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INTRODUCTION

ABSTRACT

Collagen is key component of extracellular matrix for human and animals. It can be
extracted and applied for various field especially in tissue engineering as main component
for wound healing. Collagen especially type I collagen is used in skin regeneration process
due to its high compatibility with donor site and low antigenicity besides of having
suitable properties for wound healing like high cell proliferation and adhesion. However,
the usage of collagen alone would not give maximum wound healing since collagen
degrades faster, has poor structure for a scaffold and attracts bacteria due to high
moisture content. Therefore, to produce a good collagen scaffold, it must be incorporated
with functional biomaterials to enhance the characteristic of the collagen and fabricated
for a better scaffold structure. The objective of this systematic review is to summarize the
relevant literature for /» vifro study on collagen application in wound healing by focusing
on the source of collagen, biomaterials and fabrication methods used in making collagen
scaffold. Three databases were searched; PubMed, Scopus and Science Direct. Keywords
used were: collagen, recombinant collagen, collagen scaffold, application and wound
healing. A total of 1105 were articles screened but only 30 articles were suitable and were
further reviewed. Collagen in wound healing study has versatility in terms of the source of
collagen used, the biomaterials combined with the collagen to make an enhanced scaffold,

and the fabrication methods to create a desirable structure of collagen scaffold.

Allograft, autograft, or xenograft are the gold standard of possess the typical triple helices such as Collagen Types I,

wound healing solutions by promoting cell migration and
proliferation on patient’s skin.! However, these types of
surgeries come with huge disadvantages such as shortage
of donor tissue and the probability of infection 1s always
high.2 Meanwhile, due to it being biocompatible with the
native extracellular matrix (ECM), collagen is named as a
promising biomaterial for wound healing study because of
its high cell attachment, adhesion, and proliferation
properties due to its specific molecular structure and

bioactivities.3:*

Collagen 1s a powerful and resourceful biomaterial that
can be extracted from land and sea. This biomaterial has
been 1solated from various animals on the land such as
porcine, bovine, equine, avian, amphibians, and aquatic

animals.> There are 29 different types of collagens that
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II, III, V, and XI. Generally, collagen have a repeating
sequence of Gly-X-Y where X and Y are proline and
hydroxyproline.6 Now, collagen can be found in different
kinds of forms like sponges, spray, gels, and film. The
structure, physicochemical and biological activities of the
collagen make 1t different from each other in the medical
industry, especially in wound healing studies. These
attributes are important to treat different kinds of wounds
such as burn mjury, pressure sores, and ulcers by
absorbing tissue exudates, preserve a moisturzed
environment and encourage tissue granulation on the
wound site.” However, collagen alone does not have an
anisotropic structure for wound healing. It needs to be
enhanced by biomaterials such as polymers, functional
chemicals and fabricated according to the specific need in

the wound healing process.
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Therefore, the objective of this review is to summarize
the relevant literature for the application of collagen on
wound healing for i# vifro study where the sources of
collagen, biomaterials, and fabrication methods of the

collagen scaffold used for wound healing were discussed.
MATERIALS AND METHODS

The systematic review follows the guidelines of the
Preferred Reporting Items for Systematic Reviews and
Meta-Analysis. Three databases were searched for the
reviews: PubMed (https://pubmed.ncbinlm.nih.gov/),
Scopus (https://www.scopus.com/), and Science Direct
(https:/ /www.sciencedirect.com). The search took place
between 5-7% April 2021. The search keywords are
generated by the database with specific results
summarized in Table I. The databases were searched for
the application of any form of collagen or recombinant
collagen on any form of wound for wound healing

purposes as mentioned in the title.

Table I. Summary of databases and search kevwords.

Database Keywords

((({Collagen[Title]) OR (Recombinant Collagen[Title])) OR
PubMed (Collagen Scaffold[Title])) AND (Application[Title/

Abstract])) AND (Wound healing[Title/ Abstract])

TITLE ( *collagen) OR TITLE ( *recombinant AND
Scopus collagen ) OR TITLE ( *collagen AND scaffold ) AND

TITLE-ABS-KEY ( *application ) AND TITLE-ABS-
KEY ( *wound AND healing )

Title, abstract, kevwords: Application AND Wound heal-
ing Title: Collagen OR Recombinant Collagen OR
Collagen Scaffold

Science Direct

Selection Criteria

The criteria for exclusion during the abstract screening
mainly revolves around the year of the article 1s published
(articles published before the year 2000 are excluded),
the absence of abstract, articles that are not in
English, no external collagen and wound healing involved
the title

screening, the

mn articles. the and abstract

During
like

“collagen synthesis”, “collagen regeneration”, “collagen

words “collagen  deposition”,

organization”, “collagen formation”, ‘“collagen fiber/

fibnl”, “collagen production”, “collagen synthesis”,

and

“collagen expression” are not representing the external

“collagen metabolism”, “collagen stabilization”

IMJM Volume 21 No.4, October 2022

14

collagen mcorporated into the experiment, therefore, it

was omitted during pre-screening of title and abstract.

During the screening of full text, the exclusion criteria are
the availability of the full text online, focus on 7# wir, and
only one type of wound study is chosen which is skin
wound/external wound. The wound study aside from skin
wounds such as bone repair, dental-related mjury, and
corneal repair are all excluded. The /# wvivo and clinical
studies are excluded from this review. The articles that
reported the following data are included: 1) Source of
collagen, 2) Biomaterials combined with collagen scaffold,

and 3) Fabrication method of collagen scaffold.

RESULTS AND DISCUSSION

By using the search keywords summarized in Table I, 237
articles were found from the PubMed database, 748
articles from the Scopus database, and 120 articles from
the Science Direct database. In total, there are 1105
380 articles

duplicates and 368 articles were excluded based on

articles. From the 1105 articles, were
abstract screening and 307 articles were excluded based on
full-text screening. Finally, 50 articles were selected to be
reviewed as the result. The whole process is summarized

mn Figure 1.

1105 articles
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<
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Figure 1. Flow diagram of the inclusion process according to PRISMA.
Articles are assorted based on identification, screening, and eligibility.




Source of Collagen

Collagen can be extracted from wvarious kinds of animals
in the world from the land to the sea. This functional
biomaterial is extracted abundantly m skins, hides,
tendons, bones, and cartilage of amimals like porcine,
bovine, equine, and marine> Twenty-nine types of
collagen can be extracted from the animals and the most
extracted and studied collagen is Type I collagen where it
consists of more than 90% of all parts in organic mass.68

Our review found that, from 50 articles selected, there are

48 articles reported on usage of the type I collagen from

different kind of species as the medium of the scaffold.
The type I collagen reported in this review mostly were
extracted from bovine (9 articles), fish (13 articles), rat
talls (6 articles), porcine (1 article), equine (2 articles),
avian (1 article), and 18 articles with unmentioned
sources. Only 1 article reported the use of collagen type

IV collagen,’ and 1

recombinant human collagen.!® The review found that

article reported the use of

the collagen from bovine and fish have been recorded as
the most used for the 7z wiro study. The articles are

summarised in Table II.

Table II. Summary of review on application of collagen on wound healing for i sifro study

Type of collagen Biomaterial Fabrication method References
Type I collagen fibrls Transghstaminase 2 from guinea pig kver Airdring e
Bowvine Achilles tendon (native inscluble type I collzgen) Fibroblzst growth factor (bFGF)-loaded chitosan-heparin nanop Crosslinking, freeze and sir-deping 4
Type I collagen Poly(epsllon-caprolactone) Electrospinning 21
Fizh Silver sulfadiazine (AgSD) Electrozpinning 60
Type I collagen Eilk cocoons, Titama (T30} Freeze deping 3z
Calf hudes Segicin silkworm Freeze deping 33
Type I collagen Schwann cell (3C) Crosslinking, freeze-dryng 57
Fat tal tendons Eilver nanoparticles (AgNA), pectn Adr-drying, crosslinking 61
Type IV collagen Hepasn sulfate Freeze deying 9
Fish scales Guar gum, ceftazidime Crosslinking 36
Type I collagen Pectin Electrospeay deposition 62
Collagen hydrolyzate Celluloze acetate Electrozpinning 63
Fish scale Macrofylomes smiflorson plant extract Crosslinking 7
Type I collagen (Rat) Glycozaminoglyeans (GaGs), hyaluronan, chondrotin sulfate Vacuum drying 64
Type I collagen Hyaluronan Crosslinking with UV Light 63
Unicorm leatherjacket collagen peptide nz Erzpmatic hydrolysis 14
Flatfizh Sodium alginate (brown algae), chitooligozaccharides Crosslinking 15
Type I collagen Fecombinant fibroblast growth factor 2 protein Crozslinking by formalin 1
Fish Celluloze acetate Electrozpinning 67
Type I collagen Sulfated xrlorhamnoglveuronan (SXRGh) Crosslinking 33
Faat tadl Aloe vera gel, chitosan, nanofibrous poly(L-Lactic acid) Electrozpinning 7
Arothron stellatus (fizh) Poly(3-hydroxybutydc 2cid) Electrozpinning 16
Calfskin Doxyelvelne, chitozan, sodium aslginate Electrozpinning 39
Type I collagen Artemisia absinthie plant extract (wosmrwood) Freeze deping 43
Type I collagen Heparin induces vascolar endothelial growth factor (VEGE) Freeze deping 68
Fat tall Dodecenylsuccinic anhydade (DDSA), simvastation Croszlinking 40
Type I collagen Hyaluronic acid, epidesmal growth factor (EGF) Crosslinking & Freeze-dering 38
Calf hudes Indometharin loaded polyvingl aleohol Croszlinking ]
Type I collagen (Fish) PLA, slver sulphadiazine, Aralathur Fueanis extract Electrozpinning 44
Fat tal tendons Eikica Crosslinking 70
Fish scales Curcomin Freeze deping 43
Bovine sponge bones hepasin Crosslinking 71
Type I collagen Poly-L-lactie acid, pole-{z, §)-DL-aspartic acid Electrozpinning Tz
FRecombinant human collzagen Chatozan Freeze-drmng 10
Bovine, porcine, avian Chatozan Freeze deping 73
Fat tal tendons Fucoidan Adr-drying 34
Type I collagen Nanofibrous poly-caprolactone (PCL) Electrozpinning T4
Equine Achiles tendon Nanostructured lipid carder (INLC) Freeze deping 73
Bigeve Tuna fish (Thummes sbesus) nz Erzpmatic hydrolysis 17
Type I collagen Allantoin, idocaine hydrochlogide, chitozan Freeze deping 4z
Labes robifs zcale Nano/microfibrous chitozan Electrozpinning 18
Bovine Achilles tendon Chatozan, Galle acid Croszlinking by glutaraldehyde 76
Equine Achiles tendon Curcomin Freeze deping 46
Atelocollagen (Type I collzgen) Hyaluronic acd Freeze deping iz
Seomberomorns fmeslatur fish skin nz Freeze deping 19
Fish collzagen Chatozan (zheimp shell) Adr-drying 77
Calf hades Teipolymer polyeaprolactone (PCL) Electrozpinning 78
Type I collagen FPolymer polveaprolactone (PCL) Electrozpinning i
Type I collagen S-nitrosoglutathione (GENO) Electrozpinning 41
Bovine collagen type I Chatozan Electrozpinning 30
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This review observes that type I collagens from bovine
extracted from calf hide/skin and bovine Achilles tendon,
are preferred more as collagen scaffold than type I
collagen from porcine. The extraction of calf hide/skin
has been recorded in early 19601 and continuously
extracted and fabricated into sponge, mesh and membrane
to be applied in /i wire experiment until today. One of the
articles reported the use of atelocollagen!? as collagen
sponge together with hyaluronic acid, although it is not
specifically mentioned the species of origin, but based on
Nimesh,!? it is mainly prepared by pepsin treatment from

calfskimn.

According to the review, the collagen extracted from fish
is onginally from various species of marine and freshwater
fishes such as Aluterus monoceros (Unicorn Leatherjacket), !4
Paralichthys olivacens (Olive flounder),'> _Arothron stellatus
(Starry pufferfish),!6 Thunnus obesus (Bigeye tuna),!” Labeo
robita (Rohu carp),'® and Scomberomorus lineolatus (Streaked
Spanish mackerel).!? The collagens of these fishes are
extracted from the skin and scales since these are the part

of fish that are rich with type I collagen.?0
Biomaterial Combination with Collagen Scaffold

Collagen 1s abundantly used in /# wiw study of wound
healing because of the ability of collagen as a biomimetic
microenvironment that is close to the extra cellular matrix
(ECM), the native cell-growing environment.?! However,
collagen alone is not appropriate because it is a protein
that easily degrade in the open air, thermally unstable, and
attracts bacteria due to high moisture content and the
bacteria can use 1t as the substrate, therefore, collagen

alone will not facilitate the wound healing process.??

According to Butler, Goldstein, & Guilak,? a good
collagen matrix structure should attract, anchor, and
protect the cells and then degrades at a controlled rate. All
these attributes are important to prevent any mechanical
healing and
biocompatibility happened between

to the
the and

synthetic ECM. To produce an excellent collagen matrix

disruption  during  the ensure

native

for wound healing, functional biomaterials such as
polymers, enzymes, or specific drugs are needed to be

cross-linked with collagen. A normal skin wound healing

IMJM Volume 21 No.4, October 2022
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has overlapping phases of healing started with achieving
haemostasis, nflammation, proliferation, and remodelling
phases.?* The mentioned healing phased should be the
guideline on choosing the right biomaterials to 1dentify the
right materials suite to certain healing phases, and thus,

fasten the wound healing process.

This review observed that several biomaterials have been
combined and cross-linked with collagen to enhance and
increase the value of the collagen matrx for wound
healing study. The most biomaterial used for combination
with collagen is chitosan (11 articles). Chitosan is a
of be

exoskeletons of arthropods such as crabs, horseshoe crab,

derrvative chitin that can extracted from

shomp, fish scales and from the cell wall of some
fung1.3-28 It 1s known to have a haemostatic property for
controlling bleeding wounds and increase tissue
the

healing.2%30 However, this

granulation 1n proliferation phase of wound

functional biopolymer is
reported to have poor solubility, and to overcome
hydrolyzed

chitooligosaccharide (COS) to make 1t soluble in water

this  problem, the chitosan 1is nto
due to their shorter chain lengths and free amino groups
in the D-glucosamine unit.?! Chandika et al.!5 reported the
used of COS fabricated with pure collagen to help the
degradation of the scaffold structure and slow down the
A scaffold

degradation is an mmportant key to achieve an optimum

wound  healing process. controllable

level of wound healing.

Aside from chitosan, fibres from silkworms called silk
silk polysaccharides
brown algae called fucoidan® and from green algae
called sulfated xylorhamnoglycuronan (SXRGIu),?> and

fibroin32  and sericin,3? from

polysaccharides from plants such as guar gum?®® and
pectin®” are also used as the biomaterials that cross-linked
with collagen. All these natural polymers exlubit the same
property which enhance the structure of collagen scaffold,
making it suitable for cell attachment, help controlling the
releasing drugs to the donor site, and thus making the

phases of wound healing as smooth as possible.38

Besides the biopolymers that help the collagen scaffold in
terms of structure, the biological activity of the collagen

scaffold as a wound healing medium may be improved by



the addition of suitable biochemuicals that can improve the
There

incorporated mto the collagen scaffold for selective

healing  process. are  many  biochemicals

reasons such as for antimicrobial activity, anti-

inflammatory effect, antibiotics such as ceftazidime,’ and
doxycycline,® antioxidant properties such as simvastatin®
relief like

hydrochloride,# and moisturizing effect by allantoin.*?

and  s-nitroglutathione,*  pain lidocaine
The review also found out that four plant extracts were
added to the scaffold formulation for their functional
benefits in wound healing process. _Artemisia absinthinm
(wormwood) known for its antimicrobial activity,®
Aspalathus linearis (rooibos) for its antioxidant and anti-
inflammatory properties,* Mactrotyloma uniflorum (horse
gram leaves) for its antibacterial and antioxidant values,”
curcumin for its known antibacterial properties®# and
aloe vera are applied on the wound for its soothing and

antioxidant benefits.*’

Despite all the enhancement from these biomaterials,
collagen is still the main material for wound healing as it
has excellent biocompatibility, is hydrophilic, has low
immunogenicity, and can be produced i high quantities

with minimum cost*:49 especially the type I collagen.

Fabrication Method of Collagen Scaffold

The

properties despite having low antigenicity and being

collagen scaffold itself has poor mechanical

biocompatible with native ECM.6 To mimic the complex
ECM mucroenvironment, the collagen scaffold must
like

demonstrated in different parts of organs such as tendons

possess anisotropic structures what has been
with criss-cross fibril patterns, bones with interstitial
lamellae structure, and in corneas with crystalline layers.3%-
32 Based on the finding by Leong et al,3? a good scatfold
should possess a suitable macro or nanostructure to
promote cell proliferation, has a highly porous surface that
allows cell ingrowth, manage to avoid pore occlusion with
optimal pore size, good surface morphology to encourage
intracellular signalling and recruitment of specific cells,
and the imgredient is made from a non-toxic material

(synthetic or natural) with a controllable degradation rate.

There are various methods of fabrication for collagen
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scaffold today but the most popular among the articles in

this review are electrospinning, freeze-drying and
crosslinking methods. The eatliest electrospinning or
electrostatic nanofiber processing activity recorded was in
1897.5* This method needs high voltage to impart a charge
on polymer solution (collagen with biomaterials) and the
electrostatic forces applied produce fibres which diameter
can be adjusted from nanometer to micrometer.
Giriprasath Ramanathan et al.16 used the electrospinning
method in their study where poly(3-hydroxybutyric acid)
and gelatine are electrospun together forming a
nanofibrous scaffold and the collagen solution extracted
trom _Arothron stellatus fish coated the nanofibrous scaffold
and used in wound healing study. The scaffold was tested
with a swelling behaviour test where the electrospun
nanofiber has better swelling ability compared to another
scaffold. Good swelling behaviour of collagen scatfold 1s
important because it will allow the scaffold to absorb the
wound exudates and prevent the wound region from
drying and unwanted infection. The electrospinning
method can increase the porosity of the collagen scaffold
which resulted m good oxygen permeability and thus

improves wound healing efficiency.16

Next collagen scaffold fabrication method is freeze-
drying. This method starts by removing water or any other
solvent from the frozen collagen by sublimation process
where the frozen liquid turned into a gaseous state due to
The that

evaporated from the sublimation process shaped the pore

extremely low temperature. ice crystals
structure 1n the collagen scaffold.’ However, this method
has a minor limitation where the size and distribution of
the pores solely depends on the shape of the sublimated
ice crystals.?® To overcome this problem, Yeong et al.3?
fabricated a specific 3-D mould to get the scaffold the

desired pore size and structure when it was freeze-dried.

Many articles reported on fabricating the collagen scaffold
using crosslinking method. According to Maitra &
Shukla,* crosslinking method mainly affects the physical
properties of the collagen scaffolds by their elasticity,
viscosity, wnsolubility, strength, and behaviour towards
heat. There are two methods of crosslinking which are
chemical and physical crosslinking. The crosslinking

agents/treatment such as genipin, glutaraldehyde, citric

IMJM Volume 21 No.4, October 2022



acid, chromium, or physical treatments such as UV and
gamma iradiation are normally used to enhance the
crosslinking process.? The review found that some of the
articles reported on combining crosshnking and freeze-
drying fabrication methods together and resulted in a

better quality collagen scaffold. 45738

FUTURE DIRECTION

There are some limitations with the studies from this
review in terms of the source of the collagen used for the
scaffold. There will be a religious concern (for Islam and
Judaism) and zoonotic and allergic issues when it comes to
collagen extracted from mammalians. Recombinant
collagen from bacteria should be added as a choice for
source of collagen to be used in wound healing as it is
sustainable, flexible, and does not contradict any religion.
Notably, there 1s only one recombinant collagen which 1s
from humans used in the study of wound healing for this

review.

CONCLUSION

In conclusion, collagen in wound healing study has
versatility in terms of the source of collagen used, the
biomaterials combined with the collagen to make an
enhanced scaffold, and the fabrication methods to create a
desirable structure of collagen scaffold. In this review, the
source of collagen, biomaterials and fabrication methods
of collagen scaffold for wound healing application were

discussed and summarized.

ACKNOWLEDGMENT

The authors are grateful to the Ministry of Education, for
providing the Transdisciplinary Grant (TRGS/1/2018/
UIAM/01/1/1) to carry out the study.

REFERENCES

Hermans MHE. Porcine xenogratts vs.
(cryopreserved) allografts in the management of
partial thickness burns: Is there a clinical differencer

Burns. Journal of the International Society for Burn

IMJM Volume 21 No.4, October 2022

18

Injuries. 2014; 40(3):408—15.

Wendt JR, Ulich TR, Ruzics EP, Hostetler JR.
Indefinite survival of human skin allografts in patients
with long-term immunosuppression. Ann Plast Surg.
1994; 32(4):411-7.

Yoon H, Kim GA. Three-Dimensional
Polycaprolactone Scaffold Combined with a Diug
Delivery System Consisting of Electrospun
Nanofibers. ] Pharm Seci. 2011; 100(2):424-30.

LiX, WangJ,Su G, Zhou Z, Shi ], Liu L, et al.
Spatiotemporal control over growth factor delivery
from collagen-based membrane. ] Biomed Mater Res
- Part A. 2012; 100 A(2):396-405.

Gomez-Guillen MC, Gimenez B, Lopez-Caballero
ME, Montero MP. Functional and bioactive

wn

properties of collagen and gelatin from alternative
sources: A review. Food Hydrocoll. 2011; 25(8):1813—
27.
Dewle A, Pathak N, Rakshasmare P, Stivastava A.
Multifarious Fabrication Approaches of Producing
Aligned Collagen Scaffolds for Tissue Engineering
Applications. ACS Biomater Sci Eng. 2020; 6(2):779—
97.
Muthukumar T, Prabu P, Ghosh K, Sastry TP. Fish
scale collagen sponge mcorporated with Macrotyloma
uniflorum plant extract as a possible wound/burn
dressing material. Colloids Surfaces B Biointerfaces.
2014; 113:207-12.
Gelse K, Péschl E, Aigner T. Collagens - Structure,
function, and biosynthesis. Adv Drug Deliv Rev.
2003; 55(12):1531-46.
Beringer LT, Li S, Kallick EJ, Shields KJ, Faight EM,
Cartieri F, et al. Promoting adipogenesis using a
collagen VI-heparin sulfate coating: Applications in
tissue engineering for wound healing. Ind Eng Chem
Res. 2016; 55(49):12687-92.
. Zhang ], Deng A, Zhou A, Yang Y, Gao L, Zhong Z,
et al. Comparison of two proanthocyanidin cross-
linked recombinant human collagen-peptide (RHC) -
Chitosan scaffolds. ] Biomater Sci Polym Ed. 2015;
26(10):585-99.
Karl A. Piez, Ellinor Weiss MSL. The Separation and
Characterization of the «- and J-Components of Calf
Skin Collagen. ] Biol Chem. 1960; 235(7):1987-91.

12, Kubo K, Kuroyanagi Y. Characterization of a

11.



13.

14.

16.

17.

18.

19.

20.

21.

cultured dermal substitute composed of a spongy
matrix of hyaluronic acid and collagen combined with
fibroblasts. ] Artif Organs [Internet]. 2003; 6(2):138—
44,

Nimesh S. 11 - Atelocollagen. In: Nimesh SBT-GT,
editor. Gene therapy. Potential Application of
Nanotechnology. Woodhead Publishing Series in
Biomedicine [Internet]. Woodhead Publishing; 2013:
225-35.

Kumar LV, Shakila R], Jevasekaran G. In vitro anti-
cancer, anti-diabetic, anti-inflammation and wound
healing properties of collagen peptides derived from
unicorn leatherjacket (Aluterus monoceros) at
different hydrolysis. Turkish J Fish Aquat Sci. 2019;
19(7):551-60.

. Chandika P, Ko S-CC, Oh G-WW, Heo S-YY,

Nguyen V-TT, Jeon Y-]], et al. Fish collagen/
alginate/chitooligosaccharides integrated scaffold for
skin tissue regeneration application. Int | Biol
Macromol. 2015; 81:504—13.

Ramanathan G, Singaravelu S, Raja MD, Nagiah N,
Padmapriya P, Ruban K, et al. Fabrication and
characterization of a collagen coated electrospun poly
(3-hydroxybutyric acid)-gelatin nanofibrous scatfold
as a soft bio-mimetic material for skin tissue
engineering applications. RSC Adv. 2016; 6(10):7914—
22.

Lin X, Chen YY, Jin H, Zhao Q,Liu C,Li R, et al.
Collagen extracted from bigeye tuna (thunnus obesus)
skin by 1soelectric precipitation: Physicochemical
propertties, proliferation, and migration activities. Mar
Drugs. 2019; 17(5):1-12.

Sarkar SD, Farrugia BL, Dargaville TR, Dhara S.
Chitosan-collagen scaffolds with nano/microfibrous
architecture for skin tissue engineering. | Biomed
Mater Res - Part A. 2013; 101(12):3482-92.

Abinaya M, Gayathri M. Biodegradable collagen from

Scomberomorus lineolatus skin for wound healing

dressings and its application on antibiofilm properties.

J Cell Biochem. 2019; 120(9):15572—84.

Subhan F, Hussain Z, Tauseef I, Shehzad A, Wahid F.

A review on recent advances and applications of fish
collagen. Crit Rev Food Sci Nutr. 2021; 61(6):1027—
37.

Fu X, Wang H. Spatial arrangement of

19

22.

23.

24.

26.

28.

29.

30.

3L

32.

polycaprolactone/collagen nanofiber scaffolds
regulates the wound healing related behaviors of
human adipose stromal cells. Tissue Eng - Part A.
2012; 18(5-6):631-42.

Kumar MS, Kirubanandan S, Sripriya R, Sehgal PIC
Trphala Incorporated Collagen Sponge—A Smart
Biomaterial for Infected Dermal Wound Healing. ]
Surg Res. 2010; 158(1):162-70.

Butler DL, Goldstein SA, Guilak F. Functional
Tissue Engineering: The Role of Biomechanics . |
Biomech Eng. 2000; 122(6):570-5.

Hamdan S, Pastar I, Drakulich S, Dikici E, Tomic-
Canic M, Deo S, et al. Nanotechnology-Driven
Therapeutic Interventions in Wound Healing:
Potential Uses and Applications. ACS Cent ScL.
2017; 3(3):163-75.

. Yen M-T, Yang J-H, Mau J-L. Antioxidant

properties of chitosan from crab shells. Carbohydr
Polym. 2008; 74(4):840—4.

Pati S, Chatterji A, Dash BP, Raveen Nelson B,
Sarkar T, Shahimi S, et al. Structural Characterization
and Antioxidant Potential of Chitosan by -
Irradiation from the Carapace of Horseshoe Crab.

Vol. 12, Polymers . 2020.

/. Suneeta I, Rath P, Sri HKA. Chitosan from shrimp

shell (Crangon crangon) and fish scales
(Labeorohita): Extraction and characterization.
African | Biotechnol. 2016; 15(24):1258-68.
Montembault A, Viton C, Domard A. Physico-
chemical studies of the gelation of chitosan in a
hydroalcoholic medium. Biomaterials. 2005; 26
(8):933-43.

Boateng JS, Matthews KH, Stevens HNE, Eccleston
GM. Wound Healing Dressings and Drug Delivery
Systems: A Review. ] Pharm Sci. 2008; 97(8):2892—
923.

Paul W, Sharma CP. Chitosan and Alginate Wound
Dressings : A Short Review. Trends Biometerials
Artif Organs. 2004; 18(1):18-23.

Jeon Y-Ji, Shahidi F, Kim S-K. Preparation of Chitin
and Chitosan Oligomers and their Applications in
Physiological Functional Foods. Food Rev Int. 2000;
16(2):159-76.

Khalid H, Igbal H, Zeeshan R, Nasir M, Shanf F,
Akram M, et al. Silk fibroin/collagen 3D scaffolds

IMJM Volume 21 No.4, October 2022



33.

34.

36.

37.

38.

39.

40.

41.

loaded with TiO2 nanoparticles for skin tissue
regeneration. Polymer Bulletin. 2020; 78:7199-7218
Dinescu S, Galateanu B, Albu M, Cimpean A,
Dinischiotu A, Costache M. Sericin enhances the
bioperformance of collagen-based matrices preseeded
with human-adipose derived stem cells (hADSCs). Int
J Mol Sei [Internet]. 2013; 14(1):1870-89.

Perumal RK, Perumal S, Thangam R, Gopinath A,
Ramadass SK, Madhan B, et al. Collagen-fucoidan
blend film with the potential to induce fibroblast
proliferation for regenerative applications. Int ] Biol

Macromol. 2018; 106:1032-40.

. Kang L, Liu X, Yue Z, Chen Z, Baker C, Winberg

PC, et al. Fabrication and in vitro characterization of
electrochemically compacted collagen/sulfated
xylorhamnoglycuronan matrix for wound healing
applications. Polymers (Basel). 2018; 10(4):1-13.

Jana P, Mitra T, Selvaraj TKR, Gnanamani A, Kundu
PP. Preparation of guar gum scatfold film grafted

with ethylenediamine and fish scale collagen, cross-

linked with ceftazidime for wound healing application.

Carbohydr Polym. 2016; 153:573-81.

Jayakumar GC, Usharani N, Kawakami IC, Rao JR,
Nair BU. Preparation of antibacternial collagen-pectin
particles for biotherapeutics. RSC Adv. 2014; 4
(81):42846-54.

Rimondo S, Perale G, Ross1 F. 6 - Polysaccharide-
based scaffold for tissue-regeneration. In: Functional
Polysaccharides for Biomedical Applications. Maiti S,
Jana SBT-FP for BA, editors. Woodhead Publishing;
2019: 189-212.

Tort S, Acartiitk F, Besikci A. Evaluation of three-
layered doxycycline-collagen loaded nanofiber wound
dressing. Int ] Pharm. 2017; 529(1):642-53.

Olivetti CE, Alvarez Echazi MI, Perna O, Perez CJ,
Mitarotonda R, De Marzi M, et al. Dodecenylsuccinic
anhydnde modified collagen hydrogels loaded with
simvastatin as skin wound dressings. ] Biomed Mater
Res - Part A. 2019; 107(9):1999-2012.

Ramadass SK, Nazir LS, Thangam R, Perumal REK,
Manjubala I, Madhan B, et al. Type I collagen
peptides and nitric oxide releasing electrospun silk
fibroin scaffold: A multifunctional approach for the
treatment of ischemic chronic wounds. Colloids

Surfaces B Biointerfaces. 2019; 175:636-43.

IMJM Volume 21 No.4, October 2022

20

42.

43.

44,

46.

47.

48.

49.

Yasayan G, Karaca G, Akgtiner ZP, Bal Oztiirk A.
Chitosan/collagen composite films as wound
dressings encapsulating allantoin and lidocaine
hydrochloride. Int ] Polym Mater Polym Biomater.
2020; 70(9):623-635

Gaspar-Pintiliescu A, Seciu A-M, Miculescu F,
Moldovan L, Ganea E, Craciunescu O. Enhanced
extracellular matrix synthesis using collagen dressings
loaded with Artemisia absinthium plant extract. |
Bioact Compat Polym. 2018; 33(5):516-28.
Tlomuanya MO, Adebona AC, Wang W, Sowemimo
A, Eziegbo CL, Silva BO, et al. Development and
characterization of collagen-based electrospun
scaffolds containing silver sulphadiazine and

Aspalathus linearis extract for potential wound

healing applications. SN Appl Sci. 2020; 2:881.

. Mitra T, Manna PJ, Raja STKK, Gnanamani A,

Kundu PP. Curcumin loaded nano graphene oxide
reinforced fish scale collagen-a 3D scaffold
biomaterial for wound healing applications. RSC Adv.
2015; 5(119):98653—65.

Laghezza Masci V, Taddei ARA-R, Courant T, Tezgel
O, Navarro F, Giorgl F, et al. Characterization of
Collagen/Lipid Nanoparticle—Curcumin
Cryostructurates for Wound Healing Applications.
Macromol Biosci. 2019; 19(5):1-12.

Salehi M, Farzamfar S, Bastami F, Tajerian R.
Fabrication and characterization of electrospun plla/
collagen nanofibrous scaffold coated with chitosan to
sustain release of aloe vera gel for skin tissue
engineering. Biomed Eng - Appl Basis Commun.
2016; 28(5):1-8.

Balasubramanian P, Prabhakaran MP, Sireesha M,
Ramakrishna S. Collagen in Human Tissues:
Structure, Function, and Biomedical Implications
from a Tissue Engineering Perspective BT - Polymer
Composites — Polyolefin Fractionation — Polymeric
Peptidomimetics — Collagens. In: Abe A, Kausch H-
H, Moller M, Pasch H, editors. Berlin, Heidelberg:
Springer Berlin Heidelberg; 2013: 173-206.

Lee CH, Singla A, Lee Y. Biomedical applications of
collagen. Int | Pharm [Internet]. 2001; 221(1):1-22.
Kannus P. Structure of the tendon connective tissue.
Scand ] Med Sci Sports [Internet]. 2000; 10(6):312—
20.



wn
wn

60.

61.

. Isobe Y, Kosaka T, Kuwahara G, Mikami H, Saku T,

Kodama S. Oriented Collagen Scaffolds for Tissue
Engineering. Vol. 5, Materials . 2012.

Han M, Giese G, Bille JF. Second harmonic
generation imaging of collagen fibrils in cornea and
sclera. Opt Express. 2005; 13(15):5791-7.

Leong KF, Cheah CM, Chua CK. Solid freeform
tabrication of three-dimensional scaffolds for
engineering replacement tissues and organs.
Biomaterials. 2003; 24(13):2363-78.

Bhardwaj N, Kundu SC. Electrospinning: A
fascinating fiber fabrication technique. Biotechnol
Adv. 2010; 28(3):325-47.

Yeong W-Y, Chua C-K, Leong K-F, Chandrasekaran
M, Lee M-W. Comparison of drying methods in the
fabrication of collagen scaffold via indirect rapid
prototyping. | Biomed Mater Res Part B Appl
Biomater. 2007; 82B(1):260—6.

Maitra J, Shukla VIC. Cross-linking in Hydrogels - A
Review. Am | Polym Sci. 2014; 4(2):25-31.

Laiva AL, O’Brien FJ, Keogh MB. SDF-1u gene-
activated collagen scaffold drives functional
differentiation of human Schwann cells for wound
healing applications. Biotechnol Bioeng. 2021; 118
(2):725-36.

Kuroyanagi M, Yamamoto A, Shimizu N, Ishihara E,
Ohno H, Takeda A, et al. Development of cultured
dermal substitute composed of hyaluronic acid and
collagen spongy sheet containing fibroblasts and
epidermal growth factor. | Biomater Sci Polym Ed.
2014; 25(11):1133-483.

Sputlin TA, Bhadriraju K, Chung K-H, Tona A,
Plant AL. The treatment of collagen fibrils by tissue
transglutaminase to promote vascular smooth muscle
cell contractile signaling. Biomaterials. 2009; 30
(29):5486-96.

Ahmadian S, Ghorbani M, Mahmoodzadeh F. Silver
sulfadiazine-loaded electrospun ethyl cellulose/
polylactic acid/collagen nanofibrous mats with
antibacterial properties for wound healing. Int J Biol
Macromol. 2020; 162:1555-65.

Vedhanayagam M, Nidhin M, Duraipandy N, Naresh
ND, Jaganathan G, Ranganathan M, et al. Role of
nanoparticle size in self-assemble processes of

collagen for tissue engineering application. Int | Biol

21

62.

63.

67.

69.

Macromol. 2017; 99:655-64.

Javakumar GC, Usharani N, Kawakami K, Rao JR,
Nair BU. Studies on the physico-chemical
characteristics of collagen-pectin composites. RSC
Adv. 2014; 4(109):63840-9.

Xu W, Zhang D, Cai ], Cheng S-Y, Ding W-P. One-

pot fabrication of cellulose-collagen fibrous
networks for potential use as wound dressing: From
characterization to first evaluation of

cytocompatibility. BioResources. 2020; 15(2):2501-
11.

van der Smussen A, Hintze V, Scharnweber D,
Moeller S, Schnabelrauch M, Majok A, et al. Growth
promoting substrates for human dermal fibroblasts
provided by artificial extracellular matrices composed
of collagen I and sulfated glycosaminoglycans.
Biomaterials. 2011; 32(34):8938-46.

Thénes S, Rother S, Wippold T, Blaszkiewicz ],
Balamurugan K, Moeller S, et al. Hyaluronan/
collagen hydrogels contamning sulfated hyaluronan
improve wound healing by sustamed release of
heparin-binding EGF-like Acta
Biomater. 2019; 86:135-47.

Yun YRY-R, Lee §, Jeon E, Kang W, Kim KHK-H,
Kim H-WHW, et al. Fibroblast growth factor 2-

functionalized collagen matrices for skeletal muscle

growth factor.

tissue engineering. Biotechnol Lett. 2012; 34(4):771—
8.

Ramanathan G, Seleenmary Sobhanadhas LS, Sekar
Jeyakumar GF, Devi V, Sivagnanam UT, Fardim P.
Fabrication of Biohybrid Cellulose Acetate-Collagen
Bilayer Matrices as Nanofibrous Spongy Dressing
Material Wound-Healing
Biomacromolecules. 2020; 21(6):2512-24.

Markowicz MP, Heitland A, Steffens GCM, Pallua
N. Effects of modified collagen matrices on human
umbilical vein endothelial cells. Int ] Artif Organs.
2005; 28(12):1251-8.

Marin S, Ghica MV, Titorencu I, Kaya MGA,
Ferdes, M, Dinu-Pi'rvu C, et al. Development and

for

Application.

characterization of mdomethacin loaded polyvinil
alcohol-collagen smart hydrogels for burns injuries.
In: ICAMS Proceedings of the International
Conference on Advanced Materials and Systems.

2016.

IMJM Volume 21 No.4, October 2022



70.

71.

72.

73.

74.

76.

77.

78.

Mufioz-Gonzalez PU, Rivera-Debernard: O,
Mendoza-Novelo B, Claudio-Rizo JA, Mata-Mata JL,
Delgadillo-Holtfort I, et al. Design of Silica-
Oligourethane-Collagen Membranes for
Inflammatory Response Modulation:
Characterization and Polarization of a Macrophage
Cell Line. Macromol Biosci. 2018; 18(9):e1800099.
Sun B, Chen B, Zhao Y, Sun W, Chen K, Zhang J, et
al. Crosslinking heparin to collagen scaffolds for the
delivery of human platelet-derived growth factor. |
Biomed Mater Res - Part B Appl Biomater. 2009; 91
(1):366—72.

Ravichandran R, Venugopal JR, Sundarrajan S,
Mukherjee S, Sudhar R, Ramakrishna S. Composite
poly-I-lactic acid/poly-(x,p)-dl-aspartic acid/collagen
nanofibrous scatfolds for dermal tissue regeneration.
Mater Sc1 Eng C. 2012; 32(6):1443-51.
Parenteau-Bareil R, Gauvin R, Cliche S, Garnépy C,
Germain L, Berthod F. Comparative study of bovine,
porcine and avian collagens for the production of a
tissue engineered dermis. Acta Biomater. 2011; 7
(10):3757-65.

Sharf S, A1 ], Azami M, Verdi ], Atlasi MA, Shirian
S, et al. Collagen-coated nano-electrospun PCL
seeded with human endometrial stem cells for skin
tissue engineering applications. ] Biomed Mater Res -
Part B Appl Biomater. 2018; 106(4):1578-86.

Tezgel O, DiStasio N, Laghezza-Masci V, Taddei A-
RR, Szarpak-Jankowska A, Auzély-Velty R, et al.
Collagen scaffold-mediated delivery of NLC/siRNA
as wound healing materials. ] Drug Deliv Sci
Technol. 2020; 55:101421.

Wary R, Sivaraj S, Gurukarthikeyan, Pathak RIC, Mari
Suraj SL, Dasararaju G, et al. Chitosan gallic acid
microsphere incorporated collagen matrix for
chronic wounds: Biophysical and biochemical
characterization. Int ] Pharm Pharm Sci. 2014; 6
(6):94-100.

Anindyajati TP, Lastianny SP, Martien R, Murdiastuti
K. The effect of cytotoxicity of collagen-chitosan
hydrogel on platelets-rich plasma various formulation
for human primary fibroblast. Malaysian ] Med Heal
Sci. 2020; 16:45-50.

Gautam S, Chou C-FC-FF, Dinda AK, Potdar PD,

Mishra NC. Surface modification of nanofibrous

IMJM Volume 21 No.4, October 2022

22

79.

80.

polycaprolactone/gelatin composite scatfold by
collagen type 1 grafting for skin tissue engineering.
Mater Sci Eng C. 2014; 34(1):402-9.

Huang C, Fu X, Liu ], Q1 Y, Li S, Wang H. The
mvolvement of integrin B1 signaling in the mugration
and myofibroblastic differentiation of skin
fibroblasts on anisotropic collagen-containing
nanofibers. Biomaterials. 2012; 33(6):1791-800.
Sadeghi-Avalshahr AR, Nokhasteh S, Molavi AM,
Mohammad-Pour N, Sadeghi M. Tailored PCL
scaffolds as skin substitutes using sacrificial PVP
fibers and collagen/chitosan blends. Int ] Mol Sci.
2020; 21(7):1-20.



