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Abstract

Fish skin grafting as a new skin substitute is currently being used in clinical

applications. Acceleration of the wound healing, lack of disease transmission,

and low cost of the production process can introduce fish skin as a potential

alternative to other grafts. An appropriate decellularization process allows the

design of 3D acellular scaffolds for skin regeneration without damaging the

morphology and extracellular matrix content. Therefore, the role of decellular-

ization processes is very important to maintain the properties of fish skin. In

this review article, recent studies on various decellularization processes as well

as biological, physical, and mechanical properties of fish skin and its applica-

tions with therapeutic effects in wound healing were investigated.
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Key Messages
• the acellular extracellular matrix can show high efficiency for wound heal-

ing and tissue regeneration
• the acellular fish skin as a rich source containing proteins, oils, and other

biological factors can accelerate the wound healing process
• different decellularization methods can affect the final product in terms of

physical, mechanical, and biological properties

1 | INTRODUCTION

Burns are a common critical problem that is the most
traumatic and devastating physical injury that affects
almost every organ system and results in significant mor-
bidity and mortality. About 300 000 burn deaths are

recorded worldwide each year.1 Burn injuries are classi-
fied as first, second, third, and fourth degree depending
on the depth and intensity of their penetration to the skin
surface. Superficial damage (first degree) involves only
the epidermis of the skin. Superficial partial thickness
(grade II or 1B) involves the superficial dermis, while
deep partial thickness (grade II or 2B) involves the more
inner parts of the dermis. A complete burn of the skin
and subcutaneous structures is known as a third-degree

This study was carried out in accordance with the relevant guidelines
and regulations.

Received: 16 February 2023 Accepted: 6 March 2023

DOI: 10.1111/iwj.14158

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2023 The Authors. International Wound Journal published by Medicalhelplines.com Inc and John Wiley & Sons Ltd.

2924 Int Wound J. 2023;20:2924–2941.wileyonlinelibrary.com/journal/iwj

mailto:e.biazar@toniau.ac.ir
mailto:kia_esm@yahoo.com
mailto:kia_esm@yahoo.com
mailto:saeed.heidari@sbmu.ac.ir
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/iwj


burn injury, and if the severity of the burn increases, it
may also damage the underlying muscles, tendons, and
bones, which is referred to as a fourth-degree burn.1-3

Various studies have shown that acute and chronic
wounds lead to the inflammatory response of the host
body and the formation of scar tissue. Therefore, a better
understanding of the inflammatory response can play an
important role in the healing and regeneration process
regardless of the type and severity of the wound. Wound
healing is a systematic process that includes four phases:
homeostasis (coagulation), inflammation (infiltration of
mononuclear cells), proliferation (epithelialization,
fibroplasia, angiogenesis, and granulation tissue forma-
tion), and maturation (deposition collagen) or remodel-
ling process (Figure 1). Based on the understanding of
these mechanisms, therapeutic methods were also
developed. The traditional treatment of burn wounds is
based on the removal of debridement and the use of
sterile gas with local antimicrobial compounds or dress-
ings containing silver such as Silvadene Sulfamylon,
and Acticoat.4-6 New methods such as tissue engineering
have opened a new functional solution to the repair and
regeneration of tissues. The main goal of tissue engi-
neering is to use biological sciences and engineering to
create tissue substitutes that can cause repair and
improvement or regeneration of damaged tissues and
organs.7 The three main elements of tissue engineering
are cells, scaffolds, and factors.8

Scaffolds are structures composed of synthetic or nat-
ural biomaterials that are used to mimic the natural envi-
ronment of cells, known as the extracellular matrix
(ECM), to aid growth and proliferation, and cell organi-
sation.9 These substances provide a suitable environ-
ment to support cells and stimulate the synthesis of
ECM by cells. Different methods for making scaffolds
have been proposed to be able to produce suitable
microenvironments for tissue production in the in-vivo.
Natural and synthetic materials that make up scaffolds
have advantages and disadvantages. The most impor-
tant characteristics of natural polymers include better
biocompatibility, cheapness, greater cell adhesion, and
inherent structural similarity to body tissues. On the
other hand, their main drawbacks include limited tun-
ability, immune response, unpredictable degradation
rate, microbial contamination (eg, endotoxins), swell-
ing, and low mechanical strength. Compared with nat-
ural polymers, synthetic polymers have advantages
such as adjustable properties, better shaping or manu-
facturability, and higher mechanical properties. One of
the most important defects of synthetic biomaterials is
their inappropriate cell adhesion, hence chemical and
physical modification can work to improve this perfor-
mance. In addition, some synthetic biomaterials
require toxic solvents for their formation, which can
cause biocompatibility problems.9-12 Decellularized
matrix (DM) is one of the natural biological materials

FIGURE 1 Illustration of the process of skin wound healing.
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that can be used as an ideal scaffold in tissue engineer-
ing. DM with suitable biodegradability can provide a
suitable space for tissue growth, as well as it has low
immunogenicity and can facilitate tissue repair by pre-
serving bioactive molecules. DM may provide a biomi-
metic microenvironment that promotes cell adhesion
and proliferation.13 Recently, decellularized tissues
from non-mammalian sources have received special
attention because of fewer ethical restrictions and low
risk of infection transmission (foot-and-mouth disease,
swine influenza, and bovine spongiform encephalopa-
thy).14 Avoiding the risk of disease transmission and
abundant access to disposable wastes of fish such as
fish skin have attracted the attention of many
researchers, and a variety of decellularization methods
have been used to design an efficient product as a bio-
logical scaffold.15,16 Fish skin is a versatile tissue that
performs various essential functions such as sensory
function, chemical and physical protection, and hor-
monal metabolism. Moreover, it serves as a significant
first line of defence against disease as fish are continu-
ally exposed to a variety of microbes in the aquatic
environment. Therefore, this tissue has structural simi-
larities with mammalian tissue. The epidermis of fish,
similar to the epidermis of terrestrial vertebrates such
as mice or humans, has a multi-layered tissue that is
separated from the dermis by a distinct basement mem-
brane.17 In addition to the antimicrobial nature of fish
skin, it also shows high biocompatibility and low
immunogenicity, which accelerates the wound-healing
process. They do not have the α-Gal antigen and also
have a low risk of prion and/or viral infection.18 In
recent years, there has been increasing interest in a fish
skin-derived acellular dermal matrix (ADM) and its
extracted collagen for tissue engineering applications.18

According to the mentioned cases, ADM can be used as
a suitable scaffold in the field of tissue engineering,
especially in wound healing. To use fish skin, tissue
decellularization must be performed. In the process of
decellularization, host cells that can cause the stimula-
tion of the body's immune system must be removed,
but during the process, the overall structure of the
matrix should not undergo fundamental changes. On
the other hand, the mechanical and physical properties
of the DM such as degradability and mechanical prop-
erties can be changed. To solve this problem, different
chemical and physical modification methods such as
crosslinkers can be used.19 In this review article, the
different types of decellularization protocols performed
on fish skin, as well as their biological, physical, and
mechanical properties and in vivo applications in the
treatment of skin wounds will be discussed.

2 | DECELLULARIZATION
PROCESS

Decellularization methods are classically classified into
three groups: chemical, physical, and enzymatic.20 To
reduce the negative effects of each technique, usually, a
combination of decellularization methods has been used
in different studies. In addition, the decellularization
method chosen for different tissues differs from each
other.21 Table 1 shows some decellularization protocols
and their application on fish tissue.

2.1 | Chemical methods

In the chemical method of decellularization, ionic
(sodium dodecyl sulfate [SDS]) and non-ionic (Triton X-100)
solutions, zwitterionic (3-[(3-Chola-isopropyl) dimethylam-
monio]-1- propane sulfonate (CHAPS)) surfactants, as well
as acidic (peracetic acid) and basic (ammonium hydroxide;
NH4OH) solutions are used to destroy the membrane and
remove the cells.30 Surfactants lyse cells by rearranging phos-
pholipids in the cell membrane. Ionic SDS is one of the
most widely used surfactants because of its effectiveness in
removing cells and removing at least 90% of DNA. Never-
theless, it has been shown that SDS especially thin tissues
can change the basic mechanical properties of the tissues
and prevent the re-aggregation of cells in the tissue by
damaging the structure of proteins and structural and
signalling components.31-33 Khajovi et al. investigated
the effectiveness of SDS on the decellularization of stur-
geon cartilage. In this study, after the decellularization
process, the high amount of hydroxyproline indicated
the preservation of collagen fibres. In addition, the effec-
tiveness of this method in removing nucleic acids was
determined. However, the results showed that the num-
ber of glycosaminoglycans (GAGs) in the cell matrix
decreased.24 Cytotoxicity is another problem with SDS,
and tissue must be washed after decellularization. Con-
sidering that SDS is an ionic surfactant, washing it with
solutions such as phosphate-buffered saline (PBS) pre-
sents its challenges. As a result, a careful washing pro-
cess is necessary.33

For tilapia skin decellularization, the samples were
immersed in 1% SDS and 0.25% trypsin solution and then
soaked in 0.1% NaOH and 3% H2O2 and finally freeze-
dried. Scanning electron microscope (SEM) images
showed that two sides of the untreated skin have a dense
structure, whereas for the decellularized skin sample,
one side was dense and smooth and the other side was
loose and porous because of the removal of the epider-
mis. The collagen fibres in the skin had an orderly and
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TABLE 1 Different decellularization methods of fish tissues.

Type of fish
tissue Fish specie

Method of
decellularization Results Reference

Air bladder Silver carp
(Aristichthys nobilis)

Chemical:
Triton 0.2% X � 100
+ 24 mM sodium
deoxycholate in 0.2%
EDTA

• Decreasing fat from 7% to 3%.
• Decreasing DNA to 0.8 ng/mg.
• Increasing collagen content from 42% to 90%.

22

Swim bladder Goldfish (Carassius
auratus)

Chemical:
CHAP buffer + SDS

• Preservation of elastin, collagen 1, fibronectin.
• Removal of DNA.
• No obvious calcification.

23

Cartilage Sturgeon fish Chemical +
Enzymatic:

SDS + DNAase1

• The large amount of collagen remained but GASs was
changed.

• The amount of DNA was 43.3 ± 6.5 ng/mg (9.2%
± .15% of total DNA).

24

Scale Crisp flesh grass carps Chemical +
Enzymatic:

Hypotonic tris buffer
solution containing
protease inhibitor
and 1% Triton X-100
solution + DNase
and RNase

• Simulating three-dimensional microenvironment for
the cells culture.

• High cytocompatibility.
• Ability to bind to the cells and induce cell

differentiation.
• Guide cells migration along the ridge channels.

25

Scale Tilapia Chemical + Physical:
2% SDS + 4 cycles of
freezing and thawing

• GASs content did not decreased significantly.
• Most of the cells were removed.
• Collagen arranged in a unique structure.

26

Skin Tilapia Chemical:
3% sodium bicarbonate
(NaHCO3) + 3%
hydrogen peroxide
(H2O2)

• The cell completely removed.
• The structural integrity of the collagen fibres did not

damaged.
• The scaffold was porous, spongy, and biocompatible.
• The scaffold had good cell adhesion and was friendly

to cell growth.

27

Skin Grass carp Chemical + Physical:
Hypertonic and
hypotonic solution
along with Triton
0.5% + freezing and
thawing

• Porous scaffold.
• High biocompatibility.
• No allergic response.
• Cost effective method.

28

Skin Grass Carp Chemical + Physical:
Hypertonic and
hypotonic solution
along with Triton
0.5% + freezing and
thawing

• Low cytotoxicity.
• Most of the cells were removed.
• Tensile stress and Young modulus were 64% and 67%

of native ECM respectively.

16

Skin Tilapia Chemical:
NaOH + Triton X- 100

In compare with native skin
dECM retained:
• 1.4 ± 0.7 ng per mg of DNA.
• 9.1 ± 0.2% of hydroxyproline.
• 0.6 ± 0.1 μg per mg of GAGs.

18

Skin Nile tilapia
(Oreochromis
niloticus)

Chemical +
Enzymatic:

SDS + dispase and
nuclease enzyme

In compare with native skin:
dECM retained:
• 69.3% collagen content.
• 0.4% of DNA.
• 67% ±1.2% of tensile stress.
• 39% ± .77% of Young's modulus.

14

(Continues)
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tight structure. The decellularized skin sample swelled
after exposure to the aqueous environment, which loos-
ened the structure and eventually created gaps between
the collagen layers. The results of haematoxylin and eosin
staining also confirmed this morphological change. The
results of HE staining showed that this decellularization
method is well able to remove fish skin cells and leave only
the acellular matrix.34

To aid in the washing process, non-ionic surfactants
such as Triton X-100 are often mixed with SDS.33 Triton
X-100 is used to delete the remaining fats by disrupting
the connections between lipids and proteins.35 The effec-
tiveness of the decellularization method based on Triton
X-100 has been investigated on the silver carp air bladder
and grass carp fish skin. The results showed that the cre-
ated scaffold has a porous structure and causes cells to
grow and differentiate. The significant reduction of cells
and fat, as well as the preservation of collagen fibres as
the most important component of the ECM, showed the
high efficiency of this method.22,28 The remaining DNA
concentration of 0.8 ng/mg, which is two times lower
than the generally known limit (50 ng/mg of dry weight),
can show the efficiency of this technique.36 According to
the amount of remaining DNA and the lack of nuclear
structures after Triton X-100 treatment, which indicates
the successful removal of cells, but a decrease in the con-
centration of tissue GAGs and as a result, a change in the
mechanical strength of the tissue was observed.33 By
using their inherent electrical charges, bases like sodium
hydroxide and acids like peracetic acid destroy nuclear
material and the cell membrane. Proteins are denatured
by acids and bases, and cells are ruptured as a result of
the solubilisation of cell components. They do not have
preferences; therefore, they also alter ECM components,
including collagen, GAGs, and growth factors.37 It seems
that the combined use of acids and bases along with other
decellularization agents has better results. For instance, in
the decellularization of tilapia and basa fish, NaOH along
with Triton X-100 and 3 cycles of freeze and thaw were
used respectively. In both cases, images of 40,6-diamidino-2-
phenylindole (DAPI) and hematoxylin and eosin H&E
staining showed that nuclei were absent in the obtained
matrix and the majority of cells were removed.29 In the skin
of tilapia, the residual DNA content of decellularized skin
with NaOH and Triton X-100 was 1.4 ± 0.7 ng per mg dry

weight, which was much less than the limit of 50 ng/mg
recognised by the medical industry.18 In addition, the effi-
ciency of the decellularization method in tilapia skin is
comparable to the method used by Lau et al.14 which used
SDS in combination with a nuclease. The combined use of
decellularizing detergents seems to have better results. In a
study, seven different combination protocols were used for
the decellularization of fresh carp skin.16,28 Protocols such
as freezing and thawing, hypertonic and hypotonic solu-
tions, Triton X-100, and freeze-drying at different concen-
trations and times were used on fish skin (Figure 2). The
cells were well removed from the ECM with the help of
non-ionic detergents and physical and chemical methods.
The results showed that the fibres maintained their
arrangement and structural order during the decellulariza-
tion process. High biocompatibility and low toxicity, cell
adhesion, and suitable physical and mechanical properties
were the characteristics of decellularized skin. The best
sample of decellularized skin in all respects related to the
combination of hypertonic and hypotonic solutions and
Triton X-100 (0.5%) was obtained. The maximum Young's
modulus and tensile stress were 284.14 MPa and
32.77 MPa, respectively, for the fish skin sample with a
thickness of 0.12 mm, whereas Young's modulus and ten-
sile stress were about 192.15 MPa and 21 MPa respectively
for the decellularized skin sample. The results indicate
that despite the low thickness, the fish skin can withstand
tensile pressures, and the matrix mainly maintained its
structure and entanglement after decellularization.

Boal et al. used two detergents (Triton X-100, SDS)
with different concentrations (0.1%, 1.0%) and different
temperature conditions (4�C, room temperature) to decel-
lularize milkfish skin, and then compared the decellular-
ized skins. The results showed that the morphology of
fish skin was better preserved under the treatment with
the Triton X-100 agent, while SDS showed the power to
remove more cellular components, especially at a concen-
tration of 1% and a temperature of 4�C. Of course, the
two parameters of temperature and concentration had a
significant effect on the physical and mechanical proper-
ties of decellularized skins.38 In general, the chemical
methods mentioned above have advantages and disad-
vantages. For example, the simplicity of the method of
decellularization of biological tissues by detergents is one
of the advantages of their use, but it has negative aspects

TABLE 1 (Continued)

Type of fish
tissue Fish specie

Method of
decellularization Results Reference

Skin Baza fish (Pangasius
bocourti)

Chemical + Physical:
NaOH + 3 cycles of
freezing and thawing

• Reduction of DNA content.
• Retaining structural integrity of collagen.
• Removing majority of the cells.

29
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such as a long period of treatment, changed mechanical
properties, and toxicity.39 SDS as a detergent agent can
lead to complete cell removal and destroy up to 90% of

DNA, but may also reduce ECM glycosaminoglycan and
growth factor content. Compared with SDS, Triton X-100
showed fewer destructive effects, but the ability to

FIGURE 2 (A) The decellularization method. (B) H&E and Trichrome Masson staining of (i, ii) native skin; (iii, iv) decellularized skin.

(C) SEM images of decellularized (I) and recellularized fish skin (ii). (D) Animal model for evaluating skin regeneration by acellular fish

skin and Plasma Rich in Growth Factor PRGF gel (E) Macroscopic evaluation of woumd (i) on the first day, (ii) treated wound in the 28th

day with acellular fish skin and (iii) treated wound with acellular fish skin and PRGF gel in 28th. (F) Wound closure for all samples on the

28th day after grafting (G) H&E images of (i) native skin, (ii) treated with acellular fish skin, and (iii) treated with acellular fish skin and

PRGF gel in the 28th.16,28
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remove cell components was lower.8 Therefore, combined
methods to both remove cells and minimise harmful
effects on the physical structure of the ECM can be more
efficient.32 Tilapia skin was decellularized using 3%
sodium bicarbonate (NaHCO3), 0.1 M sodium hydroxide
(NaOH), 1 M sodium chloride (NaCl), and 3% hydrogen
peroxide (H2O2) solutions at different times. The results
showed that the collagen type I structure was preserved
during the process. The decellularized skin showed good
mechanical strength, biodegradability, and biocompatibil-
ity, which can be a suitable substrate for cell penetration,
adhesion, and growth. In the rat skin wound healing
model, the result indicated good biological activity of the
acellular skin. The acellular skin was well able to induce
the expression of biological factors related to skin repair.27

2.2 | Physical methods

Physical methods include freeze–thaw, force and pres-
sure, and non-thermal irreversible electroporation, which
reduce the content of vital cells.40,41 Freeze–thaw involves
periodic freezing temperatures (� �80�C) with biological
temperatures (�37�C) for an optimised number of cycles,
although protocols can be optimised by the number of
freeze–thaw cycles and/or modifying the temperature. One
cycle of freezing and thawing might lessen unfavourable
immunological reactions such as leukocyte infiltration in
avascular ECM scaffolds. Several freeze–thaw cycles might
be used to decellularize a tissue.33,42 Although this method
cannot completely remove cells, it preserves the mechanical
strength and structure of the matrix. Freeze–thaw is typi-
cally used in conjunction with other techniques and chemi-
cal reagents because it is unsuccessful on its own at
eliminating cells.33 This method has some limitations
including, destruction of ECM, decreased mechanical
strength, neovascularization, and inflammation.42,43 As
mentioned above multiple freeze–thaw cycles along with
other agents are used for the decellularization of tissues. To
decellularize fish scales from tilapia, 4 cycles of the freeze–
thaw method with SDS were used. Based on the results of
Sirius Red and Mason staining, the collagen fibres were
organised and scattered on the surface layer. A significant
reduction in the number of GAGs was one of the good
results of this method. These results indicate that processed
fish scales can still provide bioactive GAGs and may pro-
vide the best conditions for cell growth.26

2.3 | Enzymatic methods

Proteolytic enzymes such as trypsin and nucleases
(DNase, RNase, and Benzoase) have been used to

facilitate the removal of nucleotides after cell lysis in
most cases.44 Despite the advantages of enzymatic diges-
tion, these methods are challenging to replicate. In addi-
tion, they greatly increase the possibility of changing the
structural and proteomic structure of the ECM.30 Nucle-
ases such as DNase, RNase, and Benzonase are usually
used in the steps after chemical and physical decellulari-
zation methods. These enzymes degrade nuclear material
to effectively remove biological components from the
matrix.30 For example, DNase and RNase along with
chemical methods were used in the decellularization of
scales of flesh grass carp. With this protocol, collagen
type I and hydroxyapatite remained in the scaffold of
decellularized fish scales.25 When it comes to enzymes, a
benzoate homologous nuclease, a genetically modified
endonuclease, can efficiently degrade nucleic acids with-
out showing proteolytic activity and is easily removed by
repeated washing.

Dispase, which was previously reported as a harmful
agent to the human amniotic membrane in an isotonic
solution, has unexpectedly been characterised as a benefi-
cial addition to skin decellularization. After applying a gen-
tle dispase treatment (0.56 U/mL, 4 _C in isotonic
solution), followed by exposures to SDS and gentle trypsin,
on porcine skin, excellent cell clearance was achieved with-
out causing any negative effects on the ECM after 4 and
12-h treatments. These findings indicate that decreasing
temperature and concentration have a softening impact on
the disease treatment.45 Instead of using a straightforward
isotonic solution, Dulbecco's modified eagle medium
(DMEM) cell culture media with a variety of additives may
change enzyme function. In the decellularization of the fish
skin, dispase can use to separate the epidermis. In a study,
the simultaneous application of enzymes with SDS caused,
the retaining of 69.3% of the native collagen content. More-
over, the crisscrossing pattern was preserved in the decellu-
larized skin, but the collagen fibres became looser.14

3 | ACELLULAR FISH SKIN

3.1 | Biological properties

Fish waste is an abundant source of important proteins
like collagen, minerals, vitamins, and other bioactive sub-
stances.46,47 As a part of a fibrous structural protein in
the connective tissue, ECM, and the skin, collagen is an
essential protein in the body. It has attracted significant
attention from biomedical researchers in recent years
because of its improved physicochemical properties, stabil-
ity, mechanical strength, high water absorption capacity,
biodegradability, low immunogenicity, superior biocom-
patibility, easy processing, high porosity, ability to
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penetrate a lipid-free interface, and native ability to com-
bine with other materials. Furthermore, collagen can
influence the proliferation of fibroblasts and other cells.
Collagen is a crucial protein that is used in the cosmetics,
pharmaceutical, and biomedical industries because of all
of these characteristics. Collagen I, the most plentiful pro-
tein in the human body, is abundant in fish skin. It not
only acts as an ECM and offers fibroblast cells the perfect
environment to grow, but also accelerates the wound-
healing process.27,46,48 Extracting collagen from fish is a
simpler and more economical process.28 Most importantly,
unlike bovine and porcine sources, this type of collagen is
free of disease transmission and poses no serious risk to
human health.46-48 The results of the comparison between
tilapia acellular dermal matrix (TADM) and crosslinked
electrospun collagen (extracted from tilapia skin) indicated
that both TADM and crosslinked electrospun collagen pro-
moted cellular metabolic activity, differentiation, and min-
eralization of murine osteogenic MC3T3-E1 cells. In
addition, the amount of metabolic activity in the cultured
cells on the collagen scaffold was higher than on the decel-
lularized scaffold. Such conditions also existed for mineral-
ization. By contrast, the osteogenic differentiation of cells
was higher in the decellularized scaffold than in the colla-
gen scaffold. In general, collagen scaffold showed better
biological properties than decellularized scaffold but has a
restriction of poor mechanical strength and fast degrada-
tion. The in vivo results demonstrated that neither scaffold
induced hyperacute rejections. In addition, in comparison
to the sham control, they improved bone repair in the crit-
ical defect. According to this study, scaffolds made from
tilapia have many potential in tissue engineering.14

As mentioned, to reduce the risk of transmission of
viruses or prions, xenograft materials often require a rela-
tively complex preparation process. Chemical reagents
can also denature tissue proteins and dissolve their solu-
ble components. But there is no requirement to inactivate
the virus by complex processes in the fish skin. These
gentler processes make it possible to preserve the struc-
tural integrity and molecular components of the skin,
such as omega-3 unsaturated fatty acids, soluble collagen,
elastin, laminin, and glycoproteins. Numerous studies
have shown that fatty acids, such as long-chain n-3 poly-
unsaturated fatty acids (n-3 LCPUFAs), icosapentaenoic
acid (C20:5n-3, EPA), and docosahexaenoic acid
(C22:6n-3, DHA), are present in both edible and typically
discarded parts of fish, such as subcutaneous tissue, belly
flaps, and muscles.47,49,50 Because of their vital physiolog-
ical functions and the inability of the human body to
synthesise these compounds, these fish oils are often pre-
scribed as treatments for problems such as hypertriglycer-
idemia.51 EPA and DHA are the most prominent among
several extracted bioactive substances. The abundance of

omega-3 polyunsaturated fatty acids in fish skin, EPA,
and DHA minimises inflammatory reactions and pro-
motes pro-inflammatory cytokines that promote wound
healing. Therefore, exit from the inflammatory phase of
wound healing can be facilitated by an ADM rich in these
omega-3 polyunsaturated fatty acids. Recent studies have
shown promising results in the treatment of chronic dia-
betic foot ulcers (DFUs), calciphylaxis wounds, necrotic
angiodermatitis, iatrogenic calcinosis cutis, and even neo-
vaginoplasty in people with Mayer-Rokitansky-Küster-
Hauser syndrome with ADM rich in omega-3.49,50

Dorweiler et al. indicated that the omega-3 allows the
growth of keratinocytes and fibroblasts. One of the
advantages of this type of treatment is the possibility of
outpatient treatment, which includes weekly visits and
dressing changes, as well as follow-up of the wound
matrix if necessary. In addition, local anti-inflammatory
and analgesic effects of the wound matrix are other bene-
fits.52 The omega-3/ matrix increases angiogenesis and
also facilitates the formation of granulation tissue in the
wound healing process. Therapy with the omega-3/
matrix as opposed to the porcine matrix (Oasis) results in
no seroconversions of autoantibodies and significantly
accelerates healing. Application of the omega-3/ matrix
in acute complex wounds results in a 50% mean reduc-
tion in wound area in the early stages of healing. Further-
more, the omega-3/ matrix is a promising material in
treating chronic wounds, including DFUs. ADM grafts
also have an immunomodulatory impact, regarding
in vitro research, by preventing macrophages from secret-
ing the pro-inflammatory cytokine IL-1β. Furthermore,
these fish skin-derived grafts healed faster than dHACM
(dehydrated human amnion/chorion membrane), acute
biopsy wounds treated with fish skin grafts.50

In another study when foetal bovine skin acellular
dermal matrix (FBADM) was used as the control group
in a haemolysis test on New Zealand white rabbits, the
results showed that TADM has haemolytic properties. In
addition, the cells in the TADM group grew well in com-
parison to the control group, and there was no significant
difference in the number of dead cells, indicating that the
TADM scaffold is non-toxic. TADM is generally perme-
able to L929 cells and they can bind to it.27 Studies have
shown that ADM can accelerate wound healing and
reduce the need for dressing changes and treatment costs,
all of which are important factors in the management of
burn wounds. By reducing inflammatory reactions and
increasing pro-inflammatory cytokines that promote
wound healing, ADM would serve as an ideal skin
substitute.47,49,50

Bioactive nitrogenous compounds and protein of fish
skin are other biological features of fish skin. Both bacte-
rial fermentation and enzymatic hydrolysis can transform
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these compounds into peptides. Low-cost peptides can
serve as antioxidants, antihypertensive, anticoagulant,
and immunomodulatory agents in the pharmaceutical
sector, among other parts. These peptides have opioid-
like anticancer, anti-hypertensive, antibacterial, antithrom-
botic, antioxidant, and immunomodulatory properties.53 As
fish are always in the vicinity of their aquatic environ-
ment, they are constantly exposed to various types of
external hazards (such as aerobic and anaerobic bacteria,
parasites and viruses, and pollutants). Mucus acts as a
protective barrier between the environment and the fish
and repels harmful microbes. The continuous mucous
membrane that surrounds fish is their first physical,
chemical, and biological defence against infection, as well
as the first point of contact with pathogens. The mucus
composition is quite complicated and includes immuno-
globulins, lectins, lysins, and lysozymes. These elements
play a crucial function in protecting fish against invasive
infections. In fish, epidermal goblet cells, or mucus cells,
create the majority of the epidermal mucus, which is
mostly made up of water and macromolecules that form
gels. Mucins and other glycoproteins are among them.
Lectins, which make up a significant portion of mucus
and are neither antibodies nor enzymes but play crucial
roles in both innate and adaptive immunity, and
are carbohydrate-binding proteins.54,55 According to
research, omega-3 fatty acids support both antibacterial
and antiviral effects against herpes simplex, human
immunodeficiency virus, and Gram-positive and Gram-
negative bacteria.50,56

3.2 | Physicomechanical properties

The porous microstructure of decellularized skin allows
the ingrowth of dermal cells and capillaries.52 In addi-
tion, the decellularized fish skin is porous and spongy
which simplifies cell adhesion and is friendly to cell
growth.27 The scaffold obtained from decellularized fish
Grass Carp skin showed a porous structure (pore sizes
about 20 to 100 μm) which can be a suitable environment
for cell adhesion and proliferation.28 Because of its highly
porous and interconnected structure, ability to allow
nutrients and oxygen to pass through the membrane,
high-density cell seeding, and least immune response
compared with other naturally derived biomaterials,
ADM has demonstrated high potential in clinical applica-
tions.46 The process of decellularization of fish skin
causes cells to come out and create a porous structure,
and this process and its effect on the morphology of the
structure can change the mechanical properties of the
skin. It has been established that the tilapia fish skin has
and maximum tensile stress of 35.4 MPa and Young's

modulus of 143.8 MPa. After decellularization, the maxi-
mum tensile stress drop to 24 and Young's modulus to
56.2 MPa.14 This shows that depending on the application
of fish skin, it may be necessary to use other materials or
crosslinkers to improve these properties.

The skin of most fish shows a low denaturation tem-
perature because of the low concentration of glycine, pro-
line, and hydroxyproline. Consequently, the low
denaturation temperature of fish-derived collagen is a sig-
nificant disadvantage. For example, shark collagen dena-
tures at 30�C, but salmon collagen is stable below 19�C.
This temperature is not suitable for using fish collagen at
the physiological temperature of the human body. How-
ever, chemical cross-linking can increase the thermal sta-
bility of collagen scaffolds produced from fish.46 Among
the types of fish, tilapia has its advantages. It has indi-
cated that the hydroxyproline content of acellular tilapia
and salmon skin is as high as 9.1 ± 0.2%, and as low as
6.0 ± 0.1% respectively. Therefore, from this point of
view, it is beneficial to use tilapia fish skin as ADM raw
material. Another benefit of tilapia skin is its GAG con-
tent. GAG removal may affect the viscoelastic properties
of the DM. The GAG content of tilapia skin is 0.1
± 0.6 μg per mg of dry weight. However, the use of an
alkaline solution of 0.1 M NaOH for decellularization
probably resulted in higher GAG clearance.18 As men-
tioned above, the stability of decellularized ECM (dECM)
of fish skin and materials extracted from it can improve
by cross-linking. Crosslinking is a fundamental step in
tissue engineering because it is essential for maintaining
the scaffold's ideal design and structural integrity by gen-
erating a strong network in the polymeric matrix. The
process of crosslinking scaffolds is crucial for their use in
tissue engineering because it improves the material's
physical characteristics, such as its water contact angle,
performance at higher temperatures, resistance to enzy-
matic and chemical degradation, roughness, pore size,
and viscoelasticity. The cross-linking process renders the
matrix insoluble in water and increases the matrix's ther-
mal and mechanical stability under a physiological envi-
ronment. In addition, the scaffold's pore size may be
modified via this method. Active functional groups on
the biomaterial often engage with the crosslinkers during
the crosslinking process to produce a 3D network.57,58

Crosslinking is a process that involves joining two or
more molecules chemically to stabilise the final products.
Because of the absence of movement, it will produce an
ionic or covalent connection that connects one polymer
chain to another, forming a network structure that is
more stable and less reactive.59

Many studies have used different types of crosslinkers
to improve the physicomechanical properties of fish skin.
Ma et al. modified Basa acellular dermal matrix (BADM)
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by carbodiimide (EDC), oxidised chitosan, and glutaral-
dehyde crosslinkers. According to the results of a scan-
ning electron microscope, BADM was made up of
unorganised collagen fibres. The BADM microfiber mor-
phology before and after crosslinking remained approxi-
mately unchanged. In addition, BADM exhibited a
porous fibre architecture with pores that ranged in size
from 10 to 200 μm. The high porosity stimulated the
growth and adherence of the cells. The mechanical prop-
erties of the crosslinked scaffold increased significantly
after crosslinking and the thermal stability of wet and
dried EDC-BADM increased compared with that of non-
crosslinked BADM. The EDC-BADM enhanced mechani-
cal strength, thermal stability, biocompatibility, and
cytocompatibility while preserving the structural integrity
of the original BADM. Furthermore, the area around the
implanted EDC-BADM in the rat's spine showed no mac-
roscopic symptoms of inflammation. The rats tolerated
the EDC-BADM well throughout the 28 days, and no
abnormalities were seen.29 Alginate dialdehyde, lactose
heat-treated at 105�C, and Glutaraldehyde were used to
crosslink fish-derived gelatin. In all studies, the mechani-
cal strength of crosslinked gelatin increased significantly.
Moreover, alginate dialdehyde increased the antioxidant
capacity, and the mechanism of lactose and heat-treated
at 105�C methods was affecting the pores and reducing
the porosity and increasing the size of the pores.60-62 In
addition, the crosslinking of gelatin with citric acid
showed that by increasing the pH from 1.8 to 3.7, fibres
maintain their morphology.63 In another study, the cross-
linking of ε-PLL-fortified fish gelatin/chitosan composite
with Glutaraldehyde and Cinnamaldehyde showed that
the films crosslinked by these crosslinkers had smooth
and rough surfaces, respectively. In addition, Cinnamal-
dehyde induced very small pores in the cross-section of
the composite film and higher antibacterial activity was
measured in the matrices crosslinked by Cinnamalde-
hyde than in Glutaraldehyde.64 Considering that the rea-
son for the high strength of collagen in the body
environment is because of covalent bonds. In a study, to
create these covalent bonds between the collagens of a
cold fish called Hoki (Macruronus neovaezelandiae),
citric acid was used as a chemical crosslinker. Citric acid
was able to increase mechanical strength by creating the
mentioned links.65 In addition, the short time of UV irra-
diation may lead to crosslinking of collagen molecules.66

To evaluate the dielectric properties of fish collagen, this
material was crosslinked with dehydrothermal treatment
and EDC/NHS (Ethyl [dimethyl aminopropyl]carbodii-
mide/N-hydroxysuccinimide). The results demonstrated
that collagen crosslinked with EDC/NHS has better con-
ductivity and also higher mechanical strength than dehy-
drothermal treatment.67 In addition, EDC/NHS has been

used for crosslinking hydrogel derived from tilapia fish
collagen and hyaluronic acid. The resulting hydrogel had
a highly ordered network and its mass almost doubled in
PBS because of swelling.68 Cell migration is enabled by
interconnected pores with diameters between 10 and
100 μm. It has been found that by adding EDC/NHS to
the collagen obtained from tilapia fish, the stiffness of the
collagen will be similar to the stiffness of the brain, and
this condition can cause the differentiation of stem cells
into nerve cells.69 Diogo et al. used a mixture of collagen
derived from shark skin (Prionace glauca) and calcium
phosphates derived from the teeth of two different species
of shark (Prionace glauca and Isurus oxyrinchus) to cre-
ate a scaffold for bone. The obtained scaffold was modi-
fied with two different types of binders, namely
EDC/NHS and hexamethylene diisocyanate (HMDI). The
findings of this research showed that the created compos-
ites cause adhesion and growth of osteoblast-like cells.70

According to the studies, it can be concluded that modifi-
cation of fish skin and its derived products is one of the
key steps in using it for therapeutic uses. Because these
materials have fast degradation and do not have adequate
physical and mechanical properties for body tissue regen-
eration, therefore, its modification can cause better
performance.

3.3 | In-vivo applications

Fish skin contains collagen I and III, omega-3 polyunsat-
urated fatty acids, notably eicosapentaenoic acid (EPA),
and DHA. DHA and EPA have antibacterial and antioxi-
dant activities. As a result, fish skin is unlikely to be an
infectious illness source. Because of the many mentioned
benefits of fish skin, it can be used as a natural substance
in the treatment of burns and wounds. Fish skin dressing
accelerates wound healing and lessens the need for
painkillers.71,72

The thawed tilapia skin was decellularized using 0.1%
Triton X-100 solutions and then 0.1 M sodium hydroxide
(NaOH) solution at the specified temperature and time.
The tilapia-skin acellular dermal matrix (TS-ADM) sam-
ple was evaluated in terms of physical properties, bio-
compatibility, pre-clinical safety, and wound healing.
Histopathological results and DNA quantification
showed acceptable removal of tilapia skin nuclear com-
ponents. Compared with the commercial porcine acellu-
lar dermal matrix (DC-ADM), the acellular tilapia skin
sample showed better morphology, higher thermal stabil-
ity, degradability, and more suitable water vapour trans-
mission. The degradability of TS-ADM was shown to be
more appropriate than DC-ADM in vitro and in vivo
studies. As shown in Figure 3, the ability to repair and
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regenerate decellularized tilapia skin (DTFS) was evalu-
ated on two rat and mini-pig wound models. The signifi-
cant increase in granulation growth, collagen deposition,
angiogenesis, and reepithelialization with the TS-ADM
skin sample may be because of the high expression of
transforming growth factor-beta 1 (TGF-β1), alpha-
smooth muscle actin (α-SMA) and CD31.18

One of the clinical challenges is the poor regeneration
ability of damaged tendon tissues. The use of acellular
porcine and bovine ECM with stem cells can be promis-
ing. But for the reasons mentioned, such as ease of
access, less biological risk, and also for religious reasons,
the use of fish skin can be more efficient. Liu et al used
DTFS to solve this challenge. The samples had regular
collagen fibres, a structure with natural pores, a smooth

and dense outer layer, and an inner layer with a soft
structure and uneven surface. To improve the mechanical
properties, the samples were cross-linked with 1-ethyl-
3-(3-dimethyl aminopropyl)-carbodiimide (EDC) and
N-hydroxysuccinimide (NHS). The acellular skin sample
modified with crosslinker did not show toxicity and also
increased migration and tonic differentiation of tendon-
derived stem cells (TDSCs). The viability, differentiation,
and proliferation of TDSCs seeded into an acellular
matrix were demonstrated. The results of the in vivo
study on the rat Achilles tendon defect model showed
that the DTFS with cultured cells can help regenerate the
tendon tissue. Therefore, the authors claimed that DTFS
with TDSCs is a promising therapeutic option for tendon
tissue regeneration.73 Cao et al. designed a hybrid skin

FIGURE 3 (A) design of tilapia skin acellular dermal matrix (TS-ADM), (B) histological assays by H&E (I and II) and DAPI (III and IV)

staining of TS-ADM (Scale bar:100 μm), (C) scanning electron microscopy of TS-ADM and DC-ADM, (D) wound healing process on a rat

model with TS-ADM within 21 days, (E) wound closure on days 7, 14 and 21 (rat model), (F) wound healing process on porcine model with

TS-ADM on days 7, 14, 21, 28, 35, 42 and 180 postoperation, (G) wound closure on days 7, 14 and 21 (porcine model), (H) Schematic

diagram: the partially degraded TS-ADM promotes extracellular matrix deposition, angiogenesis, and reepithelialization by forming a

microenvironment conducive to the expression of TGF-β1, α-SMA and CD31.18
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patch consisting of acellular tilapia fish skin (AFS) and
chitosan (CS), for wound healing. Pregel CS containing
vascular endothelial growth factor (VEGF) was linked to
the acellular skin matrix. The hybrid patch was evaluated
on a rat model with a full-thickness skin defect (diameter
1.5 cm). Mice were divided into different groups (PBS
[control group], AFS, and AFS + CS + VEGF) and the
wound healing status was evaluated at different times
(0, 3, 5, 7, and 9 days). The results of HE staining showed
that new granulation tissues appeared in the wound area
after 9 days, and the speed of wound closure was signifi-
cantly accelerated especially in the AFS + CS + VEGF
sample. The results of immunohistochemical staining on
day 9 by measuring the expression of the two typical
inflammatory cytokines, interleukin-6 (IL-6) and tumour
necrosis factor-α (TNF-α), showed that the control group
had the highest expression of inflammatory factors,
whereas the AFS group CS + VEGF showed the least
inflammation because of the antimicrobial activity of
CS. More collagen deposition was also observed in sam-
ples treated with AFS + CS + VEGF, which was attrib-
uted to the antimicrobial function of CS. Angiogenesis as
another important index was evaluated by double immu-
nofluorescence staining of CD31 and α-smooth muscle
actin (α-SMA). Because of the high inflammatory level in
the control sample, few new blood vessels were observed,
whereas the density of new blood vessels in the AFS
+ CS + VEGF group was relatively higher because of the
presence of growth factor. The statistical analysis showed
that the combination of angiogenesis stimulating agent,
antimicrobial and inflammatory agent chitosan on the
substrate of acellular fish skin caused the most collagen
deposition, angiogenesis formation, and tissue regenera-
tion.34 Since the FDA has approved fish skin (cellular/tis-
sue-based therapy [CTP]) for wound dressings, this
innovative skin substitute has been widely used in clini-
cal applications. Fish skin CTPs also demonstrate promis-
ing outcomes in the management of DFUs, venous leg
ulcers (VLUs), and other acute and chronic wounds.74 In
comparison with other animal-derived skin graft mate-
rials, fish skin CTPs are a promising material for acceler-
ating wound healing and have been demonstrated to
have antiviral and antibacterial qualities. For instance,
Fish skin grafts cause quicker healing than pig intestinal
submucosa and dehydrated amnion chorionic membrane
in an acute wound model.75 In contrast to often used
mammalian grafts, the omega-3 fatty acid content of CTP
is particularly high in DHA and EPA, with 1.4% and 1.1%
of the total lipid content, respectively. As mentioned
above, the EPA and DHA act as antibacterial agents and
control the acute inflammatory response (Figure 4).
Decellularized fish skin CTPs have been demonstrated to
be a suitable choice for individuals who may be prone to

hypersensitivity responses to foreign materials.74-76 Ide-
ally, the CTP would generate a structural matrix that
would promote epidermal and dermal regeneration. One
of the common applications of CTPs is their use in the
treatment of DFUs.

According to research, two-thirds of people with dia-
betes develop peripheral neuropathy, which causes dis-
comfort, abnormal foot structure, and loss of sensation. A
quarter of these people may also have leg ulcers. A fifth
of them have to be amputated, and more than half of
them need to be hospitalised. Diabetes and foot issues are
already putting a significant strain on health care
resources. It was shown that the size of the wound in
most patients decreased by 50% after 4 weeks and 30-9%
after 12 weeks.50,77 In this context, the role of cell and
tissue-based therapies in the treatment of chronic
wounds is increasing day by day.76 ADM products are
commonly used to treat diabetic and VLUs, which are
among the most difficult chronic ulcers. According to
research, by using decellularized fish skin, more than
100 patient wounds have been treated without negative
side effects.78 Fish skin grafts which are high in omega-3,
have been found to hasten the healing of full-thickness
wounds. To handle treatment-resistant DFUs, which are
defined as superficial ulcers not touching tendon capsules
or bone, Lullove et al. compared the fish skin transplant
with the collagen/alginate standard dressing. The final
sample size for analysis was 49 patients. The wounds of
8 of 25 patients (32%) were completely closed with stan-
dard dressing and 16 of 24 patients (67%) with fish skin
after 12 weeks. The results of this study support the use
of fish skin grafts to improve DFUs that do not improve
after receiving standard care.79 In another study, acellular
fish skin grafts were used once weekly for 6 weeks to
treat postoperative diabetic foot lesions to evaluate the
potential benefits of fish skin grafts (Kerecis Omega 3).
The findings showed that regardless of size, the average
percentage of wound surface reduction after 6 weeks was
more than 84.9%. Skin reactions or infections did not
occur in any case. The findings of this study support the
idea that ADM has the potential to repair DFU.77 Omega
3-rich fish skin was effectively used to treat a patient with
haemophilia who suffered from a chronic ulcer that did
not respond to previous treatments. In this case report
study, the haemostatic properties of fish skin were used
to treat the wound of a haemophilia patient. A 56-year-
old man with an infected forefoot ulcer with cellulitis
and osteomyelitis healed after 14 weeks using a fish skin
graft. The wound was completely healed after 1 year and
10 months. This study showed that fish skin graft treat-
ment is a promising option for a wide range of patients,
where the risk of bleeding or hematoma formation is
increased. This case demonstrates the effectiveness of the
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FIGURE 4 Acellular fish skin properties and the effect of Omega-3 polyunsaturated fatty acids on signalling activity for inflammation

stage of wound healing as well as mediating tissue remodelling. (A) Mechanism of action for Omega-3 polyunsaturated fatty acids such

eicosatetraenoic acid and docosahexaenoic acid (AP1, activator protein 1; COX-2, cyclooxygenase-2; DHA, docosahexaenoic acid; ECM,

extracellular matrix; EPA, eicosatetraenoic acid; ICM, intracellular matrix; IkBa, NFkB inhibitor a; IKK, IkB kinase; IL1-B, interleukin 1-B;

JNK, c-Jun N-terminal kinase; MEKK1, MAPK kinase 1; MEK1, MAPK kinases 1; MMP1, Matrix metallopeptidase 1; NM, nuclear matrix).74

(B) The enzymatic activities of MMPs by acting as an attachment site for breakdown of scaffold rather than developing host tissue and ECM

components; so, it causes the balance between MMPs and tissue inhibitors of metalloproteinases (TIMPs) and finally the new ECM is

formed and the inflammation time reduces.
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FIGURE 5 (A) Kerecis® product representative of acellular Atlantic cod fish skin, (B) SEM of (a) Acellular dermal matrix derived

from fish skin and (b) decellularized amnion matrix. Stem cells were cultured for 12 days in an acellular dermal matrix derived from

fish skin (c) and amnion (d). The stem cells stained blue have migrated into the fish skin matrix, while the stem cells on the amniotic

matrix have settled on the surface of the matrix, (C) Healed wound (wound area 29 cm2) following a total treatment duration of

33 week using acellular Cod fish skin,52 (D) Followed up to the healing of punch wounds that wounds on the bottom side of figure was

treated with Cod fish skin graft, while the top wound was treated with dehydrated human amnion/chorion membrane or dHACM,

(E) Clinical use of antibiotics before and after the application of AFS in a cohort of chronic wound patients,50 (F) Progression of

porcine burn wound closure when treated with AFS with and without skin grafting. (AFS, acellular cod fish skin; DPT, deep partial

thickness; FBC, fetal bovine collagen; SEM, Scanning electron microscope).76
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product to achieve haemostasis and helping wound clo-
sure in a high-risk patient with diabetes and haemophi-
lia.80 Comparing the use of decellularized fish skin with
other repair methods shows the superiority of this mate-
rial in many parameters related to wound repair. As
shown in Figure 5, the use of this material has been more
effective in the treatment of various acute and chronic
wounds compared with bovine foetal collagen and amni-
otic membrane-based matrix.50,52,76

Various studies have also shown the potential of
ADM in healing acute wounds such as burn wounds.81

Burns is the seventh most frequent non-fatal paediatric
injury cause globally. According to the World Health
Organization, the rate of child burn mortality is presently
more than seven times higher in low- and middle-income
nations, where the frequency is significantly higher than
in high-income nations. Therefore, more research must
be performed to provide less expensive burn treatment
options.82 The degree, source, and extent of the burn, as
well as the patient's age, general health, and any underly-
ing medical conditions all affect how quickly burn
wounds heal. Early wound closure reduces the risk of
infection and fluid loss, as well as mortality and length of
hospital stay. However, treatment recommendations
should be tailored to each patient's needs. The ideal bio-
logical dressing prevents bacterial contamination and
hydro electrolytic losses, promotes epithelization, and
accelerates the formation of granular tissue in grafting
cases. Considering that fish skin has almost all these fea-
tures, various studies have recommended its use.82,83

ADM plays an important role in mouse skin wound heal-
ing by producing biological components involved in heal-
ing.27 The presence of peptides with antimicrobial
functions in ADM can cause its use in the healing of
acute wounds. Tilapia skin has been shown to have a
non-infectious microbiota and morphological structure
similar to human skin, with an even greater composition
of type I collagen. These factors support its clinical appli-
cation as a biomaterial for burn treatment.82,83 Thirty
kids with superficial partial thickness burns between the
ages of 2 and 12 received tilapia skin in an open-label,
monocentric, randomised phase II pilot research. As a
result of the strong adhesion of tilapia fish skin to the
wound bed, fewer dressing changes and fewer anaes-
thetic drugs were needed, which was associated with a
reduction in the workload of patients and medical staff.
The duration of treatment, the total amount of analgesics
required, the burn improvement on the day of dressing
removal, and the amount of pain experienced were all
compared with traditional treatment with silver sulfadia-
zine. The results showed that tilapia skin is an efficient
and low-cost tool in the treatment of superficial partial-
thickness burns in children.49 In a case report study by

Costa et al. A 3-year-old child with burns on the left side
of the face, neck, chest, abdomen, and left arm was trea-
ted with tilapia skin. It was found that tilapia skin
adheres well to the wound bed. After a total of 10 days
and epithelialization, the patient was discharged. In
another study, treatment with tilapia fish skin was per-
formed on a 33-year-old woman with 10% body surface
burns, and the results showed that fish skin can be effec-
tive as a flexible xenograft by adhering to the wound bed.
Non-toxicity and also as a barrier against microorganisms
along with epithelialization in 10 days showed successful
burn treatment.83 In addition, the repair of a deep partial
thickness burn on the left upper limb and a superficial
partial thickness burn on the right upper limb of a
23-year-old male patient with tilapia skin graft proves the
benefits of using a fish skin graft. In this case, complete
reepithelialization occurred at two sites at 12 and 17 days
after treatment, respectively.81 In a retrospective case–
control study, 12 patients with superficial or deep der-
mal burn wounds were treated with three different skin
grafts that is, fish skin graft, Suprathel® (PolyMedics
Innovations GmbH, Denkendorf, Germany) and split-
thickness skin graft (STSG). Depending on the depth of
the wound, burn wounds were coated after enzymatic
debridement using NexoBrid. Suprathel was used to
treat superficial partial-thickness burns. To treat deep
partial-thickness burns, either a fish skin transplant or
an autologous STSG was used (0.2 mm, meshed 1:1.5).
Fish skin wound dressing resulted in faster wound heal-
ing, water retention ability, and significant pain man-
agement. In addition, improved functional and aesthetic
results were demonstrated in terms of skin elasticity,
thickness, and pigmentation. Compared with wounds
treated with STSG, patients treated with fish skin
reported less pain and itching on the Patient and
Observer Scar Assessment Scale (POSAS). Most impor-
tantly, wounds treated with fish skin had much better
sebum production and skin elasticity than wounds trea-
ted with Supratel.84

4 | CONCLUSION

As shown in this article and other studies, fish skin and
its derivatives can be a suitable substitute for the regener-
ation of damaged tissues for many reasons. The results of
clinical trials show significant progress in the field of skin
tissue engineering. However, more studies are needed in
the field of decellularization methods as well as the use
of crosslinkers and modifiers to improve properties. The
results have shown that a combination of different decel-
lularization protocols (physical, chemical, and enzy-
matic) can create ideal conditions for obtaining a
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biological scaffold. In addition, the use of technologies
such as bio-printing with bio-inks made from fish skin
contents can improve the performance of the scaffold
with pre-designed structural morphology. Although some
decellularization protocols can disrupt the morphology of
the scaffold. In general, fish skin can be a cheap and
accessible biological scaffold or a high-performance scaf-
fold in the process of repairing and regenerating damaged
tissues.
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