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Turalkar 3) Prajakta Govekar 4)Dr Mahesh Sherkar Abstract: The largest organ in the
body is the skin. It is the first barrier against any kind of injury. The skin plays a role in
regulating body temperature, preventing dehydration, and supporting the sensory and
immune systems. [28] The skin can be easily damaged, burnt, and infected. The outer
layer is known as the epidermis and acts as a protective barrier. The inner layer contains
collagen and elastin fibres and is known as the dermis. [1,29] Once the skin has been
damaged, it will begin to repair. There are several stages of this repair process, including
inflammation and clotting. [28] Step two in the process of wound healing takes place
when collagen production starts underneath the surface of the skin. The tissue in the
dermis is made up of collagen types I and III. [1,29] In addition, collagen facilitates the
growth of cells and tissues at the site of the wound. Furthermore, there are various ways
in which collagen could be used in pharmacy, biomedicine, and skin care industries due
to the nature of collagen being biocompatible, biodegradable, and multifunctional. [7,8]
Current research is based on using it for regeneration and preparing drug carriers that
contain drugs. Some of the drug carriers that could be prepared using collagen are
hydrogels, films, sponges, and membranes. [8,19,21] Collagen is also used along with
nanoparticles and biological agents. [22]

INTRODUCTION

*Corresponding Author: Sujit Raut

Address: B.R.Harne College of Pharmacy, Vangani, Thane, Maharashtra Thane, Maharashtra

Email " : rautsujit0103@gmail.com

Relevant conflicts of interest/financial disclosures: The authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.

2304 |Page


https://www.ijpsjournal.com/

Sujit Raut, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 11, 2304-2314 | Review

Epidermis

Derma

Hypoderis

Muscles

The skin acts as a protective covering that keeps the
body warm, helps in retaining water, protects the body
from the external environment, and serves as a barrier
against any form of physical, chemical, and biological
attack. [28] The important building blocks of the colla-
gen molecule include proline, glycine, and hydroxypro-
line amino acids. [1,9] These amino acids help in
making the skin elastic and tough. The formation of
collagen becomes slow in an aged person as well as un-
der the influence of sunlight, tobacco smoke, and oxi-
dative stress. [28] Collagen plays an important role in
cell adhesion and proliferation. [1,7] FIG. 1 (bemoll.
Human skin anatomy [Internet]. VectorStock; 2018
[cited 2026 Nov 7]. Available from: https://www.vec-
torstock.com/royalty-free-vector/human-skin-anat-

omy-vector-20658206) Collagen works as both a
therapeutic material and as a therapeutic target. As a

biomaterial, collagen has practical uses such as in
wound dressings, tissue engineering scaffolds, moist-
urizers, and as a drug delivery system. [7,8,19] The
deposition of collagen takes place during the healing
and remodeling phase following injury. [28] Excessive
deposition of collagen leads to scar formation and
causes fibrosis. [11,28] Hence, both the amount of col-
lagen deposited and the ratio of its deposition and deg-
radation must be taken into account. Collagen delivery
systems give rise to different outcomes depending upon
the mode of delivery; topical delivery of collagen
works as a moisturizer of the skin, while oral delivery
of collagen peptides gives better results. There are two
major roles of collagen dressings in wound healing, in-
cluding maintenance of moisture in the wound and
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regeneration of tissue through scaffolding. [19,20] The
role of collagen in wound healing involves two main
elements that include maintenance of moisture and re-
generation of tissue through scaffolding. However,
apart from the strengths of collagen, there are certain
demerits, including batch-to-batch variations, drug de-
livery difficulties, mechanical strength issues, enzyme
degradation, etc. [7,29]

1. COLLAGEN OVERVIEW :

Collagen is the most common protein in the human
body. [1] It is a part of connective tissues such as skin,
bones, tendons, ligaments, and cartilage. [1] Collagen
provides the strength of the tissue, helps with tissue re-
pair, and ensures the elasticity of the tissues and joints.
However, with time, the production of collagen de-
creases, which results in wrinkles, loose skin, and
changes in the movement of the joints. The hydrolyzed
collagen peptide supplements are becoming more and
more popular in order to keep the skin and joints
healthy, though more investigation should be con-
ducted in this sphere. [3] There are several types of col-
lagen distinguished according to their structure and
location in the body. Type I is the most common type
of collagen, which is found in skin, bones, tendons, and
ligaments. [1,29] Type II is associated with cartilage,
and Type Il is found in skin, blood vessels, and inter-
nal organs. [1,29] If we talk about Type IV collagen, it
plays an important role in the development of networks
in basement membranes. [1] In terms of structure, col-
lagen is made up of a triple-helical structure with three
chains of polypeptides. [1,2,9]

2305 | Page



Sujit Raut, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 11, 2304-2314 | Review

© 0. 6. 6.6 6.0
COPT Y99S

|

FIG. 2 (Doyle J. Integrating dermal and muscular re-
generation: the clinical role of Sofwave and Pure Im-
pact VIP in modern aesthetics. J Aesthet Nurs. 2026;15
(3):158-168. doi:10.12968/joan.2026.0030)

2. Molecular Architecture and Triple-Helix Struc-
ture

Collagen is one of the main components of the extra-
cellular matrix, as it gives rise to connective tissue.
[1,7] Three chains of polypeptide strands are found in
collagen, which form a helical structure. [1,2] There is
the amino acid pattern Gly-X-Y in each of those strands
[1,9], wherein the third amino acid position is occupied
by glycine while the second and the last one belong to
proline and hydroxyproline, respectively. This is nec-
essary because of the small size of glycine, as this al-
lows the strands to pack together tightly. Proline and
hydroxyproline help strengthen the chain of collagen.

Collagen
Triple Helix
(Tropocollagen)

/
Proline (Pro)

[1,9] However, at some stage in the production of col-
lagen, an extra vitamin should be added — vitamin C,
which is needed for the hydroxylation of proline and
lysine by enzymes. [9,10] The other two processes also
help to ensure the stability of the mature collagen fi-
bers. The processes of the triple helix involve the cor-
rect alignment of the chains of the product, which is
caused by certain therapeutic domains existing on the
polypeptides. Once the molecules of tropocollagen are
formed, they join to form the fibrils, which in turn form
the fibers. [2,9] The fibers work in cooperation with
other proteins of the extracellular matrix and provide
certain mechanical properties to the tissues. Genetic
disorders that do not allow the formation of collagen
result in the development of different diseases like os-
teogenesis imperfecta and some forms of Ehlers-
Danlos syndrome. [1]

. Hydroxyproline (Hyp)

Hydrogen
Bonds
/

J/ |

Figure None: 3 (Easy-Peasy.Al. Exploring the Intricate Collagen Protein Structure [Al-generated Image
on the Internet]. 2024 Mar 21 [Cited 2026 Nov 7]. Available from: Https://Easy-Peasy.ai/Ai-Image-Gener-
ator/Images/Exploring-Intricate-Collagen-Protein-Structure)

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

2306 |Page



Sujit Raut, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 11, 2304-2314 | Review

3. Types of Collagen Collagen performs many specific
functions within different tissues. There are many dif-
ferent collagen proteins. Type I collagen is the most
common type found in skin, bone, tendons, and liga-
ments. [1,29] This provides tensile strength and struc-
tural support. Type II collagen can be found in
cartilage, which protects it from mechanical stresses.
[1] Type III collagen can be found in skin, blood ves-
sels and internal organs. [1,29] This allows tissues to
stretch. Type V collagen regulates fibrillogenesis and
organisation of fibrils. [1] Type IV collagen forms the

Skin, cartilage, blood vessels, skeletal

Cornea, endothelial/vascular smooth muscle,

Skin, blood vessels, intestines (with type 1)

Hypertrophic cartilage of growth plate

mesh structure of basement membranes, allowing cells
to adhere. [1] Type VI collagen connects collagen
structures to other components of the extracellular ma-
trix. [1] Collagen type VII forms anchoring fibrils.
Type IX collagen interacts with collagen type 11 to sta-
bilise cartilage. Type X collagen is involved in calcifi-
cation of cartilage and ossification of bone. Type VIII
and XI collagen are also important. It can be seen that
collagen plays an important role in the body. If collagen
synthesis were disrupted or there were some mutations,
then this would have an effect

Key Function

Rigidity and tensile strength; most abundant

Skin, bone, tendons, ligaments, cornea

and widespread

Resists compressive loads; maintains
cartilage integrity

Extensible, elastic fibers; absent from bone

Cell adhesion, migration, tissue organization

Heterofibrils with | and Ill; organic bone

Bone, cornea, muscle, liver, lung, placenta

matrix

Beaded filaments; matrix communication,
cell regulation

Anchors basement membrane to stroma

Cell attachment, movement, tissue

organization

Maintains cartilage structure and joint
stability

Cartilage calcification, bone formation

Type Class Main Locations
Fibrillar
1} Fibrillar Articular cartilage
il Fibrillar
v Non-fibrillar (basement membrane) Basement membranes
v Fibrillar
VI Non-fibrillar (beaded filament)
muscle
Vil Fibrillar (anchoring) Skin, oral mucosa, cornea
pulll Non-fibrillar
nodes of Ranvier
IX Fibril-associated (FACIT) Cartilage (binds type Il fibrils)
X Non-fibrillar (short fibers)
Xl Fibrillar

Articular cartilage (with type II)

Co-distributes with type Il in cartilage matrix

Figure None: 4 (Schematic Representation of Different Collagen Types (Types I-X), Illustrating Their
Structural Classifications, Tissue Distribution and Biological Functions.)

4. Collagen-Based Biomaterials
4.1 Sources of Collagen:

The sources of collagen are essential in terms of its ap-
plications in biomedicine, tissue engineering, dietary
supplements, and drug delivery systems. [3,29] Besides
the amino acid composition, the structural features of
the collagen and the method of isolation are essential
as well. It is obvious that these properties will define
the thermal stability, viscosity, and crosslinking den-
sity, which are crucial in terms of biomedical applica-
tions. Some parts of collagen molecules are the binding
sites of integrins; [1,7] these are receptors, which are
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transmembrane proteins allowing cells to attach to the
extracellular matrix. The integrin receptors consist of o
and B subunits and are transmembrane heterodimers.
There are a number of integrin receptors that have dif-
ferent specificities and structural features. The struc-
tural differences in collagen from various sources cause
functional differences in cell interaction. The major
source of collagen is animal connective tissue, although
marine collagen and recombinant collagen have be-
come popular sources. [3,29] It is interesting to note
that some amino acid sequences, such as GFOGER

[1,7] (Glycine-Phenylalanine-Hydroxyproline-

2307 |Page



Sujit Raut, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 11, 2304-2314 | Review

Glycine-Glutamic Acid-Arginine) provide specificity
of collagen.
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Figure None: 5 (Rana D, Desai N, Salave S, Karunakaran B, Giri J, Benival D, Et Al. Collagen-based Hy-
drogels for the Eye: A Comprehensive Review. Gels. 2023;9 (8):643. doi:10.3390/Gels9080643)

4.1.1 Bovine Collagen

Bovine collagen is obtained mainly from cow skin,
bones, and tendons. It is naturally rich in type [ and type
IIT collagen and is used in research, supplements, and
biomedical products. Its major advantages are wide
availability, low cost, and generally good biocompati-
bility. Its properties may vary according to the animal's
age, tissue source, and extraction process. They also
carry a risk of contamination with animal pathogens if
sourcing and purification are inadequate. Despite these
limitations, bovine collagen remains an important
source because it is available and relatively economi-
cal. [3,29]

4.1.2 Marine Collagen

Marine collagen is extracted from fish skin, scales,
bones, and other marine organisms. [3,6] It is usually
rich in type I collagen. Marine collagen shows good bi-
ocompatibility, biodegradability, and low immunogen-
icity in several biomaterial applications. [3,6] Collagen
from fish, jellyfish, and squid helps in scaffolds and
wound healing. The main catch is that its thermal sta-
bility and mechanical strength can vary widely. [6]
Some marine collagens break down at lower tempera-
tures than mammalian collagen, depending on the dif-
ferences in amino acid makeup; especially
hydroxyproline content plays a crucial role. So for uses
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that need extra strength and stability, additional cross-
linking may be necessary. [6,27] Marine collagen is a
promising alternative, but its application depends on
the species and use.

4.1.3 Porcine Collagen

Porcine collagen comes from pig skin and bones, and
contains both type I and type III collagen. Because it
resembles human collagen, it's used in wound dress-
ings, dermal fillers, supplements, and other biomedical
products. Porcine collagen generally integrates well
with human tissues, but concerns include allergic reac-
tions, immunogenicity, and microbial transfer. [3,29]
Porcine collagen is widely used in biomedical applica-
tions.

4.1.4 Human-Derived Collagen

Human collagen can be sourced from substances like
skin or placenta. As human collagen is closely related
to human tissues, it may have biological advantages as
well. [3,12] The quality of collagen sourced will de-
pend on a number of factors, including the age, genet-
ics, history, health, etc. Depending on the age of the
collagen, it alters its structure and may lead to changes
in the properties of collagen.
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4.1.5 Recombinant Human Collagen

Recombinant human collagen is synthesized using ge-
netic engineering approaches where suitable host cells
are employed for its synthesis. [4,12] It reduces the
level of variation associated with animal sources and
makes sure that collagen batches are consistently pro-
duced. It solves the problem of the potential presence
of animal pathogens and species variability. However,
bacteria and yeasts lack all enzymes that are needed for
post-translational modifications of collagen in order for
it to have the correct conformation. [4,12] Collagen not
only needs proper amino acid sequence but also correct
chemical processing after its synthesis in order to have
the correct conformation. Therefore, recombinant pro-
duction systems need to be developed in a way that will
ensure collagen modifications and stability. Despite
this, there is a chance that with more research on the
subject, recombinant collagen can be produced in a
more easily accessible way [4,12,13] and allow for
more use in the field of biomedicine. If the technologi-
cal difficulties regarding the changes, stability, and cost
are tackled, recombinant collagen can be a trustworthy
solution and serve as an ethically superior alternative to
both animal-based and human tissues, particularly in
areas where the issue of safety and batch consistency is
crucial.

5. Design and Processing of Collagen-Based Systems

The making of collagen-based biomaterials involves
extracting collagen, purifying it, and processing it, and
the method determines the integrity, yield, and func-
tionality of the end product. [7,8] Collagen can be dis-
solved, spun into fibres using an electrospinning
technique, or linked with other molecules using cross-
linking to meet those requirements.

5.1 Extraction method:

Extraction is conducted using acids, for example, di-
luted acetic acid and hydrochloric acid. [8,26] The ef-
ficiency of this method depends on many factors: type
of acid, material, time, and temperature. In spite of the
fact that extraction under alkaline conditions when uti-
lizing sodium and calcium hydroxides not only sepa-
rates all impurities but also leaves only collagen among
proteins, this technique may influence the collagen
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structure negatively. Therefore, the more aggressive
the extraction process is, the better the result it will
yield at the cost of some degradation of collagen struc-
ture. Extraction using oil with a high concentration of
salt and low temperature ensures preservation of colla-
gen structure to a greater extent [8,26], with extraction
of less collagen than in acid methods. Enzymatic ex-
traction with pepsin and dilute acid is the cleavage of
telopeptide parts of collagen molecules without affect-
ing the triple helix; [8,26] however, it increases cost
and necessity of control over process efficiency.

5.2 Processing methods:

The initial phase of dissolution in an appropriate sol-
vent precedes the molding phase and considers solu-
tions such as pH and ionic strength influencing charge,
swelling, solubility, and stability. Different polymers
can be combined to obtain products with preferred pro-
cessing and mechanical properties. Electrospinning is
used to obtain fibers featuring a structure similar to that
of extracellular matrix fibers; [16,18] however, electro-
spinning of pure collagen is complicated hence, some
components such as polycaprolactone or PLGA are of-
ten applied to form fibers where cells attach to regen-
erate tissue.

5.3 Biosynthesis and non-physiological synthesis:

In vivo, fibroblasts together with osteoblasts and chon-
drocytes transcribe and translate collagen genes into al-
pha chains [9,10] that undergo hydroxylation and
glycosylation before assembling into procollagen;
cleavage of propeptides allows mature molecules to
form fibrils, later strengthened by cross-links. Alterna-
tively, recombinant DNA technology and cultured cells
can produce collagen [4,12], and collagen-like triple-
helical peptides can be generated synthetically, with
chemical modification and functionalisation enabling
customisation for biomedical use. Self-Assembly in fi-
bers and other complex structures is caused by temper-
ature, concentration, pH, and ionic strength and should
be useful in preparing matrices. However, synthesis of
materials that mimic natural collagen is difficult.
Cross-linking improves strength and stability and can
be done using chemical [17,27] (glutaraldehyde, EDC-
NHS, genipin), physical (heating, irradiation with UV
and gamma rays, freeze-drying), and enzymatic
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(transglutaminase, lysyl oxidase) methods depending
on the required properties

6. Collagen-Derived Materials and Biomedical Ap-
plications

Collagen can be combined with other materials to over-
come limitations in its mechanical strength, stability,
conductivity, or functional performance. [7,15,24]
These composites broaden its potential use in
healthcare and biomedical engineering.

6.1 Ceramic composites:

Collagen can be integrated with hydroxyapatite, bio-
glass, or tricalcium phosphate (TCP). [15,24] Such
combinations can add rigidity and mineral properties to
materials, thus making composites

6.2 Polymer composites:

Collagen can be incorporated together with polymers
such as polylactic acid (PLA), polycaprolactone (PCL),
polyethylene glycol (PEG), chitosan, alginate, hyalu-
ronic acid, silk fibroin, and cellulose. [7,15,24] These
combinations provide better mechanical properties,
flexibility, degradation behaviour, and better opportu-
nities for use as scaffolds for tissues or drug delivery.

6.3 Composites with metal nanoparticles:

Incorporating metals such as silver and gold into com-
posites can offer new features. [15,22,24] Depending
on the composition, composite materials will act in spe-
cific ways, and therefore they can be analyzed in terms
of their antibacterial properties or other medical uses.

6.4 Carbon-containing composites:

These materials could potentially contain substances
like graphene, carbon nanotubes, and carbon dots,
which positively influence electrical conductivity. [24]
Given this characteristic, composites will be suitable
for application as flexible sensors or electronic skin.

6.5 Composites based on clay and magnetic materi-
als:

The preceding examples indicate that systems based on
clay and magnetic nanoparticles affect the physical,
functional, and responsive properties of collagen.
[15,24]
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7. Biomedical Applications of Collagen-Based Sys-
tems

7.1 Drug and Gene Delivery:

The utilization of collagen in drug delivery systems is
attributed to its biocompatibility, biodegradability, and
capability to form a range of products including films,
hydrogels, fibers, and scaffolds that can hold medicines
for later release. [7,8,21] When combined with poly-
mers and nanoparticles, collagen helps to enhance drug
loading capacity, mechanical properties, and delivery
characteristics. [8,22] Such systems have been investi-
gated for local drug delivery and tissue targeting.
Moreover, collagen can also be utilized in gene deliv-
ery as a carrier in the delivery of DNA to a targeted cell.
[25] All delivery systems should be formally studied
with respect to their efficacy, stability, and safety.

7.2 Tissue Repair and Regeneration:

Collagen is a significant element of the extracellular
matrix, which gives it an advantage in different scaf-
folds supporting cell attachment, proliferation, and tis-
sue formation. [7,15] Its structure can be modified in
accordance with the needs of tissue repair.

7.3 Bone and cartilage repair:

The collagen scaffolds permit the cells to attach to the
scaffold and form the tissue. [7,15] The use of these
scaffolds along with mineral components (such as hy-
droxyapatite) helps achieve increased rigidity and is
useful for bone regeneration. The research is also done
on collagen composites used in cartilage regeneration.
Blood vessel repair: The collagen fibers provide sup-
port for the cells to attach. The features of these fibers
influence the mechanical properties of the whole struc-
ture.

7.4 Corneal repair:

Collagen-type materials have been investigated to treat
and restore corneas. The studies focused on optical per-
formance, transparency, elasticity, and compatibility
with corneal tissue. [15]

7.5 Wound healing:

Collagen plays an important role in treatment and has a
significant effect on healing through its physical
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properties. Collagen dressings, gels, and electrowoven
materials are used in wound management. [19,20,21]
The pairing of collagen with bioactive glass, polymer
materials, nanoparticles, or antibacterial materials
raises the effectiveness of a dressing [19,22] while ben-
efiting other aspects of its sustainability. Chronic
wounds can occur when other factors are responsible
for causing problems such as poor blood flow, the pres-
ence of inflammatory processes, and infections. [28]
Collagen-based solutions can facilitate blood vessel
formation and ensure the delivery of medications.
[19,22]

8. Smart Healthcare Devices

Collagen is a versatile elastic material used in wearable
sensors, electronic skin, and other healthcare equip-
ment. [24] Its fibrous composition, sustainability, and
biological waste origin make it feasible to serve as a
base material for these applications. Because it is not
an appropriate conductor, native collagen needs to be
combined with other materials, like graphene, carbon
nanotubes, silver nanowires, or metal films. [24] The
process of surface treatment and coating of collagen
materials with conductive materials gives the oppor-
tunity to convert the movement, pressing, bending, and
stretching of collagen into electrical signals. Such com-
posites were used for recording body movement, pres-
sure, and other parameters. [24] Collagen obtained
from leather scraps is of great interest due to its usage
in flexible electronics. However, it is necessary to im-
prove collagen sensors with regard to their durability,
signal transmission, and comfort in dealing with human
beings. [24]

9. Challenges:

Collagen is a great material for many applications in
biomedicine, but there are several challenges. The
composition and quality of natural collagen are not uni-
form, and the methods employed for processing may
have an impact on collagen’s structure. [3,8,29] It is
critical that proper animal-derived biomaterials are
chosen and purified. Another point is that marine col-
lagen needs to be altered in order to boost its thermal
and mechanical characteristics. [6,27] Collagen can be
altered via a few methods, like self-assembly, electro-
spinning, and cross-linking, but it is important to
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understand each of these methods separately. Even if
cross-linking has a lot of benefits, it is crucial to pick
the best cross-linker while making sure that collagen
meets all the requirements to ensure its biological com-
patibility. [17,27] Collagen modification with ceram-
ics, polymers, nanoparticles, and conductive
compounds presents new opportunities to create bio-
materials. [15,24] Collagen produced through recombi-
nant means and by-products produced from living
things could be the answer to some of the above prob-
lems. [4,12,26] Future research on collagen should be
focused on issues regarding reproducibility, safety, and
effectiveness. [4,7] These types of research would help
increase the applications of collagen in drug delivery,
tissue engineering, wound healing, and many more
medical areas.

CONCLUSION

Collagen has moved past its traditional identity as a
mere structural protein or an element in beauty prod-
ucts. Biocompatibility, biodegradability, organized
structure, and cell interaction capabilities have made it
essential in wound healing, drug and gene delivery, tis-
sue engineering, and intelligent health care devices.
[7,8,19,22,24,25] The origin of collagen is key in en-
suring safety, quality, and efficiency. Bovine and por-
cine collagen have been favored for their ease of
isolation and lower costs [3,29], but their problems of
immune rejection, contamination, inconsistency, and
cultural/religious limitations have led to the search for
alternatives. Marine and recombinant human collagen
offer great potential, although issues with stability and
cost still exist. [3,4,6,12] Choosing a source for colla-
gen involves a careful consideration of how it will be
used. The development of extraction and processing
methods [8,26,27] (such as using acid, enzymes, or ul-
trasound, as well as cross-linking and composite prep-
aration) has led to the expansion of technologies for
collagen-based materials. It is important to remember
that methods should never replace one another since
processing conditions define the structure of collagen,
degradation rate, and biological properties . The appli-
cation of extraction and processing methods to collagen
(including such techniques as acid, alkaline, salt, en-
zyme, and ultrasound extraction of collagen and prepa-
ration of solutions, electrospinning and self-assembling
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of samples, and chemical, physical, or enzyme cross-
linking) enables modification of the structure, mechan-
ical strength, porosity, and degradation rate of collagen
according to certain requirements. Besides that, it is
possible to produce composite materials from ceram-
ics, polymers, metallic nanoparticles, carbon materials,
clay or magnetic particles [15,24], and so on, thus
providing products with antibacterial properties, con-
ducting abilities, and responsiveness to stimuli that can
be used for bone, cartilage, arterial, and corneal repair,
treatment of wounds, and delivery of genes. However,
there are still limitations to translation in the form of
batch-to-batch variation, inconsistency, low mechani-
cal strength, enzymatic degradation, and a complex
manufacturing process. [3,7,29] Collagen from marine
sources must undergo modification in order to gain sta-
bility against heat and strength, while the crosslinking
methods used should be chosen to achieve optimal bi-
ocompatibility. This is because the recombinant
method has yet to eliminate all costs associated with
post-translational modification. [4,12] Solutions are re-
quired for the problems related to manufacturing, qual-
ity control, safety, and preclinical and clinical trials.
The results of the research must be reproducible, safe,
effective, and involve the evaluation of the potential of
selective use of the synthesized collagen rather than
marine collagen. Perhaps if all these problems are
solved, collagen can broaden its functionality.

REFERENCES

1. Gordon MK, Hahn RA. Collagens. Cell Tissue
Res. 2010;339 (1):247-257. Link: https://pub-
med.ncbi.nlm.nih.gov/19693541/

2. Orgel JP, Irving TC, Miller A, Wess TJ. Microfi-
brillar structure of type I collagen in situ. Proc Natl
Acad Sci USA. 2006;103:9001-9005. Link:
https://doi.org/10.1073/pnas.0502718103

3. Rezaeivandchali, N., Hebbard, L., & McFarlane,
C. (2026). Collagen biomaterials: From traditional

animal sources to marine and recombinant alterna-
tives. International Journal of Biomaterials,
*2026%, 7969177. Link:
https://doi.org/10.1155/ijbm/7969177

4. HeH, YeM, Cui G, Xiao J. Recombinant collagen
in regenerative medicine: Expression strategies,
structural design, and translational applications.

' \"’y INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

10.

Mater Today Bio. 2025;35:102452.
doi:10.1016/j.mtbi0.2025.102452 Link:
https://www.sciencedirect.com/science/arti-
cle/pii/S2590006425010233

Jellyfish collagen: an emerging sustainable marine
biomaterial for food, cosmetics, and biomedical
applications.  ScienceDirect;  2025.  Link:
https://www.sciencedirect.com/science/arti-
cle/pii/S2772502225004706

Xiong X, Wang S, Tan Y, Wangtueai S, Hong H,
Luo Y. Aquatic collagen for tissue repair: pro-
cess—structure—function design from sustainable
sourcing to clinical translation. Acta Biomater.
2026;210:375-397.
doi:10.1016/j.actbio.2025.12.003
Link:https://www.researchgate.net/publica-
tion/398272648 Aquatic_Collagen_for Tis-
sue_Repair_Process-Structure-
Function_Design_from_Sustainable Sourc-

ing_to_Clinical Translation

Wang Y, Wang Z, Dong Y. Collagen-based bio-
materials for tissue engineering. ACS Biomater
Sci Eng. 2023;9 (3):1132-1150.
doi:10.1021/acsbiomaterials.2c00730
Link:https://pubs.acs.org/abseba/article-ab-
stract/9/3/1132/331396/Collagen-Based-Bio-
materials-for-Tissue-

Engineering?redirectedFrom=fulltext
Bhati H, Saraswat J, Verma AK, Patel R. Ad-
vances in collagen extraction and biomaterial de-

sign for drug delivery applications: a
comprehensive review. ACS Biomater Sci Eng.

2026;12 (6). doi:10.1021/acsbiomateri-
als.6c00182 Link:https://www.re-

searchgate.net/publication/404309135_Advances
_in_Collagen Extraction_and Biomaterial De-
sign_for Drug_Delivery_Applications A_Com-

prehensive Review

Fibrillar collagen: triple-helix structure, biosyn-
thesis, and fibril assembly. Europe PMC; 2016.
Link:

cle/med/28101870
Ishikawa, Y. (2025). Collagen biosynthesis and its
molecular ensemble: What remains unexplored.
*64*(15), 3149-3155.

https://europepmec.org/arti-

Biochemistry,

2312 |Page



11.

12.

13.

14.

15.

16.

17.

Sujit Raut, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 11, 2304-2314 | Review

Link:https://doi.org/10.1021/acs.bio-
chem.5c00261

Jin J, Li H, Chen Z, Liu Q, Chen J, Tao Z, Hong
X, Ding Y, Zhou Y, Chen A, Zhang X, Lv K, Zhu
L, Zhu S. Endocytosis-mediated healing: recom-
binant human collagen type III chain-induced
wound healing for scar-free recovery. Regen Bio-
mater. 2025;12:rbael49. doi:10.1093/rb/rbae149
Link:https://academic.oup.com/rb/arti-
cle/doi/10.1093/rb/rbae149/7945679

Sun W, Shahrajabian MH, Ma K, Wang S. Ad-
vances in molecular function and recombinant ex-
pression of human collagen. Pharmaceuticals
(Basel). 2025;18 (3):430.
doi:10.3390/ph18030430 Link:https://pub-
med.ncbi.nlm.nih.gov/40143206/

Yi KH, Song JK, Kim H. Recombinant human
collagen in clinical medicine. J] Cosmet Dermatol.
2026;25  (8):1-13.  doi:10.1111/jocd.71092
Link:https://onlineli-
brary.wiley.com/doi/full/10.1111/jocd.71092
Shan Y, Wang T, Lin H. Applications of recombi-
nant type III collagen in tissue engineering. Bio-
med Eng Online. 2025;24 (1):114.
doi:10.1186/s12938-025-01447-9
Link:https://pmc.ncbi.nlm.nih.gov/arti-
cles/PMC12502140/

Zhu'Y, Wang Z, Song B, Qian Z. Collagen-based
composite biomaterials for tissue repair: Sources,
compositional design, processing strategies, bio-

logical mechanisms, and disease-specific applica-
tions. Chin Chem Lett. 2026;37:113426.
doi:10.1016/j.cclet.2026.113426

Link:https://www.sciencedirect.com/science/arti-
cle/abs/pii/S100184172601065X

Larue L, Michely L, Grande D, Belbekhouche S.
Design of collagen and gelatin-based electrospun

fibers for biomedical purposes: an overview. ACS
Biomater Sci Eng. 2024;10 (9):5537-5549.
doi:10.1021/acsbiomaterials.4c00948
Link:https://pubs.acs.org/abseba/article-ab-
stract/10/9/5537/213513/Design-of-Collagen-
and-Gelatin-based-Electrospun?redi-

rectedFrom=fulltext
Campiglio CE, Contessi Negrini N, Far¢ S, Draghi

L. Cross-linking strategies for electrospun gelatin

' \"’y INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

18.

19.

20.

21.

22.

23.

24.

scaffolds. Materials (Basel). 2019;12 (15):2476.
doi:10.3390/mal2152476
Link:https://pmc.ncbi.nlm.nih.gov/arti-
cles/PMC6695673/

Sutherland BP. Electrospinning crosslinked gela-
tin, collagen, and elastin nanofibers for tissue en-
gineering  applications  [master's  thesis].
Philadelphia (PA): Drexel University; 2014.
Link:https://researchdiscovery.drexel.edu/es-
ploro/outputs/graduate/Electrospinning-cross-
linked-gelatin-collagen-and-
elastin/991014632563704721

Alberts, A., Bratu, A. G., Niculescu, A. G., &
Grumezescu, A. M. (2025). Collagen-based
wound dressings: Innovations, mechanisms, and
clinical applications. Gels, *11*(4), 271. Link:
https://doi.org/10.3390/gels11040271

Salvatore L, Kodra C, Natali ML, Longo E, Spa-
davecchia A, Sannino A, Gallo N. Clinical effi-
cacy of collagen-based dressings in wound
management: a focus on their interactive role in
wound healing. Biomed Eng Commun.
2026;5:43-63. Link:https://www.tmrjour-
nals.com/article.html?J num=25&a_id=3885

Jin, H., Huang, K., Zhou, R., Chen, P., Zhang, M.,
& Jin, Y. (2026). Recent progress of collagen-
based hydrogels for wound healing: A review.
Collagen and Leather, *8*(1), 1. Link:
https://link.springer.com/article/10.1186/s42825-
025-00225-6

Kusnadi K, Herdiana Y, Rochima E, Putra ON,
Mohd Gazzali A, Muchtaridi M. Collagen-based
nanoparticles as a drug delivery system in wound

healing applications. Int J Nanomedicine.
2024;19:11321-11341. doi:10.2147/1IN.S485588
Link:https://pubmed.ncbi.nlm.nih.gov/39524919/
Aydogan-Gemici, M., Cay, B., Rahim, S. C., &
Ahi, Z. B. (2025). Upcycling bovine bone waste
into hybrid collagen scaffolds for 3D bioprinting
application and bone regeneration. Food and Bi-
*154*,  509-521.
Links:https://www.sciencedirect.com/science/ar-

ticle/abs/pii/S0960308525002147

Helal, D. O., & Nasr, M. (2026). Collagen-based
composites for biomedical uses. In Natural com-

oproducts  Processing,

posites for biomedical applications (pp. 229-252).

2313 |Page



Sujit Raut, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 11, 2304-2314 | Review

Woodhead Publishing. Link:
https://doi.org/10.1016/B978-0-323-95754-
0.00007-9

25. Albu, M. G., Titorencu, 1., & Ghica, M. V. (2011).
Collagen-based drug delivery systems for tissue
engineering. In R. Pignatello (Ed.), Biomaterials
applications for nanomedicine (pp. 333-358).
InTech. Link: https://doi.org/10.5772/22981

26. Batista, M. P., Ortigueira, J., Fernandez, N., Gas-
par, F. B., do Rosario Bronze, M., Duarte, A. R.
C., & Lopes, T. F. (2025). Sustainability assess-
ment of collagen extraction from fish skins: A
comparative life cycle assessment of conventional
and NADES-enhanced processes. Journal of En-
vironmental Chemical Engineering, *13%(2),
115911. Link:
https://doi.org/10.1016/j.jece.2025.115911

27. Muhamad, N., & Zaidel, D. N. A. (2026). Enhanc-
ing collagen functionality through chemical, phys-
ical, and enzymatic modification strategies:
Review. Polymer Bulletin, *83*(8), 1-23. Link:
https://doi.org/10.1007/s00289-026-06457-8

28. Guo S, Dipietro LA. Factors affecting wound
healing. J Dent Res. 2010;89:219-229. Link:
https://pubmed.ncbi.nlm.nih.gov/20139336/  29.
Davison-Kotler E, Marshall WS, Garcia-Gareta E.
Sources of collagen for biomaterials in skin

wound healing. Bioengineering. 2019;6 (3):56.
Link:https://pubmed.ncbi.nlm.nih.gov/31261996/

HOW TO CITE: Sujit Raut, Tanvi Turalkar, Prajakta
Govekar, Dr. Mahesh Sherkar, Collagen-Based Bio-
materials for Skin Regeneration, Wound Healing, and
Drug Delivery, Int. J. of Pharm. Sci., 2026, Vol 4, Issue
11, 2304-2314. https://doi.org/10.5281/ze-
n0do.24271489

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES 2314 |Page



