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Suckerins, derived from the sucker ring teeth of cephalopods, have emerged as promising biomaterials for
wound healing due to their unique structural properties and versatility. Suckerins exhibit a wide range of elasticity,
from soft hydrogels to stiff films, controlled by B-sheet content and induced by di-tyrosine crosslinking.
Compared to other natural protein-based materials, suckerins offer advantages in terms of mechanical strength,
the ability to form robust supramolecular structures, biocompatibility, excellent thermoplastic property and
underwater adhesion, making them suitable for wound healing and various biomedical applications. However, the
full potential of suckerins in wound healing is yet to be explored. This paper aims to provide a comprehensive
understanding of the structural properties, recent findings, advantages, succinylation of biomaterials and
applications of natural protein-based biomaterials such as mussel adhesive protein, collagen, gelatin, silk fibroin

Received 7th October 2024, and chitosan in wound healing, and how they stand in comparison to suckerin protein-based materials. This
Accepted 21st January 2025 comprehensive review could pave the way for the development of more effective wound healing therapies.
DOI: 10.1039/d4ma01005a Future research directions are also discussed, emphasizing the need for a deeper understanding of the

supramolecular interactions stabilizing suckerins and their potential applications in medicine, tissue engineering,
rsc.li/materials-advances nanotechnology and gaps in other protein-based materials in the context of wound healing.

1. Introduction

School of Biosciences and Technology, Vellore Institute of Technology, Vellore, . . . . .
India. E-mail: samsonprinceh@gmail.com, deepankumark87 @gmail.com, Wound healing is a complex and dynamic process involving the
deepankumar.k@vit.ac.in restoration of skin integrity after injury. This process includes

Samson Prince Hiruthyaswamy is
an active researcher at the School
of Biosciences and Technology,
Vellore Institute of Technology,
Vellore, India. His research
focuses on  biomaterials for
regenerative medicine, with an
emphasis  on  protein-based
materials for wound healing and
drug delivery. He has contributed
to the development of suckerin-
based biomaterials and their
applications in advanced wound

Dr Kanagavel Deepankumar is an
Associate Professor at the School of
Bio Sciences and Technology,
Vellore Institute of Technology,
Vellore, India. With expertise in
protein engineering and
bioadhesives, he has significantly
contributed to the development of
biomaterials ~ for advanced
biomedical  applications. ~ Dr
Deepankumar has authored over
15 peer-reviewed publications in
high-impact ~ journals, with a

Samson Prince ; . . -
Hiruthyaswamy care technologies. Samson is current h-index of 16, reflecting his

actively involved in exploring influence in the field. His research focuses on designing biofunctional
innovative approaches in nanotechnology, wound care, and materials, including suckerin-based biomaterials and nanotechnologies
biofunctional materials, aiming to address critical challenges in  for wound healing, drug delivery, and tissue engineering.
tissue engineering. His dedication to interdisciplinary research is
reflected in his collaborative efforts to advance biomedical science.

Kanagavel Deepankumar

1262 | Mater. Adv., 2025, 6,1262-1277 © 2025 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0009-0003-4293-3423
https://orcid.org/0000-0002-4816-5918
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ma01005a&domain=pdf&date_stamp=2025-01-27
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01005a
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA006004

Open Access Article. Published on 22 Genver 2025. Downloaded on 2026-02-13 21:52:57.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

several overlapping stages: hemostasis, inflammation, prolif-
eration, and remodeling. Efficient wound healing is crucial for
preventing infections, minimizing scarring, and restoring nor-
mal tissue function." Globally, chronic wounds, including
diabetic ulcers, pressure ulcers, and venous leg ulcers, pose
significant healthcare challenges, affecting millions of people
and leading to substantial medical costs. Annually, the inci-
dence of full-thickness wounds is estimated to be between 9.1
and 26.1 million worldwide. Chronic wounds affect approxi-
mately 2% of the total population in the United States. The
global wound care market is projected to grow at a compound
annual growth rate of 4.17% from 2024 to 2030.” Traditional
wound healing treatments, such as wound dressings, antibio-
tics, and surgical interventions, play a critical role in managing
wounds. However, these methods often have limitations,
including the risk of infection, delayed healing times, and
inadequate functional and aesthetic outcomes. Consequently,
there is a growing need for advanced wound care solutions that
can overcome these limitations and enhance the healing
process.

Protein-based biomaterials from natural sources have
emerged as promising candidates in the field of regenerative
medicine and wound healing. These biomaterials, derived from
natural proteins, offer biocompatibility, biodegradability, and
the ability to mimic the extracellular matrix (ECM), which is
essential for tissue regeneration.® Recent studies highlight
their potential in advancements in dynamic ECM mechanics,
applications of 3D aligned collagen fibre platforms for enhan-
cing cell differentiation, and bioprinting methods for screening
cell responses to ECM.*™® Key protein-based biomaterials used
in wound healing include collagen, gelatin, silk fibroin, hya-
luronic acid, and chitosan. Collagen is the most abundant
protein in the ECM, collagen provides structural support and
promotes cell adhesion and migration, crucial for tissue repair.
Gelatin is derived from collagen, gelatin retains many of its
beneficial properties, including biocompatibility and biode-
gradability, making it a valuable material for wound dressings
and scaffolds. Silk fibroin is extracted from silk, which offers
excellent mechanical properties, biodegradability, and sup-
ports cell proliferation, making it suitable for wound healing
applications. Chitosan is derived from chitin, it possesses
antimicrobial properties, enhances wound healing, and can
form biocompatible and biodegradable films and hydrogels.”®
Recent advances in chitosan-based hydrogels, such as photo-
responsive variants with robust adhesive and antibacterial
properties, further highlight their potential in skin wound
healing applications.® Despite their advantages, these protein-
based biomaterials have drawbacks like immunogenicity and
variable biodegradability and biocompatibility.

Recently, there has been increasing interest in developing
advanced biomaterials for biomedical applications. Suckerin-
based biomaterials, derived from the sucker rings of squid,
represent an emerging class with significant potential in wound
healing. Suckerin proteins are characterized by unique struc-
tural properties, including tunable mechanical strength, self-
assembly capabilities, and robust biocompatibility. These

© 2025 The Author(s). Published by the Royal Society of Chemistry
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proteins are capable of formulating films and hydrogels that
replicate the natural ECM, providing an optimum environment
for tissue regeneration and cell proliferation.’®!* Compared to
conventional protein-based materials, suckerin-based bioma-
terials provide several benefits, such as, customised disintegra-
tion rates, better mechanical qualities and increased cell-
instructive capabilities. These features make them suitable
for applications requiring high durability and flexibility, such
as tissue engineering and implantable medical devices.

This review aims to investigate, contrast, and leverage
suckerin-based biomaterials with other naturally occurring
protein-based materials for wound healing applications.
Through a comprehensive analysis, this paper elucidates the
unique properties, potential benefits, and diverse applications
of suckerin proteins, aiming to enhance the understanding of
their role in advancing biomaterial science, biomedicine, bio-
technology, and materials science.

2. Properties and characteristics of
protein-based biomaterials

Protein-based biomaterials have gained significant attention
for their diverse applications in biomedical engineering, parti-
cularly in wound healing, tissue engineering, and drug delivery.
These biomaterials include chitosan, collagen, gelatin, silk
fibroin, mussel adhesive protein and suckerin. Each of these
materials has unique sources, structural properties, and char-
acteristics that determine their suitability for applications. A
comprehensive comparison of these protein-based biomater-
ials, highlighting their sources, structural properties, and var-
ious applications are discussed in Table 1.

2.1 Chitosan

Chitosan is a versatile biomaterial derived from chitin, the
second most abundant natural polymer after cellulose. Chito-
san is a linear polysaccharide made up of N-acetyl-p-
glucosamine (acetylated unit) and randomly distributed B-(1-
4)-linked p-glucosamine (deacetylated unit). It is produced by
using an alkaline chemical, like sodium hydroxide, to the chitin
shells of prawns and other crustaceans. The only distinction
between the molecular structures of chitosan and cellulose is
the connection between the amino group (-NH,) and the C2-
position.>*** Chitosan is biocompatible, biodegradable, and
non-toxic. It forms strong ionic and hydrogen bonds with the
paper fibres, demonstrating its affinity for them. Chitosan is a
promising natural preservative and agent against bacterial
infections because of its strong antibacterial properties, which
break microbial membranes and DNA.?>* The analgesic proper-
ties of chitosan can also be explained by its polycationic
composition. In order to understand chitosan’s biodegradabil-
ity, it’s highly important to keep in consideration that the
material is both a polymer with amino groups and a polysac-
charide, meaning it has breakable glycosidic linkages.”®?*”
Chitosan has a wide range of applications due to its unique
properties. It can be wused in the chemistry, food,
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Table 1 Source, structural properties and characteristics of various protein-based biomaterials
Biomaterial Source Structural properties Characteristics Applications Ref.

Chitosan  Derived from N-Acetyl-p-glucosamine (acetylated unit) Biocompatible, biodegradable, Agriculture, cosmetology, pharmacy, 12
chitin and B-(1-4)-linked p-glucosamine (dea- non-toxic. Able to bind to metal medicine, food industry, textile and and
cetylated unit) are randomly distributed ions, proteins, lipids, and paper industries, and chemistry. 13
in a linear polysaccharide. cholesterol.
Collagen  Animal Triple helix structure composed of three High tensile strength, provides =~ Wound healing techniques, cosmetic 14
tissues polypeptides of amino acids. structure to fibrous cartilage, preparations for the skin. and
teeth, connective tissue, bones, 15
skin, and tendons.
Gelatin Derived from Consists of N-acetyl-p-glucosamine Soluble in glycerol, acetic acid, = Agriculture, pulp & paper, food 16

collagen (acetylated unit) and B-(1-4)-linked p-
glucosamine (deacetylated unit) dis-
persed at randomly.

Silk fibroin Silkworms  Consists of hydrophilic light (L-) chain

its two main chains.

and hot water—polar solvents. It
forms gel when it absorbs 5-10
times its weight in water.
Biocompatible, biodegradable,
and the hydrophobic heavy (H-) chain as excellent mechanical properties.

industry, medicine, cosmetics, bio-

technology, agriculture, textiles, and

environmental compounds.

3D bioprinting, tissue engineering, 17

drug delivery, and wound dressings. and
18

Mussel Secreted by Comprises approx. 20% of tyrosine (or DOPA-induced interfacial adhe-  Utilised in tissue engineering, coat- 19
adhesive  mussels DOPA) and lysine, respectively. Enriched sion. Strong adherence to wet ings, bioadhesives, and anti-fouling and
protein with glutamine and glycine. Contains  surfaces. Both biodegradable and studies. 20
major amounts of polyphenols and biocompatible.
repeating amino acid patterns. 3,4-
DOPA, a modified amino acid. Modified
amino acid 3,4-DOPA.
Suckerin  Cephalopods Block copolymer proteini. The size High modulus of elasticity and ~ Body armour, artificial ligaments, 21

range is 5-60 kDA, and the isoelectric
point is between pI 7 and 10.

pharmaceutical, medical, cosmetics, textile, and paper sectors.
Additionally, the fields of dentistry, ophthalmology, biomedi-
cine and bioimaging, hygiene and personal care, veterinary
medicine, packaging, agrochemistry, aquaculture, functional
textiles and cosmetotextiles, catalysis, chromatography, bever-
age industry, photography, wastewater treatment and sludge
dewatering, and biotechnology have all gained significant
attention to chitosan in recent years.

2.2 Collagen

Biomaterials are essential in various applications, including
tissue engineering, drug delivery, and regenerative medicine.
Among these, collagen stands out due to its unique properties
and widespread availability. Collagen is a structural protein
that is mainly extracted from the skin of fish and mammals. It
is essential for the support of animal organisms.*® Biomaterials
based on collagen have attracted a lot of interest due to their
remarkable mechanical strength and biocompatibility. These
materials offer various advantages over conventional protein-
based choices, including increased cell adherence and biode-
gradability, making them extremely suitable for biomedical
applications. The triple helical structure of collagen imparts
high tensile strength, contributing to the durability of collagen-
based biomaterials. Collagen fibres are formed through the
aggregation of tropocollagen molecules, which are left-handed
helices composed of three polypeptide chains.**'>*° Glycine is
the predominant amino acid in collagen, occurring at every
third residue, while proline and hydroxyproline are also abun-
dant, contributing to the stability of the helical structure.?**!
The strength of collagen fibres is enhanced by cross-links such
as lysine-hydroxylysine and hydroxylysine-hydroxyproline,
which occur between the fibrils.>* There are different types of

1264 | Mater. Adv., 2025, 6,1262-1277

thermoplastic properties. Spider
silk-like in structure.

medical equipment, specialised and
bandages, stitches, parachutes, sails 22
and aeroplane parts.

collagens, characterized by variations in the polypeptide chains
and post-translational modifications, leading to a diversity of
functions and locations in the body. As a natural component of
the human body, collagen minimizes immune responses, redu-
cing the risk of rejection. This biocompatibility, combined with
its biodegradability, makes collagen an excellent choice for
temporary scaffolds in tissue engineering, as it supports nat-
ural healing processes and degrades as the body heals.*® It
undergoes intracellular and extracellular biodegradation. Intra-
cellular biodegradation happens through endocytosis by cells
capable of phagocytosis, while extracellular degradation occurs
due to matrix metalloproteinases (MMPs). The triple helix
structure is destroyed during peptide bond degradation
between amino acids, leading to collagen molecule disintegra-
tion into two molecules at a ratio of 3:1.>*** Additionally,
collagen’s ability to promote cell adhesion and proliferation,
thanks to specific cell adhesion sites within its structure,
further enhances its suitability for tissue engineering and
regenerative medicine. The ease with which collagen can be
modified and functionalized to meet specific biological, clin-
ical, and mechanical requirements underscores its versatility
and effectiveness in various biomedical applications.

2.3 Gelatin

Gelatin is a fascinating biomaterial derived from collagen, a
protein found in the bones, skin and connective tissues of
animals such as chicken, cattle, fish, and pigs. It is produced
when collagen undergoes partial hydrolysis, rupturing some of
the protein links that hold it together.'® The primary structure
of gelatin is characterized by a repeating sequence of Gly-X-Y
triplets, where X and Y are mostly proline and hydroxyproline.
One third of the chain is made up of glycine, while another

© 2025 The Author(s). Published by the Royal Society of Chemistry
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third is proline or hydroxyproline. The amino acid composition
and sequence in gelatin are different from one source to
another but always consists of large amounts of glycine, pro-
line, and hydroxyproline.®® Gelatin is an amphoteric polymer,
meaning it contains both acidic and basic groups. Commer-
cially, there are two types of gelatin: type A, which results from
partial acid hydrolysis of collagen, and type B, which derives
from alkali-based treatment of collagen.?” Gelatin has a colour-
less or faintly yellow appearance and is almost completely
odourless and tasteless. When dry, it is translucent and brittle;
when wet, it takes on a rubbery texture. Gelatin is insoluble in
organic solvents like alcohol but soluble in polar solvents like
glycerol, hot water, and acetic acid.***° When exposed to water,
it may absorb five to ten times its own weight and forms gel.
Thixotropic gels, which are made of gelatin, have a growing
viscosity under stress and can be melted by heating them up.
The texture of dishes made with gelatin is significantly influ-
enced by the fact that the top melting point of gelatin is lower
than body temperature.*®** Gelatin’s unique properties make it
a versatile biomaterial with numerous applications in food
industry as widely used as a stabilizer, gelling agent, thickener,
and emulsifier in various food products such as, low-fat yogurt,
jellies, gelatin dessert, candy, milk powder, sausage, salad,
pudding, fruit milk, ham, bean vermicelli, cake, ice cream,
drinks.”” In pharmaceuticals, gelatin is used to form gel caps
for medications. It’s also used in drug delivery systems and
nanoparticles.’”** In cosmetics, due to its water-binding abil-
ity, gel formation ability, and film-forming properties, gelatin is
used in a variety of cosmetics and hair treatments** and in
biomedicine, gelatin is used in tissue engineering and regen-
erative medicine due to its biocompatibility, biodegradability,
and low immunogenicity.****

2.4 Silk fibroin

Silk-based biomaterials exhibit exceptional structural proper-
ties, including high tensile strength, biocompatibility, con-
trolled biodegradability, and the ability to interact with
biological systems effectively.”” The major structural compo-
nents of silk fibroin (SF) are highly repeated sequences made
up primarily of serine (12%), alanine (30%), and glycine (43%).
It is primarily composed of glycine, alanine, and serine, with a
repeating sequence of Gly-Ala-Gly-Ala-Gly-Ser. This unique
composition and structure make silk fibroin an ideal material
for a wide range of applications, including enzyme immobiliza-
tion and tissue engineering. It offers a stable matrix for enzyme
immobilization, preserving their biological activity.”® These
biomaterials are derived from silk proteins, such as silk fibroin,
which can serve as templates for the nucleation and growth of
inorganic substances, enhancing their properties and expand-
ing their applications in various fields.**”° The versatility of
silk fibroin allows for its manipulation into solutions, gels,
membranes, particles, and various other forms, enabling tai-
lored materials with specific performance characteristics
for diverse applications. The structural versatility of silk
allows for functional modifications to enhance repair perfor-
mance in cartilage/osteochondral applications.” Furthermore,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conductive materials derived from silk have been produced
with excellent mechanical robustness, tissue adhesion ability,
biocompatibility, and electrical conductivity, which makes
them appropriate for biointerface applications such as tissue
scaffolds and artificial epidermal sensors.>®> These unique
structural properties of silk-based biomaterials pave the way
for innovative advancements in personalized healthcare and
bioengineering.

2.5 Mussel adhesive protein

Aquatic mussels produce amazing natural polymers called
mussel adhesive proteins (MAPs), or mussel foot proteins
(Mfps), which aid in the mussels’ ability to stick to a
variety of moist surfaces. These proteins contain a high concen-
tration of specific amino acids, including 3,4-dihydroxy-r-
phenylalanine (DOPA), lysine, and glycine, which are essential
for their adhesive capabilities. The presence of DOPA, formed
by post-translational modification of tyrosine, is particularly
important for their adhesive properties because of its ability to
develop strong non-covalent and covalent interactions with
both organic and inorganic surfaces.® MAPs’ molecular struc-
tures often feature repeating decapeptide motifs, such as the
sequence NH2-Ala-Lys-Pro-Ser-Tyr-DOPA-Lys-Tyr-Ser-Tyr-COOH
seen in Mfp-5."> The high concentration of DOPA residues
enhances the proteins’ adhesive and cohesive capabilities,
allowing for interactions with surface atoms via hydrogen
bonding, n-cation interactions, and metal coordination. MAPs
have a strong adhesive bond even in moist and saline condi-
tions, which makes them appropriate for use in maritime and
biomedical applications. Naturally biocompatible and biode-
gradable, they break down into non-toxic components in the
body, making them ideal for temporary implants and other
biomedical applications. Mussel adhesive proteins (MAPSs) pos-
sess remarkable versatility, with their adhesive qualities mod-
ifiable through alterations in their amino acid sequences or by
combining them with other polymers. This adaptability
enhances their applicability across diverse fields. Advances in
the design of adhesive hydrogels, provide a robust foundation
for exploring the potential of MAP-based materials.>* Modern
design strategies such as chemical bond-based approaches,
including static and dynamic covalent bonds as well as non-
covalent interactions like hydrogen bonding and electrostatic
forces, to optimize adhesion properties. These hydrogels are
engineered with multifunctional properties such as enhanced
stretchability, toughness, biocompatibility, and environmental
responsiveness, making them ideal for biomedical and indus-
trial applications. Their utility is further demonstrated in fields
like tissue repair, biosensors, hemostatic agents, drug delivery
systems, and bioelectronics. These advancements illustrate the
transformative potential of integrating MAPs with advanced
polymer designs, opening new frontiers in innovative technol-
ogies and applications.

2.5 Suckerin

Suckerin, a block-copolymer peptide derived from squid sucker
ring teeth, presents remarkable potential as a biomaterial due
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to its unique structural and functional properties. Suckerin
proteins, which consist of two repeating modules—the glycine-
rich M2 and the alanine and histidine-rich M1—have a
dynamic structure with domains that fold into anti-parallel -
sheets, indicating a strong affinity for B-strands. The glycine-
rich modules contain aromatic residues that participate in n-n
stacking interactions, which are crucial for stabilizing the
protein’s structural core. Identified across various squid spe-
cies, suckerins are utilized to produce silk-like materials, such
as fibres, films, and tissue scaffolds, revealing significant
applications in medicine, tissue engineering, and nanotechnol-
ogy. Suckerin’s self-assembly dynamics are particularly note-
worthy; M2 is more capable of self-association than M1, which
permits microphase separation and the creation of nanocon-
fined B-sheets in the M1-M2 matrix.”"** This self-assembly
process grants suckerin materials exceptional properties,
including excellent thermo-plasticity, pH-responsiveness,
biocompatibility, biodegradability, and sustainability. These
attributes are further enhanced by manipulating solvent con-
ditions—such as pH, salt type, and protein concentration—
allowing control over suckerin self-assembly and mechanical
properties. Innovative modifications, such as incorporating
non-canonical amino acids (ncAAs), can fine-tune suckerin
proteins, improving their mechanical strength and self-
assembly behavior.>®”® High biocompatibility, derived from
their natural origin and self-assembly characteristics, makes
suckerin proteins particularly suitable for various biomedical
applications. The biodegradability of suckerin further enhances
its appeal for sustainable uses, as it can naturally decompose,
reducing environmental impact. One groundbreaking applica-
tion of suckerin involves the development of a recombinant
squid suckerin-spider silk fusion protein. This fusion protein
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has shown promise in creating biocompatible hydrogels,
which are particularly effective for stem cell secretome delivery
systems, aiding in chronic wound healing.”” This fusion exem-
plifies the potential of suckerin in crafting functional bioma-
terials for biomedical applications. Overall, the insights gained
from studying suckerin’s structure and function offer substan-
tial guidance for designing novel block-copolymer peptides.
These peptides can be tailored for diverse applications in
nanotechnology and biomedicine, leveraging their superior
mechanical properties and adaptive self-assembly capabilities.
By exploring the integration of ncAAs and manipulating envir-
onmental factors, researchers can enhance the performance
and utility of suckerin-based materials, paving the way
for innovative solutions in medical and technological fields.
Suckerin’s combination of structural sophistication, functional

versatility, and environmental sustainability underscores
its potential as a foundational biomaterial for future
advancements.

3. Applications of protein-based
biomaterials in wound healing

Protein-based biomaterials such as chitosan, collagen, gelatin,
silk fibroin, mussel adhesive protein and suckerin have been
extensively studied for their applications in wound healing due
to their biocompatibility, biodegradability, and bioactivity.
Various fabrication techniques, including 3D printing, electro-
spinning, and hydrogels, have been employed to utilize these
materials effectively. Each technique has its own set of applica-
tions, advantages, and disadvantages. The following Table 2
provides a detailed comparison of these aspects.

Table 2 Comparison of various applications of protein-based biomaterials in wound healing

Biomaterial Techniques Applications

Advantages Disadvantages Ref.

Chitosan  Used as hydrogels, films,
fibres, membranes, and
sponges industries, and chemistry fields
Collagen  Used in the form of spon- Wound healing techniques, cos-
ges, hydrogels, films, and metic preparations for the skin
nanoparticles
Gelatin Used in the form of hydro- Food, medicine, biotechnology,

gels, sponges, films, and
nanoparticles

environmental applications

Silk Fibroin Used in the form of hydro-

Food, agriculture, medicine, phar- Non-toxic, biocompatible, and biode-
macy, cosmetics, paper and textile gradable. Able to attach to proteins,

agriculture, textiles, pulp & paper,
cosmetics, pharmaceuticals, and

Wound dressings, drug delivery,

Only two RCTs reported 58
significant beneficial and
effects of chitosan on 59
wound healing

May require further 14,

lipids, cholesterol, and metal ions

High tensile strength. Provides struc-
ture to bones, skin, fibrous cartilage, enzymatic breakdown. 15
teeth, connective tissue and tendons. Clinical trials on its and
Stimulates specific cells that positively effectiveness are 29
affect wound healing lacking

Promotes wound hemostasis, enhan- Poor mechanical prop- 37
ces peri-wound antibacterial and anti- erties and antimicrobial and
inflammatory properties activity 43

Biocompatible, biodegradable, excel- Poor tensile strength. 17

gels, sponges, films, elec- tissue engineering, 3D bioprinting lent mechanical properties. Anti- Limited use to linear, and
trospun nanofibre mats, inflammatory, pro-angiogenic tension-free, dry 50
and hydrocolloid dressings properties wounds without body
hair
Mussel Used in forms of glue, Adhesive, wound closure applica- Strong adhesion, versatile, Complex extraction 60
adhesive  hydrogels. tion, tissue engineering biocompatible process, limited and
protein scalability 61
Suckerin  Used in the form of fibres, Adhesives, wound dressings, drug High elastic modulus and thermo- Limited studies on its 57,
films, and hydrogels delivery. plastic behavior. Similar structure to use in wound healing 62
spider silk. Promotes skin cell adhe- and
sion and proliferation 63
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3.1 Chitosan based biomaterials

Chitin, which is made up of 1,4-linked N-acetylglucosamine
molecules, is commonly present in insects, molluscs, crusta-
ceans, and fungi. It has been demonstrated that chitosan, an
active deacetylated derivative of chitin, accelerates tissue regen-
eration and aids in hemostasis.®* Numerous studies have
demonstrated chitosan’s efficacy as an antibacterial agent,
preventing wound infections due to its antibacterial and anti-
fungal properties.®> Additionally, chitosan encourages cell mul-
tiplication, which is vital for healing, and stimulates the growth
of fibroblasts, with the degree of deacetylation positively corre-
lated with fibroblast activation.®® In wound healing applica-
tions, hydrogels, foams, and scaffolds containing chitosan and
other polymers have demonstrated promising outcomes.®”
Being the only cationic polysaccharide identified in nature,
chitosan is unique. It demonstrates a number of outstanding
characteristics that are advantageous for use in biomedical
applications, such as high degrees of hydrophilicity, hemostatic
and antibacterial properties, biodegradability, biocompatibil-
ity, and bioadhesivity.*®®® However, chitosan has certain lim-
itations, such as chemical properties that restrict its
adaptability and therapeutic application. These drawbacks
can be mitigated by modifying its chemical composition and
creating cross-links with other materials.”® For example, tannic
acid (TA) was added to a quaternized chitosan matrix, resulting
in good hemostatic action and the capability to reduce reactive
oxygen species (ROS). Quaternized chitosan has superior anti-
bacterial and water-soluble qualities compared to regular
chitosan.”"”? This modified chitosan hydrogel demonstrated
reduced ROS, hemostatic effects, and suppression of S. aureus
and E. coli in vitro. In diabetic rats with full-thickness wounds,
it promoted coagulation, reduced inflammation, and enhanced
collagen deposition.”

Additionally, layer-by-layer deposition of TA/QC/TA employ-
ing quaternized chitin (QC) and TA was used to construct TA/
Ag-modified polylactic acid (PLA)/polyurethane (PU) hybrid
nanofibres. When compared to S. aureus and E. coli, the
resultant hybrid nanofibres showed decreased ROS and anti-
bacterial activity.”* A composite hydrogel was developed using
polyvinyl alcohol (PVA) and chitosan to load EGF-loaded chit-
osan nanoparticles, perfluorocarbon nanoemulsions, and poly-
hexamethylene biguanide (PHMB). This composite hydrogel’s
prolonged release of PHMB and EGF stimulated the growth of
human KERTr keratinocytes, which is essential for wound
healing, as well as antibacterial activity against S. aureus and
S. epidermidis. These hydrogels improved collagen deposition
and maturation, promoted re-epithelialization, and reduced
inflammatory responses in full-thickness wounds of the dia-
betic rats.”® Polyvinyl alcohol/sodium alginate/chitosan (PACS)
demonstrated good swelling, water vapour permeability, reten-
tion, and biocompatibility, but minimal antibacterial activity. A
bilayer composite dressing for wound healing that combined
the chitosan nanoparticles loaded into an Ag-metal organic
framework and PACS demonstrated improved performance.
The Ag-MOF/CSNPs layer had strong antibacterial properties,
promoting coagulation and cell proliferation. The bilayer
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dressing demonstrated superior antibacterial activity and
significantly accelerated wound healing in vivo compared to
PACS, representing a notable advancement in wound care.”®
Chitosan, with its potent antibacterial properties, biocompat-
ibility, and ability to enhance hemostasis, collagen deposition,
and re-epithelialization, represents a highly effective and pro-
mising biomaterial for advanced wound healing applications.

3.2 Collagen based biomaterials

Collagen, the most abundant protein in the human body, plays
a crucial role in tissue structure and repair, making it an ideal
candidate for biomaterials aimed at wound healing. Recent
studies have focused on the development and evaluation of
collagen-based biomaterials to enhance the healing process
through various techniques and formulations. Collagen’s nat-
ural biocompatibility and ability to promote cell proliferation
and differentiation make it highly effective in wound healing
applications. Recent research has demonstrated that collagen-
based dressings can significantly accelerate wound closure,
reduce inflammation, and improve tissue regeneration com-
pared to conventional treatments. Rats with full-thickness skin
defect wounds were treated with an injectable collagen-hya-
luronic acid hydrogel featuring antioxidant properties based on
the dynamic covalent bond of borate esters. This hydrogel
efficiently eliminated excess reactive oxygen species and accel-
erated wound healing by promoting angiogenesis and enhan-
cing the inflammatory microenvironment of the wound.”” To
improve the mechanical properties of collagen-based hydro-
gels, Zhang et al. utilized graphene oxide and borax as cross-
linking agents to incorporate guar gum and poly(N-
isopropylacrylamide). This resulted in a hydrogel capable of
stretching to 50 times its initial length and self-healing within
three minutes without external stimulation, showcasing
remarkable hyperductility and self-repair capabilities.”® Addi-
tionally, the hydrogel facilitated the repair of full-thickness skin
defects in rats and exhibited potential for human sensing
applications. Collagen-based hydrogels have seen extensive
use in clinical practice, with FDA-approved tissue-engineered
skin products like Apligraf being effectively employed for burn
wounds, diabetic foot ulcers, and skin replacement. Apligraf is
a designed active biomaterial composed of type I collagen
hydrogel, allogeneic fibroblasts, and keratinocytes.”®
Commercial collagen or gelatin sponge dressings are
also widely used in wound care due to their excellent hemo-
static, biodegradable, and biocompatibility properties. A com-
posite sponge dressing, created by combining collagen, sodium
polyacrylate, and biquaternium-conjugated chitosan in an
aqueous solution and freeze-drying it, demonstrated antibac-
terial, hemostatic, anti-inflammatory, and pro-regenerative
qualities.®® For full-thickness skin defects in mice, a novel
zwitterionic betaine composite collagen sponge dressing with
broad antioxidant and anti-inflammatory properties supported
wound healing, granulation tissue growth, reepithelialization,
collagen deposition, and angiogenesis.*’ To mimic the struc-
ture of the natural extracellular matrix (ECM), esterified hya-
luronic acid was added to electrospun nanofibres to create a
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collagen-based hydrogel wound dressing. Applied to full-
thickness skin defect wounds in mice infected with Staphylo-
coccus aureus, this dressing proved more effective than the
hydrogel scaffold alone in promoting angiogenesis, collagen
deposition, and wound healing. Its high specific surface area
and porosity allowed it to efficiently collect wound exudate
and release medication.’” Furthermore, encapsulating the
VEGF mimetic peptide Prominin-1 derived peptide in a poly-
lactic acid-glycolic acid copolymer/gelatin-based nanofibre
membrane, the dressing was applied to diabetic rats with
full-thickness skin defect wounds. The dressing continuously
released Prominin-1 derived peptide, encouraged angiogenesis
and immune regulation by attracting endogenous VEGF, and
ultimately aided in wound healing.®*

3.3 Gelatin based biomaterials

Gelatin, a natural polymer derived from collagen, has emerged
as a versatile and biocompatible biomaterial for wound healing
applications. Its inherent properties, such as biodegradability,
non-toxicity, and ability to form hydrogels, make it a promising
candidate for developing wound dressings and scaffolds.
Recent studies have explored various techniques and formula-
tions of gelatin-based biomaterials, demonstrating their effec-
tiveness and practical implications in enhancing wound
healing processes. Gelatin methacrylate (GelMA), a polymer
derived from gelatin, has gained widespread use in tissue
regeneration due to its biocompatibility and versatility. For
instance, a bioprinting-based strategy has been developed to
investigate stem cell-extracellular matrix (ECM) interactions
using gradient GeIMA hydrogels. This approach facilitates the
screening of an optimal ECM for the in vivo healing of alveolar
bone defects. Studies have demonstrated that GelMA/PEGDA
composite hydrogels, engineered through precise bioprinting
techniques, support osteogenic differentiation of periodontal
ligament stem cells (PDLSCs). The optimized GelMA/PEGDA
hydrogels exhibited robust bone formation in rat models of
alveolar bone defects.®"®> The use of shape-memory cryogels
made of methacrylated gelatin (GelMA) for the controlled
release of endothelial progenitor cells (EPCs) and acid fibro-
blast growth factor (aFGF) is one fostering advancement.
Methacrylate groups enable gelatin to be cross-linked into a
stable hydrogel under the influence of visible light while
maintaining its inherent enzymatic degradability. In a diabetic
rat model, these methacrylated gelatin cryogels significantly
improved pressure ulcer healing by overexpressing hypoxia-
inducible factor 1-alpha (HIF-1a) at the wound site. This over-
expression is crucial as HIF-1a plays a vital role in promoting
angiogenesis and tissue regeneration under hypoxic conditions
typically found in chronic wounds.*® Another
approach involves adipose-derived stem cell (ADSC)-loaded
gelatin microspheres. These microspheres have been shown
to expedite the healing of full-thickness wounds in diabetic rats
by promoting M2 macrophage polarization, collagen deposi-
tion, angiogenesis, and hair follicle development. The ADSC-
loaded gelatin microspheres offer a multifaceted approach to
wound healing by addressing various cellular and molecular
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aspects of tissue repair, thereby enhancing the overall healing
process.®”

Moreover, oxidised dextran and ethylenediamine-modified
gelatin have been combined to create hydrogels that can load
paeoniflorin (Pf) and zinc oxide nanoparticles (ZnO-NPs). ZnO-
NPs possess antimicrobial properties, while Pf has angiogenic
properties. These hydrogels are responsive to changes in pH
and reactive oxygen species (ROS), exhibiting sequential hemo-
static, antibacterial, and angiogenic actions. This multifaceted
response is particularly beneficial for treating diabetic wounds,
which are often characterized by persistent infections and poor
healing. In diabetic rat models, these hydrogels significantly
accelerated wound recovery by addressing both microbial infec-
tion and promoting tissue regeneration.®® The various formula-
tions and techniques explored in recent studies highlight the
effectiveness of gelatin in promoting wound healing through
multiple mechanisms, including enhanced angiogenesis, col-
lagen deposition, and antimicrobial action.

3.4 Silk fibroin based biomaterials

Silk fibroin (SF), derived from the Bombyx mori silkworm, is
highly valued in the biomedical field for its mechanical proper-
ties, biocompatibility, and biodegradability. The efficacy and
adaptability of SF-based biomaterials for wound healing have
been highlighted in recent studies. Two electrospun SF (ESF)
membranes were compared to a commercial wound dressing
(BMTM Tegaderm™) in a comparative trial. Poly-dopamine
(PESF) was added to one SF membrane, leaving the other
unaltered (ESF). All dressings accelerated wound healing in
full-thickness skin wound models in Sprague-Dawley rats, but
the poly-dopamine-modified SF dressing was found to be much
more effective.’® Another study used primary human dermal
fibroblasts (PHDFs) in vitro to explore SF scaffolds with fibre
sizes ranging from 256 + 30 to 1214 £ 321 nm. The results
showed that SF scaffolds with the smallest fibre diameter (250-
300 nm) had the highest PHDF proliferation. This trend per-
sisted throughout the culture period, with larger fibre dia-
meters resulting in decreased proliferation. Ex vivo studies
applying a human full-thickness skin model showed that SF
scaffolds facilitated re-epithelialization during wound healing,
while in vitro investigations revealed a significant increase of
collagen I and III in PHDFs grown on the smallest SF fibres.”

Sprague-Dawley rats were used in studies to examine full-
thickness wound healing using heparinised SF hydrogels con-
taining acidic fibroblast growth factor 1 (FGF1). In vitro, SF
hydrogels—both with and without FGF1—boosted the migra-
tion and proliferation of L929 cells in comparison with the
control group. 3MTM Tegaderm™ was left untreated, hepari-
nised SF hydrogel, heparinised SF hydrogel with FGF1, and a
commercial chitosan dressing were the four groups that were
given different dressings in vivo. With the FGF1-containing SF
hydrogel exhibiting the smallest wound size on day 14, these
treatments markedly sped up the healing process.”® Further-
more, a study comparing electrospun SF nanomatrix to Medi-
foam®, a commercial polyurethane hydrocellular bandage, and
medical gauze was conducted on Sprague-Dawley rats with
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second-degree burn wounds. After seven days, the SF nano-
matrix-treated wounds were smaller than the Medifoam®-
treated ones. In contrast to control wounds, which shrank by
18% over the course of 28 days, wounds treated with SF
nanomatrix and Medifoam® shrank to 4% and 8% of
their initial sizes, respectively. According to histological
research, the SF nanomatrix promoted skin regrowth and re-
epithelialization. It also shown immunomodulatory activity by
raising anti-inflammatory marker IL-10 and decreasing pro-
inflammatory markers IL-1o and IL-6.°> In another study,”
the effects of three different types of SF hydrogels (SF
hydrogel (SFH), SF melanin hydrogel (SFMH), and SF compo-
site hydrogel (SFCH)), with the latter two incorporating anti-
inflammatory berberine and antioxidant melanin, were inves-
tigated on full-thickness wound healing in diabetic Wistar rats.
Compared to untreated wounds, these therapies increased the
pace of wound closure, with SFCH showing the quickest rate of
healing. The highest levels of re-epithelialization, collagen
deposition, and vascular density were observed in wounds
treated with SFCH, along with the smallest epithelial gaps. All
these studies demonstrate how SF-based dressings can improve
wound healing by means of different methodologies, such as
growth factor incorporation, structural transformations, and
antioxidant and anti-inflammatory effects.

3.5 Mussel adhesive protein-based biomaterials

Significant advancements in wound healing have resulted from
attempts to recreate the method of strong underwater adhesion
that mussels acquire through the interaction of DOPA and
mussel foot proteins. This process involves conjugating cate-
chol groups onto polymers. The ability of DOPA-inspired bio-
materials to stick to moist surfaces, including living tissues, is a
significant benefit for tissue repair.®® For instance, a biocom-
patible tissue glue designed for wound closure that was based
on a poly(amidoamine) adhesive inspired by mussels showed
that its degradability could be altered by changing the amount
of zwitterionic sulfobetaine present. Research demonstrated
that RAW 264.7 mouse macrophage cells could adhere to and
multiply on a substrate covered with tissue adhesive without
causing substantial cytotoxicity, and an in vivo investigation
demonstrated that the adhesive healed wounds in 28 days with
little to no scarring.”* A scar preventing glue made from
collagen type I and mussel adhesive proteins (MAPs) was shown
to improve early-stage wound healing and prevent scar for-
mation by modulating collagen fibril growth and fibrogenic
factor expression.’® In another study, oxidised hyaluronic acid
(HA-CHO) and dopa-grafted e-polylysine (EPL-DOPA) were com-
bined to formulate a bioadhesive hydrogel dressing with anti-
bacterial characteristics that could be tailored, as well as
swelling and degradation rates. In comparison to readily avail-
able fibrin glue, this hydrogel adhered to wounds rapidly and
firmly, accelerated healing, and successfully killed the bacteria
at wound site. Histological research also revealed better skin
regrowth.”®

Additionally, by chemically integrating DOPA-methyl ester
(DOPA-ME) and DOPA-HA into proteins, namely Candida
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antarctica fraction B (CAL-B) lipase, researchers have developed
a bioadhesive that is inspired by mussels. This study investi-
gated the protein’s C-terminal direct DOPA conjugation and N-
terminal DOPA-HA polymer conjugation, highlighting the
potential uses of these bioadhesives on wet wound surfaces.’”
Furthermore, dopamine polymerisation and sodium alginate
crosslinking in polyacrylamide networks produced an adhesive
hydrogel that demonstrated strong adherence to pig skin (24.5
kPa) and supported cell attachment and proliferation, suggest-
ing that it could be used as a material for skin tissue
engineering.”® An enzymatically biodegradable hydrogel
inspired by mussels, consisting of a modified PEG coupled to
an alanine dipeptide substrate, was created for tissue repair
and regenerating purposes. This hydrogel, which was created
with elastase-sensitive Ala-Ala linkages to break down in reac-
tion to neutrophil enzyme release, showed sufficient adhesive
ability in animal models, achieving a value of 30.4 + 3.4 kPa
and biodegrading over several months.”® Lastly, a pDA-
chondroitin sulphate-polyacrylamide hydrogel inspired by
mussels was developed for cartilage regeneration in the
absence of growth factors. Enriched with catechol groups, this
hydrogel demonstrated superior mechanical qualities appro-
priate for cartilage repair, as well as good cell affinity and
promotion of adhesion.'® Bioadhesives inspired by mussels
have a great deal of potential in tissue engineering. They act as
transporters of biomolecules to improve cell responses in
addition to promoting tissue adhesion. The broad range of
uses for these biomaterials anticipates assisting future studies
in tissue regeneration and repair, enhancing the area.

3.6 Suckerin based biomaterials

Suckerin proteins are a class of structural proteins that resem-
ble block co-polymers and self-assemble into strong supramo-
lecular structures that are used by cephalopods’ arms and
tentacles to securely grasp the prey. Because of their aromatic
linkage and P-sheet-driven supramolecular pattern, these
proteins have great potential as biomimetic protein-based
biopolymers. A two-main sequence module designed suckerin
protein was studied structurally using multi-dimensional
Nuclear Magnetic Resonance (NMR) spectroscopy. According
to the study, the protein takes on a dynamic shape, with areas
exhibiting B-strand propensity folding into anti-parallel -
sheets in both module 1 (residues A42-A52) and module 2
(residues G30-Y37 and G58-Y65). The glycine (Gly)-rich M2
modules’ aromatic residues stabilise the structural core
through n-m stacking interactions.'®2*-2>10

The elasticity of recombinant suckerin-19 is regulated by the
B-sheet composition and induced di-tyrosine crosslinking,
which can result in a variety of biomaterials, from extremely
soft hydrogels to stiff films. Researchers were able to achieve a
wide variety of elastic moduli, from 40 to 500 Pa for hydrogels
to several GPa for crosslinked films, by varying the concen-
tration of the initiator ammonium persulfate (APS) during Ru-
mediated photo-crosslinking. The mechanical characteristics
of the films were validated by nanoindentation testing, and
rheological measurements showed that the gels’ storage
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modulus (G’) improved with APS concentration.
assemblies also exhibit excellent thermoplastic properties,
retaining their mechanical characteristics through multiple
cycles of melting and reshaping. Additionally, suckerin pro-
teins have been utilized in designing and developing protein-
based adhesives through genetic engineering. Unaltered recom-
binant suckerin-12, expressed in semi-crystalline networks
formed by self-assembly in E. coli, demonstrated robust under-
water adhesion behavior (70 mN m*!, Wad ~15 mJ m® on
mica). This adhesion is attributed to the cross-p sheet domains,
as disturbance of these sheets eliminates adherence. Similar
characteristics were shown by suckerin-12-DOPA, which was
created by directly inserting the DOPA moiety utilising an
in vivo residue-specific incorporation technique.®?
Microneedles made from suckerin protein, created using a
soft lithography technique, precisely replicated their templates
and possessed strong mechanical characteristics, enabling
high capacity for skin penetration. In vitro skin permeation
tests using human cadaver skin samples indicated quicker
onset and better skin penetration of medications with suckerin
microneedles compared to flat patches. Furthermore, suckerin
demonstrated intrinsic antibacterial properties, reducing cell
counts from 10® CFU ml ! to ~3.02 x 10* CFU ml %, and
showed good cell viability, confirming its biocompatibility and
non-toxicity.®> In order to create hydrogels for the encapsula-
tion and release of the stem cell secretome, a recombinant
squid suckerin-spider silk fusion protein was created contain-
ing cell-adhesion motifs that could thermally gel at physiologi-
cal temperatures. The secretome-suckerin sample group
achieved nearly full wound closure (~ 87%) within 24 hours,
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significantly outperforming the control group (~59%).>” Over-
all, suckerin proteins, with their versatile mechanical proper-
ties, robust underwater adhesion, and biocompatibility, hold
great potential for various biomedical applications as shown in
Fig. 1, including biomaterials, adhesives, and drug delivery
systems.

3.7 Succinylation in biomaterials and their role in wound
healing

Succinylated biomaterials are chemically modified materials
enriched with succinyl groups (-CO-CH,-COOH), derived from
succinic acid. This modification introduces carboxyl (-COOH)
and carbonyl (-C=0) groups into biomaterials like proteins
and polysaccharides. The resulting changes significantly
enhance the material’s hydrophilicity and functional versatility,
making them ideal for biomedical applications, particularly
wound healing as shown in Fig. 2. The carboxyl groups in
succinylated materials are highly hydrophilic, forming hydro-
gen bonds with water molecules, which increases the material’s
water retention capacity. This hydrophilicity maintains a
hydrated wound environment, essential for cell migration,
proliferation, and granulation tissue formation, key processes
in tissue repair. The carbonyl groups, on the other hand,
enhance chemical reactivity, providing active sites for the
attachment of bioactive molecules or therapeutic agents,
further amplifying the material’s functionality. In addition to
creating a moist wound environment, hydrophilic surfaces
in succinylated biomaterials reduce protein adsorption and
bacterial adhesion, thereby lowering the risks of infection
and inflammation.'®*% These surfaces also exhibit pH
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Fig. 1 Potential application of suckerin protein in biomedical research.
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Fig. 2 Advantages of succinylated biomaterials in wound healing and controlled bioactive release.

responsiveness, enabling the controlled release of encapsulated
drugs like antimicrobial agents or growth factors directly at the
wound site. This targeted delivery not only enhances therapeu-
tic efficacy but also accelerates the healing process by mimick-
ing the natural extracellular matrix (ECM), providing a
supportive scaffold for cell attachment and tissue regeneration.

Recent advancements highlight the therapeutic potential of
succinylated biomaterials. Succinylated chitosan derivatives
restored endothelial cell function, increasing HUVEC cell via-
bility from 50% to 80% and improving in vivo wound healing
rates from 25% to 65% within 10 days."®” Succinylated chitosan
nanoparticle films achieved wound closure rates of up to 90%
in 10 days, releasing 85 mg of drugs over 48 hours."*® Similarly,
N-succinylated chitosan fibers exhibited a swelling ratio of
5 g g~ ' (grams of liquid per gram of fibre), enhancing wound
healing rates from 30% to 75% within 7 days.'®® Succinylated
nanoparticles loaded with basic fibroblast growth factor (bFGF)
provided controlled drug release, increasing collagen deposi-
tion from 10 mg cm 2 to 25 mg cm™ > and wound healing rates
from 35% to 85% in 10 days."'® Other examples include
compartmentalized bone graft sponges that reduced inflam-
matory markers and improved wound closure rates from 30%
to 70% within 14 days.""* Pullulan succinate films grafted with
chitosan and hyaluronic acid enhanced vascularization,
reduced scar formation, and improved healing.** Succinylated
albumin cryogels enabled controlled drug release, enhancing
healing rates from 40% to 85% in 12 days.'"® Furthermore,
biomimetic glycopolypeptide hydrogels with tunable adhesion

© 2025 The Author(s). Published by the Royal Society of Chemistry

doubled collagen deposition and increased tissue regeneration
from 30% to 75% in 10 days.'* These versatility and efficacy of
succinylated biomaterials in promoting wound healing, tissue
regeneration, and targeted drug delivery, paving the way for
advanced biomedical applications.

4. Challenges and future perspectives
4.1 Challenges and limitations

Suckerin-based biomaterials face challenges in scalability, cost-
effectiveness, and functional optimization. The complexity of
extraction and production limits their large-scale application,
making them less viable for commercial use. Functionalization
to enhance biocompatibility and mechanical properties
requires advanced techniques that balance flexibility and
strength without compromising their structural integrity. Addi-
tionally, limited research on suckerin’s biological interactions
with cells and tissues hinders its clinical translation. Compared
to extensively studied biomaterials like collagen or silk fibroin,
suckerin’s therapeutic potential remains underexplored, leav-
ing gaps in its applicability for wound healing.

Hydrophilicity is a key factor in biomaterial performance for
wound healing, yet many protein-based materials lack adequate
water retention properties. Poor hydrophilicity can lead to
desiccation of the wound bed, slowing healing and reducing
cell migration. Surface modifications or blending with hydro-
philic polymers often compromise mechanical integrity, posing
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additional challenges. Developing materials that inherently
balance hydrophilicity with structural strength remains a major
hurdle. This limitation is particularly relevant for materials like
suckerin, which require functional enhancements to create a
moist wound environment conducive to epithelialization and
tissue regeneration while maintaining their other desirable
properties. Addressing these issues is crucial for leveraging
suckerin’s unique properties in regenerative medicine.

4.2 Future perspectives

Looking ahead, several promising avenues exist for the further
development of suckerin and other protein-based biomaterials
in wound healing as shown in Fig. 3. Decellularized materials,
bioactive molecules, and novel approaches like 3D and 4D
bioprinting have significantly expanded the scope of wound
healing research. These advanced technologies present plat-
forms for enhanced tissue regeneration but still face challenges
such as reduced vascularization, poor mechanical integrity, and
immune rejection. Promising areas for further exploration
include combining suckerin with bioactive molecules (e.g:,
growth factors, cytokines, and extracellular matrix components)
to enhance its functional properties. Such combinations could
promote skin regeneration, minimize scar formation, and
improve overall healing outcomes.

View Article Online
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4.2.1 Role of nanotechnology in advancing suckerin-based
biomaterials. Nanotechnology presents a transformative
approach to enhancing suckerin-based biomaterials for wound
healing. Protein-functionalized nanoparticles can be engi-
neered to improve suckerin’s bioactivity, offering targeted
delivery of growth factors or drugs to the wound site. For
instance, suckerin-based nanoparticles can encapsulate vascu-
lar endothelial growth factor (VEGF) to promote angiogenesis
or antimicrobial peptides to prevent infections. Exosomes,
naturally occurring nanovesicles, can also be incorporated into
suckerin matrices to deliver therapeutic RNA or proteins. These
nanotechnological integrations not only enhance vasculariza-
tion but also mitigate immune rejection by modulating the
wound’s inflammatory response. Furthermore, nanoscale mod-
ifications can improve suckerin’s mechanical properties,
enabling its use in environments requiring high elasticity and
durability. Advances in nanotechnology, such as the develop-
ment of pH-responsive nanoparticles, allow for controlled drug
release based on the wound’s biochemical environment, ensur-
ing precise and sustained therapeutic effects. Suckerin’s com-
patibility with these approaches positions it as a versatile
platform for regenerative medicine.

4.2.2 3D and 4D bioprinting for customizable solutions.
3D and 4D bioprinting technologies enable the creation
of highly customizable wound healing solutions using
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Fig. 3 Suckerin protein-based biomaterials and its application in wound healing.
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suckerin-based biomaterials. These techniques allow precise
spatial arrangement of suckerin along with other bioactive
components, creating scaffolds with intricate architectures that
mimic native skin tissue. For instance, suckerin-based bioinks
can be printed into layered structures resembling the dermal
and epidermal layers of skin. 4D bioprinting extends this
capability by introducing materials that respond dynamically
to external stimuli, such as temperature, pH, or mechanical
stress. This adaptability makes suckerin-based bioprinted con-
structs suitable for applications requiring enhanced respon-
siveness, such as smart wound dressings. These dressings
could integrate flexible electronics to monitor wound condi-
tions or release therapeutic agents on demand.

4.2.3 Molecular insights and preclinical research. Under-
standing the molecular mechanisms underlying suckerin’s
interaction with host cells is critical for its advancement in
wound healing applications. Suckerin’s structural similarity to
natural extracellular matrix proteins suggests its potential to
support cell adhesion, proliferation, and differentiation. Inves-
tigating how suckerin modulates immune responses, particu-
larly through its impact on macrophage polarization, could
reveal its role in reducing inflammation and promoting tissue
remodeling. Preclinical studies are essential to evaluate suck-
erin’s biocompatibility and degradation profile in vivo. These
studies can assess its ability to integrate with native tissues and
support angiogenesis, epithelialization, and collagen deposi-
tion. Translational research focusing on optimizing suckerin’s
functional properties through modifications like succinylation
will further enhance its therapeutic potential.

4.2.4 Succinylated materials for drug and bioactive release.
The future of succinylated materials in drug delivery and
regenerative medicine lies in their potential as highly customiz-
able, multifunctional platforms. By integrating succinylated
biomaterials with advanced nanotechnology, hybrid systems
can be developed to achieve simultaneous drug loading, sus-
tained release, and real-time monitoring of therapeutic effects.
For instance, succinylated polymers combined with nanoscale
carriers like exosomes or liposomes can encapsulate and deli-
ver complex bioactive molecules such as growth factors, miR-
NAs, or CRISPR-based gene-editing tools. The pH-responsive
nature of succinylated materials further enables environment-
specific drug delivery, dynamically responding to pathological
conditions like the acidic microenvironments of tumors or
inflamed wounds. Additionally, succinylated hydrogels and
scaffolds with programmable biodegradability can be synthe-
sized to align with the temporal healing needs of tissues,
minimizing the need for secondary interventions.

Incorporating succinylation with other chemical modifica-
tions, such as phosphorylation or acetylation, may enhance the
functional versatility of these materials, while preclinical stu-
dies should investigate molecular interactions with immune
cells to understand their role in modulating inflammation and
promoting tissue regeneration. Succinylation, through the
introduction of carboxyl and carbonyl groups, also transforms
protein-based biomaterials like suckerin into platforms for
controlled bioactive molecule release. Enhanced hydrophilicity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and surface charge allow for the encapsulation and sustained
release of therapeutic agents in response to environmental cues
such as pH changes. Succinylated suckerin, for example, could
encapsulate growth factors like VEGF or epidermal growth
factor (EGF) to enhance angiogenesis and epithelialization or
load anti-inflammatory agents and antibiotics for targeted
delivery. These advancements represent a promising future
for succinylated biomaterials in advanced wound healing, drug
delivery, and tissue engineering, paving the way for precise,
efficient, and patient-tailored therapeutic strategies.

5. Conclusion

Suckerin-based biomaterials represent a significant leap for-
ward in the field of wound healing, offering unique structural
and functional properties that distinguish them from other
natural protein-based biomaterials. Their remarkable mechan-
ical strength, elasticity, biocompatibility, and self-assembly
capabilities position them as ideal candidates for developing
next — generation wound healing therapies. By mimicking the
extracellular matrix and promoting cellular adhesion and pro-
liferation, suckerin-based materials have the potential to
enhance tissue regeneration and accelerate healing processes.
Furthermore, advancements in the functionalization of suck-
erin, including the incorporation of bioactive molecules, succi-
nylation, and nanotechnology, promise to unlock new
possibilities for targeted drug delivery and infection control.
The integration of suckerin with emerging technologies such as
3D and 4D bioprinting, molecular engineering, and adaptive
biomaterial systems paves the way for creating highly customiz-
able wound dressings and therapeutic scaffolds tailored to
individual needs. Additionally, suckerin’s ability to combine
with other biomaterials, such as chitosan, collagen, and silk
fibroin, offers exciting prospects for hybrid systems with
enhanced functionality and versatility.

Despite these advances, challenges such as scalability, cost-
effectiveness, and understanding of suckerin’s long-term inter-
actions with biological systems remain. Addressing these lim-
itations through interdisciplinary collaborations, preclinical
studies, and translational research will be critical to achieving
clinical adoption. Suckerin-based biomaterials not only expand
the frontiers of regenerative medicine but also inspire a new
wave of research aimed at creating sustainable, multifunctional
biomaterials for advanced wound care. As the field progresses,
suckerin holds the potential to revolutionize wound manage-
ment, offering innovative solutions to persistent clinical
challenges.
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