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Skin regeneration after an injury is very vital, but this process can be impeded by several factors. Regenerative medicine is a

developing biomedical field with the potential to decrease the need for an organ transplant. 

biopolymers  applications

1. Properties of Collagen in Biomedical Applications

There are major qualities that must be considered when choosing a suitable material for skin regenerative and wound

dressing applications. The biomaterials that were originally employed in the arena of biomedicine include ceramics and metals

due to their non-immunogenic effect, but the materials such as polymers have been reported to be appropriate because of

their interesting properties . Biopolymers can interact with the cells, stimulating the formation of new tissues and promoting

regeneration . Collagen is one of the biopolymers that is often employed in skin regeneration and wound healing

because of its several attractive features. The molecular structure of collagen is presented in Figure 1. Collagen is mostly

obtained from porcine and cattle slaughterhouse trashes, but fishery by-products have also become a significant substitute

source for collagen recently . Among the 29 types of collagens that are currently known, type I collagen is the greatest, most

abundant, and can be obtained from various mammalian connective tissues, such as the skin, cornea, and tendon . Type I

collagen shows the characteristic structure with two α1-chains and one α2-chain. The well-known derivative of collagen is

gelatin, which is composed of the same repetition of amino acids arrangement as collagen of Gly-X-Y, where X and Y are

proline and hydroxyproline, respectively .

Figure 1. Chemical structure of collagen.

Collagen is broadly employed in wound dressing and tissue engineering products because of its low antigenicity, good

biocompatibility, hemostatic properties, capability to promote cellular proliferation and adhesion, and reduced cytotoxicity .

Various collagen wound dressing products are available in the market, some of them are summarized in Table 1.

Nevertheless, most commercial collagen dressings suffer from some limitations. Some studies have demonstrated that

collagen materials that are fabricated in the form of gels, films, or powder offer haemorrhage control . Collagen-based

porous scaffolds possess the ability to absorb large volumes of exudates, maintain moisture for the injury, thus promoting an

enhanced wound healing process . Collagen has been proven to be biocompatible both in vitro and in vivo, especially

porcine- and bovine-derived collagen. Collagen derived from marine has resulted in biocompatible wound dressing materials

that can be developed in the shape of nanofibers, sheets, hydrogels, sponges, membranes, and films .

Collagen-based materials that are used as porous scaffolds for the migration of cells also offer mechanical and structural

support and promote the development of new tissues . The collagen biomatrix imitates the natural ECM collagen and

stabilizes the cellular and vascular constituents in the injury by decreasing matrix metalloproteinases (MMP) levels that are

characteristically imbalanced in chronic lesions while offering structural support for the repair of tissues . The modes in

which the collagen wound dressing enhances the wound healing process include the capacity to connect to the GFs, control

functions of the cells, enable intracellular transmission, and act as a physical structure to help tissue restoration in both

chronic and acute injuries . In wound healing, collagen plays a significant role in controlling inflammatory response to injury

followed by repairs. It also influences the protein synthesis in the ECM, the release of growth factors and inflammatory

cytokines, and the remodeling of the ECM . Polymer-based materials are formulated by combining collagen with other

polymers such as poly (ε-caprolactone) (PCL), poly (lactide-co-glycolide) (PLGA), poly (ethylene glycol) (PEG), polyglycolide
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(PGA), polylactic acid (PLA), and polyvinyl alcohol (PVA) . These materials are also used as carrier matrices useful for

accelerated wound healing mechanisms in skin injury. These materials are regularly utilized as drug delivery systems for

antibiotics, GFs, essential oils, nutrients, and vitamins to further improve their wound healing activity .

Nanofibers formulated from various techniques, especially the electrospinning method, are often utilized as drug delivery

systems making them ideal wound dressings and skin regeneration scaffolds.

Table 1. Summary of commercially available collagen-based wound dressings.
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Form of
Dressing Composition Product

Name Advantage Limitations Wounds Suitable
for Ref

Gel Collagen CelleraRX
Maintain

moisture for
wound bed

Bovine
sources, and

require
secondary

wound dressing

Partial and Full-
thickness injuries

including
traumatic wounds,

surgical
wounds, diabetic
ulcers, and burns

Gel Collagen Polypeptides Stimulen
Provide

moisture for
wound bed

Bovine source,
and require
secondary

wound dressing

Full- and partial-
thickness wounds
including pressure

ulcers, partial-
thickness burns,

abrasions

Pad
Collagen fleece,
gentamicin salts

Septocoll E
Activate
platelets

skin
responses

Full and partial
thickness injuries

including
infected wounds,

and bleeding
lesion

Pad
Collagen,

carboxymethylcellulose,
sodium alginate, AgCl

ColActive
Plus Ag

Hinders the
function of

MMPs

Bovine
sources,
require

secondary
wound dressing

Full and partial
thickness wounds

including
burns, dehisced
surgical incisions

abrasions,
diabetic, venous,

or pressure
ulcers

Pad Collagen and Ca alginate
Fibracol

Plus

Maintain
moisture for
wound bed

Require
secondary

wound dressing

Full and partial
thickness wounds

including
burns, dehisced
surgical incisions

abrasions,
diabetic, venous,

or pressure
ulcers

Pad
Bovine collagen, and

Manuka
Honey

Puracol
No extra

debridement
Required

Bovine source
and expensive.

Full and partial
thickness injuries

including
dehisced surgical

incisions
abrasions, burns,
diabetic, venous,

or pressure
ulcers

Pad Type I equine Collagen Biopad

Free from
collagen

degradation
products

Equine source,
time

consuming,
high cost

Full and partial
thickness wounds
including dehisced
surgical incisions

abrasions,
diabetic, venous,

or pressure
ulcers
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Form of
Dressing Composition Product

Name Advantage Limitations Wounds Suitable
for Ref

Pad
Bovine collagen and

oxidized cellulose
Promogran

Hemostatic
activity

Bovine source,
not to be

utilized in third-
degree burns.

Full and partial
thickness wounds

including
abrasions,

bleeding wounds,
venous or diabetic
ulcers, pressure

wounds

Powder Collagen Catrix
Decrease
bleeding,

Biodegradable

Bovine source,
require

secondary
wound dressing

Full and Partial-
thickness wounds

including cuts,
abrasions,
irritations,
pressure,

diabetic ulcers
radiation

dermatitis, burns

Membrane
porcine dermal collagen,

nylon,
silicon

Biobrane Flexibility

Bovine source,
require

secondary
wound dressing

Partial-thickness
burn wounds

Cellular
matrix

Collagen,
polycarbonate

membrane
Apligraf Resorbable

Not suitable for
infected

injuries, bovine
source, and
expensive.

Full and partial
thickness injuries
including venous

leg ulcers, diabetic
foot ulcers

Cellular
matrix

Type I collagen Orcel Full resorbable

Not suitable for
infected

wounds, bovine
source, high

cost

Full-thickness
injuries including

burns
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2. Collagen-Based Nanofibers in Skin Regeneration and Wound
Dressing

Wound care is gradually becoming a major public health concern globally. Most wound dressings are not effective in

promoting skin regeneration. Hence, several studies are currently focused on the development of effective and novel dressing

materials that can advance the wound healing process . Collagen-based materials can be formulated in the form of

nanofibrous scaffolds using various techniques (e.g., melt-blowing, self-assembly, template synthesis, phase separation,

electrospinning, etc.) . Among them all, the electrospinning technique is the most employed method in the preparation of

nanofibers because of its cost-effectiveness and simplicity . The electrospinning apparatus is composed of three parts:

voltage system, spinneret system, and collecting system (Figure 2) . The electrospinning technique utilizes high voltage

electric fields to create nanofibers with diameters in various nanometers or micrometres. The spinneret system assists in the

production of the near-field, and the coaxial electrospinning development has been advanced to deposit nanofibers in a

controllable, direct, and continuous manner . The electrospun nanofibers that possess high porosity and large surface-to-

volume ratio have been beneficial in several areas, particularly in biomedical applications such as tissue regeneration, wound

healing, and drug delivery systems . Nanofibers are beneficial in regenerative medicine and wound healing

because of their capability to imitate the ECM and stimulate the proliferation and migration of cells . The features of

electrospun nanofibers that make them useful in the field of wound healing are high porosity, good gaseous permeation, good

cellular adhesion, good swelling capacity, and the ability to offer moisture for the acceleration of skin regeneration and wound

healing process .

Figure 2. Electrospinning setup.

2.1. Advantages and Disadvantages of the Electrospun for Skin Regeneration and Wound
Dressing

The electrospinning method allows the production of interconnected networks from fibers of nano-scale diameter and they are

similar to the native structure of the natural ECM, hence they promote the normal functions of the cells, such as proliferation

. The flexibility and easy combination of drugs and other bioactive molecules, such as nanoparticles, antimicrobials, growth

factors, and anti-inflammatory agents into the nanofibers is another significant advantage of the electrospinning method .

Electrospun wound dressings can provide flexibility and patient compliance. Wound dressings fabricated by electrospinning of

biodegradable polymers improve patient comfort and compliance with no need for frequent changing of the dressing . The

biodegradable electrospun wound dressings also induce healing and enhance cell growth due to their high compatibility with

tissues and blood. The degradation rate of the wound dressings can be tuned with the rate of tissue regeneration. Therefore,

the aforementioned advantages make electrospun nanofibers promising materials for enhanced skin regeneration and wound

healing . However, the use of organic solvents and the limited control of pore structures is a limitation . Although

electrospun fibers frequently have high porosity, it is difficult to control due to dependence on the fiber diameter. Moreover, it
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might also limit cell penetration into the scaffold in some cases . The higher voltage of electrospun might lead to more

solution deposition. Thus, the properties of both the solution and the process parameters should be considered during the

optimization of the electrospinning process .

2.2. Application of Electrospun Collagen-Based Nanofibers in Skin Regeneration and
Wound Dressing

Electrospinning is a flexible and simple technique used to formulate fibers with diameters that range from micrometers to a

nanometer. The polymers that have been electrospun are more than 200. The electrospinning technique has become one of

the most prevalent scaffold fabrications to make nanofiber mesh for tissue engineering applications . Collagen is the most

abundant ECM protein in the human body; it has been electrospun to fabricate biomimetic scaffolds that imitate the

architecture of native human tissues. Electrospun collagen nanofiber mesh has a high surface area to volume ratio, porosity,

tunable diameter and tissue formation and also excellent biological activity to regulate cell function . Currently, a lot of

attention has been on fabricating biopolymer-based nanofibrous structures through the electrospinning process. The

electrospinning technique is known for its low-cost and tunable method for generating ultra-fine fibers with some exceptional

properties . Owing to flexibility in choosing the raw materials and the possibility to tune the ultimate properties, the

electrospinning method has been broadly employed for biomedical materials such as wound dressings, tissue engineering

scaffolds and drug delivery systems . Electrospun nanofibers can influence and interact with the damaged tissue and its

biological environment according to their physical and chemical characteristics, as well as through additional linked bioactive

molecules . The use of crosslinkers on electrospun collagen may lead to appropriate scaffold stability and resistance to

degradation in vitro and in vivo . Nevertheless, more improvements in terms of their mechanical properties, the optimization

of biological response, and reductions in the degradation rate are needed. Thus, several methods have been explored to

combine collagen with other synthetic or natural polymers or additives through co-electrospinning, blending, and

electrospinning alternating layers of the constituents or coating the electrospun fibers .

Deng et al. electrospun type I collagen to produce scaffolds that are similar to the native ECM within the dermis . They are

frequently used in skin regenerative medicine and wound regeneration. In terms of in situ crosslinked collagen-chitosan

nanofibers, they have been used to improve epithelialization and angiogenesis in a rat scald model . Some studies have

reported the efficacy of collagen nanofibrous scaffolds in proliferation, normal human keratinocyte attachment and early-stage

wound healing. A microscopic observation using identical full-thickness rectangular back injuries using a Sprague–Dawley rat

as an animal model revealed early-stage wound healing in the collagen nanofiber scaffold cluster that was quicker than in the

control cluster . The wound surface of the control cluster was enclosed with fibrous tissue debris, along with a layer with a

dense infiltration of leukocytes and an accumulation of proliferating fibroblasts. In contrast, in the collagen nanofiber scaffolds

cluster, there were no surface tissue debris and fibroblast proliferation, indicating the effectiveness of collagen nanofibrous

scaffolds in enhancing early-stage wound healing . Pilehvar-Soltanahmadi et al. reported electrospun gelatin scaffolds as

promising scaffolds for wound healing applications. Though gelatin has poor mechanical strength, it is used in combination

with other materials to improve the mechanical and biological properties . Electrospun collagen is a desired material for

tissue engineering due to its biocompatibility and architectural versatility. The changes in the structure that happen through

processing may contribute to high degradation rates that are not appropriate for numerous biomedical applications .

Electrospun collagen scaffolds quickly degrade in aqueous environments. Physical and chemical crosslinking of electrospun

collagen improved both the mechanical properties and scaffold stability . Augustine et al. developed electrospun scaffolds

with antibacterial activity to inhibit wound infections . The antibacterial nanofibers are commonly fabricated by incorporating

antibacterial agents during electrospinning. Diverse antimicrobial agents such as metallic, nanoparticles, antibiotics, and

natural extracts derived products have been loaded into electrospun nanofibers to improve their antibacterial activities.

Metallic nanomaterials such as AgNPs are known as effective agents for the management of wound infections. Nanoscale

particles with a high surface to volume ratio promote the antibacterial activity of electrospun wound dressings .

3. Integrity of Collagen during the Fabrication of Nanofibers and
Standardization of Raw Collagen

Collagen obtained from different sources differs in their physicochemical properties slightly . Collagens obtained from frog

skin, bird feet, shark skin, and sea urchin has a molecular structure that is different from those obtained from domestic

animals . Furthermore, their thermal property, peptide constitution, amino acid composition, and content of

glycosaminoglycan are significantly different from collagen isolated from land animals . Collagen is also isolated from

yeast, plants, bacteria, etc., and is known as recombinant human collagen . However, it is expensive and isolated in poor

yield but overcomes the risk of transmission of diseases and batch-to-batch variations . The commonly electrospun

collagen types are collagen I-IV. II, III and IV. Several factors make electrospun collagen nanofibers superior compared to
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nanofibers prepared from other polymers such as their capability to mimic the native tissues, their poor immunogenicity,

capability to activate the host immune response, and excellent biocompatibility. However, their shortcomings are poor

mechanical properties which can be improved by cross-linking with synthetic polymers . The sources of collagen affect the

properties of the nanofibers. Most of the studies on collagen-based nanofibers reported the use of type I bovine skin collagen

to develop electrospun collagen nanofibers. The molecular weight of collagen has been reported to influence the formation of

nanofibers. Low molecular atelocollagen did not form fibers . Similar findings were reported by Zeugolis et al. in which the

source of collagen influenced their capability to form fibers and also the properties of the formed fibers . Collagen type I

isolated from human placenta used in the design of nanofibers resulted in less uniform fibers and a larger range of diameter

. Choosing an ideal solvent for collagen electrospinning for the formation of the fibers without compromising the integrity of

collagen is crucial. Solvents such as 1,1,1,3,3,3-hexafluoro-2-propanol, acetic acid, 2,2,2-trifluoroethanol, and phosphate

buffered saline/ethanol have been commonly used for the preparation of collagen nanofibers. Using 1,1,1,3,3,3-hexafluoro-2-

propanol promoted collagen fiber formation but denatured it . It can also result in gelatin fibers because the denatured form

of collagen is gelatin which is obtained when the triple helical structure is denatured . Using acetic acid resulted in fibers

with a more triple helical structure when compared to using 1,1,1,3,3,3-hexafluoro-2-propanol for the development of

electrospun nanofibers . Using glacial acetic acid in combination with DMSO in a 93:7 ratio produced collagen nanofibers

with retained features of native collagen .
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