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ABSTRACT

The body of an ideal fish is covered by scales which are either thin
or thick. These scales arise as external growths from the epidermis
of the skin. Fish scales are known to contain pigmentation that
gives colour to the scales for example, the Minytrema melanops is
greyish brown in colour because of the grey colour from the scales
while its close relative the small mouth buffalo Ictiobus bubalus is
Olive-bronze in colour. Fish scales in general contain a variety of
pigments that give the fish a variety of colors. Fish scales constitute
about 2% of the total body weight, but said to be rich in nutritive
components just as the flesh of the fish. The scale of fish is similar
to the structure of a typical bone. Fish scales comprise of 40% -
55%collagen type 1, hydroxyapatite and calcium carbonate fat,
lecithin and scleroprotein. The mechanical testing of fish scales
was reported to show that the unique design of the strength of
scales is significant for mechanical characteristics. Again, the
mechanical strength and toughness displayed by fish scale
composition (external ganoine layer and internal layer) with
enforced mineral properties enable the protective nature of the
scales. Fish skin can be used like any other leather for various
wear-resistant items such as shoes bags and purses. With the use
of various tanning processes and chemicals, fish skin is
successfully used for shoes and clothing.

Keywords: Application, Biomaterials, Biomimetic, Calcium, Fish
scale, Mechanical properties, Industrial application.

INTRODUCTION

Fish scales are the small, plastic-like rigid plates covering on the
body of fish. They grow out of the fish to cover the skin.

Scales can be referred to as exoskeleton covering the fish skin.
The scales of fish are of different types. Scales are either small,
thin calcareous, bony, cornified, large plates which fit closely firmly
or loosely to overlap and cover the skin of fish. The arrangement of
these scales is usually in margins and patterns directed towards
the tail.

The body of an ideal fish is covered by scales which are either thin
or thick. These scales arise as external growths from the epidermis
of the skin. The epidermis contains numerous mucus cells that
produce and secrete mucus or slime which protect the fish from
pathogens such as bacteria, fungus and parasites from easily
penetrating the skin of the fish (Agbugui and Oniye 2019) All bony
fishes of the Class Osteichthyes and some Order in the Class
Chondrichthyes (Cartilagenous fishes) have scales of varying size,
shape, colour and thickness (Fish and Fisheries). Fishes with
scales belong to the class Osteichthyes. In as much as most fish
bear scales, the catfish do not have scales, the Agnathans do not
also bear scales.

Fish scales are known to contain pigmentation that gives colour to

the scales for example, the Minytrema melanops is greyish brown
in colour because of the grey colour from the scales while its close
relative the small mouth buffalo Ictiobus bubalus is Olive-bronze in
colour (Agbugui et al., 2021). Fish scales in general contain a
variety of pigments that give the fish a variety of colors.

The pigments deposit growth rings that assist in aging fish, these
rings are annuli markings formed from marked seasonal changes
from the wet and dry periods of the year, (Pandy and Shukla 2005).
The deposits form a lateral line along the body of the fish usually
from below the opercula region to the caudal peduncle, this lateral
line acts as a sensory receptor for the fish in water and assist in
detecting vibrations in water (Pandy and Shukla 2005).

The information about fish, fish scales, the fundamental and
functional properties, the composition of fish scales and use to fish
life cannot be over emphasized. The abundant information about
fish scales usually from exotic species. The reference to local
species especially in Nigeria is limited. The information concerning
the prospects of fish scale industry could be easily accepted if
species easily harvested by fisher folks in Nigeria can be
generated.

This paper aims at making available information of scales of fish
species found in Nigerian water bodies. The paper intends to add
to knowledge of the functional properties of fish scales, its imports
to fish, relevance to fish life, prospects of fish skin and fish scale
industry.

This paper reviews the biomimetic of fish scale, use to fish life and
its effect in fish industry and prospects to existence of man.

Formation of Scales

Scales are found in vertebrates. Scales emerge from the epidermal
and dermal layers of vertebrates and serve as external coverings.
The Malpighian layer of the epidermis secrete cornified scale
derivatives. These cornified scales are found in reptiles, birds and
mammals. Fish scales are developed from the mesenchymal layer
of the dermis (Bhavya, 2022).

Fish scales could be smooth, rough, small, large, thin, thick, hard,
cornified, bony plates, fused, or overlap. Fish scales could cover
the whole body of the fish such as Protopterus annectens or a
portion of the fish as seen in Acipenser. Different species of fish
have scales of different sizes, shapes and colour. Some species
are however scale-less such as cat fish Chrysicthys nigrodigitatus.

Characterisation of Fish Scales

Fish scales are called dermal scales which are mesenchymal in
origin (Bhavya, 2022). These scales vary in size, arrangement and
shape for different species. All fishes have scales except for the
catfishes of the family Siluridae. For the ones that have, the scales
cover the whole fish from the snout to the caudal peduncle e.g.,
Pomadasys jubelini, Minytrema melanops and Hydrocynus vittatus.
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Some fish have scales just on localized areas of the body for
example the Chimaeras, Acipenser and Polyodon (Froese and
Pauly, 2022).

Anatomically, scales are classified as ctenoid, placoid, rhomboid
cosmoid and cycloid (Pandy and Shukla 2005). Placoid scales
arise from the secretion of the epidermal and dermal layers of fish
such as the elasmobranchs. The other types of scales are often
found in teleost fishes (Bond 1979).

Cosmoid Scales:

Cosmoid scales are found in the lungfishes. In Australia, the
Australian lungfish Neoceratodus forester is the extant species of
fish that possess cosmoid scales (Clement and Bray 2022). In
Nigeria, the West African lungfish Protopterus annectens is a
typical example of a fish with cosmoid scales. (Plate 1). Another
fish with the cosmoid scales is the tiger fish Hyrocynus vittatus. The
scales consist of a double bone layer, comprising lamellar and
vascular bone; the outer layer is considered as a dentin-like
cosmine. The external layer of the scale is thin with enamel- like
layer called vitrodentine, flexible (Agbugui and Oniye 2022) though
closely attached and embedded in (Plate 2 and Plate 3).

Clement and Bray (2022), has described the cosmoid scale to have
a hard, enamel-like outer layer, an inner layer of cosmine (a form
of dentine), then a layer of vascular bone (isopedine) as shown in
the scales of Hydrocynus vittatus (Plate 2 and Plate 3).

Plate. 3. Cosmoid scale of Hydrocynus vittatus
Inner layer without vitrodentine

Clement and Bray (2022), has described the cosmoid scale to have
a hard, enamel-like outer layer, an inner layer of cosmine (a form

Plate. 1. Cos| ; le of P of dentine), then a layer of vascular bone (isopedine) as shown in
A ;l:SQUI g ,;) ; r(r;gll;i/: Z?Ne 90 rotoplerus annectens the scales of Hydrocynus vittatus (Plate 2 and Plate 3).

Ganoid Scales:

Ganoid scales are also called Rhumboid scale. Ganoid scales are
obtained in various forms and structure (Bond 1979), the scales
have an enamel-like material (ganoine) in them making them look
like teeth and feel like bones fused into socket, the scales are
heavy with a hard inorganic outer surface. The Placoid scales are
found in fishes such as the Polypterus bichir (Agbugui and Oniye
2022) as shown below in Plate 4a.

Froese (2022) has reported that the middle layer of the ganoid
scale is cosmine containing numerous branching tubules, while,
the innermost layer is thickest and is made up of lamellar bone,
isopedine (Yang et al., 2013).
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Plate 4a the Rhumboid scale of P. bichir
S1; outer side of the scale, s2; inner side of the scale
Source; Agbugui and Oniye 2022

a: median spine, b: basal spine

As shown above, the scales of P. bichir which is ganoid lack
surface or visible growth rings but is covered on the outside with a
hard glittering layer of ganoine. The scales do not grow like scales
of other bony fishes. These scales grow by the addition of new
layers to lower as well as upper surface. Plate.4b.

-

Plate.4b. Rows of Ganoid scales on P. bichir
Source: Agbugui and Oniye 2022

Fishes with ganoid scales are commonly called ganoid fishes.
Other fish bearing ganoid scales are the Acipenser (Chondrostean)
and Lepidosteus (holostean) (Freose and Pauly 2022). The scales
in P. bichir as shown above are hard rhombic plates, looking
polished, tightly and firmly fitting from edge to edge to the skin. This
gives the complete armour nature covering to the fish. The Alligator
gar common to the waters of the North America is another fish with
ganoid scales. The scales are not overlapping like other fish scales
but have thick hard and bony interlocking scales. The scales are
covered with ganoine (crystalline material coating) (Yang et al.,
2013). However, Bazerra et al. (2020) has reported that the scales
of the Arapaina are reduced in their thickness and rigidity. The
scales are thinner than those of the bichir and gars, do not possess
the ganoine layer and resemble typical cycloid scales.

Cycloid scales:
Cycloid scales are found in teleost fishes. These scales are
composed of concentric rings called annuli from yearly markings

and depositions of vitrodentine (Yang et al., 2013), the scales are
rigid, yet flexible, light and do not have the enamel-like nature of
ganoid and cosmoid scales. The scales are however firm and tough
enough to provide protection from predators. Cycloid scales lack
cteni (spinous teeth), the focus is not distinctly visible.

In Nigeria, fishes with cycloid scales include Pomadasys jubelini,
Hydrocynus vittatus, Minytrema melanops, Lates niloticus,
Heterotis niloticus, and Gymnarchus niloticus. Fig 5 shows scales
of Pomadasys jubelini (Agbugui and Oniye 20014, Agbugui and
Oniye 2022, Agbgui et al.,2021, Agbugui and Adeniyi 2021)

The first part of the scale to be developed is the focus which turns
out to be the central part of the scale. As the fish grows older, the
radii develop round the focus to the edge of the scale. The radii are
not necessarily a perfect circle but a round ridge that is quiet
observable. This is evident in Plate. 5

moagbugui

Plate. 5. Cosmoid scale of Hydrocynus vittatus External layer with
vitrodentine
F, focus; R, radii

Placoid Scales:

Placoid scales are seen in elasmobranchs otherwise known as
cartilagenous fishes such as sharks. The scales are embedded in
the dermis with each scale in the form of a plate with a sharp
projection (Esmeali et al., 2014) The placoid scale resembles the
ganoid scale but with a sharper pointed tooth-like edge. The tooth-
like edge is also known as the spine, the hard external layer is
covered with enamel-like substance called vitrodentine (Esmeali et
al., 2014). The placoid scales are closely set in skin but do not
overlap each other and giving a sand paper-like quality to the skin.

Ctenoid Scales:

Ctenoid scales look like cycloid scales. The ctenoid scales are
either elongated or circular but have a serrated outer edge and the
internal layer. The internal section is embedded in the skin and has
a comb-like edge. The scales are firmly attached to the skin and
the free hind section do not overlap (Naqvi et al., 2014) as in other
fish scales.

Fishes that bear ctenoid scales are tilapia, Sole fish. The external
layer is bony, stiff and hard while the internal layer is said to be
collagen-filled. The external surface offers protection to the fish
while the inner layer soft but soft to give flexibility, and aid
movement (Bond 1979).
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The external layer bears the cteni, tubercles and a large base that
is not conical (Plate 7). The radii are seen to form circular rings
called circuli. These are the yearly markings forms on the scales.
As earlier said and as seen on cycloid and ctenoid scales, yearly
marks are quiet observable and as such possible for the use of age
determination. The circuli are arrange to fit the shape of the scale.
Fishes with ctenoid scale have a conspicuous focus which is
located at the posterior end and is the first part of the scale to be
formed during ontogenesis.

Plate 6. Ctenoid scale of Solea solea
Inset arrow is the anterior comb-like edge also called grooves

efabhulimen
Plate 7. Ctenoid scale of Solea solea
R, radii; Iv, lateral view; f, focus; t, tubercules; c, cteni

Composition of Fish Scale

Fish scales constitute about 2% of the total body weight, but said
to be rich in nutritive components just as the flesh of the fish, it is
similar to the structure of a typical bone and comprise of 40% -
55%collagen type 1, hydroxyapatite and calcium carbonate fat,
lecithin and scleroprotein (Bhavya, 2022). The collagen from fish
scales is often used in its hydrolyzate form which is a combination
of protein hydrolysate and collagen peptide (Bhavya, 2022). These
components are reported to be higher in fresh water species
(Yaseen, 2021). Other constituents include protein, carbohydrate,
lipid, ash, and moisture (Yaseen, 2021). In addition, elements such
as calcium, iron, sodium, magnesium, phosphorus are present in
minute concentrations (Suo-Lian et al., 2017; Nkansah et al.,
2022). naqvi et al. (2014), reported that the scales of farmed and
locally purchased Ctenopharyngodon idella have protein contents
of 21.80% and very low lipid content of 0.74%. Since the scales of
fishes are not edible parts to humans it is therefore necessary
production and formulation of food and feed for livestock, and
poultry due to rich protein content and low-fat contents as well as
low-cost alternatives. Other elements found in fish scales include
calcium, sulphur, sodium, phosphorus and magnesium, but these
elements are found in trace amounts (Pati et al., 2010).

Fish protein hydrolysate (FPH) is a form of fish protein broken down
to simpler protein peptides, this hydrolysate can be obtained from
all species of fishes at various amounts and at varying degrees of
hydrolysis (Yaseen, 2021). It is reported that all parts of fish and
fish waste can be used to obtain FPH (Gil-Duran et al., 2016). In a
study of the production and characterization of protein hydrolysate
from parrot (Chlorurus sordidus), it was reported that the
hydrolysate was obtained under varying temperature and was
optimized with time, this by product is an essential material for
pharmaceutical, agricultural and organic fertilizer producing
industries (Prihanto et al., 2019).

It is reported by Omar et al. (2019) and Nkansah et al. (2022), that
Calcium hydroxyapatite is a useful component in an absorption
process, it serves as an organic adsorbent that can remove
pollutants from water, furthermore, the cost-effective use of fish
scales in the removal of Pb and Fluoride from water. The removal
of the pollutants is credited to the hydroxyl groups of the
hydroxyapatite in fish scale.

Mechanical Properties of Fish Scales

The scale of fish consists of three characteristic layers.

The innermost layer consisting of a compact bone- isopedine, the
intermediate or middle layer of spongy vascular bone and the outer
layer is of dentine (Yaseen et al., 2021).

The mechanical testing of fish scales was reported by lkoma et al.,
(2003) that the unique design of the strength of scales is significant
for mechanical characteristics, and the mechanical strength and
toughness displayed by fish scale composition (external ganoine
layer and internal layer) with enforced mineral properties enable
the protective nature of the scales.

Fish scale and aging

The circuli formation is due to the excess calcium salts secreted by
the skin and their subsequent deposition on the scale. So, the
distance between circuli indicates a fast or slow growth period
(Begum 2021). This is especially useful in temperate waters where
pronounced retardation of growth of body and scales occurs in fall
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and winter, causing the spacing between the circuli to decrease
and thus leaving a band on the scales called an annulus or periodic
zone. The stress of spawning, movement from fresh to salt water,
parasitism, injury, pollution, and sharp and prolonged change in
temperature may all leave marks on the scales similar to annuli
which may be false annuli (Bagum 2021). Scales grow in a direct
relationship with body growth, making it possible to measure the
distance between annuli and back calculate the age at different
body sizes (Yaseen et al., 2021). Cycloid and ctenoid scales are of
considerable help in calculating the age of and growth rate of
fishes. Many species undergo seasonal growth which is apparent
from the lines of growth on the scale. In some species like Salmo,
spawning marks can be seen on the scales, so that it is possible to
find how many times a fish has spawned.

Scales grow throughout life in size with the fish. Growth results in
concentric lines which make age determination possible in salmon,
trout, bass and several other species. For every species, its scale
pattern is rather constant. Thus, arrangement, number, form and
structure of scales play an important role in identification and
classification of fish species.

Effects of the Properties of Scales
The function of scales of fish is numerous and vary for various
reasons.

Protective covering and self-defense: Many organisms are
covered with body armour for protection. The scales of fish act as
a protective shield over the skin of the fish. Fish scales could
protect the fish from direct injury such as punctures, abrasion and
force from unsuitable rough environment. The thickness of the
armour could vary from fish to fish. This use is seen in the bichir
with tough and hard ganoid scales as against Tilapia with more
flexible scales. Scales protect fish from parasites that can easily
penetrate the skin and flesh (Agbugui and Oniye 2019). Fish
spines and thorn ward off predators and larger fish. Again, offering
protection through camouflage from the use of reflection and color
of scales to provide optimal survival.

Fishes with scales capable of demonstrating mechanical strength
of great magnitude to resist punctures, abrasion, unsuitable rough
environment, and resist penetration is the teleost fish is also
considered to demonstrate great mechanical properties in similar
conditions where penetration resistance is favored (Rawat et al.,
2021). The invention and usage of body amour to protect the chest
and other sensitive and delicate parts of the body are necessary to
improve or replace the Kelvar product. The biomimetic inspiration
where scales can be used for the production of body has been put
to test by Stopfort and Adadi (2018) and Yaseen et al., (2021)
where scales can serve as body covering to mimic the Kevlar bullet
proof is rapidly advancing. Different fish species were used in the
study. The most promising fish with high amour protective
properties was the Arapaima gigas (Yang 2013), its dermal layers
have two regions; a bony layer for protection and the second
surface thick layer made of soft flexible collagen. The mechanical
speed shows that the scales provide favorable reduced penetration
to low-speed projectiles (Bond 1979). Other scales from fish
species like the Teleost may not have the same mechanical
strength but the studies have reported that the scales were efficient
in the reduction of damage to skin and propagation. The study had
some challenges proving that scales could fracture and lose their
structure due to excess load (Yaseen et al., 2021). This therefore
provides some opportunity for progress and further development.

Fishes like the Protopterus annectens, Polypterus bichir and
Heterotis niloticus found in the West African, Nigeria have tough
scales with high mechanical strength. However, data on such
scales are lacking (Agbugui and Oniye 2022)

Locomotion: Large scales offer paramount protection but restricts
movements as seen in Heterotis niloticus, the bichir and the
Alligator gar, while light small scales offer lesser protection but
increases agility and movement of fish as seen in Minytrema
melanops and Gymnarchus niloticus (Agbugui and Adeniyi 2021;
Agbugui et al., 2021), hence the electric eel, Anguilla Anguilla have
microscopic scales with a tremendous swift movement. In general,
the arrangement of scales in rows overlapping and the flexibly
packed orientation aids motion in fishes (Agbugui and Oniye 2022).

Classification: Fish scales are used in taxonomy and
nomenclature. This is to identify and group fish species into taxa.
Scales are often used to distinguish between primitive and modern
day fish, cyprinoid and siluroid fishes which are scales-less. Hence,
the fish are grouped into fishes with ganoid, cycloid, placoid and
ctenoid scales. Furthermore, these scales represent and reveal
characteristics of either teleost fishes which are bony,
cartilagenous fishes such as Chondrichthyes and lung fishes or
even completely scale-less (Pandy and Shukla 2005), such as the
siluroid fish. Other ways of fish identification using scales include
the number of fish scales along the lateral line, above or below the
lateral line as described by (Agbugui and Oniye, 2022).

Age and growth of fish: The scales of fish show yearly markings
around them which is representation of increase in size is. Hence
fish is said to grow throughout life. Not all fishes have markings on
their scale (Bond 1970), this is not to conclude that fish scales
without annuli rings and marks have not reached a full year or not
mature.

Adornment: scales of various fish show different colours ranging
from white, silver, brown, green, pink and reddish depending on the
type of fish, location and natural habitat.

Scales are used for making tip points of arrows: The scales are
sometimes dipped into poison for potency (Anon 2022).

Prospects for fish scale industry:

Production of environmentally friendly fertilizer:

Fish scales are reported to produce organic fertilizer from the
fermentation of fish scales using bacteria. A study was carried out
on fish scales as potential substrate for production of alkaline
protease and amino acid rich aqua hydrolyzate by Bacillus
altitudinis GVC11. The result was an alkaline protease which
contained non-essential amino acids that could be used as
nutritional supplements by farmers (Harikrishna et al., 2017). This
form of fertilizer is cost effective and environmentally friendly, a
valuable way of restoring the habitat, environment and reducing
waste.

Leather industry

The fish leather industry is dependent on the amount of scale fish
harvested. Fish skin and scales is recently becoming an important
fishery by product perhaps because of the increasing demand for
fish, it is more environmentally friendly as compared to other
endangered and protected animal products such as alligator and
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zebras. Although the fish skin/scales are not solely bio-degradable,
it is said to be durable. It is reported that fish skin is just as durable
as other skin types, the leather is approximately nine times as
strong as the leather obtained from cows because the fibers in the
skin of fish crisscross rather than the vertical and horizontal pattern
(Annon, 2005). In Kenya, fish skin can be used like any other
leather for various wear-resistant items such as shoes bags and
purses. With the use of various tanning processes and chemicals,
fish skin is successfully used for shoes and clothing (William 2022).
Furthermore, the skin types of sturgeon, carp, and conger were
analyzed and possessed by Zengin et al., (2015) to show that all
three fish leathers had adequate physical strength to be used in the
manufacture of leather goods. In the waters of Nigeria, some fish
have scales firmly fitted into the skin hence descaling becomes
difficult. Some fish species are dried and smoked with the skin
perhaps again because most of the scales do not general go off.
Such fish can be looked in to as sources for fish leather. This
industry is virgin and might possibly promote the diversity and
prospects of fish industry in Nigeria.

Comprehensive Extraction from Fish Scales

This process will facilitate the production of functional and nutritive
components from fish scales. The by- products of fish scale
extraction include collagen, again, hydroxyapatite or soluble
scleroprotein. The waste liquid also contains calcium hydrogen
phosphate after decalcification, the waste liquid can be made into
feed additives. Such study has been reported by Wang (2014), and
Suo-Lian et al., (2017) to promote the extraction of calcium
hydrogen phosphate, NaOH to be mixed with waste acid. The
results were products that could effectively save resources, protect
the environment and improve the economic value of fish scales
thereby promoting the fish industry.

Removal of heavy metals from energy produced waste (option for
bioremediation)

Heavy metals can be released into the environment from petroleum
industry, industrial waste, agricultural waste (Agbugui and Abe,
2022). The release of heavy metals into the environment can cause
environmental pollution, environmental degradation and the cause
deleterious effect to animals, plants and humans thereby disrupting
the food chain and other living organisms hence the need for an
environmentally friendly option away from the chemical and
physical removal of heavy metals from the environment was
adopted. This leads research to a need for bio inspired material
such as fish scales. Mustapha (2003), reported the use of fish
scales to absorb Chromium, lead and arsenic from a petroleum
polluted environment where the microbial action from the fish
scales led to a great reduction in the level of chromium.

Highlights:

The highlights of this manuscript include;

1. The beauty of fish scales as a covering to different fish
species

2. The value (toughness, strength, durability) of fish scales to
fish life

3. The prospects and possible use of fish scale to man and his

Again to Prof. S.J. Oniye for the research guide.

To Edo State University Uzairue for the opportunity to carry out this

research.

REFERENCES

Annonymous  2005. Extra  strong  fish leather.
eathermag.com/features/featureextra-strong-fish-leather/.
Cited 31 Mar 2022.

Agbugui, M.O. and Oniye, S.J. (2019). Parasites of the Grunt,
Pomadasys jubelini in the New Calabar-Bonny River, Rivers
State Nigeria. International Journal of Zoology and Applied
Biosciences.4(5) 227-230

Agbugui M.O. and Oniye S.J. (2019). The Mouth and Gastro-
Intestinal Tract of the Lung Fish Protopterus annectens
(Owen, 1839) in River Niger at Agenebode, Edo state,
Nigeria. Egyptian Journal of Aquatic Biology and Fisheries.
23(4): 181-188.www.ejabf journals.ekb.eg (Q4)

Agbugui M.O., Egbo, O.H. and Abhulimen, F.E (2021). The Biology
of the African bonny tongue Heterotis niloticus (Cuvier, 1829)
in the River Niger at Agenebode, Edo State Nigeria.
International ~ Journal of  Zoology. 14(6) 43-55
doi.org/10.1155/2021/3151609 Q1

Agbugui M.O., Adeniyi, A.O. (2021). The biology of the spotted
sucker Minytrema melanops in the Lower River Niger at
Agenebode, Edo State, Nigeria International Journal of
Fisheries and Aquatic Research. 6(2) 82-90

Agbugui, M.O., Abhulimen, F.E. and Egbo, O.H. (2021). Gross
Anatomy and Histological Features of Gymnarchus niloticus
(Curvier, 1829) from the River Niger at Agenebode in Edo
State, Nigeria. International Journal of Zoology. 14(6) 43-55
doi.org/10.1155/2021/3151609 Q1

Agbugui M. O. and Oniye, S.J. (2022). Gross anatomy and
histology of Polypterus bichir from the Lower River Niger at
Agenebode in Edo State, Nigeria. Acta Scientific
Gastrointestinal Disorders. 5(2): 03-11.

Agbugui, M.O and Abe, G. O. (2022). Heavy Metals in Fish:
Bioaccumulation and Health. British Journal of Earth
Sciences Research 10(1): 47-66 DOI: 10.37745/bjesr.2013

Begum, M., Al Ma Mun, M.D.Z. and Miah, M.D.A.S (2021).
Nutritional profiling of selected fish’s scales: An approach to
determine its prospective use as a biomaterial. International
Journal of Fisheries and Aquatic Studies 9(3): 26-31

Bezerra, W.B.A., S.N. Monteiro, M.S. Oliveira, F. Santos da Luz, F.
da Costa Garcia Filho, F.C. da Cruz Demosthenes, C.U.
Oliveira (2020). Processing and characterization of Arapaima
gigas scales and their reinforced epoxy composites. Journal
of Material Research and Technology, 9 (3):3005-3012
www.jmrt.com.br

Bhavya, S. 2022. Scales of Fishes. Vertebrates. Chordata,
Zoology. Zoology notes. Accessed 21 Mar 2022.

Bond, C. E. (1979). The Biology of Fishes. W.B. Saunders
Company. Philadelphia London Toronto. 485 pages

Browning, A., C. Ortiz, M.C. Boyce 2013. Mechanics of composite
elasmoid fish scale assemblies and their bioinspired
analogues. Journal of Mechanical Behaviour Biomed Mater
19:75-86.

Clement D. and Bray, A. (2022). Lungfishes. Ceratodontidae in

environment Fishes of Australia. Accessed 13 Mar 2022.
https:/ffishesofaustralia.net.au/home/family/170
Acknowledgement: Esmaeili, H. R., R. Khaefi, G. Sayyadzadeh, M. S. Tahami, B.

Acknowledgement goes to Mr Fran Abhulimen for pains taken to
make clear pictures.

Parsi, A. Gholamifard. (2014). Scale Surface Microstructure
and Scale Size in Three Mugilid Fishes (Teleostei, Mugilidae)

Biomimetics of Fish Scales: Value and Prospects

500


http://www.scienceworldjournal.org/
http://www.ejabf.journals.ekb.eg/

Science World Journal Vol. 17(No 4) 2022
www.scienceworldjournal.org

ISSN: 1597-6343 (Online), ISSN: 2756-391X (Print)
Published by Faculty of Science, Kaduna State University

of Iran from Three Different Habitats. IUFS Journal of Biology.
73(1): 31-42.

Gil-Duran, S., D. Arola, E.A. Ossa. (2016). Effect of chemical
composition and microstructure on the mechanical behavior
of fish scales from Megalops Atlanticus. Journal of the
Mechanical Behavior of Biomedical Materials, 56, 134-145

Harikrishna, N., S. Mahalashmi, K. Kandalai, G. Reddy. 2017. Fish
Scales as Potential Substrate for Production of Alkaline
Protease and Amino Acid Rich Aqua Hydrolyzate by Bacillus
altitudinis GVC11. Indian Journal of Microbiology 57(3). DOI:
10.1007/s12088-017-0664-2

Lauder, G.V., K. Dylan, A.G. Wainwright, J.C. Domel, L.W. Weaver
and B. Katia 2016. Structure, biomimetics, and fluid dynamics
of fish skin surfaces. PHYSICAL REVIEW FLUIDS 1: (6). 1-
18 https://doi.org/10.1103/physrevfluids.1.060502.

Lin YS, C.T. Wei, E.A. Olevsky, M.A. Meyers. 2011. Mechanical
properties and the laminate structure of Arapaima gigas
scales. Journal of Mechanical Behaviour 4(7):11 45-56.

Meyers M.A, Y.S. Lin, E.A. Olevsky, P.Y. Chen. 2012. Battle in the
Amazon: arapaima versus piranha. Advances in Biomater 14
(B2): 79-88.

Mustapha, S., (2003). The application of fish scales in removing
heavy metals from energy produced waste stream: the role of
Microbes, Energy  Sources, 2(9) 905-916, DOI:
10.1080/00908310390221255

Naqvi, M.A., S. Tahir, and A. Gilani 2014. Proximate composition
of head and scales in wild and farmed ctenopharyngodon
idella under different weight categories. Journal of Global
Innovation Agrcultural and Social Sciences 2(4): 171-174.
ISSN (Online): 2311-ricultural3839; ISSN (Print): 2312-5225
DOI: 10.17957/JGIASS/2.4.517 http://www.jgiass.com

Nkansah, M.A., A.B. Dua, G.A. Aryee, and J. Adusei-Gyamf. 2022.
Evaluation of Scales of Tilapia Sp. and Sciaenops
ocellatus as Low Cost and Green Adsorbent or fluoride
Removal From Water. Frontiers in Chemistry. 23
| https://doi.org/10.3389/fchem.2022.813533

Pandey, K. and J.P. Shukla (2005). Fish and Fishery. Rastogi
Publications,India 640 pp

Pati, F. B. Adhikari, S. Dhara, 2010. Isolation and characterization
of fish scale collagen of higher thermal stability. Bioresourse
Technology.101:3737-3742.

DOI: 10.1016/}.biortech.2009.12.133.

Prihanto, A.A., R. Nurdiani and A.D. Bagus. 2019. Production and
characteristics of fish protein hydrolysate from parrotfish
(Chlorurus sordidus) head. Peer Journal. 7: e8297.doi:
10.7717/peer}.8297

Rawat, P., Zhu, D., Rahman, M. Z., and Barthelat, F. (2021).
Structural and mechanical properties of fish scales for the bio-
inspired design of flexiblebody armours: a review. Act
Biomaterialia 121, 41-67. doi: 10.1016/j.actbio.2020.12.003

Biomimetics of Fish Scales:

Song, J., C. Ortiz, M.C. Boyce 2011. Threat-protection mechanics
of an armored fish. Journal of Mechanical Behaviour Biomed
Mater 4(5):699-712.

Stopforth, R., and Adali, S. (2018). “Full metal jacket projectile
penetration analysis of kevlar only bulletproof vest,” in
Proceeding of the Conference:3rd International Conference
on Composites, Biocomposites and Nanocomposites 2018.
(Ggeberha).

Subasinghe R, Siriwardena SN, Byrd K, Chan CY, Dizyee K,
Shikuku K,Tran N, Adegoke A, Adeleke M, Anastasiou K,
Beveridge M, Bogard J, Chu L, Fregene BT, Ene-Obong H,
Cheong KC, Nukpezah J, Olagunju O, Powell A, Steensma J,
Williams G, Shelley C and Phillips M. 2021. Nigeria fish
futures. Aquaculture in Nigeria: Increasing Income,
Diversifying Diets and Empowering Women. Report of the
scoping study. Penang, Malaysia: WorldFish. Program
Report: 2021-16.

Suo-Lian, W., K. Huai-Bin, and L. Dong-Jiao. 2017. Technology for
Extracting Effective Components from Fish Scale. Journal of
Food Science and Engineering. 7; 351-358 doi:
10.17265/2159-5828/2017.07.003

Williams, C. (2022). The Art of Turning Fish into Leather. Hakai
Magazine. Coastal Science and Societies
www.hakaimagazine.com Cited, 3/30/22

Yang, W., B. Gludovatz, E.A. Zimmermann, H. Bale, O.R. Ritchie,
M.A. Meyers. 2013. Structure and fracture resistance of
alligator gar (Atractosteus spatula) armored fish scales. Acta
Biomaterialia 10 (2014): 3599-3614.

Yaseen AA, Wagar T, Khan MAA, Asad M and Djavanroodi F
(2021) Fish Scales and Their Biomimetic Applications. Front.
Mater. 8:649456. doi: 10.3389/fmats.2021.649456.

Zengin, A. C. A., Basaran, B., Karavana, H.A., Mutlu, M.M., Bitlisli,
B.O., Gaidau, C., Niculescu, M., Maereanu, M. 2015. Fish
Skins: Valuable Resources for Leather Industry. XXXIII
IULTCS Congress November, 24th - 27th, 2015 Novo
Hamburgo/Brazil 1 -7

Zhuy, D., L. Szewciw, F. Vernerey, F. Barthelat. 2013. Puncture
resistance of the scaled skin from striped bass: collective
mechanisms and inspiration for new flexible armored signs.
Journal of Mechanical Behaviour Biomed Mater 2013(24):30-
40.

Zimmermann, E.A, B. Gludovatz, E. Schaible, N.K.N. Dave, W.
Yang, M.A. Meyers 2013. Mechanical adaptability of the
Bouligand-type structure in natural dermal armor. National
Community 4:2634. http://dx.doi.org/10.1038/ ncomms3634

Value and Prospects

501


http://www.scienceworldjournal.org/
https://doi.org/10.1103/physrevfluids.1.060502
http://www.jgiass.com/
https://doi.org/10.3389/fchem.2022.813533

