent. A possible explanation for
the crude oil adsorption mechanism is the brush-like and

250 300 350 400 450 500

— 08

Absorbance, arb. units

250 300 350 400 450 500
Wavelenght, nm

addition of NaBH, solution (c). Transformation 4-nitrophenol (4-NP)
to 4-aminophenol (4-AM) in the presence of Chitin-CuO/Cu(OH),
catalyst (d). Copyright (2020), Elsevier, reproduced with permission
[65]

microporous structures of the tubular spider moulting cuti-
cles (physical trapping) as well as the interaction between
the cuticular wax layers and crude oil.

3.3 Tubular and porous spider chitin as catalyst
component

In 2019, for the first time porous chitinous tubes isolated
from C. versicolor spider moult (from walking legs) found
application as membranes for catalyst creation [65]. Sci-
entists carried out an experiment whereby a catalyst com-
posed of chitin together with CuO and Cu(OH), phases
were used for the reduction of 4-nitrophenol in aqueous
solution. These results clearly indicated that the Chitin-
CuO/Cu(OH), (see Fig. 12) catalyst synthesized in this
study possessed good catalytic activity (activity parameter
K—1090.7 min~' g7"). In comparison with other copper-
based catalysts, the Chitin-CuO/Cu(OH), mixture provides
a stable composite and rapid conversion and simplifies the
removal of catalyst from the reaction mixture.

@ Springer
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4 Conclusions

Nature has produced a number of unique materials which
can find very specific applications in modern engineering
and biotechnology, as well as serve as inspirations for the
development of novel materials. The search for biomateri-
als with novel properties is an ongoing process. It can be
concluded here that although overlooked for many years,
spiders (especially Theraphosidae) represent a very prom-
ising source of a-chitin. Spider chitin, especially that from
the large-size species being propagated, can be used as a
versatile scaffold for many applications. The latest studies
have shown that moult cuticles from spiders are a good
source of chitin scaffold material that has retained in its
natural shape. Use of this material is economically feasi-
ble since moults are readily available from spider farms
worldwide for large scale and expedient chitin extraction.

We strongly believe that this review will encourage
our scientific community to lend their special attention to
studying chitin of spider origin. The ease of preparation of
chitinous scaffold material from Araneae using our inno-
vative MWI assisted technique should intensify its study
and increase the use of spider molt as a viable source for
technological and materials science applications in the
near future.
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