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Abstract 

Fish-derived biomaterials, such as collagen, polyunsaturated fatty acids, and antimicrobial peptides, have emerged as promising 
candidates for scaffold development in stem cell therapies and tissue engineering due to their excellent biocompatibility and low 
immunogenicity. Although good bioactivity is a prerequisite for biomedical substitutes, scaffold design is necessary for the 
successful development of bioconstructs used in tissue regeneration. However, the limited processability of fish biomaterials poses 
a substantial challenge to the development of diverse scaffold structures. In this review, unlike previous reviews that primarily 
focused on the bioactivities of fish-derived components, we placed greater emphasis on scaffold fabrication and its applications in 
tissue regeneration. Specifically, we examined various cross-linking strategies to enhance the structural integrity of fish biomaterials 
and address challenges, such as poor processability, low mechanical strength, and rapid degradation. Furthermore, we 
demonstrated the potential of fish scaffolds in stem cell therapies, particularly their capacity to support stem cell growth and 
modulate the cellular microenvironment. Finally, this review provides future directions for the application of these scaffolds in 
cancer therapy. 
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Introduction 
Tissue engineering (TE) and regenerative 

medicine are transformative fields that integrate 
materials engineering, biology, and clinical 
innovation to repair or replace damaged tissues and 
organs. Central to these fields are bioactive materials 
and biomedical scaffolds, which replicate the 
extracellular matrix (ECM) by providing structural 
support and essential biochemical and physical cues 
for cell activation, adhesion, proliferation, and 
differentiation [1, 2].  

Among bioactive materials, fish-derived 
biomaterials have gained prominence as sustainable 
and biocompatible resources for scaffold fabrication, 
offering both therapeutic benefits, and addressing 
environmental and ethical concerns [3, 4]. In 
particular, biomaterials, including collagen, 

antimicrobial peptides (AMPs), hydroxyapatite, and 
omega-3 fatty acids demonstrate exceptional 
bioactivity. Fish-derived collagen offers a safe and 
ethical alternative to mammalian collagen, whereas 
hydroxyapatite exhibits osteoconductive properties 
that are critical for bone and muscle regeneration 
[5-9]. Bioactive components, such as omega-3 fatty 
acids and AMPs, further enhance the functionality of 
scaffolds by promoting anti-inflammatory effects, 
preventing infections, and fostering a regenerative 
microenvironment conducive to stem cell activation 
and tissue repair [10-13].  

Scaffold design using fish-derived biomaterials 
substantially influences tissue regeneration outcomes. 
Nanofiber scaffolds mimic the ECM, promoting cell 
adhesion and nutrient diffusion, whereas 3D-printed 
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scaffolds allow precise control over geometry and 
pore size, optimizing mechanical properties and mass 
transport [2]. Nanofibrous composite scaffolds 
integrating fish-derived collagen with other 
biomaterials have demonstrated enhanced bioactivity, 
facilitating cellular processes such as adhesion, 
proliferation, and differentiation across various tissue 
types [14].  

Moreover, tailoring important properties, such 
as porosity, surface roughness, and mechanical 
characteristics, can enable the development of 
scaffolds for specific tissue types, thereby amplifying 
the regenerative potential of fish-derived 
biomaterials. Lyophilized scaffolds are characterized 
by a highly porous architecture that supports cellular 
migration and angiogenesis, making them suitable for 
applications requiring enhanced tissue regeneration. 
These scaffolds have demonstrated potential in 
promoting targeted differentiation and facilitating the 
repair of complex tissue interfaces such as 
osteochondral defects [15]. 

Notably, the integration of fish-derived 
biomaterials with advanced scaffold designs has 
proven effective in enhancing biofunctional 
properties, particularly by addressing limitations such 
as insufficient mechanical strength and rapid 
degradation [16]. Despite these advancements, 
achieving complex 3D structures remains challenging 
due to difficulties in material stability and the precise 
control needed for geometry and pore size. Strategies, 
such as crosslinking or blending with synthetic 
materials, can help overcome these challenges, 
enabling the fabrication of robust scaffolds with 
improved structural and functional integrity, thus 
enhancing their suitability for TE applications [17, 18]. 
Approaches like methacrylation to create 
photocrosslinkable bioinks [19-21] or dual- 
crosslinking methods combining covalent and ionic 
interactions [22] have demonstrated the potential to 
enhance mechanical properties and stability, 
facilitating the construction of complex, bioactive 
scaffolds suitable for diverse regenerative 
applications. 

Furthermore, functionalizing scaffolds with 
bioactive molecules, such as growth factors and 
ECM-derived peptides, mimics the dynamic native 
tissue environment and advances their regenerative 
capacity. The bioactivities of fish-derived 
biomaterials, provide substantial advantages in TE by 
fostering a favorable microenvironment for tissue 
regeneration. When integrated with scaffold 
biofabrication strategies, such as electrospinning [23], 
3D printing [24], or lyophilization [25], and combined 
with crosslinking techniques [26], these biomaterials 
can be precisely tailored to support specific cellular 

activities. The anti-inflammatory properties of 
fish-derived biomaterials help to modulate immune 
responses, whereas their antimicrobial effects prevent 
infections, thereby enhancing the regenerative 
environment for stem cell differentiation. In addition, 
the angiogenic potential of fish-based biomaterials 
stimulates blood vessel formation, promoting tissue 
vascularization [27]. The synergistic combination of 
these bioactive properties, biofabrication methods, 
and mechanical enhancements facilitates the 
activation of stem cells, promoting tissue regeneration 
and functional recovery for various therapeutic 
applications. 

This review comprehensively examined the 
applications of fish-derived biomaterials in scaffold 
design for stem cell activation and therapeutics, 
emphasizing their role in promoting critical biological 
processes, such as angiogenesis, anti-inflammatory 
responses, and ECM remodeling (Figure 1). 
Additionally, this review explores innovative 
strategies to address these limitations and highlights 
the potential of fish-derived scaffolds in emerging 
fields, such as cancer therapeutics. 

Composition and biological potentials of 
fish-based biomaterials  

Bioactive compounds, such as omega-3 fatty 
acids and proteins, that constitute fish-derived 
biomaterials exhibit favorable biocompatibility, low 
immunogenicity, and support cellular activities, such 
as proliferation, differentiation, and tissue repair. 
These biomaterials, obtained from various tissues 
such as the skin, scales, bones, and muscles, offer 
promising avenues in TE, wound healing, and 
regenerative medicine because of their potential to 
modulate inflammatory responses, promote 
angiogenesis, and enhance ECM remodeling. In the 
following sections, the composition and biological 
properties of biomaterials derived from different fish 
tissues are discussed. 

Fish-derived biomaterials  

Skin 

Similar to mammalian skin, fish skin is primarily 
composed of type I collagen. However, fish skin 
collagen differs from mammalian collagen in terms of 
amino acid composition. Specifically, FC has a lower 
molecular weight and lower levels of hydroxyproline 
and proline, which contribute to the stability of the 
triple-helical structure of collagen [28]. Owing to the 
lower amounts of these components in FC, they tend 
to have reduced structural stability compared with 
that of mammalian collagen. Furthermore, differences 
in the amino acid composition affect the denaturation 
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temperature of collagen. Owing to lower levels of 
hydroxyproline and proline, the triple-helical 
structure of collagen unravels easily at high 
temperatures, resulting in a lower denaturation 
temperature for FC than mammalian collagen [29]. 
This adaptation allows fish to function efficiently in 
cold environments. 

Unlike the stratum corneum, which is the 
outermost layer of human skin, the skin of fish is 
covered by a mucus layer. The mucus layer serves as 
the first line of defense against pathogens and is 
involved in regulating various physiological 
processes, such as resistance to pathogens, ion and 
osmotic balance, movement, and reproduction [30]. 
Additionally, fish skin contains several bioactive 
peptides. Bioactive peptides are composed of 3–30 
amino acids and participate in various biological 
functions, including anti-cancer, antioxidant, anti- 
inflammatory, immune regulatory, anti- 
atherosclerotic, antihypertensive, and antimicrobial 
activities [31]. This unique mechanism of fish may be 
an evolutionary characteristic to cope with aquatic 
pathogens in their environment. 

An important component of fish skin is its lipid 
content, particularly polyunsaturated fatty acids 
(PUFAs). PUFAs are fatty acids that contain two or 
more double bonds, with omega-6 and omega-3 fatty 
acids being prominent examples and omega-3 fatty 
acids being the most abundant in fish. Omega-3 fatty 
acids are primarily categorized into three forms: 
alpha-linolenic (ALA), eicosapentaenoic (EPA), and 
docosahexaenoic (DHA) acid, which are abundant in 
fish-derived biomaterials [32]. 

Scale 

Fish scales (FSs) are complex structures that play 
vital roles in aquatic organisms. FSs consist of a 
combination of organic and inorganic materials. The 
organic part, making up about 41–45% of the scale, is 
mainly type I collagen, along with small amounts of 
other proteins, lipids, and carbohydrates. [33]. This 
organic matrix provides flexibility to scale structures. 
The inorganic component, approximately 38–46% of 
the scale, consists mainly of hydroxyapatite, a 
calcium-deficient form of the mineral that imparts 
rigidity and strength to scales [34].  

 

 
Figure 1. Fish-derived biomaterials for scaffold fabrication in stem cell therapies: enhancing biocompatibility, supporting cell growth, and promoting tissue regeneration. ECM, 
extracellular matrix. 
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In particular, collagen from FS is considered a 
valuable biomaterial source because of its orderly 
orientation and the absence of zoonotic infections and 
religion-related complications [35]. Gelatin is obtained 
by breaking the hydrogen bonds in collagen 
polypeptide chains through thermal hydrolysis. This 
process enhances joint and bone health, increases 
bone marrow density, and offers an alternative 
biomaterial for patients with skeletal conditions like 
osteoporosis. Additionally, hydroxyapatite has a 
similar function; in vitro studies have shown that it 
promotes cellular calcium uptake, suggesting its role 
in bone metabolism [36]. Finally, chitin, a 
polysaccharide with antibacterial and antifungal 
properties, can be attained from FSs. Depending on 
the species, chitin yield from fish could reach up to 
45% [37].  

Bone 

Fish bones, which provide structural support 
and enable mobility, offer potential as biomaterials for 
scaffold fabrication in tissue regeneration, composed 
of both organic and inorganic components. The 
organic matrix includes type I collagen, other 
proteins, and trace amounts of lipids and carbo-
hydrates, whereas the inorganic portion primarily 
consists of hydroxyapatite (Ca₁₀(PO₄)₆(OH)₂), a key 
mineral found in human bone. This composition 
contributes to the mechanical properties and bioactive 
potential, with water, organic materials, and minerals 
comprising 10–55%, 35–70%, and 30–65% of their total 
weight, respectively [38]. Beyond the mechanical 
functions, fish bones act as reservoirs for essential 
minerals like calcium and phosphate, playing a 
critical role in metabolic regulation and contributing 
to blood cell production through their bone marrow. 

These attributes position fish bones as a 
promising source of biomaterials for TE applications 
[39]. Their composition, featuring type I collagen and 
hydroxyapatite, closely resembles that of native 
human bone, offering intrinsic biocompatibility and 
osteoconductivity. Hydroxyapatite derived from fish 
bones can be processed into scaffolds that support 
bone cell adhesion and proliferation, while collagen 
components enhance scaffold flexibility and promote 
tissue formation [40]. Moreover, the natural 
hierarchical porosity of fish bones can be preserved or 
adjusted during fabrication, enabling the creation of 
scaffolds with interconnected pores that facilitate 
critical processes such as cell infiltration, nutrient 
diffusion, and waste removal [41]. Advances in 
processing technologies, including decellularization, 
demineralization, and biofabrication strategies, have 
further expanded the utility of fish bones as bioactive 
scaffolds. 

Muscle 

Fish muscle is a highly specialized tissue that 
plays a crucial role in aquatic locomotion. Comprising 
15–25% of the total protein in fish consists of 
myofibrillar (50–60%), sarcoplasmic (30%), and 
stromal (10–20%) proteins [42]. Fish muscle fibers are 
generally shorter and contain less connective tissue 
than those of terrestrial animals, contributing to the 
soft texture of fish flesh, which offers a new context 
for use in biomedical applications. These fibers are 
organized into segments called myotomes, which are 
separated by thin sheets of connective tissue known 
as myocommata [43]. 

A vital consideration in utilizing fish muscle 
protein for various biomedical, pharmaceutical, and 
fabrication applications is its rich amino acid content, 
most specifically, lysine (9.3%), leucine (8.9%), and 
isoleucine (6.4%), which can potentially regulate 
age-induced bone loss [44]. Protein content varies 
within species, with cod and salmon muscles being 
composed of 18.2% and 23.5% of protein, respectively 
[45]. However, moisture content, an important factor 
in protein extraction, can be as high as 84.6% in 
flounder [45]. The functional properties of these 
proteins, including their antioxidant and bioactive 
potential, still make them valuable for the 
development of nutraceuticals and therapeutic 
compounds, especially through methods such as 
enzymatic hydrolysis for bioactive peptide extraction. 

Biological properties of fish-derived 
biomaterials for stem cell activation 

Mammalian-derived biomaterials are widely 
used in scaffold fabrication for tissue regeneration 
owing to their high biocompatibility and structural 
similarity to human tissues. However, these materials 
have several limitations, including disease 
susceptibility spread among terrestrial animals, high 
cost, immune responses, and religious restrictions 
(Figure 2A). In contrast, fish-derived biomaterials are 
more cost-effective, show a lower risk of disease 
transmission, and are more accepted for religious 
reasons, making them promising alternatives to 
mammalian biomaterials (Figure 2A). Additionally, 
fish-derived materials have a low molecular weight, 
offering enhanced bioavailability compared with that 
of mammalian sources [46]. These bioactive materials 
including omega-3 fatty acids and AMPs can activate 
stem cells and induce various intercellular activities 
shown in Figure 2B. 

Anti-inflammatory capacities  

Omega-3 fatty acids in fish, such as DHA and 
EPA, play crucial roles in reducing inflammation. 
These fatty acids inhibit toll-like receptor 4 (TLR4) 
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and enter the cell through GPR120 [47-49]. Through 
this process, they can suppress nuclear factor kappa B 
(NF-κB) and mitogen-activated protein kinase 
(MAPK) signaling pathways, both of which are 
involved in producing inflammatory cytokines, such 
as tumor necrosis factor (TNF)-α and interleukin 
(IL)-6, thus mitigating inflammatory responses 
[49-54].  

NF-κB is a key transcription factor that regulates 
inflammation and immune responses within cells. 
NF-κB is primarily activated through the degradation 
of IκBα triggered by its site-specific phosphorylation 
by a multi-subunit IκB kinase (IKK) complex [50, 55]. 
Activated NF-κB promotes the production of 
inflammatory cytokines, such as IL-1, IL-6, IL-12, 
TNF-α, and chemokines, facilitating the activation of 

 
Figure 2. Bioactivities of stem cells cultured on fish-derived biomaterials. (A) Comparative analysis of mammalian and fish-derived biomaterials, and (B) intercellular 
pathways activated by fish-derived biomaterials that stimulate cellular responses, such as antimicrobial activity, extracellular matrix (ECM) remodeling, angiogenesis, and 
anti-inflammatory effects. 
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various immune cells [50, 51]. Additionally, cytokines, 
such as IL-1β and TNF-α, act through Toll-like, IL-1 
(TIR), or TNF receptors. Furthermore, the MAPK 
signaling pathway is involved in the activation of the 
receptors related to the inflammatory response [49, 
52]. The MAPK pathway is primarily composed of 
extracellular signal-regulated kinases (ERK), c-Jun 
N-terminal kinases (JNK), and p38, which are three 
key signaling proteins. Among these, JNK and p38 
MAPK proteins promote the expression of 
proinflammatory cytokines and apoptosis, thereby 
inducing an inflammatory response [49, 53, 54]. 

Omega-3 fatty acids inhibit the degradation of 
IκBα, thus blocking the activation of NF-κB, and 
prevent the phosphorylation of signaling proteins 
involved in the MAPK pathway, thereby suppressing 
excessive activation of the MAPK pathway [48, 56-58]. 
Furthermore, DHA and EPA can be converted into 
specialized pro-resolving mediators (SPMs). SPMs are 
bioactive substances derived from essential fatty acids 
that regulate inflammation and promote resolution, 
aiding in the removal of pathogens, dead cells, and 
debris from inflamed tissues [59]. Major constituents 
of SPMs include resolvins, protectins, and maresins 
derived from DHA and EPA [60, 61].  

Fish AMPs can also induce anti-inflammatory 
effects [62-64]. AMPs inhibit TLR4, and prevent 
excessive inflammation by regulating immune cell 
differentiation and suppressing inflammatory 
responses [65, 66]. Notable anti-inflammatory 
peptides include LL-37 and β-defensin, which exhibit 
anti-inflammatory effects and function as AMPs 
[67-70].  

Antimicrobial capacities 

Fish, especially their skin, synthesize and release 
AMPs in response to pathogen invasion [71, 72]. 
These AMPs destroy pathogens by direct killing, 
membrane disruption, opsonization, or inhibition of 
DNA/RNA/protein synthesis. AMPs, including 
pleurocidin, β-defensin, hepcidin, cathelicidins, and 
piscidin, are particularly abundant in the mucous 
layer of fish skin [73]. These peptides are effective 
against gram-positive and gram-negative bacteria, 
fungi, and viruses [74].  

AMPs damage bacterial cell membranes, 
allowing them to penetrate and disrupt physiological 
functions, ultimately leading to cell death. AMPs can 
penetrate the cell membrane because they typically 
possess a positive charge, whereas bacterial cell 
membranes carry a negative charge, enabling the 
strong adhesion of AMPs to the membrane [75-77]. 
Once attached to the membrane, AMPs induce 
structural changes that form various types of 
membrane pores, facilitating their entry into the cells. 

Inside the cell, AMPs inhibit the synthesis of DNA, 
RNA, and proteins, and impede protein folding, 
enzyme activity, and cell wall synthesis, while 
promoting the release of lytic enzymes that disrupt 
cellular structures [78, 79].  

Additionally, omega-3 fatty acids contribute to 
antimicrobial capacity. SPMs derived from DHA and 
EPA enhance macrophage phagocytic activity and 
promote the destruction of bacterial cell membranes, 
thereby providing an additional defense mechanism 
against microbial infections [80, 81].  

Angiogenesis capacities  

The omega-3 fatty acids play a crucial role in 
promoting angiogenesis and the formation of new 
blood vessels. DHA and EPA enhance the growth and 
proliferation of vascular endothelial cells by 
increasing the expression of key angiogenic 
regulators, such as vascular endothelial growth factor 
(VEGF), basic fibroblast growth factor (bFGF), and 
angiopoietin2 (Ang-II) [82-85]. This leads to 
migration, differentiation, and proliferation of 
endothelial cells, thereby facilitating the formation of 
new blood vessels. 

Although the mechanisms by which omega-3 
fatty acids influence the expression of vascular 
growth factors have not been clearly elucidated, 
several studies have shown that omega-3 fatty acids 
promote vascular formation. Wang et al. 
demonstrated the vascularization capacity of omega-3 
fatty acids using transgenic mice that overproduced 
omega-3 fatty acids [83]. The researchers induced 
transient focal cerebral ischemia in transgenic mice 
and discovered that omega-3 promotes the 
upregulation of Ang-II in astrocytes and the release of 
this angiogenic regulator into the extracellular space. 
Additionally, Mathew and Bhonde confirmed that the 
expression of bFGF and VEGF is enhanced when 
placenta-derived mesenchymal stromal cells are 
cultured in a medium supplemented with DHA and 
EPA [82]. They also demonstrated the effectiveness of 
omega-3 fatty acids in promoting angiogenesis by 
treating chick yolk sac membranes with conditioned 
media collected during this process.  

Moreover, as previously mentioned, DHA and 
EPA are converted into SPMs, which not only resolve 
excessive inflammation but also promote tissue 
repair. By reducing inflammation, SPMs create a more 
favorable environment for endothelial cells to 
function effectively, thereby supporting angiogenesis 
and contributing to the maintenance of vascular 
health [86].  

AMPs can also bind to various receptors to 
facilitate activation of the AKT pathway [87]. AKT 
signaling is a central pathway that regulates 
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metabolism, proliferation, cell survival, and 
angiogenesis in response to various extracellular cues. 
The activation of the AKT pathway leads to the 
upregulation of matrix metalloproteinases (MMPs) 
associated with ECM remodeling and angiogenic 
factors, thereby promoting the regeneration of 
damaged tissues and vessel formation [87, 88].  

Biomedical scaffold based on fish- 
derived biomaterial  
Structural effects of biomedical scaffolds on 
stem cell activation 

Biomedical scaffolds used in stem cell therapy 
have been utilized as platforms for cell adhesion, 
proliferation, and differentiation, improving stem cell 
viability and function [89-91]. A key advantage of 
these structures is their potential for customization, as 
various biomaterials, such as collagen, peptides, and 
ECMs can be used in conjunction with biofabrication 
processes (e.g. extrusion bioprinting, electrospinning, 
and stereolithography) to create a wide array of 
structural types that could potentially improve 
treatment efficiency (Table 1).  

These fabrication methods offer distinct benefits 
for different tissue engineering applications. 
Extrusion bioprinting involves layer-by-layer 
deposition of bioinks, enabling the fabrication of 
scaffolds with controlled geometries and adjustable 
pore sizes, which are crucial for cellular migration and 
nutrient exchange. Electrospinning uses an electric 
field to draw polymer solutions into fine fibers, 
resulting in nanofibrous scaffolds with a high surface 
area and small pores that mimic the extracellular 
matrix, enhancing cell adhesion and directional 
growth [92]. Stereolithography (SLA) employs a laser 
to crosslink photopolymerizable resins layer by layer, 
producing scaffolds with high resolution, intricate 
geometries, and uniform pore distribution, ideal for 
tissues requiring specific mechanical properties [93]. 
Lyophilization freezes a biomaterial solution and 
removes water through vacuum drying, creating 
scaffolds with interconnected pores and high 
porosity, which support cell infiltration and tissue 
formation [94]. Each of these methods enables precise 
control over scaffold morphology, allowing for the 
design of scaffolds suited for various regenerative 
medicine applications. Each of these fabrication 
methods enables precise control over scaffold 
morphology. By carefully controlling the printing 
parameters, these techniques enable the formation of 
a variety of scaffold architectures, including aligned, 
curved, hierarchical, and porous structures. These 
topological features are crucial for influencing cell 
behavior, guiding migration, and promoting 

differentiation, thereby optimizing tissue 
regeneration. The following section discusses how 
these specific architectural cues enhance scaffold 
functionality and support tissue engineering 
applications. 

Aligned structures 

Alignment is one of the structures that play a 
crucial role in stem cell differentiation, proliferation, 
and migration. According to Song et al., aligned 
structures have a substantial effect on stem cells, 
particularly in relation to the Yes-associated protein 
(YAP) pathway (Figure 3A) [95]. Aligned structures 
limit the contact area between the stem cells and the 
substrate, preventing excessive cell spreading. This 
results in focal adhesions oriented along the length of 
the cells, which reduces cytoskeletal tension and helps 
maintain stem cell multipotency. These changes 
facilitate the translocation of the transcriptional 
coactivator, YAP, from the cytoplasm to the nucleus. 
YAP is regulated by cell-ECM interactions, and upon 
translocation to the nucleus, promotes the expression 
of genes crucial for maintaining stem cell 
multipotency. In particular, nuclear YAP localization 
enhances the expression of core stemness regulators, 
such as octamer-binding transcription factor 4 
(OCT4), SRY-box containing gene 2 (SOX2), and 
Nanog homeobox (NANOG), reinforcing the self- 
renewal capacity of stem cells [95]. Aligned structures 
play an important role in modulating stem cell 
cytoskeletal tension and facilitating nuclear transloca-
tion of YAP, ultimately promoting the retention of 
stem cell multipotency. This study suggests that 
aligned structures provide crucial mechanical signals 
that help maintain the physiological properties of 
stem cells, thereby enhancing their multipotency and 
self-renewal potential. 

Through this mechanism, scaffolds can prevent 
uncontrollable differentiation of stem cells and induce 
them to differentiate into specific tissues. In 
particular, various studies have shown that aligned 
scaffolds are effective in promoting muscle 
differentiation and regeneration of stem cells [90, 
96-98]. In addition to muscle regeneration, aligned 
scaffolds that mimic the orientation of peripheral 
nerves enhance neural differentiation of human 
adipose stem cells (hASCs) [99]. According to Yao et 
al., compared to randomly distributed PCL 
microfibers, these aligned structures activate the 
phosphorylated focal adhesion kinase (p-FAK) 
pathway through specialized transmembrane integrin 
adhesions [99]. This results in enhances neurotrophic 
effects in the neural microenvironment, providing a 
promising direction for improving stem cell therapy 
for neural applications.  
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Table 1. Biofabrication strategies of fish-derived biomaterials 

Fabrication 
Technique 

Fish-derived 
Biomaterial 

Fish Species Target Tissue Advantages Drawbacks Ref. 

Soft lithography  Collagen (Type I) Tilapia Oral Mucosa Similar rheological characteristics 
with mammals  

Incomplete shape fidelity of 
scaffold-embedded microstructures  

[174] 

Minimal shrinkage 
Excellent micropattern transfer 

Crosslinker-dependent micropattern 
dimension  

[175] 

Excellent micropattern transfer on 
scaffold surface 

Collagen dehydration-induced 
shrinkage 

[176] 

Electrospinning 
  

Gelatin Salmon Skeletal Muscle Enhanced mechanical properties 
Superior cell differentiation 

Differentiation of late myogenic 
markers still unexplored 

[177] 

240 bloom type A (not 
specified) 

General Tissues Enhanced mechanical properties 
Superior cell differentiation 

Poor retention of fibrous morphology  [178] 

Cold water fish skin 
(not specified) 

Connective Tissues Enhanced cellular activities Crosslinker-dependent cell-adhesion 
and proliferation 

[179] 

Enhanced cellular activities 
Low shear stress 
Enhance scaffold tunability 

Crosslinker-dependent stability and 
mechanical properties 

[180] 

Channel Catfish General Tissues Enhanced mechanical properties 
and structural stability 

Hybrid material-dependent stability [181] 

Fish Oil 
(Omega-3 
Polyunsaturated 
Fatty Acids) 

Not specified General Tissues Improved oxidative stability Enzyme-dependent release profile [182] 
Controllable fiber diameter by fish 
oil loading 

High hydroperoxide content and 
secondary oxidation products 

[183] 

Commercial Cod 
(liver) 

General Tissues Minor differences in fiber 
morphology 

Low oxidative stability [184] 

Commercial Cod 
(liver) 

General Tissues Non-cytotoxic 
Increased cell adhesion and 
proliferation 
Smaller nanofiber diameter 

Weak mechanical properties [185] 

Collagen (Type I) Not specified Thymopoeitic 
Moleculus 

Non-cytotoxic 
Increased cell adhesion and 
proliferation 

Weak mechanical properties [186] 

Tilapia Connective Tissues 
(fibroblasts) 

Enhanced mechanical properties 
Antibacterial activity against 
Staphylococcus aureus 

Decreased porosity with initial gelatin 
concentration 

[187] 

Freeze-Drying 
(Lyophilization)  

Gelatin Commercial Cod Cartilage Pore size control and high porosity 
Conducive cell adhesion and 
proliferation 
Non-cytotoxic 

Changes in pore shape 
post-crosslinking 

[188] 

Collagen (Type I) Weever Brain Tissue Conducive cell adhesion and 
proliferation 
Non-cytotoxic 

Low tensile modulus in non-hybrid 
scaffolds 

[189] 

Tilapia Skin Tissue Pore size control and high porosity Poor mechanical properties and 
structural instability 

[190] 

Cartilage Tissue Enhanced cellular activities 
High printability 

Poor mechanical properties and 
structural instability 

[191] 

Flatfish (Paralichthys 
olivaceus) 

Skin Tissue Pore size control and high porosity 
Non-cytotoxic 

Rapid degradation without proper 
crosslinker 

[192] 

Rohu and Catla Bone Tissue Pore size control and high porosity 
Conducive cell adhesion and 
proliferation 
Non-cytotoxic 

Requirement for cell seeding procedure [193] 

Extrusion-based  Gelatin Lizardfish (Saurida 
spp.) 

Skin Tissue Enhanced cellular activities Poor mechanical properties and 
structural instability 

[139] 

Enhanced cellular activities 
High printability 

Poor mechanical properties and 
structural instability 

[194] 

Not Specified Bone Tissue Enhanced cellular activities Poor mechanical properties and 
structural instability 

[195] 

Collagen (Type I) Blue grenadier fish 
(Macruronus 
novazealandii) 

Connective Tissues 
(fibroblasts) 

High cell viability 
Lower shear stress 
Enhance scaffold tunability 
Readily purified  

Low denaturation temperature [194] 

Flatfish 
(P. olivaceus) 

Bone Tissue Enhanced cellular activities Low structural stability [196] 
Increased mineralization 
Substantial ALP activity 
Enhanced cellular activity 

Low structural stability [197] 

 
 

Curved structures 

Surface curvature plays a critical role in 
influencing tissue growth and cellular behavior 

[100-102]. Specifically, curved regions enhance tissue 
growth, whereas convex areas tend to limit it [100]. 
The interplay between the curvature and cellular 
dynamics is particularly notable, with cells 
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preferentially migrating away from concave surfaces 
and exhibiting increased attachment, proliferation, 
and spreading on convex structures [100]. Moreover, 
curvature influences ECM distribution and nuclear 
mechanotransduction. Mechanical forces exerted on 
the nucleus in response to surface curvature increase 
Lamin A levels, which are associated with the 
promotion of osteogenic differentiation. Such nuclear 
responses reflect how the curvature regulates 
intracellular signaling pathways and stem cell fate. 
The favorable effects of curved substrates include 
enhanced stem cell activity, such as improved 
proliferation, differentiation, and alignment. These 
microcurvature-induced changes in stem cell 
behavior highlight the importance of geometrical cues 
in the designing biomaterials for tissue-engineering 
applications. 

Recently, Pei et al. introduced a stable die-swell 
extrudate biofabrication technique to produce 
micro-sized PCL fibers with a coiled morphology 
(Figure 3B) [102]. When hASCs were cultured on this 
coiled substrate, they exhibited substantial 
upregulation of the Hippo and Wnt/β-catenin 
signaling pathways, and stretch-activated ion 
channels, collectively enhancing osteogenic 
differentiation. The Hippo pathway is activated by 
increased cytoskeletal tension and regulates 
mechanosensitive transcription factors, such as 
YAP/transcriptional coactivator with PDZ-binding 
motif (TAZ), which in turn promotes the expression of 
osteogenesis-related genes, including bone 
morphogenetic protein 2 (BMP2), osteopontin (OPN), 
and osteocalcin (OCN). Similarly, stretch-activated 
ion channels respond to the mechanical strain of the 
substrate by modulating the intracellular calcium ion 
flux, which activates osteogenesis-associated 
signaling cascades. In the context of the 
Wnt/β-catenin signaling pathway, YAP and TAZ are 
key regulators of cell growth and tissue homeostasis. 
The inhibition of the β-catenin destruction complex 
and the subsequent accumulation of β-catenin in the 
nucleus can promote the expression of YAP/TAZ 
target genes, as both pathways are often coupled to 
regulate cell proliferation and survival.  

Similarly, Sun et al. elucidated enhanced stem 
cell mechanotransduction in curved nanofiber 
networks, as opposed to conventional straight 
nanofiber networks [101]. Curved fibers promote cell 
boundaries to cross several curved fibers, forming 
non-adhesive bridges, and actomyosin stress fibers 
generate strong intracellular tension, enhancing 
mechanotransduction. This mechanical signaling 
activates ion channels, such as Piezo1, on the cell 
membrane, inducing calcium ion influx, which 
influences transcriptional activity and promotes 

osteogenic differentiation. The curved fibers created 
stronger mechanical tension than that of the straight 
fibers and played a key role in osteogenesis. They 
observed the upregulation of osteogenic gene markers 
[Runx2, alkaline phosphatase (ALP), and OCN] and 
widely distributed cell bridges, which initiated 
mechanosensing and mechanotransduction signaling 
pathways. 

Porous structures 

The porous structure within scaffolds plays a 
critical role in supporting cellular functions by 
facilitating nutrient supply and promoting 
vascularization. The interconnected pores within the 
scaffold create pathways for the transport of essential 
nutrients, oxygen, and waste products, ensuring that 
the cells receive the necessary conditions for growth 
and survival. This is particularly important in TE 
applications where scaffolds are designed to mimic 
the natural ECM and promote tissue regeneration. 
Additionally, the physical properties of the porous 
structure, such as mechanical stiffness and pore size, 
provide cells with mechanical cues that can influence 
their behavior (Figure 3C) [103, 104]. The physical 
stimuli exerted by the porous scaffold can trigger 
cellular responses, such as migration, proliferation, 
and differentiation, leading to improved tissue 
formation. These mechanical cues are vital for guiding 
stem cells toward the desired tissue phenotype, 
making porous scaffolds an effective tool in 
regenerative medicine. 

Koo and Kim fabricated a collagen foam, which 
is highly porous and forms a collagen fiber network, 
efficiently inducing cell-cell interactions (Figure 3C) 
[103]. When cells settle in this porous structure, they 
interact with one another, enhancing the 
communication between cells and influencing their 
behavior. Specifically, the notch signaling pathway, 
which facilitates intercellular communication, is 
activated and plays a crucial role in cell function and 
tissue formation. The highly porous structure allows 
cells to interact more closely, activating the Notch 
signaling pathway through the jagged canonical 
Notch ligand 1 (JAG1) and Notch 1 receptor 
(NOTCH1). As a result, Notch signaling is transmitted 
to the nucleus, where it activates the expression of 
target genes [hes family bHLH transcription factor 1 
(HES1) and hes related with YRPW motif-like protein 
(HEYL)] related to cell differentiation and tissue 
formation. This interaction demonstrated that the 
highly porous structure promoted cell-to-cell 
communication, thereby facilitating osteogenesis 
more effectively. Moreover, the use of porous scaf-
folds has been extended to neural stem cells (NSCs). 
Kourgiantaki et al. effectively enhanced NSC delivery 
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using porous, collagen-based scaffolds, improving 
neuronal differentiation and functional integration in 
vivo [105]. This resulted in increased axonal 

elongation and decreased astrogliosis compared to 
those with the lesser or non-porous controls. 

 

 
Figure 3. Stem cell interactions with various scaffold structures. (A) Schematic illustration showing how aligned substrates regulate the self-renewal process of human 
mesenchymal stem cells (hMSCs) (Adapted with permission from [95], copyright 2020). SEM images and immunofluorescence stainings of Vinculin and F-actin for various 
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nanopatterned scaffolds. (B) Schematic of mechanotransduction pathways in straight and curved fibers (Adapted with permission from [102], copyright 2024). Images of Alizarin 
Red S (ARS) staining and DAPI/OPN, and relative expression of BMP2, OPN, and OCN in hASCs cultured on straight and curved fibers. (C) Illustration of the notch signaling 
pathway in highly porous scaffolds by stretching and active cell-to-cell interactions (Adapted with permission from [103], copyright 2022). Optical, SEM, DAPI/F-actin, and 
DAPI/OPN staining images of conventional scaffolds and collagen foam scaffolds, along with the relative gene expression of osteogenic genes and MAPK signaling genes (COL1, 
BMP2, OCN, ERK1/2, and p38 MAPK) at days 14 and 28. (D) Schematic showing of the interaction between hMSCs and different types of hierarchical structure (Adapted with 
permission from [106], copyright 2020). Immunofluorescence staining images of Actin, YAP-TAZ, and Myosin, along with fluorescence intensity of myosin and the number of cells 
showing nuclear localization of YAP-TAZ. 

 
Hierarchical structures 

Finally, hierarchical, multiscale topographies, as 
described by Yang et al., have shown the potential to 
enhance osteogenic differentiation in human bone 
marrow-derived mesenchymal stem cells (hBMSCs) 
(Figure 3D) [106]. The fabricated triple-scale scaffolds 
mimicking the collagen structure showed enhanced 
ALP, OPN, and YAP-TAZ expression markers as well 
as increased cell elongation in comparison to their 
double- and single-scale counterparts. However, 
although a combination of perpendicular- and 
parallel-positioned triple-scale fibers supported 
osteogenic differentiation, slight modifications in 
alignment, such as purely parallel levels, inhibited 
osteogenesis. This highlights the importance of 
fabricating corresponding angles for each level to 
fully exploit the effectiveness of the hierarchical 
scaffolds. 

Koo and Kim (2024) developed a hierarchically 
porous collagen bioink with macro- and microscale 
pores [104]. While the conventional use of porous 
structures has been correlated with substantial cell 
viability and a more robust cell mobility profile, the 
combination of macro- and micropores facilitates cell 
survival and proliferation, as well as cell stretching 
and spreading, respectively. hASCs in these 
hierarchically porous structures infused with BMP2 
demonstrated both printability and bioactivity, 
eliminating the compromise between structural 
stability and cell activity, and subsequently inducing 
osteogenesis. 

The results confirmed that inducing 
topographical cues through biomedical scaffold 
structures, whether aligned, curved, porous, or 
hierarchical, can substantially enhance the efficacy of 
stem cell therapy. Furthermore, the hybrid 
approaches described, such as using different pore 
sizes or combining fiber alignments, provide a more 
biomimetic strategy for improving TE outcomes. The 
use of fish-derived biomaterials to fabricate these 
scaffolds can further enhance their synergistic effects. 

Crosslinking strategies to enhance the 
structural integrity of fish-derived biomedical 
scaffolds 

Fish-derived biomedical scaffolds are valued for 
their biocompatibility and bioactivity, positioning 
them as promising candidates for TE. However, 

compared to their mammalian counterparts, their 
limited structural integrity often restricts their 
performance. This limitation arises from their 
adaptation to aquatic environments, which can render 
materials such as collagen and dECM prone to 
denaturation at mammalian body temperatures [3, 
107, 108]. Specifically, Ahn et al. demonstrated that the 
denaturation temperature of collagen from tilapia and 
flatfish was 30 °C and 25 °C, respectively, while the 
denaturation temperature of porcine collagen was 
higher at 35 °C [109]. The fiber tenacity of collagen 
from tilapia and flatfish was measured at 0.88 and 0.46 
g/den, respectively, compared to 2.98 g/den for 
porcine collagen. Similarly, GelMA derived from 
cold-water fish skin exhibited larger pore diameters 
(198.1 ± 125.9 μm) and a lower compressive modulus 
(39.4 ± 1.7 kPa) compared to porcine skin (pore 
diameter = 141.1 ± 72.6 μm and compressive modulus 
= 93.6 ± 16.6 kPa) [110]. Additionally, GelMA derived 
from fish skin had a faster degradation rate compared 
to porcine skin, with mass losses of 23% ± 0.8% and 
28.1% ± 1.8%, respectively, after 21 days. These 
findings highlight the challenges related to the 
mechanical instability of fish-derived biomaterials, 
which may limit their application in tissue 
engineering. 

To address these challenges, a range of 
crosslinking techniques has been developed to 
enhance scaffold stability. Photo-crosslinking 
employs light-activated bonding to increase rigidity, 
while chemical methods form covalent bonds 
between biomolecules, thereby improving mechanical 
strength. Enzymatic crosslinking, inspired by natural 
biological processes, provides a biocompatible and 
biologically relevant stabilization approach. 
Collectively, these methods enhance the durability 
and structural integrity of fish-based biomaterials, as 
detailed in the following section, while preserving the 
biocompatibility critical for TE applications. 

Photocrosslinking 

Photocrosslinking of biomaterials often relies on 
the methacrylation process, which introduces 
methacryloyl groups to free amines and hydroxyl 
groups to molecules that can undergo polymerization 
upon exposure to UV or blue light [111, 112]. A critical 
requirement for this process is the use of free radical 
photoinitiators, such as irgacure 2959 (2-hydroxy- 
4′-(2-hydroxyethoxy)-2-methylpropiophenone) or 
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lithium phenyl-2,4,6-trimethylbenzoylphosphinate. 
These photoinitiators generate free radicals when 
irradiated with UV or blue light, initiating the 
crosslinking of the methacryloyl species. 
Furthermore, the UV intensity and crosslinking 
conditions must be carefully selected to achieve 
appropriate cell viability because excessive irradiation 
can adversely affect cellular health.  

Methacrylated gelatin (GelMA), derived from 
fish gelatin, facilitates photocrosslinking to produce 
hydrogels with tunable mechanical properties and 
controlled degradation rates for TE [113]. Elkhury et 
al. further explored GelMA from cold-water fish skin 
as a potential biomaterial for skeletal muscle 
regeneration [113]. The comparative study of the 
biological properties of fish- and porcine-derived 
GelMAs revealed that while both exhibited similar 
characteristics before crosslinking, fish-derived 
GelMA hydrogels demonstrated a higher mass 
swelling ratio and enhanced cell spreading after 
crosslinking. Moreover, GelMA synthesized from 
Greenland halibut skin in combination with 
methacrylated hyaluronic acid and chondroitin 
sulfate resulted in biomechanically stable scaffolds 
[114]. Further investigation using ATDC-5 
chondrocytes indicated their potential for cartilage 
tissue regeneration. Additionally, Cao et al., have 
demonstrated an inverse opal film (IOF) patch was 
developed using a photo-crosslinking GelMA 
extracted from tilapia skin combined with chitosan 
and polyacrylic acid (PAA) to replicate colloidal 
crystal templates [115]. The resulting IOF exhibited 
excellent biocompatibility, low immunogenicity, and 
antibacterial properties, while effectively promoting 
tissue growth and wound healing.  

The dECM can be methacrylated to produce 
photo-crosslinkable bioinks. A recent study by Lin et 
al. demonstrated the 3D bioprinting of methacrylated 
tilapia skin dECM, specifically for wound-healing 
applications (Figure 4A) [116]. To ensure structural 
stability, researchers have methacrylated dECM 
(dECM-MA), resulting in excellent biocompatibility 
scaffolds that substantially accelerate the chronic 
wound healing process in vivo. dECM-MA extracted 
from tilapia skin demonstrates appropriate 
mechanical stability. However, tilapia skin generally 
contains low levels of omega-3 fatty acids, which are 
more abundant in saltwater fish. To address this 
deficiency, Lee et al. have proposed a composite 
bioink consisting of dECM-MA from tilapia skin and 
dECM powder from cod fish (Figure 4B) [117]. In vitro 
assessments using HS-27 fibroblasts, HaCaT 
keratinocytes, and EA.hy926 endothelial cells showed 
improved keratinization and vessel formation 
compared with those of mammalian-based 

biomaterials. 

Chemical crosslinking 

The mechanical instability of fish-derived 
biomaterials can be substantially enhanced by 
dual-crosslinking strategies that incorporate covalent 
and ionic bonds. By combining these two crosslinking 
methods, the resulting scaffolds exhibit improved 
structural integrity and durability, which are crucial 
for applications in TE and regenerative medicine. 
Covalent cross-linking provides robust, long-lasting 
connections between polymer chains, whereas ionic 
bonding adds flexibility and dynamic properties, 
allowing biomaterials to better withstand mechanical 
stresses and deformation [118, 119]. This approach not 
only enhances the overall mechanical performance of 
fish biomaterials but also contributes to their 
biocompatibility and functionality in various 
biomedical applications. 

 Figure 4C illustrates the incorporation of divinyl 
sulfone (DVS) into Korean amberjack skin-derived 
dECM and hyaluronic acid-based bioink, facilitating 
the formation of sulfonyl bis-ethyl crosslinks between 
biomolecules [26]. This pre-gelation step enhances the 
printability of the bioink. Following the fabrication of 
the 3D scaffolds, the structures were submerged in 
DVS solutions, initiating a secondary crosslinking 
process to further stabilize the scaffold architecture. 
Through the in vitro biological evaluation of human 
dermal fibroblast (HDF) and HaCaT cells, the 
proposed methodology demonstrated an alternative 
solution to mammalian-based scaffolds. Figure 4D 
shows the dual crosslinking process of the bioink 
composed of cold-water fish skin gelatin and sodium 
alginate. The formulated bioink was 3D printed, 
followed by treatment with EDC/NHS solution and 
calcium chloride solution [22]. EDC/NHS 
crosslinking formed stable covalent amide bonds 
between the carboxyl and amine groups, whereas 
calcium chloride-induced ionic crosslinking with 
sodium alginate created ionic bonds between the 
calcium ions and alginate. Rheological analysis 
demonstrated that the addition of sodium alginate 
substantially increased the viscosity of the bioink, 
leading to improved shear-thinning behavior, which 
facilitated the successful extrusion-type 3D printing of 
the composite bioink. 

Hybrid enzymatic crosslinking 

Enzymatic crosslinking enhances the mechanical 
stability of biomaterials by forming covalent bonds 
between polymer chains, creating a more rigid and 
cohesive network. This method improves structural 
integrity under external loading conditions and is 
commonly used in conjunction with other forms of 
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crosslinking. Enzymes, such as transglutaminase 
[120], lysyl oxidase [121], and tyrosinase [122], 
catalyze the formation of stable covalent linkages 
between specific amino acid residues, such as lysine, 
glutamine, or tyrosine, within the protein or polymer 
matrix. These bonds lock the molecular chains into a 
more stable configuration, thereby preventing 
slippage and structural failure under mechanical 

stress. The improved stability reduces the risk of 
scaffold swelling or degradation in physiological 
environments, making the material more durable over 
time. Increased mechanical stability also allows the 
scaffold to provide mechanical cues to cells, 
supporting tissue regeneration while maintaining its 
shape and function during implantation. 

 
 

 
Figure 4. Crosslinking strategies to enhance mechanical capabilities of fish-derived biomedical scaffolds. (A) Schematics and optical image of the fabrication of the 
bio-printed fish-skin- decellularized extracellular matrix (dECM) methacrylate and application of skin regeneration (Adapted with permission from [116], copyright 2023). (B) 
Schematics of the bioprinting process of photocrosslinkable bioink composed of methacrylated tilapia dECM (tdECM-MA) and cod dECM (Adapted from [117], with permission). 
(C) Schematic of fish-derived dECM formulation and 3D hybrid bioink preparation (Adapted with permission from [26], 2023). Solubilized fish-dECM is pre-gelled using divinyl 
sulfone (DVS), followed by 3D printing to fabricate a structured model, with a secondary crosslinking step using DVS to stabilize the scaffold. (D) Schematics of fabrication of 
cartilage tissue therapeutics using cold-water fish skin gelatin scaffolds, demonstrating dual crosslinking of Ca+ and EDC/NHS crosslinking (Adapted with permission from [22], 
copyright 2023). (E) Schematics illustrating bioprinting of fish scale (FS) particles/alginate dialdehyde (ADA), which is crosslinked using CaCl2 and microbial transglutaminase 
(mTG) through ionic, covalent, and enzymatic methods. Characterization of FS through EDX analysis, and schematics of crosslinking mechanism (Adapted with permission from 
[123], copyright 2023). 
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Figure 4E shows the development of biomaterial 
inks that mimic the physicochemical properties of the 
ECM, which is crucial for advancing bioprinting 
technologies in TE [123]. A composite biomaterial ink 
composed of FS and alginate dialdehyde (ADA) 
gelatin was created to enhance bioactivity and 
mechanical strength, and transglutaminase was used 
as an enzymatic crosslinking method along with 
calcium crosslinking of the alginate component to 
improve structural integrity.  

Conventional crosslinking methods face 
limitations in balancing the physical performance of 
bioinks for high-fidelity tissue fabrication and 
creating suitable microenvironments for encapsulated 
cells. To overcome this issue, researchers introduced a 
molecular cleavage approach that utilizes hyaluronic 
acid methacrylate (HAMA) mixed with GelMA 
extracted from cold-water fish (Figure 4F) [124]. The 
proposed method was followed by the selective 
enzymatic digestion of HAMA using the Hase 
enzyme to achieve tissue-matching mechanical 
properties while preserving structural complexity and 
fidelity. 

Stem cell therapy using fish-based 
biomedical scaffold 

Fish-based biomaterials activate intercellular 
pathways that play a crucial role in guiding stem cell 
differentiation. Key components such as collagen, 
hydroxyapatite, AMPs, and omega-3 fatty acids drive 
the differentiation of stem cells into osteogenic, 
chondrogenic, myogenic, and skin lineages (Figure 5). 
These biomaterials create a signaling environment 
that directs stem cells through tissue-specific 
pathways, promoting growth, proliferation, and 
differentiation. Additionally, scaffold design 
parameters significantly enhance the regenerative 
potential of fish-based biomaterials. Structural 
features such as alignment, curvature, porous, and 
hierarchical structures not only facilitate nutrient and 
oxygen transport but also guide stem cells through 
effective mechanotransduction, thereby enhancing 
their bioactivities. As shown in Table 2 and Figure 6, 
fish-derived biomaterials offer significant potential in 
stem cell therapy, steering differentiation toward 
targeted tissues. The following section explores their 
impact on tissue regeneration. 

Bone regeneration 
Scaffold design plays a critical role in bone 

regeneration, with features such as porosity and 
curvature enhancing osteogenic activities in stem 
cells. Previous studies have demonstrated that 
scaffolds with porous [125] and curved structures 
[126, 127] effectively induce osteogenic 

differentiation, promoting bone-like tissue formation. 
Specifically, it has been reported that osteogenesis is 
most effectively promoted when the pore diameter 
ranges between 200 and 400 µm, as this enhances 
cell-cell interactions, cell migration, and proliferation. 
Additionally, compared to scaffolds with a smooth 
surface, those with a rough surface can stimulate focal 
adhesion of cells, thereby facilitating osteogenic 
differentiation [128]. These characteristics are 
essential for fostering a favorable environment for 
bone regeneration. 

In addition to scaffold design, the material 
components of fish-derived biomaterials significantly 
contribute to osteogenesis by activating key signaling 
pathways (Figure 5). Collagen plays a pivotal role in 
osteogenesis by activating the Wnt/β-catenin 
pathway, which promotes osteoblast differentiation 
and mineralization [129]. Collagen binds to integrins 
on the cell membrane, triggering 
mechanotransduction that activates Wnt/β-catenin 
signaling [130]. This process leads to the accumulation 
of β-catenin in the cytoplasm, which then translocates 
to the nucleus [131]. This pathway is crucial for bone 
formation, as β-catenin regulates the expression of 
genes involved in osteogenic differentiation [132]. 
Additionally, hydroxyapatite, especially in its 
nanoscale form, can activate the binding of bone 
morphogenetic protein (BMP) to BMP receptors 
[133-135]. This activation leads to the phosphorylation 
of SMAD1/5/8, which then forms a complex with 
SMAD4. This SMAD complex subsequently 
upregulates the expression of osteogenic genes in the 
nucleus. AMPs further support osteogenesis by 
activating the Akt and mTOR pathways, enhancing 
osteoblast proliferation, survival, and mineralization 
[136]. Omega-3 fatty acids reduce proinflammatory 
signaling and also activate the Akt/mTOR pathway, 
which promotes osteoblast differentiation and 
mineralization [137]. Together, these components 
create a synergistic signaling environment that 
supports bone formation and regeneration.  

 Figure 6A shows the effectiveness of bone TE 
using decellularized/decollagenized Lateolabrax 
japonicus scales [34]. The research team utilized 
anisotropic ridged micropatterns of FSs to modulate 
cellular orientation, induce macrophage polarization, 
and enhance osteogenic differentiation of hBMSCs 
through activation of the Wnt/β-catenin pathway. 
Through in vivo assessment of a rat femoral defect 
model, the research group demonstrated the capacity 
of FSs to induce M2 macrophage polarization, 
regulate the osteoimmune microenvironment, 
promote osteogenesis-related protein expression, and 
support bone matrix deposition and osteogenesis. 
This study highlighted FSs as promising bone fillers 
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for accelerating bone regeneration. Additionally, Yu et 
al. investigated a novel 3D-printed fish gelatin 
methacrylate (FG) scaffold enhanced with 
strontium-doped calcium silicate powder (FGSr), 
which showed promising results for stem cell 
activation in bone TE [138]. FGSr scaffolds not only 
exhibited 2.5-fold higher tensile strength but also 
enhanced the osteogenic differentiation and alkaline 
phosphatase activity of Wharton jelly derived 
mesenchymal stem cells (WJ-MSCs), positioning them 
as strong candidates for regenerative medicine 
applications. The research group further elaborated 
on the proposed method via the integration of BMP2, 
designed for enhanced drug delivery [139]. The 
obtained structure demonstrated a stable localized 
release of BMP2, which substantially promoted 
cellular proliferation and increased alkaline 
phosphatase activity, indicating its potential for 
effective bone TE. 

Cartilage regeneration 
The design of scaffolds plays a crucial role in 

enhancing cartilage regeneration, with hierarchical 
[140] and porous structures [141] proving particularly 
effective. These structural features have been shown 
to create biomimetic environments that accelerate 
cartilage formation by providing physical cues that 
promote stem cell differentiation and support tissue 
regeneration. According to previous documents, in 
articular chondrocytes, a pore size of 150–250 µm is 
considered suitable, whereas mesenchymal stem cells 
(MSCs) exhibit enhanced chondrogenic differentiation 
at pore sizes larger than 300 µm [142]. Integrating 
such scaffold designs with fish-derived biomaterials 
further enhances the regenerative potential of 
cartilage tissue. 

 

Table 2. Strategies of stem cell therapeutical applications using fish-derived biomaterials 

Target 
Tissue/Organ 

Fish Derived 
Biomaterial 

Fish Species Biofabrication 
Method 

Stem Cell Advantages Limitations Ref 

Bone Gelatin Non-specific Extrusion 
Bioprinting 

WJ-MSC   ALP upregulation FGSr degraded faster compared to 
pure FG batches 

[138] 

Gelatin Non-specific Extrusion 
Bioprinting 

WJ-MSC WJ-MSC differentiation and 
proliferation 
Sustained release of BMP-2 

Aggregation on the FGSrB scaffolds 
by the rough surface 

[139] 

Decellularized 
Fish Scale / 
GelMA from 
Fish-derived 
Gelatin 

Gilt-head bream / 
Non-specific 

Nanosheets hMSCs Higher mineralization by NIR light  
Fish-scale scaffold enhanced MSC 
proliferation and osteogenesis  
No immunological reaction detected 

MSC proliferation on fish scales and 
GelMA lower than control disks 

[198] 

Hydroxyapatite Labeo rohita and 
Catla catla 

Polymer Gel 
Casting 

MSCs MSC proliferation and adhesion with 
spread morphology 

10–15% weight loss at 800–1,300 °C 
indicates HAp decomposition and 
OH− loss. 

[199] 

Decalcified fish 
scales 

Black carp 
(Mylopharyngodon 
piceus) 

Freeze-Drying BMSCs CS-FS showed excellent mechanical 
properties 
Promoted differentiation of various 
cell types 

Co-culture (BMSC/TSPC 1:1, 2:1) 
reduced TSPC tenogenic gene 
expression (DCN, COL1, and BGN) 

[200] 

Cartilage Collagen blue shark Freeze-Drying hASC Hyaluronic acid incorporation boosts 
chondrogenesis support 

Substantial cell-mediated 
contraction  
Enhanced chondrogenesis reduces 
scaffold stiffness 

[146] 

Collagen Eel Extrusion 
bioprinting 

hUMSCs Collagen improves cell adhesion and 
proliferation 

Reduced scaffold stability after 
printing 

[201] 

Pancreas Gelatin Non-specific Electrospinning WJ-MSC WJ-MSCs on Fish gelatin/PCL 
scaffold differentiated into 
insulin-producing cells  
Substantial insulin and C-peptide 
production in high glucose setups 

Insulin and C-peptide production 
also substantial in low glucose 
setups  
Still unexplored Glut-2 function 
Need for in vivo studies 

 
[202] 

Muscle Decellularized 
extracellular 
matrix 

Tilapia and cod Extrusion 
Bioprinting 

ASC Fish skin dECM has a lower risk of 
immune rejection 
Enhanced muscle differentiation and 
regeneration 

Low denaturation temperature 
Reduced stability 

[21] 

Periodontal 
Tissue 
(Gingiva) 

Hydroxyapatite Snapper and 
Salmon 

Peptide 
Nanofibers 

iPSCs Salmon-scale HAp-hybrid scaffold 
showed higher mechanical strength 

Species-specific morphological 
differences in fish-derived HAp 

[203] 

Skin GelMa from 
Fish-derived 
Gelatin 

Non-specific Extrusion 
bioprinting 

ASCs Insignificant immune rejection or 
foreign body response 

Low cell viability (42.9 ± 9.1%) was 
observed on day 1 

[204] 

Thymus Collagen Non-specific Electrospinning HPSCs  Expression of thymopoietic genes and 
proteins 

FC/PCL 0.4:9.6 scaffold showed 
slight increase in cell proliferation 
compared to PCL scaffolds 

[205] 

Abbreviations Wharton jelly-derived mesenchymal stem cell (WJ-MSC); alkaline phosphatase (ALP) ; fish gelatin methacrylate with strontium-doped calcium silicate 
powder (FGSr); bone morphogenetic protein 2 (BMP-2); BMP-2-loaded FGSr (FGSrB); human mesenchymal stem cells (hMSC); near-infrared (NIR); mesenchymal stem cell 
(MSC); hydroxyapatite (HAp); bone marrow mesenchymal stem cell (BMSC); calcium silicate-bioactivated fish scale (CS-FS); tendon stem/progenitor cells (TSPC); decorin 
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(DCN); COL1A1 (COL1); biglycan (BGN); human adipose stem cell (hASC); human umbilical cord derived mesenchymal stem cell (hUMSC); glucose transporter 2 (Glut-2); 
induced pluripotent stem cell (iPSC); human pluripotent stem cell (HPSC); polycaprolactone (PCL); adispose stem cell (ASC); decellularized extracellular matrix (dECM); 
fish collagen (FC) 

 

 
Figure 5. Schematic illustration of the stem cell lineage determination process through core constituents of fish-based biomaterials, including collagen, anti-microbial peptides, 
and omega-3 fatty acids, facilitating tissue-specific differentiation in osteogenesis, chondrogenesis, myogenesis, and skin differentiation. 

 
Fish-derived biomaterials promote 

chondrogenesis in stem cells through key signaling 
pathways (Figure 5). Through SMAD2/3 activation, 
collagen modulates chondrogenesis by upregulating 
the transcription factor SOX9, which enhances the 
expression of chondrogenic factors such as collagen 
type II alpha 1 chain (COL2A1) and aggrecan 
(ACAN), essential for cartilage formation [143]. 

Additionally, AMPs regulate the Akt/mTOR 
pathway by binding to cell surface receptors, which 
activates Akt and downstream mTOR signaling, 
promoting protein synthesis and cell survival [144]. 
This activation enhances chondrogenic differentiation 
by stimulating the production of cartilage-specific 
ECM components, such as collagen type II and 
aggrecan, essential for cartilage formation and 
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maintenance [145]. Omega-3 fatty acids help maintain 
ECM integrity, which is critical for cartilage 
formation, by interacting with the same Akt/mTOR 
pathways [144]. This coordinated signaling 
environment supports the development of cartilage 
and the repair of joint tissues. 

Diogo et al. investigated the potential of blue 
shark (Prionace glauca) skin collagen to induce 
chondrogenic differentiation of hASC using a 
cryogelation method to produce highly 
interconnected 3D constructs of collagen and 
hyaluronic acid [146]. In vitro results demonstrated 
that hASC adhered well to these constructs, with early 
upregulation of chondrogenic markers, such as 
COL2A1 and SOX9, while the inclusion of hyaluronic 
acid enhanced the later expression of ACAN. These 
findings suggest that blue shark collagen can support 
initial differentiation; however, exogenous 
stimulation may be necessary to maintain the 
chondrogenic phenotype, making it a valuable 
biopolymer for cartilage applications. 

Owing to advances in chondral regeneration, 
fish-based biomaterials have emerged as effective 
candidates for addressing osteochondral defects in the 
tissue regeneration process. As shown in Figure 6B, 
the bilayer FC-based composite scaffold consisted of 
an upper layer enriched with chondroitin sulfate to 
promote cartilage regeneration and a lower layer 
containing hydroxyapatite to facilitate bone formation 
[15]. The scaffold architecture was designed to 
support the distinct microenvironments required for 
osteochondral tissue healing. Histological analysis 
revealed well-defined regions. The upper layer 
displayed organized cartilage-like tissue with an 
abundant ECM and cellular arrangements 
characteristic of chondrogenesis, whereas the lower 
layer exhibited robust bone formation, as evidenced 
by mineralized matrix deposition and the presence of 
osteocytes. These findings underscore the 
effectiveness of the scaffold in simultaneously 
promoting cartilage and bone regeneration, making it 
a promising candidate for osteochondral defect repair. 

Muscle regeneration 
Alignment topographical cues are essential for 

guiding cellular orientation, a critical factor in 
promoting muscle regeneration. Scaffolds with 
aligned structures provide mechanical signals that 
direct stem cell alignment along the fibers, facilitating 
myogenic differentiation and enhancing muscle tissue 
formation [90, 147]. Scaffold stiffness is also an 
important factor to consider in scaffold design. For 
skeletal muscle regeneration, a stiffness of 
approximately 12 kPa has been reported to be the 
most suitable [148]. 

Figure 5 also illustrates the key signaling 
pathways involved in myogenesis and the role of 
fish-derived biomaterials in activating these 
pathways. In myogenesis, collagen activates the 
SMAD pathway through TGF-β signaling, promoting 
myoblast fusion and differentiation, which are 
essential for muscle formation [149]. The binding of 
collagen through integrins on the cell surface activates 
the TGF-β receptor and subsequent TGF-β/SMAD 
signaling [150]. This pathway promotes myogenic 
differentiation by enhancing the expression of key 
myogenic transcription factors which direct stem cells 
toward muscle lineage commitment. AMPs further 
facilitate myogenesis by supporting protein synthesis 
and myoblast fusion through Akt/mTOR activation, 
which is crucial for muscle fiber formation [151]. This 
activation also promotes myoblast fusion, a crucial 
step for forming multinucleated muscle fibers 
through inducing the fusion of myoblasts into more 
mature muscle fibers, a process that is essential for 
muscle regeneration [152]. Omega-3 fatty acids 
enhance these processes by stimulating the 
Akt/mTOR pathway and peroxisome 
proliferator-activated receptor gamma (PPARγ) 
signaling, promoting protein synthesis and myoblast 
differentiation [153]. Together, these molecules 
collaborate to guide stem cells toward muscle 
regeneration. 

Recently, the effects of the aforementioned 
properties of tilapia and cod skin on skeletal muscles 
were evaluated (Figure 6C) [21]. The biological effects 
of fish-based scaffolds (skin of tilapia and cod) were 
compared with those of mammal-based collagen and 
dECM using hASCs. Inflammatory markers were 
substantially downregulated in cells cultured in 
fish-based structures, whereas myogenic-related gene 
expression was upregulated. The implantation of 
volumetric muscle defects resulted in improved 
muscle regeneration and innervation in mice that 
received a fish-based scaffold.  

Skin regeneration 
The incorporation of curved morphologies, 

resembling the natural rete ridge structure of the skin, 
is beneficial for effective skin regeneration. Scaffolds 
designed with such topographies not only mimic the 
skin's native architecture but also enhance the 
elasticity of the material, which is crucial for 
supporting tissue regeneration [154]. The rete ridge 
structure of the basement membrane and the 
anisotropic structure can enhance the skin's elasticity 
[155]. This increased elasticity enables the scaffold to 
better withstand the dynamic in vivo stresses during 
the regeneration period.  
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Figure 6. Various stem cell applications using fish-based biomedical scaffolds. (A) i. Schematic illustration of the natural micropatterned fish scales (FSs) designed to 
orchestrate cell behavior and the osteoimmune microenvironment, thereby enhancing regeneration of critical-sized bone defects. (ii) Immunofluorescence staining and (iii) 
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quantitative analysis of the CD 163 (M2 macrophage polarization) and Runx2 (osteogenic markers) of CON (negative control), decellularized FS (DC⸧FS), 
decellularized/collagenized FS (DG⸧FS), and Bio-Oss® (commercially available bone graft) (Adapted with permission from [34], copyright 2023). (B) (i) Schematics, and (ii) optical 
and H&E staining images of bilayer scaffolds composed of fish collagen (FC; hydroxyapatite integrated bottom layer, and chondroitin sulfate integrated top layer). (iii) In vivo results 
of implantation of bilayer FC-based scaffold into articular joint defect in rabbits demonstrating enhanced osteochondral regeneration. (Adapted with permission from [15], 
copyright 2020). (C) (i) Illustration demonstrating composite bioink composed of methacrylated tilapia decellularized extracellular matrix (dECM; T-MA) and cod dECM (Cd) and 
dual UV crosslinking systems. (ii) Biological responses of human adipose stem cells (hASCs) to omega-3 fatty acids and (iii) immunofluorescence staining of MHC, HLA, CD31, 
α-BTX, and NF of the muscles harvested from mouse that received SHAM (positive control), VML (negative control), Col-MA (methacrylated porcine skin-derived collagen), 
P-MA (methacrylated porcine skin-derived dECM), and T-MA/Cd (fish-based composite structure) (Adapted with permission from [21], copyright 2024). (D) (i) Scheme 
illustrating the fabrication of mesenchymal stem cell (MSC)-loaded FS scaffolds, highlighting their role in modulating immune responses by promoting M2 macrophage polarization 
and enhancing skin flap survival through reduced inflammation and improved tissue regeneration. (ii) Immunohistochemical staining of CD31 (vascularization marker) and CD 206 
(M2 macrophage polarization marker) demonstrating enhanced vascularization and M2 macrophage polarization in rats that received control (negative control), FS, MSCs, and 
MSCs&FS (Adapted with permission from [12], copyright 2022). 

 
Figure 5 highlights the signaling pathways 

involved in skin differentiation in stem cells, showing 
how fish-derived biomaterials activate these 
processes. Collagen also contributes to skin 
differentiation by enhancing keratinocyte migration, 
proliferation, and differentiation through the 
Akt/mTOR pathway [156]. Omega-3 fatty acids play 
a complementary role by supporting keratinocyte 
proliferation and epidermal barrier formation 
through the same signaling.  

As shown in Figure 6D, Lin et al. demonstrated 
this effect by fabricating a biohybrid scaffold 
combining anisotropic FSs and human mesenchymal 
stem cells (hMSCs), preserving essential components, 
such as collagen and glycosaminoglycans [12]. In vivo 
studies revealed that hMSC-loaded FS scaffolds 
effectively convert activated inflammatory 
macrophages into their anti-inflammatory forms, 
thereby reducing inflammation around the flap. These 
findings highlighted the potential of the scaffold to 
improve skin flap survival and functional recovery by 
modulating inflammation. 

Other tissue regeneration 
Fish-derived biomaterials have promising 

applications in TE, particularly in supporting stem 
cell therapy across a range of tissues. Liu et al. recently 
suggested the activation of tendon-derived stem cells 
using tilapia skin dECM [157]. The research group has 
demonstrated the upregulation of key proteins 
associated with tendon regeneration, including 
collagen I (Col-I), scleraxis (SCX), and tenomodulin 
(TNMD), as well as proteins associated with integrin 
α2/β1 and TGF-β/SMAD signaling pathways, 
suggesting the tilapia skin dECM can actively 
stimulate stem cells in tendon repair through integrin 
and TGF-β signaling pathways. Additionally, the 
fabricated scaffold mimicked the alignment structure 
of tendon tissue and exhibited a maximum tensile 
stress of approximately 4.12 MPa. This mechanical 
strength and structure are suitable for tendon tissue 
regeneration, which requires high mechanical 
properties [157]. A recent study demonstrated an 
innovative approach for autoimmune disease 
treatment using adhesive microcarriers made from 
fish skin ECM loaded with engineered hMSCs [158]. 

Using a microfluidic device, fish ECM microcarriers 
with a high surface area, porosity, and precise size 
control were created, enhancing hMSC attachment. 
Engineered hMSCs express PD-L1, which activates 
the PD-1/PD-L1 pathway and suppresses immune 
cell activity and inflammation, making this 
combination a promising method for autoimmune 
disease therapy. 

Current challenges and future directions 
of fish-based biomaterials  

Fish-derived scaffolds show significant promise 
in tissue engineering due to their biocompatibility, 
high collagen content, and sustainable sourcing. 
Compared to mammalian collagen, fish collagen 
offers advantages such as ease of extraction, lower 
disease transmission risks, minimal environmental 
impact, and fewer ethical concerns [159]. Future 
research should focus on enhancing the mechanical 
properties of these scaffolds through crosslinking and 
blending synthetic polymers, as well as developing 
standardized extraction methods for clinical 
scalability. Emerging techniques like 3D bioprinting 
and nanotechnology could enable more complex 
scaffold designs, while integrating bioactive 
components such as growth factors may further 
enhance their regenerative potential. Long-term in 
vivo studies are essential to evaluate the safety, 
degradation, and efficacy of fish-derived scaffolds, 
paving the way for their broader clinical use. 

Crosslinking strategies and bioactivities  
The application of fish-derived biomaterials in 

TE presents several interrelated challenges, each of 
which highlights crucial future research directions to 
enhance their effectiveness and reliability. A major 
concern is the crosslinking strategy required to 
stabilize fish-derived scaffolds. Figure 4 demonstrates 
that dual crosslinking often involves additional 
components, such as alginate, which, while 
structurally beneficial, may reduce the overall 
bioactivity of the resulting construct. This reduction in 
bioactivity poses a critical limitation, as the inclusion 
of fewer bioactive elements can hinder effective 
interactions between the scaffold and host cells, 
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impacting key regenerative processes, such as cell 
adhesion, proliferation, and differentiation. Therefore, 
the development of novel cross-linking methods that 
avoid compromising bioactivity is an urgent area for 
further research. Such advancements would enable 
the creation of biomaterials with enhanced biological 
performance and foster greater regenerative capacity 
without sacrificing structural integrity. 

Key barriers to clinical translation of fish- 
derived biomaterials  

Fish-derived biomaterials show great promise in 
tissue engineering and regenerative medicine, but 
their clinical translation faces challenges, particularly 
regarding the potential immune response due to their 
inherently xenogeneic nature [160]. Immune rejection, 
including inflammation, encapsulation, or 
degradation of the biomaterial, can compromise 
therapeutic outcomes. Despite the favorable 
properties of fish-derived biomaterials, such as 
natural bioactivity and optimal degradation rates, 
immune incompatibility remains a primary obstacle 
to their clinical use. To overcome this, extensive 
preclinical and clinical studies are necessary to assess 
immune risks and develop pre-treatment protocols or 
modifications that enhance immune compatibility. By 
identifying and addressing these immune responses, 
researchers can improve the safety and efficacy of 
fish-derived biomaterials in clinical applications. A 
promising future direction is to utilize the inherent 
anti-inflammatory and antimicrobial properties of 
fish-based biomaterials. These characteristics could 
potentially be harnessed to modulate the host's 
immune response. Such advancements would 
enhance the clinical applicability of fish-derived 
biomaterials and expand upon therapeutic potential. 

Another major challenge is the variability in the 
bioactive composition of fish-derived biomaterials, 
which is influenced by species, habitat, diet, and 
environmental conditions [161]. Such variability 
affects essential properties, including mechanical 
strength, degradation rates, and bioactivity, 
ultimately impacting reproducibility and reliability 
[162]. Standardizing extraction and manufacturing 
protocols is critical to ensure consistent quality and 
predictable therapeutic outcomes [163]. In this regard, 
the development of lab-grown fish in controlled 
environments presents a promising solution, as it 
allows for the standardization of fish-derived 
biomaterials by controlling the composition of the diet 
and environment. This approach can reduce 
variability and enhance reproducibility. Moreover, 
scalability remains a significant hurdle for clinical 
applications. Research into cost-effective, large-scale 

production methods, such as bioreactors and tissue 
engineering techniques, is needed to overcome this 
challenge and facilitate the widespread use of 
fish-derived biomaterials. 

Ethical concerns also arise in the development of 
fish-derived biomaterials, particularly regarding 
animal welfare. The methods used to harvest fish for 
biomaterial production can raise significant concerns 
about the treatment of these animals, especially if they 
are subjected to stress, injury, or poor living 
conditions [164]. While fish-derived biomaterials tend 
to present fewer ethical dilemmas compared to 
mammalian alternatives such as those related to 
disease transmission, the humane treatment of fish is 
crucial. Adopting responsible sourcing practices, 
adhering to animal welfare guidelines, and 
minimizing harm during the research and production 
processes can help mitigate these ethical challenges 
while promoting sustainability and respect for the 
animals involved. 

The translational barriers to clinical applications 
are substantial, with regulatory hurdles being a 
primary concern. Demonstrating the safety, 
biocompatibility, and efficacy of fish-derived 
biomaterials to meet the rigorous standards of 
regulatory agencies like the FDA (U.S. Food and Drug 
Administration) and EMA (European Medicines 
Agency) is essential. Additionally, addressing high 
production costs and market acceptance will be 
critical for commercialization. Collaborative efforts 
among researchers, industry, and regulatory bodies 
are needed to overcome these challenges and unlock 
the full potential of fish-derived biomaterials in 
clinical settings. 

Fish-derived scaffolds in cancer therapy 
Fish-based biomaterials as anti-cancer agent 

Fish-derived biomaterials have gained attention 
as promising candidates for cancer therapy due to 
their potential to inhibit tumor growth [165-168]. 
Compounds such as EPA, fish oil, hydrolysates, and 
collagen peptides have demonstrated significant 
cancer-inhibitory effects (Table 3). For example, 
collagen peptides derived from tilapia exhibited 
potent anti-cancer activity against A549 lung cancer 
cells, inducing dose-dependent apoptosis via caspase 
activation, causing G2/M cell cycle arrest, and 
demonstrating substantial cytotoxicity [46]. Likewise, 
EPA selectively inhibited the proliferation of A549 
cells by generating prostaglandin (PG)E3, which 
downregulated Akt phosphorylation, suppressed 
tumor growth, and reduced tumor weight by 
58.8 ± 7.4% in vivo [169].  
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Table 3. Fish-based scaffold application in cancer therapy 

Cancer 
therapy 

Fish Derived 
Biomaterial 

Fish species Target 
cancer 
tissue 

Evaluation Key results Limitations Ref 

Anti-tumor 
agent 

EPA - Lung 
 

In vitro (A549 and H1399 cells) 
In vivo (mouse xenograft tumor 
model) 

Anti-proliferative activity of EPA 
in Cox-2 expressing cancer cell  
Generation of prostalandin E3 
resulted in downregulation of 
Akt/PKB pathways 

Anti-cancer effects of EPA 
dependent on COX-2 
expression 

[169] 

Fish oil - Lung In vitro (A549 and H1399 cells) Reduced cancer stem cell traits  
Reversed cisplatin resistance in 
A549 sphere cells  
Suggested a potential strategy for 
overcoming drug resistance in lung 
cancer 

Unclear mechanisms for 
anti-cancer effects  
Insufficient in vivo validation 

[206] 

Fermented 
fish bone 
using 
Monascus 
purpureus 

Chanos chanos Colon In vitro (HCT-116 cells) Anti-oxidant and 
anti-inflammatory properties 
Induced cell cycle arrest,  
Apoptosis and autophagy in 
human colorectal cancer cells 

Unclear mechanisms for 
anti-cancer effects and 
insufficient in vivo validation 

[207] 

Fish skin 
hydrolysate 

Oncorhynchus 
mykiss 

Colon In vitro (HCT-116 cells) Anti-oxidant effects of various 
bioactive peptides 
Highest anti-cancer effects using 
fractions of less than 3kDa 

Unclear mechanisms for 
anti-cancer effects 
Insufficient safety about normal 
cell and in vivo validation 

[208] 

Collagen 
peptides 

Tilapia 
(Oreochromis 
niloticus) 

Lung In vitro (A549 and MRC5 cells) More effective at inhibiting the 
growth of cancer cells than normal 
cells 
Induced G2/M arrest, necrosis, late 
apoptosis,  
Activated caspase-3, -8, and -9 of 
cancer cells in a dose-dependent 
manner 

Insufficient in vivo validation  
Effects cell viability of normal 
cells depending on the dosage 

[46] 

CPS fish-gut 
bacterium 

- Colon In vitro (CaCo-2 and HCT-116 cells) Activated Capases 3 and 9, 
suggesting a potential apoptosis in 
colorectal cancer cells. 

Variability in anti-cancer effects 
depending on cell type 
Unclear mechanisms for 
anti-cancer effects 
Insufficient safety data for 
normal cell and in vivo 
validation 

[209] 

Drug 
delivery 

Gelatin - Stomach In vivo test using curcumin 
encapsulated by methacrylated 
fish gelatin 

Continuous drug release process 
inhibits tumor growth and 
facilitates tissue regeneration 

Insufficient further research to 
confirm the sustained 
therapeutic effect after 
implantation 
Lack of pharmacokinetics data 
in human 

[165] 

In vivo test using 3D-printed fish 
GelMA scaffold loaded with 
berberine 

High anti-cancer effect with high 
cell viability of normal cells 
Decrease of the tumor volume and 
inducing attachment and 
proliferation of normal cells for 
tissue regeneration 
Enhancing IL-17 and NOD-like 
receptor signal pathway 

Unclear mechanisms for 
anti-cancer effects 
More verification needed using 
nude mice 
Lack of pharmacokinetics data 

[170] 

Abbreviations: eicosapentaenoic acid (EPA); cyclooxygenase-2 (COX-2); capsular polysaccharide (CPS); glioblastoma (GBM); Patient-derived xenograft (PDX) 
 
However, despite these promising findings, the 

in vivo validation of the specific mechanisms 
underlying the anti-cancer effects of fish-derived 
biomaterials remains limited. The precise pathways 
through which these biomaterials exert their 
therapeutic effects, as well as their interactions with 
the tumor microenvironment, are not fully 
understood. Future research should focus on 
elucidating these mechanisms through advanced 
preclinical models, while also addressing challenges 
such as optimizing biomaterial delivery, ensuring 
biocompatibility, and verifying long-term efficacy and 
safety. With further development, fish-derived 
biomaterials hold significant potential to advance as 
novel, mechanism-driven therapeutic agents for 
cancer treatment. 

Fish-based scaffolds as postsurgical cancer 
therapy 

In postsurgical cancer therapy, tumor resection 
often leaves significant tissue defects that need to be 
promptly repaired to restore normal function and 
structure. The removal of malignant tumors disrupts 
surrounding tissues, including skin, muscle, and 
bone, leading to impaired healing and functional 
deficits. To address this challenge, fish-based 
scaffolds have emerged as a promising solution for 
enhancing tissue regeneration after tumor excision. 
Derived from bioactive components like collagen, 
gelatin, and other ECM materials from fish tissues, 
these scaffolds provide a biocompatible platform that 
supports cellular attachment and growth. Recently, 
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fish-derived gelatin-based scaffolds with 
encapsulated curcumin have effectively promoted 
tissue regeneration after tumor resection [165]. In vitro 
and in vivo studies demonstrated that the scaffold not 
only showed potent cytotoxicity against gastric cancer 
cells but also significantly enhanced tissue repair and 
regeneration at the surgical site. Similarly, Li et al. 
demonstrated that fish GelMA scaffolds with a 
well-ordered porous structure promote tissue 
regeneration and prevent tumor recurrence in gastric 
cancer models, offering biocompatibility that 
supports normal cell proliferation [170]. These 
features highlight the potential of fish-based scaffolds 
in improving postoperative tissue repair and reducing 
tumor regrowth. 

Currently, stem cells combined with 
bioengineered scaffolds are utilized in postsurgical 
cancer therapy to enhance tissue regeneration at 

tumor resection sites [171-173]. However, the 
potential of incorporating stem cells into fish-based 
biomaterials to activate regenerative functions for 
more effective tissue repair at tumor resection sites 
remains unexplored. The next step for fish-derived 
biomaterials is to investigate their synergistic effects, 
focusing on both the bioactive properties of fish-based 
materials and the design of scaffolds, with the goal of 
significantly improving tissue regeneration and 
accelerating recovery in patients following cancer 
surgery. Future research should focus on integrating 
the anti-cancer properties of fish-derived biomaterials 
with advanced biofabrication technologies to enhance 
post-surgical cancer therapy. By coupling the 
anti-cancer bioactivities of fish-derived biomaterials 
with structural innovations in scaffold design, this 
integrated approach can effectively promote tissue 
regeneration, inhibit tumor recurrence, and accelerate 

 
Figure 7. Applications of Fish-Derived Biomaterials in Scaffold-Based Cancer Therapy. Schematic illustrating the roles of fish-derived bioactive components and 
natural polymers in scaffold-based cancer therapy. The bioactive components include hydrolysates, AMPs (AMPs), and omega-3 fatty acids, each contributing distinct anti-cancer 
and immune-activating properties. 
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recovery in patients following cancer surgery (Figure 
7). 

Conclusions 
Fish skin derived biomaterials show great 

promise for tissue regeneration owing to their ability 
to activate stem cells and support surrounding tissue 
repair. Abundant bioactive compounds, such as 
collagen, glycosaminoglycans, and omega-3 fatty 
acids provide structural integrity and biochemical 
signals that promote cellular attachment, 
differentiation, and anti-inflammatory responses. This 
capability makes fish skin particularly suitable for 
wound healing, muscle regeneration, and 
osteochondral defect repair. Beyond regenerative 
medicine, recent studies have suggested that fish skin 
biomaterials could serve as innovative platforms for 
cancer therapy and modeling. The biocompatible and 
structurally versatile scaffold of fish skin not only 
supports stem cell differentiation but also facilitates 
cancer research, providing a supportive environment 
for studying tumor-stroma interactions and testing 
therapeutic approaches. Collectively, the unique 
properties of fish skin make it a versatile biomaterial 
with broad applications in regenerative medicine and 
oncology.  

Acknowledgments  
This research was supported by the “Korea 

National Institute of Health” research project 
(2022ER130503) and grants from the National 
Research Foundation of Korea (NRF) funded by the 
Korean government (MSIT) (RS-2025-00522342). This 
research was also supported by the SungKyunKwan 
University and the BK21 FOUR (Graduate School 
Innovation) funded by the Ministry of Education 
(MOE, Korea) and the National Research Foundation 
of Korea (NRF). 

Data availability 
Additional data is available from the 

corresponding author upon reasonable request. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Place ES, Evans ND, Stevens MM. Complexity in biomaterials for tissue 

engineering. Nat Mater. 2009; 8: 457-70. 
2. Nikolova MP, Chavali MS. Recent advances in biomaterials for 3D scaffolds: A 

review. Bioact Mater. 2019; 4: 271-92. 
3. Jafari H, Lista A, Siekapen MM, Ghaffari-Bohlouli P, Nie L, Alimoradi H, et al. 

Fish collagen: Extraction, characterization, and applications for biomaterials 
engineering. Polymers. 2020; 12: 2230. 

4. Qin D, Bi S, You X, Wang M, Cong X, Yuan C, et al. Development and 
application of fish scale wastes as versatile natural biomaterials. Chem Eng J. 
2022; 428: 131102. 

5. Joyce K, Fabra GT, Bozkurt Y, Pandit A. Bioactive potential of natural 
biomaterials: Identification, retention and assessment of biological properties. 
Signal transduct target ther. 2021; 6: 122. 

6. Heidari BS, Ruan R, Vahabli E, Chen P, De-Juan-Pardo EM, Zheng M, et al. 
Natural, synthetic and commercially-available biopolymers used to regenerate 
tendons and ligaments. Bioact Mater. 2023; 19: 179-97. 

7. Williams DF. Biocompatibility pathways and mechanisms for bioactive 
materials: The bioactivity zone. Bioact Mater. 2022; 10: 306-22. 

8. Hwangbo H, Lee J, Kim G. Mechanically and biologically enhanced 
3D-printed HA/PLLA/dECM biocomposites for bone tissue engineering. Int J 
Biol Macromol. 2022; 218: 9-21. 

9. Pei M, Hwangbo H, Kim G. Hierarchical fibrous collagen/poly 
(ε-caprolactone) structure fabricated with a 3D-printing process for tissue 
engineering applications. Compos B Eng. 2023; 259: 110730. 

10. Wan M-c, Qin W, Lei C, Li Q-h, Meng M, Fang M, et al. Biomaterials from the 
sea: Future building blocks for biomedical applications. Bioact Mater. 2021; 6: 
4255-85. 

11. Adhikari SP, Paudel A, Sharma A, Thapa B, Khanal N, Shastri N, et al. 
Development of decellularized fish skin scaffold decorated with 
biosynthesized silver nanoparticles for accelerated burn wound healing. Int J 
Biomater. 2023; 2023: 8541621. 

12. Lin X, Kong B, Zhu Y, Zhao Y. Bioactive fish scale scaffolds with MSCs‐
loading for skin flap regeneration. Adv Sci. 2022; 9: 2201226. 

13. Mondal B, Mondal S, Mondal A, Mandal N. Fish scale derived hydroxyapatite 
scaffold for bone tissue engineering. Mater Charact. 2016; 121: 112-24. 

14. Chandika P, Oh G-W, Heo S-Y, Kim S-C, Kim T-H, Kim M-S, et al. Electrospun 
porous bilayer nano-fibrous fish collagen/PCL bio-composite scaffolds with 
covalently cross-linked chitooligosaccharides for full-thickness 
wound-healing applications. Mater Sci Eng C. 2021; 121: 111871. 

15. Zhou H, Chen R, Wang J, Lu J, Yu T, Wu X, et al. Biphasic fish collagen 
scaffold for osteochondral regeneration. Mater Des. 2020; 195: 108947. 

16. Leonard AR, Cumming MH, Ali MA, Cabral JD. Fish Collagen Cross‐Linking 
Strategies to Improve Mechanical and Bioactive Capabilities for Tissue 
Engineering and Regenerative Medicine. Adv Funct Mater. 2024; 34: 2405335. 

17. Liu Z, Jiang X, Wang K, Zhou Y, Li T, Gao J, et al. Preparation of fish 
decalcified bone matrix and its bone repair effect in rats. Front Bioeng 
Biotechnol. 2023; 11: 1134992. 

18. Betancor MB, Sprague M, Montero D, Usher S, Sayanova O, Campbell P, et al. 
Replacement of marine fish oil with de novo omega-3 oils from transgenic 
Camelina sativa in feeds for gilthead sea bream (Sparus aurata L.). Lipids. 
2016; 51: 1171-91. 

19. Yano S, Mori M, Teramoto N, Iisaka M, Suzuki N, Noto M, et al. Preparation of 
photocrosslinked fish elastin polypeptide/microfibrillated cellulose 
composite gels with elastic properties for biomaterial applications. Mar Drugs. 
2015; 13: 338-53. 

20. Yano S, Yamaguchi K, Shibata M, Ifuku S, Teramoto N. Photocrosslinked fish 
collagen peptide/chitin nanofiber composite hydrogels from marine 
resources: preparation, mechanical properties, and an in vitro study. 
Polymers. 2023; 15: 682. 

21. Jo S, Lee H, Jo Y, Jin E-J, Kim D, Ryu D, et al. Bioengineered cell-constructs 
using decellularized fish skin-based composite bioink for regenerating muscle 
tissue. Appl Phys Rev. 2024; 11. 

22. Maihemuti A, Zhang H, Lin X, Wang Y, Xu Z, Zhang D, et al. 3D-printed fish 
gelatin scaffolds for cartilage tissue engineering. Bioact Mater. 2023; 26: 77-87. 

23. Şelaru A, Drăgușin D-M, Olăreț E, Serafim A, Steinmüller-Nethl D, Vasile E, et 
al. Fabrication and biocompatibility evaluation of nanodiamonds-gelatin 
electrospun materials designed for prospective tissue regeneration 
applications. Materials. 2019; 12: 2933. 

24. Liu J, Tagami T, Ozeki T. Fabrication of 3D-printed fish-gelatin-based polymer 
hydrogel patches for local delivery of pegylated liposomal doxorubicin. Mar 
Drugs. 2020; 18: 325. 

25. Zamani S, Rezaei kolarijani N, Naeiji M, Vaez A, Maghsoodifar H, Sadeghi 
douki SAh, et al. Development of carboxymethyl cellulose/gelatin hydrogel 
loaded with Omega-3 for skin regeneration. J Biomater Appl. 2024; 39: 377-95. 

26. Bui H-TD, Cho W, Park JK, Lee MS, Kim HK, Yoo HS. Korean Amberjack 
Skin-Inspired Hyaluronic Acid Bioink for Reconstruction of Human Skin. ACS 
omega. 2023; 8: 22752-61. 

27. Chen H, Yin B, Hu B, Zhang B, Liu J, Jing Y, et al. Acellular fish skin enhances 
wound healing by promoting angiogenesis and collagen deposition. Biomed 
Mater. 2021; 16: 045011. 

28. Ghanaeian A, Soheilifard R. Mechanical elasticity of proline-rich and 
hydroxyproline-rich collagen-like triple-helices studied using steered 
molecular dynamics. J Mech Behav Biomed Mater. 2018; 86: 105-12. 

29. Fujii KK, Taga Y, Takagi YK, Masuda R, Hattori S, Koide T. The thermal 
stability of the collagen triple helix is tuned according to the environmental 
temperature. Int J Mol Sci. 2022; 23: 2040. 

30. Shephard KL. Functions for fish mucus. Rev Fish Biol Fish. 1994; 4: 401-29. 
31. Cunha SA, Pintado ME. Bioactive peptides derived from marine sources: 

Biological and functional properties. Trends Food Sci Technol. 2022; 119: 
348-70. 

32. Seth N, Chopra D, Lev-Tov H. Fish skin grafts with omega-3 for treatment of 
chronic wounds: exploring the role of omega-3 fatty acids in wound healing 
and a review of clinical healing outcomes. Surg Technol Int. 2022; 40: 38-46. 

33. Manjudevi M, Kamaraj M, Aravind J, Wong LS. Application of the circular 
economy to fish scale waste. Sust Chem Environ. 2024: 100170. 



Theranostics 2025, Vol. 15, Issue 12 
 

 
https://www.thno.org 

5689 

34. Qin D, You X, Wang H, Liu Y, Shi Y, Wang N, et al. Natural micropatterned 
fish scales combing direct osteogenesis and osteoimmunomodulatory 
functions for enhancing bone regeneration. Compos B Eng. 2023; 255: 110620. 

35. Salindeho N, Mokolensang JF, Manu L, Taslim NA, Nurkolis F, Gunawan WB, 
et al. Fish scale rich in functional compounds and peptides: A potential 
nutraceutical to overcome undernutrition. Front Nutr. 2022; 9: 1072370. 

36. Kodali D, Hembrick-Holloman V, Gunturu DR, Samuel T, Jeelani S, Rangari 
VK. Influence of fish scale-based hydroxyapatite on forcespun 
polycaprolactone fiber scaffolds. ACS omega. 2022; 7: 8323-35. 

37. Rumengan I, Suptijah P, Wullur S, Talumepa A. Characterization of chitin 
extracted from fish scales of marine fish species purchased from local markets 
in North Sulawesi, Indonesia. IOP Conf Ser Earth Environ Sci. 2017; 89: 
012028. 

38. Shimosaka C, Shimomura M, Terai M. Changes in the physical properties and 
composition of fish bone during cooking by heating under normal pressure. J 
Home Econ Jpn. 1996; 47: 1213-8. 

39. Granito RN, Renno ACM, Yamamura H, de Almeida MC, Ruiz PLM, Ribeiro 
DA. Hydroxyapatite from fish for bone tissue engineering: A promising 
approach. Int J Mol Cell Med. 2018; 7: 80. 

40. Terzioğlu P, Öğüt H, Kalemtaş A. Natural calcium phosphates from fish bones 
and their potential biomedical applications. Mater Sci Eng C. 2018; 91: 899-911. 

41. Qin D, Wang N, You X-G, Zhang A-D, Chen X-G, Liu Y. Collagen-based 
biocomposites inspired by bone hierarchical structures for advanced bone 
regeneration: Ongoing research and perspectives. Biomater Sci. 2022; 10: 
318-53. 

42. Ryu B, Shin K-H, Kim S-K. Muscle protein hydrolysates and amino acid 
composition in fish. Mar Drugs. 2021; 19: 377. 

43. Johnston IA. On the design of fish myotomal muscles. Mar Freshw Behav 
Physiol. 1983; 9: 83-98. 

44. Lv Z, Shi W, Zhang Q. Role of essential amino acids in age-induced bone loss. 
Int J Mol Sci. 2022; 23: 11281. 

45. Suvanich V, Ghaedian R, Chanamai R, Decker E, McClements D. Prediction of 
proximate fish composition from ultrasonic properties: catfish, cod, flounder, 
mackerel and salmon. J Food Sci. 1998; 63: 966-8. 

46. Inbaraj BS, Lai Y-W, Chen B-H. A comparative study on inhibition of lung 
cancer cells by nanoemulsion, nanoliposome, nanogold and their folic acid 
conjugates prepared with collagen peptides from Taiwan tilapia skin. Int J Biol 
Macromol. 2024; 261: 129722. 

47. Chen X, Wu S, Chen C, Xie B, Fang Z, Hu W, et al. Omega-3 polyunsaturated 
fatty acid supplementation attenuates microglial-induced inflammation by 
inhibiting the HMGB1/TLR4/NF-κB pathway following experimental 
traumatic brain injury. J Neuroinflammation. 2017; 14: 1-12. 

48. Mozaffarian D, Wu JH. Omega-3 fatty acids and cardiovascular disease: effects 
on risk factors, molecular pathways, and clinical events. J Am Coll Cardiol. 
2011; 58: 2047-67. 

49. Duah M, Zhang K, Liang Y, Ayarick VA, Xu K, Pan B. Immune regulation of 
poly unsaturated fatty acids and free fatty acid receptor 4. J Nutr Biochem. 
2023; 112: 109222. 

50. Liu T, Zhang L, Joo D, Sun S-C. NF-κB signaling in inflammation. Signal 
Transduct Target Ther. 2017; 2: 1-9. 

51. Guo Q, Jin Y, Chen X, Ye X, Shen X, Lin M, et al. NF-κB in biology and targeted 
therapy: new insights and translational implications. Signal Transduct Target 
Ther. 2024; 9: 53. 

52. Kaminska B. MAPK signalling pathways as molecular targets for 
anti-inflammatory therapy—from molecular mechanisms to therapeutic 
benefits. Biochim Biophys Acta - Proteins Proteom. 2005; 1754: 253-62. 

53. Huang G, Shi LZ, Chi H. Regulation of JNK and p38 MAPK in the immune 
system: signal integration, propagation and termination. Cytokine. 2009; 48: 
161-9. 

54. Chen L, Deng H, Cui H, Fang J, Zuo Z, Deng J, et al. Inflammatory responses 
and inflammation-associated diseases in organs. Oncotarget. 2018; 9: 7204. 

55. Laurindo LF, Santos ARdOd, Carvalho ACAd, Bechara MD, Guiguer EL, 
Goulart RdA, et al. Phytochemicals and regulation of NF-kB in inflammatory 
bowel diseases: an overview of in vitro and in vivo effects. Metabolites. 2023; 
13: 96. 

56. Mirnikjoo B, Brown SE, Kim HFS, Marangell LB, Sweatt JD, Weeber EJ. Protein 
kinase inhibition by ω-3 fatty acids. J Biol Chem. 2001; 276: 10888-96. 

57. Endo J, Arita M. Cardioprotective mechanism of omega-3 polyunsaturated 
fatty acids. J Cardiol. 2016; 67: 22-7. 

58. Salsinha A, Socodato R, Rodrigues A, Vale-Silva R, Relvas J, Pintado M, et al. 
Potential of omega-3 and conjugated fatty acids to control microglia 
inflammatory imbalance elicited by obesogenic nutrients. Biochim Biophys 
Acta Mol Cell Biol. Lipids. 2023; 1868: 159331. 

59. Basil MC, Levy BD. Specialized pro-resolving mediators: endogenous 
regulators of infection and inflammation. Nat Rev Immunol. 2016; 16: 51-67. 

60. Kwon Y. Immuno‐resolving ability of resolvins, protectins, and maresins 
derived from omega‐3 fatty acids in metabolic syndrome. Mol Nutr Food Res. 
2020; 64: 1900824. 

61. Serhan CN, Libreros S, Nshimiyimana R. E-series resolvin metabolome, 
biosynthesis and critical role of stereochemistry of specialized pro-resolving 
mediators (SPMs) in inflammation-resolution: Preparing SPMs for long 
COVID-19, human clinical trials, and targeted precision nutrition. Semin 
Immunol. 2022; 59: 101597. 

62. Senevirathne M, Kim S-K. Development of bioactive peptides from fish 
proteins and their health promoting ability. Adv Food Nutr Res. 2012; 65: 
235-48. 

63. Kurnianto MA, Defri I, Syahbanu F, Aulia SS. Fish-Derived Bioactive Peptide: 
Bioactivity Potency, Structural Characteristics, and Conventional and 
Bioinformatics Approaches for Identification. Future Foods. 2024: 100386. 

64. Baraiya R, Anandan R, Elavarasan K, Prakash P, Rathod SK, Rajasree SR, et al. 
Potential of fish bioactive peptides for the prevention of global pandemic 
non-communicable disease: production, purification, identification, and 
health benefits. Discov Food.2024; 4: 34. 

65. Kumar SD, Shin SY. Antimicrobial and anti-inflammatory activities of short 
dodecapeptides derived from duck cathelicidin: Plausible mechanism of 
bactericidal action and endotoxin neutralization. Eur J Med Chem. 2020; 204: 
112580. 

66. Li H, Niu J, Wang X, Niu M, Liao C. The Contribution of Antimicrobial 
Peptides to Immune Cell Function: A Review of Recent Advances. 
Pharmaceutics. 2023; 15: 2278. 

67. Zhuo H, Zhang X, Li M, Zhang Q, Wang Y. Antibacterial and 
anti-inflammatory properties of a novel antimicrobial peptide derived from 
LL-37. Antibiotics. 2022; 11: 754. 

68. Reinholz M, Ruzicka T, Schauber J. Cathelicidin LL-37: an antimicrobial 
peptide with a role in inflammatory skin disease. Ann Dermatol. 2012; 24: 
126-35. 

69. Semple F, Webb S, Li HN, Patel HB, Perretti M, Jackson IJ, et al. Human β‐
defensin 3 has immunosuppressive activity in vitro and in vivo. Eur J 
Immunol. 2010; 40: 1073-8. 

70. Semple F, MacPherson H, Webb S, Cox SL, Mallin LJ, Tyrrell C, et al. Human 
β‐defensin 3 affects the activity of pro‐inflammatory pathways associated with 
MyD88 and TRIF. Eur J Immunol. 2011; 41: 3291-300. 

71. Ángeles Esteban M. An overview of the immunological defenses in fish skin. 
Int Sch Res Notices. 2012; 2012: 853470. 

72. Akhavan-Bahabadi M, Shekarbi SPH, Sharifinia M, Khanjani MH. Exploring 
Fish Antimicrobial Peptides (Amps): Classification, Biological Activities, and 
Mechanisms of Action. Int J Pept Res Ther. 2024; 30: 63. 

73. Rakers S, Niklasson L, Steinhagen D, Kruse C, Schauber J, Sundell K, et al. 
Antimicrobial peptides (AMPs) from fish epidermis: perspectives for 
investigative dermatology. J Invest Dermatol. 2013; 133: 1140-9. 

74. Cruz J, Ortiz C, Guzman F, Fernández-Lafuente R, Torres R. Antimicrobial 
peptides: promising compounds against pathogenic microorganisms. Curr 
Med Chem. 2014; 21: 2299-321. 

75. Moravej H, Moravej Z, Yazdanparast M, Heiat M, Mirhosseini A, Moosazadeh 
Moghaddam M, et al. Antimicrobial peptides: features, action, and their 
resistance mechanisms in bacteria. Microb Drug Resist. 2018; 24: 747-67. 

76. Li Y, Xiang Q, Zhang Q, Huang Y, Su Z. Overview on the recent study of 
antimicrobial peptides: origins, functions, relative mechanisms and 
application. Peptides. 2012; 37: 207-15. 

77. Gong H, Hu X, Zhang L, Fa K, Liao M, Liu H, et al. How do antimicrobial 
peptides disrupt the lipopolysaccharide membrane leaflet of Gram-negative 
bacteria? J Colloid Interface Sci. 2023; 637: 182-92. 

78. Zhang Q-Y, Yan Z-B, Meng Y-M, Hong X-Y, Shao G, Ma J-J, et al. 
Antimicrobial peptides: mechanism of action, activity and clinical potential. 
Mil Med Res. 2021; 8: 1-25. 

79. Bucataru C, Ciobanasu C. Antimicrobial peptides: Opportunities and 
challenges in overcoming resistance. Microbiol Res. 2024; 286: 127822. 

80. Serhan CN, Levy BD. Resolvins in inflammation: emergence of the 
pro-resolving superfamily of mediators. J Clin Invest. 2018; 128: 2657-69. 

81. Jordan PM, Werz O. Specialized pro‐resolving mediators: biosynthesis and 
biological role in bacterial infections. FEBS J. 2022; 289: 4212-27. 

82. Mathew SA, Bhonde RR. Omega-3 polyunsaturated fatty acids promote 
angiogenesis in placenta derived mesenchymal stromal cells. Pharmacol Res. 
2018; 132: 90-8. 

83. Wang J, Shi Y, Zhang L, Zhang F, Hu X, Zhang W, et al. Omega-3 
polyunsaturated fatty acids enhance cerebral angiogenesis and provide 
long-term protection after stroke. Neurobiol Dis. 2014; 68: 91-103. 

84. Duttaroy A, Basak S. Docosahexaenoic acid and angiogenesis: a role in early 
placentation. Clin Lipidol Metab Disord. 2012; 7. 

85. Basak S, Duttaroy AK. Maternal PUFAs, placental epigenetics, and their 
relevance to fetal growth and brain development. Reprod Sci. 2023; 30: 408-27. 

86. Díaz del Campo LS, Rodrigues-Díez R, Salaices M, Briones AM, 
García-Redondo AB. Specialized pro-resolving lipid mediators: new 
therapeutic approaches for vascular remodeling. Int J Mol Sci. 2022; 23: 3592. 

87. Wang Z, Chen X, Yan L, Wang W, Zheng P, Mohammadreza A, et al. 
Antimicrobial peptides in bone regeneration: mechanism and potential. Expert 
Opin Biol Ther. 2024; 24: 285-304. 

88. Lee J-H, Parthiban P, Jin G-Z, Knowles JC, Kim H-W. Materials roles for 
promoting angiogenesis in tissue regeneration. Prog Mater Sci. 2021; 117: 
100732. 

89. Hwangbo H, Chae S, Ryu D, Kim G. In situ magnetic-field-assisted bioprinting 
process using magnetorheological bioink to obtain engineered muscle 
constructs. Bioact Mater. 2025; 45: 417-33. 

90. Hwangbo H, Lee H, Jin E-J, Lee J, Jo Y, Ryu D, et al. Bio-printing of aligned 
GelMa-based cell-laden structure for muscle tissue regeneration. Bioact Mater. 
2022; 8: 57-70. 

91. Han X, Alu A, Liu H, Shi Y, Wei X, Cai L, et al. Biomaterial-assisted 
biotherapy: A brief review of biomaterials used in drug delivery, vaccine 



Theranostics 2025, Vol. 15, Issue 12 
 

 
https://www.thno.org 

5690 

development, gene therapy, and stem cell therapy. Bioact Mater. 2022; 17: 
29-48. 

92. Xue J, Wu T, Dai Y, Xia Y. Electrospinning and electrospun nanofibers: 
Methods, materials, and applications. Chem Rev. 2019; 119: 5298-415. 

93. Melchels FP, Feijen J, Grijpma DW. A review on stereolithography and its 
applications in biomedical engineering. Biomaterials. 2010; 31: 6121-30. 

94. Zhang Z, Feng Y, Wang L, Liu D, Qin C, Shi Y. A review of preparation 
methods of porous skin tissue engineering scaffolds. Mater Today Commun. 
2022; 32: 104109. 

95. Song J, Jia X, Minami K, Hill JP, Nakanishi J, Shrestha LK, et al. Large-area 
aligned fullerene nanocrystal scaffolds as culture substrates for enhancing 
mesenchymal stem cell self-renewal and multipotency. ACS Appl Nano 
Mater. 2020; 3: 6497-506. 

96. Kim W, Hwangbo H, Heo G, Ryu D, Kim G. Enhanced Myogenic 
Differentiation of Human Adipose‐Derived Stem Cells via Integration of 3D 
Bioprinting and In Situ Shear‐Based Blade Coating. Adv Funct Mater. 2024: 
2406591. 

97. Lee H, Kim W, Lee J, Park KS, Yoo JJ, Atala A, et al. Self-aligned myofibers in 
3D bioprinted extracellular matrix-based construct accelerate skeletal muscle 
function restoration. Appl Phys Rev. 2021; 8: 021405. 

98. Lu K, Qian Y, Gong J, Zhu Z, Yin J, Ma L, et al. Biofabrication of aligned 
structures that guide cell orientation and applications in tissue engineering. 
Bio-des Manuf. 2021; 4: 258-77. 

99. Yao X, Zhan L, Yan Z, Li J, Kong L, Wang X, et al. Non-electric bioelectrical 
analog strategy by a biophysical-driven nano-micro spatial anisotropic 
scaffold for regulating stem cell niche and tissue regeneration in a neuronal 
therapy. Bioact Mater. 2023; 20: 319-38. 

100. Werner M, Blanquer SB, Haimi SP, Korus G, Dunlop JW, Duda GN, et al. 
Surface curvature differentially regulates stem cell migration and 
differentiation via altered attachment morphology and nuclear deformation. 
Adv Sci. 2017; 4: 1600347. 

101. Sun Q, Pei F, Zhang M, Zhang B, Jin Y, Zhao Z, et al. Curved nanofiber 
network induces cellular bridge formation to promote stem cell 
mechanotransduction. Adv Sci. 2023; 10: 2204479. 

102. Pei M, Hwangbo H, Kim GH. Fabrication of 3D-Printed Coiled PCL 
Microfibrous Bundles Using Alginate-Based Biocomposites for Bone Tissue 
Engineering Applications. Int J Extreme Manuf. 2024. 

103. Koo Y, Kim GH. Bioprinted hASC‐laden collagen/HA constructs with 
meringue‐like macro/micropores. Bioeng Transl Med. 2022; 7: e10330. 

104. Koo Y, Kim G. An Approach for Fabricating Hierarchically Porous Cell‐Laden 
Constructs Utilizing a Highly Porous Collagen‐Bioink. Adv Funct Mater. 2024: 
2316222. 

105. Kourgiantaki A, Tzeranis DS, Karali K, Georgelou K, Bampoula E, 
Psilodimitrakopoulos S, et al. Neural stem cell delivery via porous collagen 
scaffolds promotes neuronal differentiation and locomotion recovery in spinal 
cord injury. NPJ Regen Med. 2020; 5: 12. 

106. Yang L, Ge L, Zhou Q, Mokabber T, Pei Y, Bron R, et al. Biomimetic multiscale 
hierarchical topography enhances osteogenic differentiation of human 
mesenchymal stem cells. Adv Mater Interfaces. 2020; 7: 2000385. 

107. Alemán A, Martínez-Alvarez O. Marine collagen as a source of bioactive 
molecules: A review. Nat Prod J. 2013; 3: 105-14. 

108. Carvalho AM, Marques AP, Silva TH, Reis RL. Evaluation of the potential of 
collagen from codfish skin as a biomaterial for biomedical applications. Mar 
Drugs. 2018; 16: 495. 

109. Ahn H, Gong DJ, Lee HH, Seo JY, Song K-M, Eom SJ, et al. Mechanical 
properties of porcine and fish skin-based collagen and conjugated collagen 
fibers. Polymers. 2021; 13: 2151. 

110. Ma C, Choi J-B, Jang Y-S, Kim S-Y, Bae T-S, Kim Y-K, et al. Mammalian and 
fish gelatin methacryloyl–alginate interpenetrating polymer network 
hydrogels for tissue engineering. ACS omega. 2021; 6: 17433-41. 

111. Yang X, Li X, Wu Z, Cao L. Photocrosslinked methacrylated natural 
macromolecular hydrogels for tissue engineering: A review. Int J Biol 
Macromol. 2023: 125570. 

112. Chen YC, Lin RZ, Qi H, Yang Y, Bae H, Melero‐Martin JM, et al. Functional 
human vascular network generated in photocrosslinkable gelatin 
methacrylate hydrogels. Adv Funct Mater. 2012; 22: 2027-39. 

113. Elkhoury K, Morsink M, Tahri Y, Kahn C, Cleymand F, Shin SR, et al. 
Synthesis and characterization of C2C12-laden gelatin methacryloyl (GelMA) 
from marine and mammalian sources. Int J Biol Macromol. 2021; 183: 918-26. 

114. Machado I, Marques CF, Martins E, Alves AL, Reis RL, Silva TH. Marine 
gelatin-methacryloyl-based hydrogels as cell templates for cartilage tissue 
engineering. Polymers. 2023; 15: 1674. 

115. Cao X, Zhang Z, Sun L, Luo Z, Zhao Y. Multifunctional fish gelatin hydrogel 
inverse opal films for wound healing. J Nanobiotechnology 2022; 20: 355. 

116. Lin X, Zhang H, Zhang H, Zhang Z, Chen G, Zhao Y. Bio-printed hydrogel 
textiles based on fish skin decellularized extracellular matrix for wound 
healing. Engineering. 2023; 25: 120-7. 

117. Lee H, Chun W, Kim G. Three-dimensional artificial skin construct bioprinted 
with a marine-based biocomposite. Biomacromolecules. 2023; 24: 2864-78. 

118. Echalier C, Valot L, Martinez J, Mehdi A, Subra G. Chemical cross-linking 
methods for cell encapsulation in hydrogels. Mater Today Commun. 2019; 20: 
100536. 

119. Hu Y, Du Z, Deng X, Wang T, Yang Z, Zhou W, et al. Dual physically 
cross-linked hydrogels with high stretchability, toughness, and good 
self-recoverability. Macromolecules. 2016; 49: 5660-8. 

120. Liu Y, Weng R, Wang W, Wei X, Li J, Chen X, et al. Tunable physical and 
mechanical properties of gelatin hydrogel after transglutaminase crosslinking 
on two gelatin types. Int J Biol Macromol. 2020; 162: 405-13. 

121. Bates ME, Troop L, Brown ME, Puetzer JL. Temporal application of lysyl 
oxidase during hierarchical collagen fiber formation differentially effects 
tissue mechanics. Acta Biomater. 2023; 160: 98-111. 

122. Jiao B, Shang Y, Wang X, Wu D, Wang Q. Tyrosinase Oxidative Cross-Linking 
in the Cell-Like Crowded Microenvironment for Visible Inhibitor Screening. 
ACS Appl Mater Interfaces. 2024; 16: 68285-68293. 

123. Özenler AK, Distler T, Tihminlioglu F, Boccaccini AR. Fish scale containing 
alginate dialdehyde-gelatin bioink for bone tissue engineering. Biofabrication. 
2023; 15: 025012. 

124. Wang M, Li W, Hao J, Gonzales III A, Zhao Z, Flores RS, et al. Molecularly 
cleavable bioinks facilitate high-performance digital light processing-based 
bioprinting of functional volumetric soft tissues. Nat Commun. 2022; 13: 3317. 

125. Jiang SJ, Wang MH, Wang ZY, Gao HL, Chen SM, Cong YH, et al. Radially 
porous nanocomposite scaffolds with enhanced capability for guiding bone 
regeneration in vivo. Adv Funct Mater. 2022; 32: 2110931. 

126. Zhang Q, Lin S, Zhang T, Tian T, Ma Q, Xie X, et al. Curved microstructures 
promote osteogenesis of mesenchymal stem cells via the RhoA/ROCK 
pathway. Cell Prolif. 2017; 50: e12356. 

127. Pei M, Hwangbo H, Kim G. Fabrication of 3D-printed coiled PCL microfibrous 
bundles using alginate-based biocomposites for bone tissue engineering 
applications. Int J Extreme Manuf. 2024; 7: 025501. 

128. Lee SS, Du X, Kim I, Ferguson SJ. Scaffolds for bone-tissue engineering. 
Matter. 2022; 5: 2722-59. 

129. Banimohamad-Shotorbani B, Karkan SF, Rahbarghazi R, Mehdipour A, 
Jarolmasjed S, Saghati S, et al. Application of mesenchymal stem cell sheet for 
regeneration of craniomaxillofacial bone defects. Stem cell res ther. 2023; 14: 
68. 

130. Liu Z, Wang Q, Zhang J, Qi S, Duan Y, Li C. The mechanotransduction 
signaling pathways in the regulation of osteogenesis. Int J Mol Sci. 2023; 24: 
14326. 

131. Astone M, Tesoriero C, Schiavone M, Facchinello N, Tiso N, Argenton F, et al. 
Wnt/β-Catenin Signaling Regulates Yap/Taz Activity during Embryonic 
Development in Zebrafish. Int J Mol Sci. 2024; 25: 10005. 

132. Yang M, Gao Z, Cheng S, Wang Z, Ei-Seedi H, Du M. Novel Peptide Derived 
from Gadus morhua Stimulates Osteoblastic Differentiation and 
Mineralization through Wnt/β-Catenin and BMP Signaling Pathways. J Agric 
Food Chem. 2024; 72: 9691-702. 

133. Khotib J, Gani MA, Budiatin AS, Lestari MLAD, Rahadiansyah E, Ardianto C. 
Signaling pathway and transcriptional regulation in osteoblasts during bone 
healing: direct involvement of hydroxyapatite as a biomaterial. 
Pharmaceuticals. 2021; 14: 615. 

134. Vermeulen S, Birgani ZT, Habibovic P. Biomaterial-induced pathway 
modulation for bone regeneration. Biomaterials. 2022; 283: 121431. 

135. Liu Y, Puthia M, Sheehy EJ, Ambite I, Petrlova J, Prithviraj S, et al. Sustained 
delivery of a heterodimer bone morphogenetic protein-2/7 via a collagen 
hydroxyapatite scaffold accelerates and improves critical femoral defect 
healing. Acta Biomater. 2023; 162: 164-81. 

136. Zhu S, Chen W, Masson A, Li Y-P. Cell signaling and transcriptional 
regulation of osteoblast lineage commitment, differentiation, bone formation, 
and homeostasis. Cell Discov. 2024; 10: 71.. 

137. Zhu L, Zhou C, Chen S, Huang D, Jiang Y, Lan Y, et al. Osteoporosis and 
alveolar bone health in Periodontitis Niche: a predisposing factors-centered 
review. Cells. 2022; 11: 3380. 

138. Yu C-T, Wang F-M, Liu Y-T, Lee AK-X, Lin T-L, Chen Y-W. Enhanced 
proliferation and differentiation of human mesenchymal stem cell-laden 
recycled fish gelatin/strontium substitution calcium silicate 3D scaffolds. 
Appl Sci. 2020; 10: 2168. 

139. Yu C-T, Wang F-M, Liu Y-T, Ng HY, Jhong Y-R, Hung C-H, et al. Effect of 
bone morphogenic protein-2-loaded mesoporous strontium substitution 
calcium silicate/recycled fish gelatin 3D cell-laden scaffold for bone tissue 
engineering. Processes. 2020; 8: 493. 

140. Gao C, Dai W, Wang X, Zhang L, Wang Y, Huang Y, et al. Magnesium 
gradient‐based hierarchical scaffold for dual‐lineage regeneration of 
osteochondral defect. Adv Funct Mater. 2023; 33: 2304829. 

141. Chen M, Li Y, Liu S, Feng Z, Wang H, Yang D, et al. Hierarchical 
macro-microporous WPU-ECM scaffolds combined with microfracture 
promote in situ articular cartilage regeneration in rabbits. Bioact Mater. 2021; 
6: 1932-44. 

142. Wasyłeczko M, Sikorska W, Chwojnowski A. Review of synthetic and hybrid 
scaffolds in cartilage tissue engineering. Membranes. 2020; 10: 348. 

143. Huang Y, Sun M, Lu Z, Zhong Q, Tan M, Wei Q, et al. Role of integrin β1 and 
tenascin C mediate TGF-SMAD2/3 signaling in chondrogenic differentiation 
of BMSCs induced by type I collagen hydrogel. Regen Biomater. 2024; 11: 
rbae017. 

144. Ma L, Zhang R, Li D, Qiao T, Guo X. Fluoride regulates chondrocyte 
proliferation and autophagy via PI3K/AKT/mTOR signaling pathway. 
Chem-Biol Interact. 2021; 349: 109659. 

145. Li Z, Lu H, Fan L, Ma X, Duan Z, Zhang Y, et al. Microneedle‐Delivered PDA@ 
Exo for Multifaceted Osteoarthritis Treatment via PI3K‐Akt‐mTOR Pathway. 
Adv Sci. 2024; 11: 2406942. 

146. Diogo GS, Carneiro F, Freitas-Ribeiro S, Sotelo CG, Pérez-Martín RI, Pirraco 
RP, et al. Prionace glauca skin collagen bioengineered constructs as a 



Theranostics 2025, Vol. 15, Issue 12 
 

 
https://www.thno.org 

5691 

promising approach to trigger cartilage regeneration. Mater Sci Eng. C. 2021; 
120: 111587. 

147. Kim J, Lee H, Lee G, Ryu D, Kim G. Fabrication of fully aligned self-assembled 
cell-laden collagen filaments for tissue engineering via a hybrid bioprinting 
process. Bioact Mater. 2024; 36: 14-29. 

148. Eugenis I, Wu D, Rando TA. Cells, scaffolds, and bioactive factors: 
Engineering strategies for improving regeneration following volumetric 
muscle loss. Biomaterials. 2021; 278: 121173. 

149. Guo X, Stice SL, Boyd NL, Chen S-Y. A novel in vitro model system for smooth 
muscle differentiation from human embryonic stem cell-derived 
mesenchymal cells. Am J Physiol Cell Physiol. 2013; 304: C289-C98. 

150. Zhu A, Liu N, Shang Y, Zhen Y, An Y. Signaling pathways of adipose stem 
cell-derived exosomes promoting muscle regeneration. Chin Med J. 2022; 135: 
2525-34. 

151. Tachtsis B, Camera D, Lacham-Kaplan O. Potential roles of n-3 PUFAs during 
skeletal muscle growth and regeneration. Nutrients. 2018; 10: 309. 

152. Hour TC, Lan Nhi NT, Lai IJ, Chuu CP, Lin PC, Chang HW, et al. Kaempferol‐
Enhanced Migration and Differentiation of C2C12 Myoblasts via 
ITG1B/FAK/Paxillin and IGF1R/AKT/mTOR Signaling Pathways. Mol Nutr 
Food Res. 2024; 68: 2300685. 

153. Bhullar AS, Putman CT, Mazurak VC. Potential role of omega-3 fatty acids on 
the myogenic program of satellite cells. Nutr metab insights. 2016; 9: NMI. 
S27481. 

154. Chae S, Jo S, Yoon D, Lee J-S, Kim W, Lee J, et al. Bioengineered 
skin-substitutes incorporating rete-ridges using a bioprinting process. Int J 
Extreme Manuf. 2024; 7: 015501. 

155. Hosseini M, Shafiee A. Engineering bioactive scaffolds for skin regeneration. 
Small. 2021; 17: 2101384. 

156. Balić A, Vlašić D, Žužul K, Marinović B, Bukvić Mokos Z. Omega-3 versus 
omega-6 polyunsaturated fatty acids in the prevention and treatment of 
inflammatory skin diseases. Int J Mol Sci. 2020; 21: 741. 

157. Liu Z, Yu M-Z, Peng H, Liu R-T, Lim T, Zhang C-Q, et al. Decellularized 
tilapia fish skin: A novel candidate for tendon tissue engineering. Mater Today 
Bio 2022; 17: 100488. 

158. Lin X, Cai L, Nie M, Wu X, Liang G, Shang L, et al. Light-activated 
extracellular matrix microcarriers with engineered MSCs loading for 
autoimmune psoriasis treatment. Chem Eng J. 2023; 470: 144118. 

159. Furtado M, Chen L, Chen Z, Chen A, Cui W. Development of fish collagen in 
tissue regeneration and drug delivery. Eng Regen. 2022; 3: 217-31. 

160. Hassanbhai AM, Lau CS, Wen F, Jayaraman P, Goh BT, Yu N, et al. In vivo 
immune responses of cross-linked electrospun tilapia collagen membrane. 
Tissue Eng Part A. 2017; 23: 1110-9. 

161. Awuchi CG, Chukwu CN, Iyiola AO, Noreen S, Morya S, Adeleye AO, et al. 
Bioactive compounds and therapeutics from fish: revisiting their suitability in 
functional foods to enhance human wellbeing. Biomed Res Int. 2022; 2022: 
3661866. 

162. Kort-Mascort J, Flores-Torres S, Peza-Chavez O, Jang JH, Pardo LA, Tran SD, 
et al. Decellularized ECM hydrogels: prior use considerations, applications, 
and opportunities in tissue engineering and biofabrication. Biomater Sci. 2023; 
11: 400-31. 

163. Biehl A, Martins AMG, Davis ZG, Sze D, Collins L, Mora-Navarro C, et al. 
Towards a standardized multi-tissue decellularization protocol for the 
derivation of extracellular matrix materials. Biomater Sci. 2023; 11: 641-54. 

164. Sloman KA, Bouyoucos IA, Brooks EJ, Sneddon LU. Ethical considerations in 
fish research. J Fish Biol. 2019; 94: 556-77. 

165. Zhu T, Liang D, Zhang Q, Sun W, Shen X. Curcumin-encapsulated fish 
gelatin-based microparticles from microfluidic electrospray for postoperative 
gastric cancer treatment. Int J Biol Macromol. 2024; 254: 127763. 

166. Mealiea D, Boudreau E, De Silva N, Okamoto L, Ho T, Fish JE, et al. Modeling 
oncolytic virus dynamics in the tumor microenvironment using zebrafish. 
Cancer Gene Ther. 2021; 28: 769-84. 

167. Almstedt E, Rosén E, Gloger M, Stockgard R, Hekmati N, Koltowska K, et al. 
Real-time evaluation of glioblastoma growth in patient-specific zebrafish 
xenografts. Neuro Oncol. 2022; 24: 726-38. 

168. Asokan N, Daetwyler S, Bernas SN, Schmied C, Vogler S, Lambert K, et al. 
Long-term in vivo imaging reveals tumor-specific dissemination and captures 
host tumor interaction in zebrafish xenografts. Sci Rep. 2020; 10: 13254. 

169. Yang P, Cartwright C, Chan D, Ding J, Felix E, Pan Y, et al. Anticancer activity 
of fish oils against human lung cancer is associated with changes in formation 
of PGE2 and PGE3 and alteration of Akt phosphorylation. Mol Carcinog. 2014; 
53: 566-77. 

170. Li J, Zhu T, Jiang Y, Zhang Q, Zu Y, Shen X. Microfluidic printed 3D bioactive 
scaffolds for postoperative treatment of gastric cancer. Mater Today Bio. 2024; 
24: 100911. 

171. Sutrisno L, Chen H, Chen Y, Yoshitomi T, Kawazoe N, Yang Y, et al. 
Composite scaffolds of black phosphorus nanosheets and gelatin with 
controlled pore structures for photothermal cancer therapy and adipose tissue 
engineering. Biomaterials. 2021; 275: 120923. 

172. Dutta SD, Ganguly K, Hexiu J, Randhawa A, Moniruzzaman M, Lim KT. A 3D 
bioprinted nanoengineered hydrogel with photoactivated drug delivery for 
tumor apoptosis and simultaneous bone regeneration via macrophage 
immunomodulation. Macromol Biosci. 2023; 23: 2300096. 

173. Xia P, Liu C, Wei X, Guo J, Luo Y. 3D-Printed hydrogel scaffolds with 
drug-and stem cell-laden core/shell filaments for cancer therapy and soft 
tissue repair. J Mater Chem B. 2024; 12: 11491-501. 

174. Suzuki A, Kodama Y, Miwa K, Kishimoto K, Hoshikawa E, Haga K, et al. 
Manufacturing micropatterned collagen scaffolds with chemical-crosslinking 
for development of biomimetic tissue-engineered oral mucosa. Sci Rep. 2020; 
10: 22192. 

175. Suzuki A, Kato H, Kawakami T, Kodama Y, Shiozawa M, Kuwae H, et al. 
Development of microstructured fish scale collagen scaffolds to manufacture a 
tissue-engineered oral mucosa equivalent. J Biomater Sci Polym Ed. 2020; 31: 
578-600. 

176. Kishimoto K, Miwa K, Suzuki A, Yamaguchi I, Kodama Y, Suebsamarn O, et 
al. Fabrication of Micropatterned Fish Scale Collagen Scaffold Using 
Microelectromechanical Systems Technologies for Oral Mucosa Tissue 
Engineering. Trans Jpn Inst Electron Packag. 2022; 15: E21-008-1-E21--7. 

177. Taborda MI, Catalan KN, Orellana N, Bezjak D, Enrione J, Acevedo CA, et al. 
Micropatterned Nanofiber Scaffolds of Salmon Gelatin, Chitosan, and Poly 
(vinyl alcohol) for Muscle Tissue Engineering. ACS omega. 2023; 8: 47883-96. 

178. Liguori A, Uranga J, Panzavolta S, Guerrero P, de la Caba K, Focarete ML. 
Electrospinning of fish gelatin solution containing citric acid: An 
environmentally friendly approach to prepare crosslinked gelatin fibers. 
Materials. 2019; 12: 2808. 

179. Gomes S, Rodrigues G, Martins G, Henriques C, Silva J. In vitro evaluation of 
crosslinked electrospun fish gelatin scaffolds. Mater Sci Eng C. 2013; 33: 
1219-27. 

180. Kwak HW, Shin M, Lee JY, Yun H, Song DW, Yang Y, et al. Fabrication of an 
ultrafine fish gelatin nanofibrous web from an aqueous solution by 
electrospinning. Int J Biol Macromol. 2017; 102: 1092-103. 

181. An K, Liu H, Guo S, Kumar D, Wang Q. Preparation of fish gelatin and fish 
gelatin/poly (l-lactide) nanofibers by electrospinning. Int J Biol Macromol. 
2010; 47: 380-8. 

182. Yang H, Wen P, Feng K, Zong MH, Lou WY, Wu H. Encapsulation of fish oil 
in a coaxial electrospun nanofibrous mat and its properties. RSC advances. 
2017; 7: 14939-46. 

183. Moomand K, Lim L-T. Effects of solvent and n-3 rich fish oil on 
physicochemical properties of electrospun zein fibres. Food Hydrocoll. 2015; 
46: 191-200. 

184. García-Moreno PJ, Stephansen K, van der Kruijs J, Guadix A, Guadix EM, 
Chronakis IS, et al. Encapsulation of fish oil in nanofibers by emulsion 
electrospinning: Physical characterization and oxidative stability. J Food Eng. 
2016; 183: 39-49. 

185. Choi SM, Kang HY, Min H-J, Lee R, Ikram M, Subhan F, et al. Bioactive fish 
collagen/polycaprolactone composite nanofibrous scaffolds fabricated by 
electrospinning for 3D cell culture. J Biotechnol. 2015; 205: 47-58. 

186. He X, Wang L, Lv K, Li W, Qin S, Tang Z. Polyethylene oxide assisted fish 
Collagen-poly-ε-caprolactone nanofiber membranes by electrospinning. 
Nanomaterials. 2022; 12: 900. 

187. Etxabide A, Ribeiro R, Guerrero P, Ferreira A, Stafford G, Dalgarno K, et al. 
Lactose-crosslinked fish gelatin-based porous scaffolds embedded with 
tetrahydrocurcumin for cartilage regeneration. Int J Biol Macromol. 2018; 117: 
199-208. 

188. Li Q, Mu L, Zhang F, Sun Y, Chen Q, Xie C, et al. A novel fish collagen scaffold 
as dural substitute. Mater Sci Eng C. 2017; 80: 346-51. 

189. Ullah S, Zainol I, Chowdhury SR, Fauzi M. Development of various 
composition multicomponent chitosan/fish collagen/glycerin 3D porous 
scaffolds: Effect on morphology, mechanical strength, biostability and 
cytocompatibility. Int J Biol Macromol. 2018; 111: 158-68. 

190. Chandika P, Ko S-C, Oh G-W, Heo S-Y, Nguyen V-T, Jeon Y-J, et al. Fish 
collagen/alginate/chitooligosaccharides integrated scaffold for skin tissue 
regeneration application. Int J Biol Macromol. 2015; 81: 504-13. 

191. Pasanaphong K, Pukasamsombut D, Boonyagul S, Pengpanich S, 
Tawonsawatruk T, Wilairatanarporn D, et al. Fabrication of Fish Scale-Based 
Gelatin Methacryloyl for 3D Bioprinting Application. Polymers. 2024; 16: 418. 

192. Pati F, Datta P, Adhikari B, Dhara S, Ghosh K, Mohapatra PKD. Collagen 
scaffolds derived from fresh water fish origin and their biocompatibility. J 
Biomed Mater Res A. 2012; 100: 1068-79. 

193. Li H, Chen R, Jia Z, Wang C, Xu Y, Li C, et al. Porous fish collagen for cartilage 
tissue engineering. Am J Transl Res. 2020; 12: 6107. 

194. Maher M, Glattauer V, Onofrillo C, Duchi S, Yue Z, Hughes TC, et al. 
Suitability of marine-and porcine-derived collagen type I hydrogels for 
bioprinting and tissue engineering scaffolds. Mar Drugs. 2022; 20: 366. 

195. Boonyagul S, Pukasamsombut D, Pengpanich S, Toobunterng T, Pasanaphong 
K, Sathirapongsasuti N, et al. Bioink hydrogel from fish scale gelatin blended 
with alginate for 3D‐bioprinting application. J Food Process Preserv. 2022; 46: 
e15864. 

196. Kim S-C, Heo S-Y, Oh G-W, Yi M, Jung W-K. A 3D-printed 
polycaprolactone/marine collagen scaffold reinforced with carbonated 
hydroxyapatite from fish bones for bone regeneration. Mar Drugs 2022; 20: 
344. 

197. Oh G-W, Nguyen V-T, Heo S-Y, Ko S-C, Kim CS, Park WS, et al. 3D PCL/fish 
collagen composite scaffolds incorporating osteogenic abalone protein 
hydrolysates for bone regeneration application: in vitro and in vivo studies. J 
Biomater Sci Polym Ed. 2021; 32: 355-71. 

198. Shen S, Liu R, Song C, Shen T, Zhou Y, Guo J, et al. Fish scale-derived scaffolds 
with MSCs loading for photothermal therapy of bone defect. Nano Res. 2023; 
16: 7383-92. 



Theranostics 2025, Vol. 15, Issue 12 
 

 
https://www.thno.org 

5692 

199. Panda NN, Pramanik K, Sukla LB. Extraction and characterization of 
biocompatible hydroxyapatite from fresh water fish scales for tissue 
engineering scaffold. Bioprocess Biosyst Eng. 2014; 37: 433-40. 

200. Han F, Li T, Li M, Zhang B, Wang Y, Zhu Y, et al. Nano-calcium silicate 
mineralized fish scale scaffolds for enhancing tendon-bone healing. Bioact 
Mater. 2023; 20: 29-40. 

201. Govindharaj M, Roopavath UK, Rath SN. Valorization of discarded Marine 
Eel fish skin for collagen extraction as a 3D printable blue biomaterial for 
tissue engineering. J Clean Prod. 2019; 230: 412-9. 

202. Mirtaghi SM, Hassannia H, Mahdavi M, Hosseini‐khah Z, Mellati A, 
Enderami SE. A novel hybrid polymer of PCL/fish gelatin nanofibrous 
scaffold improves proliferation and differentiation of Wharton's jelly‐derived 
mesenchymal cells into islet‐like cells. Artif Organs. 2022; 46: 1491-503. 

203. Wijedasa NP, Broas SM, Daso RE, Banerjee IA. Varying fish scale derived 
hydroxyapatite bound hybrid peptide nanofiber scaffolds for potential 
applications in periodontal tissue regeneration. Mater Sci Eng C. 2020; 109: 
110540. 

204. Tanadchangsaeng N, Pasanaphong K, Tawonsawatruk T, Rattanapinyopituk 
K, Tangketsarawan B, Rawiwet V, et al. 3D bioprinting of fish skin-based 
gelatin methacryloyl (GelMA) bio-ink for use as a potential skin substitute. Sci 
Rep. 2024; 14: 23240. 

205. Liu J, Jin C, Cherian RM, Karlsson NG, Holgersson J. O-glycan repertoires on a 
mucin-type reporter protein expressed in CHO cell pools transiently 
transfected with O-glycan core enzyme cDNAs. J Biotechnol. 2015; 199: 77-89. 

206. Lai I-C, Liao C-H, Hu M-H, Chang C-L, Lai G-M, Chiou T-J, et al. Selenium 
yeast and fish oil combination diminishes cancer stem cell traits and reverses 
cisplatin resistance in A549 sphere cells. Nutrients. 2022; 14: 3232. 

207. Chen Y-T, Chen S-J, Hu C-Y, Dong C-D, Chen C-W, Singhania RR, et al. 
Exploring the anti-cancer effects of fish bone fermented using Monascus 
Purpureus: Induction of apoptosis and autophagy in human colorectal cancer 
cells. Molecules. 2023; 28: 5679. 

208. Yaghoubzadeh Z, Peyravii Ghadikolaii F, Kaboosi H, Safari R, Fattahi E. 
Antioxidant activity and anticancer effect of bioactive peptides from rainbow 
trout (Oncorhynchus mykiss) skin hydrolysate. Int J Pept Res Ther. 2020; 26: 
625-32. 

209. Di Guida R, Casillo A, Stellavato A, Kawai S, Ogawa T, Di Meo C, et al. 
Capsular polysaccharide from a fish-gut bacterium induces/promotes 
apoptosis of colon cancer cells in vitro through Caspases' pathway activation. 
Carbohydr Polym. 2022; 278: 118908. 


